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The objective of the analysis was to indirectly infer ice thickness and strength
information from RADARSAT-1 images with the hope of obtaining useful
results to help manage freeze-up downstream of a hydroelectric facility.
In the 2002 winter, three Fine Beam images were acquired on the Peace River,
Alberta to measure temporal ice changes due to thermal ice growth over a fiveweek period. Ice thickness data were collected at two study sites concurrently
with image acquisitions. The locations were selected to cover areas over and
adjacent to gravel bars. To investigate whether freezing to the ground would
affect the signal response; the backscatter values from the RADARSAT images
were correlated to ice thickness data.
In 2003 two Fine Beam images were acquired that were concurrent with ice
cross-sectional surveys at eight locations. The objective was to measure spatial
differences in the ice cover. Comparison between RADARSAT images and
field data was made for ice between the shear lines at mid-channel. Backscatter
values were compared with total ice thickness (i.e. solid ice and slush) and with
sail heights.

1. Introduction
BC Hydro owns and operates two hydroelectric facilities, the W.A.C. Bennett and Peace Canyon
dams on the Peace River in British Colombia. Downstream of these facilities, the Peace River
flows eastward into Alberta where flooding problems can occur at freeze-up or break-up. BC
Hydro takes considerable mitigative measures by adjusting their flow releases in order to
mitigate potential flooding problems. The community most susceptible is the Town of Peace
River, which is 395 km downstream of Bennett Dam.
It is hoped that data gleaned from RADARSAT images will help assess ice cover strength and
competence in order to optimize both flood protection and hydroelectric revenue as well as
provide data for numerical models which would be used to accomplish the same.
BC Hydro and RADARSAT International have done prior work on Peace River ice and the
reader is directed to Weber et al. (2001, 2003) for a more detailed discussion of the supporting
topics. Some of these include dielectric properties of air, snow, ice, water and how boundaries
between these materials affect the RADARSAT signal; surface roughness and specular
reflection; volume scattering and incidence angle.
It should be noted that RADARSAT could not be used to measure ice thickness directly for
reasons described in the above paper. However, ice thicknesses whether solid or total (which
includes slush underneath) are of most interest to river ice engineers, as they are key quantities to
be determined for the optimization and safe operation of hydroelectric facilities. Thus this paper
deals with indirect methods for determining ice strength and thicknesses using RADARSAT.
2. Hypotheses
The following hypotheses were evaluated in this study:
2002 field program
• As smooth border ice over a shallow area freezes to the bed, the RADAR backscatter should
decrease. The dielectric constant of sediment is lower than that of water, hereby creating a
less significant interface at the bottom of the ice cover than at the ice/water interface.
Stronger radar reflections occur at interfaces with greater difference in dielectric constant.
Thus, a floating ice cover reflects the radar signal more than ice frozen to the bed (Hall
1998). It may therefore be possible to indirectly measure the growth of the thermal ice by
using RADARSAT images to measure temporal changes to the extent of ice frozen to the
bed. Thicker thermal ice would allow for more flexible hydroelectric operations.
• Over time, cavities at the base of a juxtaposed or consolidated ice cover may get filled as
thermal ice freezes down through porous slush. These time dependent changes are expected
to smoothen the solid-ice/slush-ice interface and, thus, affect signal response. Since the
potential penetration depth into freshwater ice is about 100m and 10m at 1 and 10 GHz,
respectively (Hallikainen & Winebrenner 1992), the solid-ice/slush-ice interface roughness is
believed to exert a major influence on the RADARSAT backscatter (Elachi et al. 1976). It is
expected that the total backscatter decreases, as the thermal ice grows deeper during the
course of the winter. This way, it may be possible to indirectly measure the thermal thickness

using RADARSAT images. Again, thicker thermal ice would allow for more flexible
hydroelectric operations.
2003 field program
• Areas of more consolidated ice should produce higher backscatter as there are more upturned
pans. Since more consolidated ice is also known to be thicker such as suggested by
equilibrium jam theory (Pariset et al., 1966), RADARSAT could be used to indirectly
measure the total ice thickness including slush at the time of formation. This thickness
information could then be used for the calibration/verification of river ice models without the
need for extensive and time-consuming ice surveys over long reaches of river.
3. Field data collection
In 2002, field data were collected during 3 field trips concurrently with image acquisition. The
first field trip was scheduled to take place, as soon after ice cover formation as the ice cover
stability would allow for safe working conditions. The ice cover had formed about 36 hours prior
to data collection on January 24, 2002. The next field data were gathered one week later on
January 30, 2002, because typically the biggest changes in ice properties occur in the first week
after ice cover formation. The third field trip on February 23, 2002 was scheduled 24 days later,
which was one repeat cycle later of the RADARSAT-1 satellite. This allowed for identical beam
positions and orbits for the second and third image and therefore the effects of look-angle and
look-direction could be ruled out. The RADARSAT images are listed in Table 1.
Acquisition Date

Beam
Mode

Orbit

January 24, 2002
F2N
Ascending
January 30, 2002
F1N
Descending
February 23, 2002
F1N
Descending
February 25, 2003
F2F
Descending
March 4, 2003
F4
Descending
Table 1. Peace River RADARSAT images.
The study sites were selected to cover areas overlying gravel bars. Site 1 shown in Figure 1 was
laid out as an equally spaced grid of 96 points (Figure 2). It consisted of a 5 m spacing with outer
dimensions of 25 m x 75 m. Coordinates of the grid were established using a differential GPS.
The site covered 3 ice types: thermal border ice, shore-fast frazil, i.e. frazil ice that had adhered
to the ice/water boundary along the border ice, and consolidated ice. Site 2 was chosen based on
promising backscatter signatures in the January 24, 2002 RADARSAT image. Site 2 consisted of
7 points along a transect across a gravel bar. To allow room in this paper for the 2003 images and
analysis, only Site 1 will be discussed.
The parameters measured were solid ice thickness, interstitial ice thickness, air/ice and ice/water
interface roughness, and ice stratigraphy. The interstitial ice is defined as the solid ice between
the ice pans. It was initially slush when the ice pans first arrived at the ice front. The thickness of
the interstitial ice over the course of the winter normally increases as the ice grows thermally
down through the porous slush.
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Figure 1. Location of 25 m by 75 m ground-truthing grid for the 2002 RADARSAT images.
Some drill-holes are visible.
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Figure 2. Sample drill hole and chain-sawed hole locations for site 1, 2002 RADARSAT
images.

Solid and interstitial ice thicknesses were measured in holes drilled into the ice with a 20 cm
diameter power auger. The air/ice interface roughness was assessed by measuring the sail height,
which is the average height of the larger ice pieces above the interstitial ice level. To assess the
ice/water interface roughness, ice blocks were chain-sawed out of the ice, lifted onto the ice
cover (Figure 3), and the length of the ice pieces sticking furthest out of the ice cover were
measured. Supporting temperature and precipitation data were available from the AES station at
the Peace River Airport.
a)

b)

Figure 3. These 0.7m by 0.7m ice blocks were chain-sawed out and the roughness elements on
the bottom side between the solid ice and the slush were measured. a) Jan 31 and b)Feb 23, 2002.
In 2003, ice cross sectional surveys were conducted as part of a study to support the development
of numerical models that will assist in the management of the ice regime as well as to assess the
potential changes that may result from a planned hydroelectric facility (The Dunvegan Project)
about 100 km upstream of the Town of Peace River. The same eight cross sections (seven on the
first visit) were measured on three different occasions during the ice season (Jan 31-Feb 4, Feb
26-Mar 1, Mar 24-26). The ice cover formed in the reach between Jan 26 to 28. RADARSAT
images were taken on February 25 and March 4 (Table 1). Each cross section consisted of 12 to
16 measurement points with 10 to 15 of them falling between the outer shear lines. The cross
section locations are shown on the March 4 image in Figure 4.
The parameters measured were water level elevation, snow depth, sail height, distance from the
top of interstitial solid ice surface to water level, interstitial solid ice thickness, and total
thickness including frazil slush. The location of the slush-water interface was determined using a
submersible camera. It should be noted that the slush thickness below the thermal interstitial ice
can change through the winter as frazil slush can be eroded, transported, and deposited
depending on water velocities and channel morphology.
Sail height was measured using a visual procedure. A tape measure was held vertically with the
zero on interstitial ice. The horizon was located (usually a riverbank far downstream or
upstream) to obtain a level line of sight. The eye level of the observer was then adjusted by
crouching until most of the horizon line was just obscured by the sails. This gave a larger
sampling footprint then measuring a few sail heights directly and averaging.

Figure 4. Locations of ice cross sections surveyed in 2003 plotted on the Mar 4, 2003
RADARSAT image. Also shown are dots at 500 m intervals used for longitudinal averaging of
the RADARSAT backscatter. RADARSAT data © Canadian Space Agency/Agence spatiale
canadienne 2003. Received by the Canada Centre for Remote Sensing. Processed and distributed
by RADARSAT International.

Figure 5a. Cross-section at km 380.00

Figure 5b. Cross-section at km 386.77

4. Analysis
Each of the analysis of the 2002 and 2003 RADARSAT images had different foci and
approaches and therefore they will be discussed separately. The 2002 analysis focused on a small
groundtruthing footprint (<100m) and performed a temporal analysis of the three ice types
within. Ice in shallow areas as well as ice in the central channel were investigated. In 2003,
analysis of larger scale differences was done. This consisted of the analysis of the central channel
ice only ranging over a 60 km long reach. No temporal analysis was performed in 2003.
4.1 Analysis of 2002 RADARSAT images
The measured average and standard deviation of the solid ice thickness for the three ice types
analyzed and for all three visits is shown in Figure 6. As expected the solid ice thickened as the
winter progressed. There were no significant trends in the standard deviations of the solid ice
thicknesses with time for any of the ice types suggesting that the roughness did not decrease with
time as hypothesized. However, chain-sawed blocks did indicate that there were less roughness
elements between the solid ice and slush on the third visit than the first two (Figure 3) supporting
the hypothesis. Perhaps in the drill hole data, there was a bias in measuring the flat ice underside
rather than the protruding roughness with the ice thickness measuring probe, which consisted of
a wooden pole and a perpendicular nail.
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Figure 6. Average and standard deviations of measured solid ice thickness (drill holes) for the
three visits and three ice types.
Although precise GPS coordinates for the grid were obtained, georeferencing the RADARSAT
image was not precise due to the lack of corner reflectors to use for accurate ground control
(such as buildings) near the river/ice elevation. The image was therefore fitted visually as best as
possible from riverbank and island features with the aid of topographical maps. Polygons were
then selected over the sampled areas and typically contained around 100 pixels. Figure 7 shows
the average backscatter values for the three ice types within these polygons for the three visits.
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Figure 7. RADARSAT backscatter power for three images a) border ice, b) shore-fast frazil, and
c) consolidated ice.
Generally the backscatter increased between the first and second site visit and then decreased
between the second and third visit.
To investigate the unexpected results between the first and second image, larger polygons for the
three ice types were established (not shown) to obtain more representative averages (several
1000 points) and thus reduce the effect of speckle. However, the results remained the same. The

discrepancies between the first and second image are believed to be caused by the different
incidence angles and look directions.
There was also a surprisingly large amount of backscatter from the border ice compared to the
shore-fast frazil, as the latter looked rougher at the air/ice interface. The high backscatter from
the border ice may be caused by the porous structure of the ice or it may have been the result of
imprecise georeferencing as the shore-fast frazil was only a narrow strip.
The second and third images were taken from identical incidence angles and look directions. All
ice types showed a decrease in backscatter for this time period. For border ice and shore-fast ice
the decrease is statistically insignificant (α=0.05). Unfortunately, the hypothesis that the
backscatter decreases as ice freezes to the streambed could not be investigated, as the river ice
never completely froze to the streambed. Changes in the water level, which caused the ice cover
to float, may have prevented the ice from freezing to the streambed.
Figure 7c shows a statistically significant (α=0.05) decrease in the backscatter values for
consolidated ice between the second and third image. This may be an indication of a decrease in
solid ice/slush interface roughness as hypothesized previously.
4.2 Analysis of 2003 RADARSAT images
Figure 4 shows a portion (23 km out of 60 km analysed) of the Mar 4, 2003 RADARSAT image
with the surveyed cross-sections indicated. Figure 5 shows aerial views of two cross-sections
with Figure 5a being a smoother partially juxtaposed cover and 5b being more consolidated. The
corresponding locations in Figure 4 do show up as lower backscatter (dark on image) for the
smoother ice cover and higher backscatter (brighter) for the rougher one. These qualitative
results were encouraging and a more quantitative analysis was performed.
Since ice jam thickness profiles are a strong function of river width (Pariset et al.1966), the
RADARSAT data was reach-averaged by a longitudinal distance of 500 m, which was small
enough to preserve the width variation. The centroids of these 500 m reaches are plotted as red
dots in Figure 4. Also, since thickness and roughness between the shear lines should be more
consistent with equilibrium ice jam theory than shore ice or border ice, only RADARSAT data
and field data between the shear lines in Figure 4 were averaged. The locations of the shear lines
were determined from aerial photographs that were taken of the entire reach that encompassed
the RADARSAT images. The red polygon in Figure 4 was then hand-edited using Arcview GIS
based on the aerial photographs. Large open leads like the one at km 379 and bridges at km
396.3 were omitted from the analysis. A later analysis included the open leads.
FORTRAN code was written to group and average the RADARSAT backscatter values into the
500 m reaches. This was done by looping through each centroid point and calculating the
distance to each RADARSAT pixel within the red polygon in Figure 4. If the distance was more
than 800 m then the point was discarded as belonging to that centroid point. If it was less then
800 m, then the point was tested to see if it was closer to the adjacent centroids upstream and
downstream. If it wasn’t, it was included in the reach average for that point or centroid. This
coding yielded a computation time of about 5 minutes for approximately 500,000 RADARSAT
data points.
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Figure 8. Comparison of measured width-averaged total thickness including slush between shear
lines with 500 m reach-averaged backscatter power from RADARSAT.
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Figure 9. Comparison of measured width-averaged sail heights between shear lines with
500 m reach-averaged backscatter power from RADARSAT.

Figure 8 shows a comparison between the 500 m reach-averaged backscatter power from
RADARSAT with measured width-averaged total ice thickness including slush. The relationship
is very good. Figure 9 compares the measured average sail height for each cross section, which
was measured on the first visit. The relationship to the RADARSAT image is good but not as
good as the total thickness including slush. Representation error in both total ice thickness and
sail height can also arise due to the smaller sampling footprint of the field data compared to the
RADARSAT.
Figure 10 shows the timing of the three field visits, the two RADARSAT images, the dates of
freeze-up for the entire reach where cross sections were surveyed, and the local air temperature.
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Figure 10. Dates of freeze-up, cross-sectional surveys and RADARSAT images and hourly air
temperature at the gauge in the Town of Peace River.
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Figure 11. Comparison of reach-averaged RADARSAT values between the Feb 25 and March 4
images.

Figure 11 shows the differences in 500 m reach-averaged backscatter values between the Feb 25
and Mar 4 images. From experience gained from the 2002 analysis, it is unknown if this was
attributable to an actual difference in roughness or a difference due to the RADARSAT
incidence angle. The weather between these dates was relatively mild (Figure 10) but still below
freezing (with the exception of one day with a high of +2.6 oC). Consequently, the ice cover
should have not changed much. There was no notable melting of the sails or the snow cover. The
backscatter did decrease with time which is consistent with the hypothesis that the solid ice/slush
ice interface roughness should also decrease as the solid ice layer grows downward. However,
more work needs to be done to assess if the differences are attributable to incidence angle.
Since there were three sets of measurements of the total thickness over the course of the winter,
and two RADARSAT images, a total of six comparisons were made. The field measurements
were compared to interpolated values between the 500 m backscatter averaged reaches. River
distance was used to obtain interpolated RADARSAT values corresponding to the cross-sections.
The linear regression results between RADARSAT and measured values are shown in Figure 12.
The best result (highest R2 of 0.88) occurred between the earliest cross sectional survey in late
January and the earliest RADARSAT image on Feb 25. These results were better than between
field data and RADARSAT data taken around the same date (late February). This could be
explained by the erosion of frazil slush with time elapsed after freeze-up as the total thickness
decreased with each visit, with some cross sections eroding more than others. Since we know
that the RADARSAT signal cannot penetrate beyond the solid ice/slush ice interface, the
redistribution of frazil should not be detected (unless buoyancy of a large deposition causes the
thermal ice to fracture as in the case of hanging dams). However, this was not the case on this
reach of the Peace River. Also, since the correlation between total thickness and roughness is
expected to be greater soon after ice cover formation (since redistribution has had less time to
make changes in thickness), it makes sense that the best correlation is between the earliest field
data and the earliest RADARSAT image.
A regression analysis with sail height is also shown in Figure 12. The results show that the
correlation was not as good as with total thickness even though both were collected on the first
visit, about 6 days after ice cover formation. R2 ‘s of 0.80 and 0.78 for the Feb 25 and Mar 4
images respectively were obtained. This may also suggest that the sail height may be more
difficult to measure accurately compared to total ice thickness. On the other hand, the most
significant outlier is cross section km 395.02 that yielded an average sail height of about 0.6 m.
A visual inspection of an air photo of this cross section indicated rougher surfaces a few hundred
metres both upstream and downstream of it. The cross section location itself did not appear as
rough. This could have accounted for the difference, as the RADARSAT averaged data included
backscatter values 250 m upstream and downstream of this cross section. After this point was
removed from the sail height correlations, R2 ‘s of 0.92 and 0.90 for the Feb 25 and Mar 4
images were obtained. This is an even better result than with total ice thickness.
Care should be taken not to assume that the roughnesses that affect the backscatter signal are
related to the hydraulic roughness of the bottom of the slush. The space between the larger ice
pieces on the bottom of the cover can fill in with slush creating a smoother underside than the
solid ice /slush ice interface that affect the RADARSAT backscatter. On the other hand there
may be some relation as suggested by Nezhikhovskiy (1964). His findings indicated an increase

in the Manning coefficient with ice jam thickness for freeze-up jams. Beltaos (2001) found
similar results for break-up jams.
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Figure 12. Regression analysis between reach-averaged RADARSAT backscatter and total ice
thickness and sail height for two RADARSAT images and three field trips.

Since open leads were omitted from the previous analysis it was thought useful to see how reachaveraged values would be affected if they were included. Figure 13 shows the reach-averaged
backscatter power for leads included as well as excluded. The results show that major leads show
up as sharp troughs while minor leads may only serve to indicate a less consolidated cover.
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Figure 13. Reach-averaged backscatter values with and without open leads.
Weber et al. (2001, 2003) developed a procedure for developing a colored visualization of the
monochromatic RADARSAT image. This unsupervised Fuzzy K-mean analysis was used to
classify 7 ice types as shown in Table 2.
Ice Type
Color
Open water/skim ice/smooth border ice
Blue
Low-concentration ice pans
Cyan
High-concentration ice pans
Green
Juxtaposed ice cover
Yellow
Intermediate Juxtaposed/Consolidated
Orange
Consolidated
Dark Red
Heavily Consolidated
Bright Red
Table 2. Fuzzy K-mean classification of ice types.
This classification was performed on the Feb 25, 2003 RADARSAT image and is shown in
Figure 14. Since this image was taken well after ice cover formation, the two levels of frazil pan
concentration classification are not applicable. It is reasonable however to substitute ice
roughnesses that lie between smooth ice and juxtaposed ice for these two classifications.

Figure 14. Fuzzy K-Mean ice classification of the Feb 25, 2003 Peace River RADARSAT
image.
5. Conclusion and Discussion
The hypothesis that as smooth border ice freezes to the bed that the RADARSAT backscatter
should decrease could not be substantiated through groundtruthing as the sites chosen did not
quite freeze to the river bed. The difficulty in choosing the sites to groundtruth this hypothesis
comes from the uncertainty in river stage and air temperatures for the remainder of the winter,

which determine where and when the ice freezes to the bed. Once a site is chosen, one is
committed to that location whether the ice freezes to the bed or not. Perhaps a future strategy
would be to keep track of smooth border ice in early season RADARSAT images and compare
them to ones later in the season. Once a significant change takes place over a large area, then one
could go out and sample to assess if in fact the ice has frozen to the bed. There may be an
adjacent piece of border ice that still has water below that could be used for verification.
The hypothesis that as thermal ice freezes down through porous slush, the solid ice/slush ice
interface roughness should decrease and therefore the RADARSAT backscatter should decrease
could be supported by successive RADARSAT images of consolidated ice. Difficulties arose in
comparing satellite incidence angles and look directions as well as georeferencing the image. A
larger decrease in backscatter was noted on successive images in 2003 but these were taken from
a different orbit. More work needs to be done to assess if differences are attributable to incidence
angle and look direction. The decrease in backscatter was only slight in the 2002 data and
perhaps it would have been helpful to take another image from the same orbit one cycle later (24
days) to give more time for the thermal ice to grow down through the slush. However, since BC
Hydro is more interested in thermal ice thickness growth within the first month of freeze-up, the
decrease in the backscatter over this early time frame may be too subtle to be useful. The use of
portable corner reflectors for helping to georeference the image would facilitate a more accurate
analysis.
The hypothesis that total ice thickness including slush could be indirectly measured using
RADARSAT was supported by field measurements. An R2 of up to 0.88 was obtained. Success
was attained by averaging the field data over each cross-section and comparing it to
RADARSAT data that was averaged over a river reach that was one approximate river-width in
length and shearline to shearline wide. This was an indirect measurement of total thickness since
it is well established that the RADARSAT signal cannot penetrate the solid ice/slush ice
interface. The reason why it worked was that there was greater surface and undersurface
roughness where there was more consolidation. Where there was more consolidation there were
greater internal forces at the time of ice cover formation, which means that there would have
been greater thickness as predicted by equilibrium ice jam theory. This technique was successful
for freeze-up jams. Its applicability to break-up jams should be investigated although thickness
measurement would be much more difficult. Also, since the surface of the ice blocks and
interstitial ice in a break-up jam would be wet, it could change the backscatter signature
significantly compared to freeze-up jams.
The correlation between cross-sectionally averaged sail heights with RADARSAT backscatter
was good but not as good as with total thickness. This may have been the result of the greater
difficulty in measuring sail heights compared to slush depth or representation error of one
particular cross section where there was rougher ice cover both upstream and downstream of that
cross section. When this outlier was removed the correlation was better than with ice thickness.
Representation error in both sail height and total thickness could have arisen due to the smaller
averaging footprint of the field data compared to RADARSAT.
Reach averaged RADARSAT backscatter can be significantly or slightly affected by open leads
depending on their size. Care should be taken as a thick accumulation adjacent to an open lead

can average out to be a thin accumulation. The decision to include or exclude open leads from
reach averaging depends on the results desired. Including open leads can identify major ones
although these can be picked out easily visually. Excluding open leads can identify ice jam toes
that should have the thickest and roughest accumulations. Ice jam toes sometimes have open
leads downstream of them and therefore reach averaging could decrease the derived thickness of
the toe from RADARSAT data. This could possibly be addressed by decreasing the length of the
reach-averaged polygon although noise from speckle may come into play. There is probably an
optimal reach-average length for this application of RADARSAT.
The correlation of total thickness with RADARSAT backscatter decreased with time after ice
cover formation. The best correlation was found between field data and RADARSAT images
taken as soon after ice cover formation as possible. Data taken later in the season showed
degradation in the correlation coefficient, probably due to the redistribution of frazil slush
underneath the ice cover. Even nearly coincident image and field data later in the season had a
weaker correlation coefficient than comparing the same RADARSAT data with field data
obtained soon after freeze-up. The results hold promise in obtaining total ice thickness profiles
over long reaches without embarking on impractical ice thickness surveys over 100s of
kilometres. These results could then be used to calibrate or verify numerical ice models.
The Fuzzy K-Mean classification of one of the RADARSAT images provided a compelling
visualization of ice types over the surveyed reach and was qualitatively consistent with aerial
photos and cross-sectional surveys.
Future work holds great promise in using RADARSAT to obtain large amounts of spatial
thickness data to investigate important parameters that affect freeze-up jam thicknesses. These
include the effect of air temperature at the time of formation, the effect of islands and the effect
of ice arrival rates at the head of the ice cover; variables that standard equilibrium ice jam theory
does not take into account. Future work will also include in determining the accuracy of
obtaining total ice thickness from backscatter data; additional field verifications will be
performed.
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