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RADARSAT-2 and also MODIS satellite images were used to document freeze-
up of an infrequently observed reach of the Peace River. Images were collected 
from 75 km downstream of the Town of Peace River to a set of rapids known as 
the Vermilion Chutes. Dominant ice types of different reaches were identified. 
They ranged from consolidated frazil pans, juxtaposed frazil pans, skim ice, 
thermal ice and open water. The later was particularly interesting as it is not 
present in the well documented upstream reaches of the Peace River. The 
satellite images were frequent enough that the date and location of the 
lodgement of ice floes for this winter were determined. It was also observed that 
the Vermilion Chutes do not need to be submerged in order for an ice front 
travel upstream of the Chutes. However, the satellite images showed that the 
Chutes were eventually submerged later in the winter due to an apparent frazil 
ice supply that was being transported underneath the ice cover from far 
distances upstream. This dataset and analysis also permitted to significantly 
improve the IceMAP-R algorithm, for automated ice classification of multi-
polarized RADARSAT-2 images. 
 



1. Introduction and background 

Freeze-up and Break-up of ice on the Peace River has been extensively monitored for decades to 
help manage flow releases from BC Hydro’s generation facilities in British Columbia as they can 
influence the risk of ice jam related flooding at the Town of Peace River in Alberta, 
approximately 400 km downstream of the dams. Prior to freeze-up, monitoring is conducted 
jointly by Alberta Environment & Sustainable Resource Development (AESRD) and BC Hydro 
and has been concentrated within a few hundred kilometers upstream and downstream of the 
Town of Peace River. However, little is understood about the freeze-up process 300 to 500 km 
downstream of the Town (about 700 to 900 km downstream of the BC Hydro generating 
stations), which include the Ft. Vermilion and the Vermilion Chutes area. See study area 
depicted in Figure 1. The hydraulic conditions and the ice regime in this portion of the river are 
quite different then further upstream; in some reaches the slope is much milder giving rise to 
skim ice runs rather than frazil ice pan runs; in a different reach, a set of rapids and falls known 
as the Vermilion Chutes generate frazil ice resulting in a thick frazil ice accumulation 
downstream. It is unknown how exactly the river ice formation behaves in these two very 
hydraulically different areas. Since the downstream domain of the numerical river ice model 
CRISSP (Shen, 2005), used by BC Hydro occurs within this reach, it is important to understand 
the ice processes there. To gain some insight, documentation of the freeze-up process and ice 
types using RADARSAT 2 and MODIS images was employed.  
 
 

Figure 1. Map of Peace River with section under study magnified in upper left.  
 



2. Study Objectives. 
 
The objectives of this study are: 
 

1) To gain some insight of the freeze-up process and document dominant ice types in the 
Tompkins Landing to Vermilion Chutes reach using satellite images; 

2) To determine where and when the ice floes lodge and initiate the ice front and to 
determine if there is a single site or if there are multiple lodgement sites in the Tompkins 
Landing to Vermilion Chutes reach; 

3) To determine if the Vermilion Chutes are hydraulically submerged by downstream 
hanging ice dam thickening; 

4) To optimize the automated processing of the satellite radar data to help distinguish 
various ice cover types on the Peace River in the Tompkins Landing to Vermilion Chutes 
reach. 

3. Satellite data 

Both optical and radar satellite images have been used in this study: MODIS and RADARSAT-
2.. MODIS (Moderate Resolution Imaging Spectrometer) is an optical imaging instrument flying 
on two satellites in NASA’s Earth Observing System; Terra and Aqua. It has a viewing swath 
width of 2330 km and views the entire surface of the Earth every one to two days. Its detectors 
measure 36 spectral bands between 0.405 and 14.385 µm, and it acquires data at three spatial 
resolutions: 250m, 500m, and 1000m. Its coarse spatial resolution is designed to observe land, 
ocean, and atmospheric conditions at a regional and global scale. However, on large rivers such 
as the Peace River, it can be used to detect the presence of an ice cover. Numerous MODIS 
derived products are available free of charge. In this project, we used false color subsets of bands 
7 (2155 nm), 2 (876 nm) and 1 (670 nm) from the Crop Explorer Image Gallery site (United 
States Department of Agriculture). From mid-October 2012 to end of February 2013, 40 days 
were cloud free or partially cloud free over the study area. Table 1 presents the list of the 
corresponding images. 
 

Table 1. List of MODIS images 
Date  Sensor  Date  Sensor Date Sensor Date  Sensor

2012‐10‐30  terra  2012‐11‐28 terra 2012‐12‐30 aqua 2013‐02‐08  terra

2012‐10‐31  terra  2012‐12‐06 terra 2013‐01‐01 terra 2013‐02‐09  aqua

2012‐11‐06  terra  2012‐12‐08 aqua 2013‐01‐03 aqua 2013‐02‐10  terra

2012‐11‐08  aqua  2012‐12‐10 aqua 2013‐01‐07 terra 2013‐02‐11  aqua

2012‐11‐09  aqua  2012‐12‐12 aqua 2013‐01‐10 aqua 2013‐02‐14  terra

2012‐11‐10  terra  2012‐12‐14 aqua 2013‐01‐13 aqua 2013‐02‐17  aqua

2012‐11‐14  terra  2012‐12‐16 terra 2013‐01‐24 aqua 2013‐02‐20  aqua

2012‐11‐24  terra  2012‐12‐19 aqua 2013‐01‐26 terra 2013‐02‐25  aqua

2012‐11‐26  terra  2012‐12‐22 terra 2013‐01‐29 terra 2013‐02‐26  aqua

2012‐11‐27  aqua  2012‐12‐25 aqua 2013‐01‐30 terra 2013‐02‐28  terra

Note 1: Both sensors acquire images around mid-day. 
 
RADARSAT-2 is a Canadian Earth observation satellite using a Synthetic Aperture Radar 
(SAR), which operates independently from daylight or weather, in multiple polarization modes. 



One of these being the fully polarimetric mode in which HH, HV, VV and VH polarized data are 
acquired. Spatial resolution ranges from 1m to 100m. The repeat cycle is 24 days. However, with 
the multiple beam selection and through ascending and descending orbits, RADARSAT-2 can 
image certain areas every day or so, particularly on higher latitudes. For the Vermilion Chutes 
area, the available coverage ranged from 1 to 7 days. Quadpol data (HH-HV-VV-VH) were 
obtained free of charge through the SOAR-Education program of the Canadian Space Agency. 
The start of image acquisition was determined from the estimation of ice onset in the Chutes 
area, based on weather forecasts and the CRISSP model. Thereafter, frequency was determined 
upon image availability, river coverage, and evolution of ice conditions. Table 2 shows the list 
and characteristics of the 14 RADARSAT-2 images used in this study.  
 

Table 2. List of RADARSAT-2 images. 
Date  Local 

Time 
Coverage
[km] 

(from‐to)
 

Mode Approx. 
Incidence 
angles 

[degrees]

Spatial 
resolution 

November 11, 2012  18:26  889‐947 SQ21W 40‐41.5 25m 
November 14, 2012  7:11  896‐947 SQ8W 27‐28.5 25m 
November 15, 2012  18:09  864‐924 SQ6W 24.5‐26 25m 
November 18, 2012  18:21  876‐934 SQ17W 36.5‐38 25m 
November 21, 2012  7:06  882‐940 SQ12W 31.5‐33 25m 
November 25, 2012  18:17  865‐925 SQ13W 32.5‐34 25m 
November 28, 2012  7:02  825‐889 SQ18W 37.5‐39 25m 
November 28, 2012  18:29  476‐636 S4 34‐39 25m 
December 1, 2012  7:15  882‐938 FQ5W 23.5‐25 10m 
December 22, 2012  7:02  873‐931 SQ16W 35.5‐37 25m 
December 26, 2012  18:13  760‐849 SQ6W 24.5‐26 25m 
January 1, 2013  7:11  684‐739 SQ15W 34.5‐36 25m 
January 2, 2013  18:09  710‐813 SQ1W 20‐21.5 25m 

February 22, 2013  18:21  899‐956 SQ18W 37.5‐39 25m 
Note 1: Vermilion Chutes: Km 916;  
Note 2: SQ= Standard quadpol (HH-HV-VV-VH) mode, FQ= Fine Quadpol 
mode, S= Standard mode (HH-HV) 

Radar images were first orthorectified using a Digital Elevation Model (DEM) and orbital data. 
Then, they were filtered and enhanced to minimize noise and maximize contrast. The visual 
interpretation was made on a color composite of three polarizations: HH-HV-VV displayed in 
Red-Green-Blue (RGB). Therefore, a strong radar return (backscattering) in all three 
polarizations will produce white features on the image, while a low return will produce black 
features. When backscattering in one polarization dominates, it will produce reddish, greenish or 
bluish features.  

4. Hydraulics and ice regimes of the Peace River. 

Freeze-up or ice cover formation on the Peace River generally occurs from a downstream to an 
upstream direction. As ice floes form they eventually reach a constriction somewhere 
downstream and the ice cover starts to progress upstream as additional floes arrive at its leading 



edge. This leading edge is also referred to as the ice front. Once the ice cover forms in this way, 
its characteristics depend on the local hydraulics of a particular reach of river (the slope, width, 
water velocities and degree of turbulence). Thus, the hydraulic properties and associated ice 
regimes of various reaches of the Peace River will be described next. 

4.1 British Columbia to Tompkins Landing, Alberta 

There is much more information on the ice regime in the Peace River upstream of approximately 
km 700 where frequent ice observation flights have been conducted and previous satellite radar 
imagery taken (Gauthier, 2006, Jasek et al. 2003). From the AB-BC Border to about km 575 the 
river has a slope of about 0.0003 and mean water velocities between 1 and 2 m/s. Therefore it is 
turbulent enough to cause supercooling of the entire water column causing frazil crystals to grow 
throughout its depth, flocculate and rise to the river surface to form frazil ice pans. When these 
ice pans meet the ice front, they form additional ice cover by the process of juxtaposition (laying 
end to end and forming an ice cover one ice pan in thickness – Figure 2a). A “juxtaposed” ice 
cover can be of the order of about 0.5 metres thick.  This type of cover can remain for the entire 
winter (more common from km 575 to 700 where the river slope is only about 0.0001) or it can 
form in steeper reaches upstream during periods of extremely cold weather as rapid freezing 
between the frazil pans provides the glue that keeps the ice cover stable. Upstream of km 575 
where the river channel is steeper (S = 0.0003) and if the weather is not extremely cold (> ~35 
oC) the juxtaposed ice cover usually does not last more than a few hours or days as the 
downstream forces of gravity and shear stress from water flow underneath can set the juxtaposed 
ice cover back into motion, compressing it into a “consolidated” ice cover (Figure 2b) where the 
individual ice pans and frazil slush become a jumbled mass of ice several metres thick. The 
consolidated ice cover provides a higher radar reflectance than a juxtaposed ice cover, as can be 
seen in Figure 3. In the British Columbia to Tompkins Landing reach, juxtaposed ice cover is 
more dominant in the km 575 to km 700 reach and a consolidated ice cover is more dominant 
upstream of km 575 all the way into British Columbia.  

 

Figure 2. a) juxtaposed ice cover and b) consolidated ice cover on the Peace River at the Town of 
Peace River, Feb 14, 2012. Photos by ESRD River Forecast Section. 

 

 



 
 

Figure 3. Composite RADARSAT-2 image of November 28, 2012 – Standard mode – 25m 
spatial resolution. RGB composite : HH-HV-HH. RADARSAT-2 Data and Products © MacDonald, 

Dettwiler and Associates Ltd. (2012) – All Rights Reserved. RADARSAT is an official trademark of the Canadian 

Space Agency. 



4.2 Tompkins Landing to Vermilion Chutes 

In contrast, downstream of about km 700 the river slope is much milder, about 0.00005 and 
water velocities in some areas are well below 1 m/s. This is not conducive to frazil ice formation 
as there is not enough turbulence to supercool the entire water column. In this portion of the river 
it is sufficient for just the surface water layer to become supercooled to start forming ice floes. 
This is known as a skim ice run (Figure 4a) and when it encounters a channel constriction or a 
downstream ice cover it can form an ice cover consisting of juxtaposed skim ice pieces with 
ridges in between (Figure 4b). However, a juxtaposed ice cover consisted of frazil ice pans can 
still form in this reach due to advection of these ice floe types from the steeper reaches of the 
Peace River further upstream. 

Figure 4. a) Skim ice run on the Peace River December 16, 2005 looking upstream from km 725 
photographed by Alberta Environment and Sustainable Resource Development. b) Skim ice 
cover looking downstream from km 609 on November 30, 2011 photographed by BC Hydro. 

 
The extent of a skim ice cover in the lower reaches of the Peace River has not been documented 
and is important to know for river ice modeling purposes. One of the goals of this study is to 
document the extent of this ice cover type using satellite radar since this ice cover is very smooth 
and can be visually indistinguishable from a juxtaposed frazil ice pan ice cover after a snow fall.  
 
Skim ice is similar to border ice, it is very smooth and its radar reflectance is very low, lower 
than the juxtaposed ice cover and almost as low as open water. The fractured ridging between the 
skim ice sheets has a larger radar reflectance allowing for the differentiation between open water 
and an ice cover consisting of skim ice pieces (Figure 5a). Another ice cover type that is possible 
in this reach is consolidated skim ice cover. Discharge or temperature increases can set skim ice 
covers back into motion, fragment and cause thicker fragmented ice cover to form once they stop 
moving. Also, locally steep reaches within a skim ice dominated larger reach can cause local 
accumulations of fragmented skim ice. The radar signature of this ice type would be higher than 
fragmented skim ice, and may even exceed that of juxtaposed frazil ice pans or even approach 
that of consolidated frazil ice pan ice covers (Figure 5b). 
  



a)  b)  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5. a) Composite RADARSAT-2 image of December 1, 2012 – Quadpol Fine mode – 10m 

spatial resolution. RGB composite : HH-HV-VV; b) Composite RADARSAT-2 image of 
January 2, 2013 – Quadpol mode – 25m spatial resolution. RADARSAT-2 Data and Products © 

MacDonald, Dettwiler and Associates Ltd. (2012) – All Rights Reserved. RADARSAT is an official trademark of the 

Canadian Space Agency. 
 

4.3 Vermilion Chutes 

The next hydraulically different region of the Peace River downstream of the skim ice dominant 
reach is the Vermilion Chutes. The Vermilion Chutes consist of two features, the Vermilion 
Rapids (Figure 6a) at km 913.0 and the Vermilion Falls (Figure 6b) a short distance downstream 
at km 915.7. The river over this 2.7 km long reach drops about 10 m, is very turbulent and is a 
very efficient frazil ice generator. The average slope in this reach is about 0.002. The frazil ice 
downstream of this reach forms a very thick frazil ice accumulation known as a hanging dam 
(Figure 7). Contrasting explanations of how freeze-up occurs in this reach have been noted in the 
literature and limited field observations. Andres (1996) suggests that the ice front approaches the 
Chutes from downstream, and the hanging dam grows thicker thereby increasing the water level 
until the Chutes are submerged enough that the ice front can resume its upstream progression. 
This would cause a significant stall of the ice front’s advance, even during periods of cold 
weather and would have important implications to river ice modeling. However, limited field 
data suggests that the Chutes can remain open and that skim ice sheets can lodge 10 to 15 km 
upstream (BC Hydro flight Nov 30, 2011) and personal communications Willi Granson, a long-
time observer for AESRD. This implies that it is not necessary for the ice front to stall at the 
Chutes for upstream progression of the ice cover to occur further upstream through Fort 
Vermilion and eventually to the Town of Peace River. It is unknown if multiple such locations 
for the jamming of skim ice can occur.  



 

Figure 6. The Vermilion Chutes consisting of a) the Vermilion Rapids and b) the Vermilion 
Falls. Nov 30, 2011, BC Hydro 

 
 
 

 

 
Figure 7.Composite RADARSAT-2 image of November 21, 2012 – Quadpol mode – 25m spatial 
resolution. RGB composite : HH-HV-VV; RADARSAT-2 Data and Products © MacDonald, Dettwiler and 

Associates Ltd. (2012) – All Rights Reserved. RADARSAT is an official trademark of the Canadian Space Agency. 



5.0 Characterization of the ice regime in the 2012-2013 winter 

5.1 Location and timing of ice floe lodgement and ice front initiation 

Selecting the starting date of RADARSAT-2 image acquisition to coincide with the first 
appearance of river ice was difficult. Because RADARSAT-2 images were provided in research 
mode, they had to be selected 10 days in advance. Since ice lodgement is weather dependent and 
weather forecasts are not very accurate that far into the future, selecting the start of radar image 
acquisition based on when the CRISSP model would determine that the water temperature 
reached the freezing point proved to be inadequate. Based on CRISSP modeling, the first radar 
image was scheduled for Nov 11. The Nov 11 image showed that there was already lodgement 
(of skim ice sheets) at about km 901, about 12 km upstream of the Vermilion Chutes and there 
was open water down to km 926, about 10 km downstream of the Chutes (Figure 8). At this time 
freeze-up occurred at For Vermilion, about 70 km upstream so the lodgement occurred some 
time ago. Disappointingly, image targeting of the RADARSAT imaging did not start early 
enough to capture the early stages of lodgement upstream of the Chutes. However, MODIS 
images for Nov 8, 9 and 10 were reviewed and it was determined that the lodgement upstream of 
the chutes occurred sometime between the Nov 9 and Nov 10 images (Figure 9). This was the 
first time that the timing of the ice front initiation was documented and it is hoped that this will 
provide valuable data for being able to forecast this timing in the future. Currently, one has to 
specify the lodgement date in the CRISSP model as a boundary condition. Therefore, until there 
is an observed ice front location, accurate forecasts of the ice front arrival for locations further 
upstream are not possible.  
 

 
Figure 8. RADARSAT image of lodgement location and Vermilion Chutes on Nov 11, 2012. 
RADARSAT-2 Data and Products © MacDonald, Dettwiler and Associates Ltd. (2012) – All Rights Reserved. 

RADARSAT is an official trademark of the Canadian Space Agency. 
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Figure 9. MODIS images from a) Nov 8 b) Nov 9 c) Nov 10 and d) Nov 14 showing that 

lodgement occurred sometime between mid-day on Nov 9 and mid day on Nov 10 since there is 
not much change in the open water extent between Nov 10 and Nov 14 MODIS images although 

there appears to be more snow on the ice cover. 
 
The Nov 11 RADARSAT image and the MODIS images did establish that the ice front does not 
need to pause and stage up over the Chutes in order for it to continue upstream. It appears that 
skim ice sheets can lodge upstream of the Chutes to initiate the ice cover. This was consistent 
with a flight observation undertaken in the previous winter (Nov 30, 2011) that showed that 
lodgement occurred at about km 896, about 17 km upstream of the Chutes. 
 
It appears that the reach upstream of the Chutes is conducive to lodgement. There are many 
islands and shallow areas in this reach and the river is also very wide. This is favourable to 
significant border ice growth which appears to restrict the passage of skim ice sheets. The local 
water velocities, gradient and bathymetry in this reach upstream of the Chutes is not known so it 
cannot be determined at this time if this is also a contributing factor for skim ice sheet lodgement 
in this reach. 

5.2 Hydraulic submergence of the Vermilion Chutes 

Since lodgement occurred upstream of the Chutes on Nov 9 or 10, 2012 it was not expected that 
there would be enough ice supply from upstream or generated at the Chutes to cause the hanging 
dam downstream to build up enough thickness to be submerged. Nevertheless, RADARSAT 
images of the Chutes continued to be acquired throughout the winter (Figure 10) to document 
changes in the ice regime over the course of the winter.  
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Figure 10. Sequence of RADARSAT images showing the Vermilion Chutes being submerged by 

hanging dam. Flow direction is left to right. RADARSAT-2 Data and Products © MacDonald, Dettwiler 
and Associates Ltd. (2012) – All Rights Reserved. RADARSAT is an official trademark of the Canadian Space 

Agency. 
 

 
Figure 11. Daily Air temperatures at High Level Airport during 2012-2013 winter and timing of 

RADARSAT images. 
 
Figure 10 shows that from Nov 11 to Nov 18 the ice front advanced upstream towards the Chutes 
and arrived at the downstream end of Vermilion Falls by Nov 18. The ice front stalled between 
Nov 18 and Nov 25 just downstream of the Vermilion Falls. However, the Dec 1 image showed 
that the ice front had submerged the Vermilion Falls, and by Dec 22 it had submerged the 
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Vermilion Rapids. This was surprising as the volume of ice required to do this is substantial. 
From the air temperature records (Figure 11) one can deduce that lower parts of the Chutes 
(Vermilion Falls) were submerged during the cold spell between the Nov 26 and Dec 1 images. 
However, the lack of images between Dec 1 and Dec 22 precluded conclusive determination of 
the relationship between Chutes submergence and air temperature. Fortunately, the images 
provided other clues. 
 
Frazil floes were visible flowing through the Chutes and upstream in varying degrees on 
different dates (Figure 12). An attempt was made to correlate these with hourly air temperatures 
at Fort Vermilion that coincided with image acquisition time. For the 9 images, each one was 
ranked 1 to 9 subjectively for the amount of frazil flowing in the open water upstream of the 
Chutes. The correlation with air temperature was not very good (R2 = 0.1, Figure 13a). In some 
of the images, frazil ice floes were unusually high at the upstream end of the open water reach 
(Figure 12, Dec 1). If frazil ice was being generated locally, one would expect that the ice floe 
concentrations would be increasing in the downstream direction. Could it be that the frazil ice 
was being transported under the ice cover from distances far upstream? This was investigated 
next. 
 

 
Figure 12. RADARSAT images depicting frazil ice floes through the Chutes and open water 

reaches upstream. RADARSAT-2 Data and Products © MacDonald, Dettwiler and Associates Ltd. (2012) – All 
Rights Reserved. RADARSAT is an official trademark of the Canadian Space Agency. 

Nov 11, T = - 9 oC, Stage = 4.09 m, dStage/dt = +0.07 cm/hr

Nov 14, T = - 15 oC, Stage = 4.41 m, dStage/dt = +0.98 cm/hr

Nov 15, T = - 13 oC, Stage = 4.33 m, dStage/dt = -0.02 cm/hr

Nov 18, T = - 15 oC, Stage = 4.53 m, dStage/dt = +0.40 cm/hr

Nov 21, T = - 25 oC, Stage = 4.86 m, dStage/dt = +0.35 cm/hr

Nov 25, T = - 17 oC, Stage = 4.31 m, dStage/dt = -0.68 cm/hr

Dec 1, T = - 22 oC, Stage = 4.80 m, dStage/dt = +0.17 cm/hr

Dec 22, T = - 22 oC, Stage = 4.73 m, dStage/dt = -0.65 cm/hr
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Figure 13. Correlations between frazil floe intensity ranks and a) air temperature b) stage c) rate 
of stage rise. d) R-squared for stage and rate of stage rise for various mean velocities assumed 
between Fort Vermilion gauge and the open water upstream of the Chutes. A mean velocity of 

0.7 m/s corresponds to a travel time of about 28 hours. 
 
By Nov 14 and Dec 22 the ice front was 120 km and 560 km upstream respectively of the open 
water frazil observed zone in Figure 12. Therefore, frazil ice was being transported under the ice 
cover from far distances upstream. It follows then that the amount of frazil visible in the images 
should be velocity related. A proxy for the water velocity would be the stage at the Fort 
Vermilion gauge 70 km upstream of the open water reach (Figure 14). A travel time for the flow 
between the gauge and the open water reach needs to be assumed. A travel time of about 28 
hours corresponding to a value of about 0.7 m/s was determined. How this was established will 
be described shortly. The correlation with stage was very poor (R2 = 0.04, Figure 13b), even 
worse than with air temperature. However, during river water level fluctuations in mildly sloping 
rivers, the peak velocities do not occur on the crests of the peaks but on the rising limbs of the 
hydrographs due to the looping behavior of stage-discharge rating curves. Therefore, the 
relationship between rate of stage rise and the frazil flowing intensity rank was investigated next 
(Figure 13c). The delay again was 28 hours. The correlation was very high ( R2 = 0.85). 
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The choice of the 28 hour delay corresponding to a velocity of 0.7 m/s is justified by the 
investigation depicted in Figure 13d. The R-squared was calculated between stage and various 
velocities and between the rate of stage change and various velocities. Only the latter gave 
acceptable values of R2. For the rate of stage change the R2 was about 0.85 for velocities 
between 0.6 and 0.8 m/s. There was a smaller peak in R2 of about 0.5 to 0.6 at about 0.2 m/s for 
both the stage and rate of stage rise. However, this velocity is not reasonable as the travel time 
would be more than 4 days for a 70 km reach of the river.  
 
This analysis could be improved by using a less subjective ranking of the frazil floe 
concentrations in the open water reach upstream of the Chutes. It would be possible to use the 
RADARSAT reflectivity values. However, the analysis above was performed late in the project 
and RADARSAT reflectivity value analysis could not be carried out in time for this paper. 
 
 

 
Figure 14. Stage, rate of stage change, and air temperature at Fort Vermilion and frazil flow rank. 

 

5.3 Documentation of dominant ice types for various reaches of the Peace River 

Figures 15 and 16 show composite images for the area of study. Two analyses were performed. 
One based on the improved automated IceMAP-R classification and a second one based on a 
subjective interpretation of full resolution versions of Figures 15 and 16. The results of the two 
analyses are presented in Figure 17. 
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Figure 15. Mosaic of RADARSAT images covering the Peace River from km 683 to 942. 

RADARSAT-2 Data and Products © MacDonald, Dettwiler and Associates Ltd. (2012) – All Rights Reserved. 
RADARSAT is an official trademark of the Canadian Space Agency. 

 
 

 

 
Figure 16. RADARSAT image on Nov 28, 2012 covering the Peace River from km 476 to 636. 

RADARSAT-2 Data and Products © MacDonald, Dettwiler and Associates Ltd. (2012) – All Rights Reserved. 
RADARSAT is an official trademark of the Canadian Space Agency. 
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Figure 17 shows the automatic and subjective classification of ice types for the entire reach of 
study. The comments within the plot are also subjective comments. The two results compare 
favorably with the automatic classification being more detailed with each km being classified. 
Short sections of open water and consolidated areas were easily identified by the automatic 
classification where these tended to be overlooked by the subjective classification.  
 
Upstream of the ice front the subjective interpretation was running frazil ice pans of various 
concentrations. Since the automatic classification cannot distinguish between moving and 
stationary ice, the algorithm classified this reach ranging from open water to juxtaposed frazil ice 
pans.  
 
The consolidated reaches between the ice front and Carcajou were identified perfectly by both 
the automatic and subjective methods.  
 
With the exception of short consolidated reaches, a juxtaposed ice cover was most common 
between Tompkins Landing and km 790. Downstream of km 790 skim ice was most common 
with short reaches of consolidated skim ice. The degree of the skim ice consolidation varied as 
some were classified as consolidated frazil ice and some as juxtaposed frazil ice by the 
automated classification.   
 

 
Figure 17. Automatic and subjective classification of ice types for entire reach of study. Some 

subjective comments are noted. 
 
An example of a short reach of consolidated skim ice just downstream of Fort Vermilion is 
shown in Figure 18. This could be a locally steep reach or it could have formed as the 
temperature was warming weakening the skim ice floes and thereby allowing them to 
consolidate when they reached the ice front. Potentially the ice front progression could be stalled 
significantly by this process and is therefore important to know for modeling. It should be 
interesting if this consolidation of skim occurs at this location in subsequent winters. 
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Figure 18. Locally consolidated skim ice reach downstream of Fort Vermilion. RADARSAT-2 Data 
and Products © MacDonald, Dettwiler and Associates Ltd. (2012) – All Rights Reserved. RADARSAT is an official 

trademark of the Canadian Space Agency.  
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6. Automated ice mapping 

6.1 The IceMAP-R algorithm 

As we have seen in the previous section, the challenge of working with radar images to map the 
ice cover is to find an approach that can be automated and still provide accurate results. The Ice 
Mapping Automated Procedure from Radar data (IceMAP-R), developed at INRS (Gauthier et 
al, 2010), is totally automated. While it is based on a single polarization (HH), it has produced 
consistent results over various types of river and different radar sensors. The approach is being 
used operationally since 2010 by the Quebec Public Safety Department. The algorithm uses 
multiple steps fuzzy K-Mean classification scheme with both signal intensity (backscattering) 
and image texture. The final product is a map with 9 classes, regrouped to represent the main ice 
types: thermal ice, juxtaposed (or agglomerated) frazil ice, consolidated ice, along with open 
water. The global accuracy in correctly identifying these conditions is steadily about 70%-80%.  
Known limitations mainly concern the discrimination of smooth thermal ice and water, the 
presence of frazil pans, the presence of melting snow or water over ice, and the presence of 
rapids. In this project, we have confirmed that a combination of three polarizations (HH-HV-
VV) was providing a visual product that permitted a detailed interpretation of the different ice 
types and processes. The question is now: Can we achieve this level of information with an 
automated process? 
 
Therefore, multiple tests were conducted to assess how to modify the original IceMAP-R 
algorithm in order to include multiple polarizations and eventually improve the global and 
specific accuracy. To do this, we first used the original algorithm, with HH polarization, to 
produce the ice maps for five validation dates: November 14, 15, 18, and 28 and December 22. 
On these dates, the interpreted conditions were: Open water, ice pans, thermal ice, skim ice, 
juxtaposed ice and consolidated ice (Figure 19). About 60 validation sites were selected. 
  



 

 
 
Figure 19. Examples of ice types identified on RADARSAT-2 images (RGB composites of HH-

HV-VV)). RADARSAT-2 RADARSAT-2 Data and Products © MacDonald, Dettwiler and Associates Ltd. 
(2012) – All Rights Reserved. RADARSAT is an official trademark of the Canadian Space Agency. 

 
From these maps and the validation sites, confusion matrices were calculated. The same 
procedure was done replacing the HH polarized image by the cross-polarized HV image. And 
then it was repeated with the VV polarized image. As the original algorithm does not accept two 
polarizations for input, it had to be modified to use two or three polarizations. With this 
temporary version we tested the following combinations: HH-HV, HH-VV, and HH-HV-VV. 
Again, ice maps and confusion matrices were produced for the five validation dates. After 
analysis, we modified the original algorithm to obtain the best results possible. 

6.2 Choice of best combination of polarizations 

First we present the confusion matrices for the original algorithm with polarization HH. Table 3 
shows the omission errors (read vertically). For example, we see that 90% of the pixels within 
the “water” validation sites are in Class #1. Therefore, if Class #1 represents water, only 10% of 
water pixels would be omitted. Next, we see that 79% of the pixels within the “thermal ice” 
validation sites are within Classes #2 to #4. Therefore, if these regrouped classes represent 
thermal ice, 21% of thermal ice pixels would be omitted. And so on. However, we do not include 
the results from the floating frazil pans or skim ice classes as they are in fact, a combination of 
two features. We will deal with these classes later. The global accuracy for the original algorithm 
is therefore estimated at 81%. 
 
 
 
 
 
 



Table 3. Omission errors – Original algorithm (HH) 
Ice map  Validation sites 

  Water 
Thermal 

ice 
Juxtaposed ice

Consolidated 
ice 

Global accuracy 

Total pixels in samples  27064  75986 22424 70560  

  %  % % %  

Class 1  90  19 0 0  

Class 2  10  37 0 0  

Class 3  0  33 0 0  

Class 4  0  9 4 0  

Class 5  0  2 25 0  

Class 6  0  0 36 4  

Class 7  0  0 30 33  

Class 8  0  0 4 61  

Class 9  0  0 0 1  

Accuracy  90  79 61 95 81%

 
The next table (Table 4) presents the commission errors (read horizontally). It shows what we 
find in each class of the ice map. For example, according to the validation sites, 63% of the 
pixels in Class #1 would be water and 37% would be thermal ice. If we were to consider Class 
#1 as the water class, we would commit 37% of false water pixels. However, for Class #2, if 
considered as a thermal ice class, we would only commit 9% of false thermal ice pixels. 
Globally, the accuracy here would be 85%. 
 
 

Table 4. Commission errors – Original algorithm (HH) 
Ice map  Validation sites 

  Water 
Thermal 

ice 
Juxtaposed 

ice 
Consolidated 

ice Global accuracy 

  %  %  % % % 
Class 1  63  37  0 0 63 
Class 2  9  91  0 0 91 
Class 3  0  100  0 0 100 
Class 4  0  87  13 0 87 
Class 5  0  17  81 2 81 
Class 6  0  1  71 28 71 
Class 7  0  0  22 78 78 
Class 8  0  0  2 98 98 
Class 9  0  0  0 100 100 

          85% 
 



This analysis was done for all combinations of polarizations and for all validation dates. Table 5 
shows the global accuracy for each case. We can see that no combination wins over all dates and 
hence, over all conditions. However, HV is always present in the best combination, while VV 
doesn’t score well in any case. 
 

Table 5. Global accuracy of the ice maps for each test, by validation date 

 
We also looked at the best combination for specific classes. In Table 6, we see that HV was 
globally the most efficient in correctly classifying water and juxtaposed ice, while HH was better 
for discriminating thermal ice and consolidated ice. 
 

Table 6. Best accuracy obtained with a single polarization for a specific feature. 
Feature  Best accuracy Polarization 
Water  94% HV

Thermal ice  79% HH

Juxtaposed ice  91% HV

Consolidated  95% HH

 
Therefore, we have modified the original algorithm to use HH and HV, and we have also 
modified the different classification steps to optimize the use of both polarizations. In this, the 
number of classes is reduced to 7, which are then regrouped into 5. The confusion matrices of the 
new algorithm are presented in Table 7 and Table 8. Global accuracy is now at 92% and 88%, a 
gain of 11% in omission errors and of 3% in commission errors. Note that the level of 
commission errors for water is still high. All subsequent ice maps were produced with this 
algorithm. Then for each 1 km section, we have extracted the dominant ice type. These are the 
ice types plotted in Figure 17. 
  

Algo based 
on: 

Nov.14  Nov.15 Nov.18 Nov.28 Dec.22  All

HH  76%  86%  78% 72% 91%  81%

HV  94%  94%  89% 77% 84%  89%

VV  74%  86%  74% 75% 88%  78%

HH‐HV  88%  96%  84% 77% 96%  90%

HH‐VV  78%  89%  79% 75% 94%  81%

HH‐HV‐VV  85%  97%  74% 82% 94%  85%



Table 7. Omission errors – New algorithm (HH-HV) 
Ice map  Validation sites 

  Water 
Therma

l ice 
Juxtaposed 

ice 
Consolidate

d ice Global accuracy 

Total pixels in samples  27064  75986 22424 70560  

  %  % % %  

Class 1  99 19 0 0  

Class 2  1 71 0 0  

Class 3  0 8 3 0  

Class 4  0 1 28 0  

Class 5  0 0 14 0  

Class 6  0 0 53 4  

Class 7  0 0 1 96  

  99  79 95 96 92%

 
Table 8. Commission errors – New algorithm (HH-HV). 

Ice map  Validation sites 

  Water 
Thermal 

ice 
Juxtaposed 

ice 
Consolidated 

ice 
Global 
accuracy 

  %  % % % % 
Class 1  64 36 0 0 64 
Class 2  1 99 0 0 99 
Class 3  0 89 11 0 89 
Class 4  0 14 85 1 85 
Class 5  0 0 99 1 99 
Class 6  0 0 81 19 81 
Class 7  0 0 0 100 100 

          88% 
 

Figure 20 and Figure 21 show some comparison between the visual interpretation and the 
automated ice maps. As observed during the validation analysis, the main problem remaining is 
the difficulty to correctly map some thermal ice areas. If this ice type presents very low air 
bubble content and very few cracks, the backscatter could be as low as open water. 
 

 
 



 
Figure 20. Comparison of composite RADARSAT-2 image of November 28, 2012 and IceMAP-

R classification. RADARSAT-2 Data and Products © MacDonald, Dettwiler and Associates Ltd. (2012) – All 

Rights Reserved. RADARSAT is an official trademark of the Canadian Space Agency. 
 

 
Figure 21. Comparison of composite RADARSAT-2 image of November 21, 2012 and IceMAP-

R classification. RADARSAT-2 Data and Products © MacDonald, Dettwiler and Associates Ltd. (2012) – All 

Rights Reserved. RADARSAT is an official trademark of the Canadian Space Agency. 

6.3 The special cases of ice pans and skim ice 

A satellite image is a snapshot in time and therefore, movement is not detected. For the IceMAP-
R algorithm, floating ice pans are simply seen as pixels of ice and water. Because of the size and 
wetness of the pans, they might be seen as “Thermal ice” (Figure 22). Also, for smaller pans, 
water may dominate the validation sites.  
 

 
Figure 22. Area of floating frazil ice pans on RADARSAT-2 composite of November 14, 2012 

and resulting ice map. RADARSAT-2 Data and Products © MacDonald, Dettwiler and Associates Ltd. (2012) – 
All Rights Reserved. RADARSAT is an official trademark of the Canadian Space Agency. 



 
Table 9 shows the distribution of validation sites within the ice map classes. They are mainly 
distributed between water and thermal ice. 

 
Table 9. Distribution of frazil ice pans validation pixels within the ice map classes. 
Class  Nov.14  Nov.15 Nov.18 Nov.28 Dec.22  All frazil 

validation 
sites

1 (Water)  34% 22% 99% n.d 92% 61% 
2 (Thermal ice)  1% 30% 1% n.d 8% 5% 
3 (Thermal ice)  53% 48% 0% n.d 0% 28% 

4 (Juxtaposed ice)  12% 0% 0% n.d 0% 5% 
5 (Juxtaposed ice)  0% 0% 0% 0% 0% 0% 
6 (Juxtaposed ice)  0% 0% 0% 0% 0% 0% 
7 (Consolidated ice)  0% 0% 0% 0% 0% 0% 

 
In the case of skim ice, these areas are in fact smooth ice sheets that are juxtaposed, creating 
some variable roughness at the junction. Therefore, in the classification, skim ice zones will 
contain patches of “Thermal ice” and some linear features of the radar reflectivity equivalent of 
“Juxtaposed ice”. This is confirmed by Figure 23. And in Table 10, we clearly see the 
distribution of skim ice validation pixels within the thermal and juxtaposed classes of the ice 
map.  
 

 
Figure 23. Area of skim ice on RADARSAT-2 composite of November 28, 2012 and resulting 

ice map. RADARSAT-2 Data and Products © MacDonald, Dettwiler and Associates Ltd. (2012) – All Rights 
Reserved. RADARSAT is an official trademark of the Canadian Space Agency. 

 
 
 
 
 
 
 
 
 



 
Table 10. Distribution of skim ice validation pixels within the ice map classes. 

Class  Skim ice 
validation 
sites for 
Nov.14 

Skim ice 
validation 
sites for 
Nov.15

Skim ice 
validation 
sites for 
Nov.18

Skim ice 
validation 
sites for 
Nov.28

Skim ice 
validation 
sites for 
Dec.22 

Skim ice 
validation 

sites 
All dates

1 (Water)  0% 1% 2% 2% 0% 1% 
2 (Thermal ice)  36% 14% 43% 35% 46% 31% 
3 (Thermal ice)  34% 33% 38% 37% 43% 36% 

4 (Juxtaposed ice)  28% 40% 16% 21% 11% 26% 
5 (Juxtaposed ice)  0% 5% 0% 1% 0% 2% 
6 (Juxtaposed ice)  1% 8% 0% 4% 0% 4% 
7 (Consolidated ice)  0% 0% 0% 0% 0% 0% 

 

6.4 The case of rapids 

One limitation of the automated approach is that it maps open water as ice when the surface is 
rough. In this study, we wanted to see if multiple polarizations would help to improve 
classification in areas of rapids. In Figure 24, the ice map from November 12 shows that rapids 
and chutes are still classified as thermal or juxtaposed ice, even if they are free of ice at that time. 
Through any combinations of HH, HV and VV, we have not been able to obtain a result where 
we could discriminate between rapids and ice. In some cases, VV seemed to be a potential 
discriminator but it was not reproducible on all images. More analysis must be conducted.  
 

 
Figure 24. Ice map of the Vermilion Chutes area on November 11, 2012. 

  
 
 
 



7.0 Conclusions 

From MODIS and RADARSAT images, the timing and the location of the lodgement of ice floes 
and the initiation of the Peace River ice front was determined to within a one day period. The 
lodgement occurred between mid-day on Nov 9, 2012 and mid-day on Nov 10, 2012 at km 903, 
about 10 km upstream of the Vermilion Chutes or about 70 km downstream of Fort Vermilion. 
This location is consistent with a flight observation in the previous winter where a lodgement site 
was found at km 896 but the timing was unknown. This past winter, RADARSAT and MODIS 
images determined that multiple lodgement sites upstream of this point were not apparent due to 
the lack of long open water reaches. The lodgment timing and location information may help 
determine a “lodgement criterion” that could be inputted into river ice models. However, 
additional years of the lodgement timing and locations will need to be collected. An important 
finding was that the ice front or hanging dam downstream of the Chutes does not have to 
submerge the Chutes before the ice cover proceeds upstream to areas of interest such as Fort 
Vermilion and the Town of Peace River. It appears that the ice can lodge upstream of the Chutes 
independently of the downstream ice front. 
 
Despite that the ice lodged a short distance upstream of the Chutes early in the winter cutting off 
the majority of the ice supply, the Chutes were eventually submerged by the accumulation of ice 
in the hanging dam downstream of the Chutes. It was apparent from the imagery that frazil slush 
was emerging from the upstream end of the open lead upstream of the Chutes, leading to the 
conclusion that this ice was being transported underneath the upstream ice cover. Since there is a 
lack of frazil generation zones for a few hundred kilometers upstream of the Chutes, the ice had 
to be coming from long distances. An attempt to correlate the detected frazil slush in this open 
lead with air temperature was unsuccessful indicating that the frazil slush was not being 
generated locally. A correlation of the frazil slush transport with the rate of stage rise at an 
upstream gauge with a suitable travel time lag gave a strong indication that the frazil slush 
transport was velocity dependent and tended to mobilize during subsequent higher velocity peaks 
on the rising limbs of hydrographs, much like sediment transport.  This analysis could be 
improved by using a less subjective ranking of the frazil floe concentrations in the open water 
reach upstream of the Chutes. It would be possible to use the RADARSAT reflectivity values.  
 
Detailed ice type classifications were performed of the Peace River from km 478 (upstream of 
Sunny Valley) to km 943 (downstream of the Vermilion Chutes). Consolidated ice was dominant 
from the observed ice front (at km 534) to km 635. The km 635 to 683 reach was not imaged this 
year so the ice types there were not documented. This will be a target for next year. From km 
683 (just upstream of Tompkins Landing) to about km 790 (40 km upstream of Fort Vermilion a 
juxtaposed frazil ice pan ice cover was dominant. There were some minor or very short 
consolidated, open water and skim ice sections in this reach.  From km 690 to the lodgement site 
just upstream of the Vermilion Chutes at km 903, the dominant ice type was skim ice or more 
precisely juxtaposed skim ice sheets. There was open water for 10 km upstream of the Chutes 
until at least the last image on Feb 23, 2013 and probably for the rest of the winter. Downstream 
of the Chutes (km 916) there was a consolidated ice cover for about 10 km. Downstream of there 
to the end of the study reach at km 946 there was some juxtaposed frazil pans as well as some 
skim ice reaches. This last reach imaged was too short to determine the dominant ice type 
downstream of the hanging dam. 



It has been demonstrated in this study that RADARSAT-2 images in quadpol mode were a key 
source of information for studying ice types and processes on the downstream reaches of the 
Peace River in the fall 2012. Using simple RGB composites of polarizations HH, HV and VV, 
images permitted to identify ice runs, juxtaposed skim ice, consolidated skim ice, thermal ice, 
frazil pans, juxtaposed and consolidated frazil ice, hanging dam, as well as open water areas. The 
image interpretation also permitted to locate ice lodgement and ice front location. Between radar 
image acquisitions, MODIS images were also useful to detect ice lodgement and the ice front. 
 
The work on the automated classification approach of the RADARSAT-2 images has proven that 
a dual polarization approach (HH-HV) could increase the automated classification accuracy 
substantially. Following multiple tests, we have modified the IceMAP-R algorithm in order to 
obtain a 92% global accuracy on general classes (open water, thermal ice, juxtaposed ice and 
consolidated ice). The new algorithm reduces the omission errors by 11% and the commission 
errors by 3%, from the original algorithm (HH only). The automated classification agreed well 
with a subjective evaluation of the dominant ice types in the various reaches. However, some 
limitations remain, particularly concerning the discrimination of water from some clear and 
smooth thermal ice, and also for differentiating ridges in skim ice areas (roughness) from frazil 
ice (large air bubble content). Finally, through any combinations of HH, HV and VV, we have 
not been able to obtain a result where we could discriminate between rapids and ice. However, 
this study is providing a precious dataset and several research leads to eventually overcome these 
problems. We will pursue work with a new sequence of RADARSAT-2 and MODIS images in 
the fall 2013.     
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