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Along the Red River in Manitoba, trends indicate that the ice break-up is
occurring earlier in the spring due to earlier melt exacerbated by steeper rises in
the spring hydrograph. This leads to the susceptibility and increased frequency
of “mechanical break-up” of stronger ice which can result in more severe ice
jamming and flooding. This is in contrast to a later break-up of a more benign
“thermal deterioration” of weaker ice. The type of ice that forms the ice cover
during freeze-up plays a vital role in establishing the strength of the ice. This in
turn can have a significant influence on the ice break-up and jamming behaviour
during the onset of spring flooding.
This paper explores the characterisation of river ice types using RADARSAT-2
satellite imagery. Core samples were extracted to determine the stratigraphy of
the ice for ground-truthing the satellite imagery. Inspection of the
crystallography using polarised light helped differentiate between layers of
snow ice, frazil ice and columnar ice. The implications of the various ice cover
types on ice strength are discussed. The spatial extend of the ice type covers
were very different between the winters of 2009 – 2010 (smoother columnar ice
cover) and 2010 – 2011 (rougher ice cover).
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1. Introduction
Ice jams are a common occurrence during the onset of spring flooding along the Red River,
especially at its most-downstream reach between Winnipeg and the river’s confluence at Lake
Winnipeg. Ice jams have occurred in this area for all of recorded history (Acres, 2004; Farlinger
and Westdal, 2010) and are a frequent problem in regards to local flooding. Trends show that the
spring flood hydrographs begin earlier and rise steeper than in past decades causing break-up to
be more severe and prone to ice jamming (Lindenschmidt et al., 2010).
In response to this tendency of increased frequency and severity of ice jamming and ice jam
flooding, provincial and municipal government agencies have implemented hydraulicallyoperated amphibious excavators (Amphibex) to reduce the risk of ice jams in this area (Topping
et al., 2008). The ice is pre-cut with trenches using tracked vehicles equipped with rotary blades
and saws to allow easier breakage of the ice. Cutting and artificial breaking of the ice has
traditionally been focused on areas of greatest ice thickness. Surveys using ground-penetrating
radar (GPR) are carried out just prior to cutting operations. The surveys are carried out with
tracked vehicles in order to cover large areas of the ice in a short amount of time. The equipment
must first be calibrated with a coefficient corresponding to the velocity of the radar waves
passing through the ice cover. Different coefficients must be used depending on the ice type
which is often difficult to determine from surface conditions alone. Information providing ice
type throughout the depth of the ice at a large spatial scale would be most useful to increase
accuracy of the GPR surveys.
It has also been recognised that not only ice of greatest thickness but also ice of greatest strength,
the two not necessarily correlating, should also be targeted for artificial cutting and breaking
operations. An important proxy for ice strength is ice type. Prowse and Demuth (1993) carried
out ice strength experiments with a borehole jack (Masterson and Graham, 1996) on two
different ice types: columnar (black) ice and consolidated (white) ice. The former consists mostly
of large columnar grains with a transparent or translucent appearance; the latter consists of small
diameter grains formed by snow ice or frazil ice. They found that in winter the columnar ice was
stronger than the consolidated ice by approximately 20%, however, close to the end of winter,
the consolidated ice maintained its strength up until break-up whereas the columnar ice
progressively lost its strength until it only had half the strength of the consolidated ice. The
consolidated ice maintains its strength because solar radiation does not easily penetrate deep into
the ice cover. Most of the radiation is absorbed in the top layer of the ice cover. Additionally, the
jagged surface of a consolidated ice cover acts as a trap to accumulate and retain snow. In
contrast, columnar ice allows deeper penetration of solar radiation through it causing candling
and weakening of the ice cover by the end of winter. The relatively smooth surface of the black
ice cover is swept clear of snow by winds with only a minimal cover of snow remaining at the
onset of the spring melt.
Hence, there is a need for information on the ice types along the Red River on a large spatial
extent acquired with a reasonable time resolution. Remote sensing techniques are a viable option
for such an application. In particular, space-borne remote sensing has the capability to routinely
image the river’s ice cover in a systematic, synoptic and repetitive manner. Furthermore,
synthetic aperture radar (SAR) satellites offer certain advantages over optical sensors, since radar
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waves (microwaves) are able to penetrate the dry ice and snow covers, can distinguish between
water and ice/snow surfaces and deliver images independent of weather conditions and time of
day.
This paper shows the application of imagery acquired of the Red River ice using Canada’s
RADARSAT satellite technology. A direct linkage between such imagery and the operations
involved in the artificial cutting and breaking of the river’s ice cover provides the thread
throughout the article. This research, which is carried out in cooperation with Canada Centre of
Remote Sensing from Natural Resources Canada, shows the Manitoba Government’s
commitment to expand its technology repertoire, including space-borne remote-sensing, to better
understand the formation and behaviour of Red River ice and to extend its ice monitoring
capabilities: “Technologies are being studied to extract data from satellite imagery for largescale ice monitoring and ice thickness measurements to support activities of the Ice Jam
Mitigation Program ... Considerable work is underway through Manitoba Water Stewardship to
understand the mechanisms of ice formation on the Red River.” (MB, 2010, p.6).
2. Study site
2.1 Lower Red River
The Lower Red River is the most downstream reach of the Red River extending from the
Assiniboine River confluence in Winnipeg (The Forks) to the Red River outlet at Lake Winnipeg
(see Figure 1). The total drainage area of the Red and Assiniboine river watersheds is
approximately 287,500 km2.The average flow at Lockport is 244 m3/s where maximum and
minimum flows of 4330 and 14 m3/s, respectively, have been recorded.
A lock and dam is situated at Lockport, which was built in 1910 to allow navigation along the
river between Winnipeg and Lake Winnipeg. The dam has steel curtains that dam the river for
navigation and roll up to allow flood waters from the spring freshets to pass. The lock and dam
was built to allow navigation over a series of rapids including an approximate 4 m drop in
elevation at Lister Rapids. Just downstream of Lockport is the outlet of the Floodway, a channel
that diverts spring floodwaters from the Red River south of Winnipeg to protect the city of
potentially high flooding. Between Selkirk and Lake Winnipeg, the river flows through a delta
system called the Netley-Libau Marsh. A 400 m long cut short-circuits water from the river into
Netley Lake.
A longitudinal profile of the river’s thalweg and ice cover level, typical at the end of winter, is
shown in Figure 2. Generally at the end of winter, the water level gradient between The Forks
and Lister Rapids is low (≈ 0.00005 m/m). The river bottom becomes steeper between Lister
Rapids and Lockport and the water level, too, at the end of winter, is steeper (≈ 0.00015 m/m)
compared to the rest of the river stretch. Due to backwater effects from Lake Winnipeg and
water level gradient along the most downstream portion of the river, between Lockport and Lake
Winnipeg, can be almost flat (< 0.00001 m/m).
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Figure 1: The Lower Red River between The Forks in Winnipeg and Lake Winnipeg.
(source of insert map: http://www.wikipedia.org )
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Figure 2. Longitudinal profile of the Lower Red River’s thalweg and typical winters’ end ice
cover level (modified from http://gsc.nrcan.gc.ca/floods/redriver/geomorphology_e.php)
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2.2 Lower Red River ice
The ice cover season along the Lower Red River typically extends from November to April. The
ice cover is generally smooth, and once formed, tends to remain in place through the entire
winter and has been measured to be up to 1 m thick in this region. Spring flooding is frequently
exacerbated by mechanical ice breakup and ice jamming, especially during early and rapid melt
events. Since recorded history, ice jams have plagued this area. The river at Selkirk and north of
Selkirk are particularly prone to ice jam flooding. Historical newspaper articles from as early as
the mid to late 1800s contain references to serious ice jams along the Red River near Selkirk
(MB, 2010). Serious ice jams occurred during each spring of the years 1996, 2004, 2007, 2009,
2010 and 2011. The 2009 spring saw unprecedented difficulties with ice jams due to the cold
weather that persisted until the end of March.
2.3 Freeze-up of Lower Red River
Freeze-up of the river occurs in late autumn when the air temperature consistently remains below
0°C to cool the water surface temperature below the freezing point, called supercooling.
Depending on the turbulence of the water, generally two surface ice covers can form (a more
detailed and encompassing description of the various types of river ice can be found at
http://www.wrh.noaa.gov/tfx/hydro/IJAD/RiverIceTypes.php):
Skim ice forms in small to moderate turbulent waters at the water surface. The particles grow in
number rapidly and may travel with the flow until they cover the water surface to form a sheet of
ice or until bridging occurs on two or three places and extends until the water surface is covered.
There is also less movement of water along the banks where skim ice can form more easily and
the temperature in the shallower water drops faster on a cold night. Such skim ice is called
border ice and may continue to grow gradually toward the center until the river freezes over. No
ice particles are observed in the water and all particles are formed at the surface and remain at
the surface. The ice cover hinders further supercooling of the underlying water and thermal,
columnar ice grows downward from the skim ice surface as the winter progresses (Unduche and
Doering, 2007). This is the ice cover that formed along the majority of the Lower Red River
during the winter 2009 – 2010.
Frazil ice forms when the turbulence is intense enough to cause mixing through the water
column and prevents the formation of a sheet of ice on the water surface. The frazil particles
adhere to each other to form clusters of frazil ice, which are buoyant and rise to the surface.
These cluster formations normally results in one of the following ice accumulation forms
(modified from EC, 1989) (see Figure 3):
- Ice pans: As the frazil clusters grow in size, they form ice pans. These ice pans may stop
at a channel constriction or may come to rest against an ice cover at river sections where
the velocity is less than 0.6 m/s.
- Frazil deposition: The accumulation of frazil ice against an ice cover progresses in an
upstream direction (called juxtaposition) when the velocity at the upstream edge of the
cover is low. At high velocities, the frazil can be submerged and transported downstream
under the ice cover where it adheres to the undersurface in a low velocity area. On the
Red River, turbulent open water areas that persist into winter, such as at the Lockport
Dam, can continually supply frazil and accumulate under the cover for long stretch
downstream. Relatively high water velocities and turbulence at Lister Rapids and the
5
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warm outfall of the WWTP cause the stretch of the river between these two locations to
freeze up later than elsewhere along the Lower Red River. The prolonged open water is a
source of frazil ice formation which juxtaposes from or deposits under the downstream
ice cover. “As the ice front progresses upstream, either by juxtaposition or by hydraulic
thickening, the forces acting on the ice accumulation increase. These forces include the
downslope component of ice weight within the ice accumulation, and the flow drag along
the underside of the ice cover. These forces are resisted by the internal strength of the
accumulation which, for freeze-up accumulations is often enhanced by freezing between
the individual ice pans and rafts. The forces acting on the ice cover increase as it
lengthens, and when the magnitude of these combined forces approaches the internal
strength of the ice accumulation, the ice cover is prone to collapse, or “shove”, which
thickens it substantially. Normally once such an accumulation has stabilized, the
interstitial water begins to freeze, adding strength to the accumulation and inhibiting
further consolidation” (Hicks, 2009).
Anchor ice: In turbulent reaches of wide, shallow rivers, frazil particles may adhere to the
river bed and accumulate to form anchor ice. It, too, can become buoyant when enough
frazil accumulates and transports sediment with it.
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Figure 3. Frazil ice formations along the Red River (adapted from EC, 1989).

A large portion of the Lower Red River in winter 2010 – 2011 consisted of a consolidated ice
cover caused by frazil ice formation.
3. Methodology
3.1 Radar satellite technology
RADARSAT-2 is a Canadian satellite equipped with synthetic aperture radar (SAR) technology
to send and capture microwave signals to and from the earth’s surface (CCRS, 2009). It is a
ranging or distance measuring technology consisting of a transmitter, a receiver, an antenna, and
an electronics system to process and record the data. Referring to Figure 4, the transmitter
generates successive short bursts, or pulses, of microwaves (A) at regular intervals which are
focused by the antenna into a beam (B) at an incident angle θ. The radar beam illuminates the
surface obliquely at a right angle to the motion of the satellite. The antenna receives a portion of
the transmitted energy reflected, or backscattered, from various objects within the illuminated
beam (C).
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Figure 4. Radar beam (A) transmitted from (B) and received by (C) the satellite
(modified from CCRS, 2009).
By measuring the time delay between the transmission of a pulse and the reception of the
backscattered signal from different targets, the location on the earth’s surface can be pinpointed.
The magnitude of the backscattered signal can be related to characteristics of the surface, in this
case a river’s ice cover. For a more detailed explanation, the reader is referred to CCRS (2009).
RADARSAT-2 operates in the C-band with a frequency 5.405 GHz (wavelength 5.55 cm) (Uher
et al., 2004). At this frequency the depth of wave penetration through impure freshwater ice is
about 10 m (for ice at -5°C) (Mätzler and Wegmüller, 1987), hence undoubtedly microwaves
will penetrate through the entire ice cover of the Red River. The interaction of microwaves with
the river ice cover is dependent on the dielectric properties of the snow and ice, conveniently
described by the value of the dielectric constant. For freshwater ice, this constant varies little
with wave frequency and ice temperature for freshwater ice (Sandven & Johannesen, 2006), but
is heavily affected by the water content of the ice cover and/or overlying snow (Unterschultz et
al., 2009). This, too, has implications for ice thickness measurements using ground penetrating
radar (GPR).
In fine quad mode RADARSAT-2 sensor is designed to transmit and receive microwave
radiation that is alternating horizontally (H) or vertically (V) polarized (see Figure 5). In this
mode there are two combinations of transmit and receive polarizations:
HH - for horizontal transmit and horizontal receive (co-polarized)
VV - for vertical transmit and vertical receive (co-polarized)
HV - for horizontal transmit and vertical receive (cross-polarized)
VH - for vertical transmit and horizontal receive (cross-polarized)
According to the reciprocity theorem the HV and VH microwave signals are equivalent. This
reciprocity principle holds true in most Earth Observation situations by almost all radars and
states that transmit and receive polarizations may be interchanged such that the backscatter in
HV is equal to the backscatter in VH (Raney, 1998). The analysis of the different polarizations
7

allows different information about the ice cover characteristics to be extracted. Crosspolarization may better detect finer features in the ice cover than with a co-polarization
configuration (Sandven & Johannesen, 2006). For example, Mäkynen (2007) showed better
contrast between level ice and ice ridges using cross-polarization than co-polarization.

Figure 5: RADARSAT-2 sensor is designed to transmit and receive microwaves in both
horizontal and vertical polarizations (source: http://www.radarsat2.info/about/polar/index.asp ).
3.2 Radar interactions with river ice
The scattering behaviour of river ice is dominated by two interaction mechanisms: surface scatter
as a result of reflection which occurs when a radar signal contacts the air-ice and ice-water
interfaces, and volume scattering which occurs when the radar signal penetrates the ice surface
and is scattered within the ice sheet (Unterschultz et al., 2009; Gherboudj et al., 2010). Scattering
from an ice cover can involve complex interactions between these scattering mechanisms. The
observed scattering is a function of the characteristics of the ice cover, that is, structure and
wetness. The structure of an ice cover is governed by the process leading to its formation while
its wetness is a function of air temperature. Figure 6 shows simplified models of the microwave
– ice cover interaction at the Red River during the winters of 2009-2010 and 2010-2011. In both
cases, the ice cover is assumed to be well frozen, i.e. dry. This is a prerequisite for the
penetration of microwaves into the ice cover.
(i) For an ice cover that consists predominately of columnar ice initiated from skim ice, microwaves easily penetrate the ice cover. Most microwaves reflect away from the satellite at the
smooth ice-water interface. However, some backscatter received by the satellite will be due
to volume scattering which occurs when incident microwaves are reflected repeatedly at
dielectric discontinuities within the ice layer. Discontinuities that may be found in river ice
include: cracks, air inclusions and bubbles, liquid water pockets, and impurities. The thicker
the columnar ice, the more inhomogeneities exist to generate a higher radar return, which
can correlate with ice thickness measurements (Unterschultz et al., 2009; Lindenschmidt et
al., 2010). This was the state of most of the ice cover along the Red River during the winter
2009 – 2010. In general, measurement of ice thickness is complicated by differences in ice
structure, e.g. inclusion of snow or frazil ice layers (van der Sanden et al., 2009).
(ii) Relative to a predominantly columnar ice cover, a consolidated ice cover formed from frazil
ice accumulation contains much more dielectric discontinuities. Consequently, the volume
scattering mechanism will be strong and generate a considerable amount of backscatter.
Microwaves reflected at the ice-water interface will likely add a second scattering component. As such, a consolidated ice cover will appear relatively bright in a radar image. This
was the state of most of the ice cover along the Red River during the winter 2010 – 2011.
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Figure 6: Predominant ice covers along the Red River for the winter 2009 – 2010 (columnar ice,
left panel) and winter 2010 – 2011 (consolidated ice, right panel).

4. Results and Discussion
Ground reference data was collected in the week of 24. – 28. January 2011 during which time the
characteristics of both ice and snow cover at the 12 locations along the Lower Red River (see
Figure 7) were described in terms of snow/ice surface roughness, snow depth, snow grain
size/type, snow hardness, snow dielectric properties, total ice thickness and ice stratigraphy (ice
type and thickness of composite ice layers). The latter were obtained through laboratory analyses
of extracted ice cores. In Figure 7, the 12 coring locations are overlain on the RADARASAT-2
composite image acquired 8. January 2011. The sites were chosen on the basis of differing levels
of backscatter in the HH, HV and VV polarisation and represent a good sample of the different
ice covers found along the studied river course.
A close-up of sampling sites 5(a-d) is shown in Figure 8. Red, green and blue shading
corresponds respectively to more HH, HV or VV backscattering. All three signals are strong
from areas with white shading and very little backscatter of each of the polarization
configurations is returned for black areas. The process of freeze-up is recorded in the figure by a
time series of four RADARSAT-2 FQ images taken 21. and 28. November 2010, 15. December
2010 and 8. January 2010. The first image reveals open water with the first signs of ice
formation. Border ice has formed just downstream of Netley Creek. Backwater effects from Lake
Winnipeg reduce the flow velocities in this stretch substantially allowing the formation of border
and columnar ice to occur earlier than other faster flowing reaches of the river. Ice floes that
have floated from upstream days previously have bridged at Netley Cut. Bridging is also
enhanced by the reduced flows and occurs at Netley Cut. Just downstream of the bridging point
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the river has open water with border ice. By 28. November the previously open portions
downstream of Netley Creek have filled in with columnar ice. Upstream of the confluence, the
flow of ice floes has been arrested and consolidated. The density of consolidation increases
further upstream from Netley Creek. Higher levels of HV polarized backscattering begin to
appear at the Netley Creek confluence in the image acquired 15. December 2011 (green shading
marked ‘G’), whose intensity and extent increases in the final image of 8. January 2011.

Figure 7. RADARASAT-2 fine quad image acquired 8. January 2011 (HH-red, HV-green, VVblue). Sampling sites indicate field work carried out 24. – 28. January 2011.
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Figure 8. Zoomed area of sampling sites 5(a-d) extracted from the composite image in Figure 7
tracking the freeze-up processes. HH-, HV- and VV polarizations are shown in red, green and
blue, respectively. O = open water, F = floes, Col = columnar ice, Con – consolidated ice, Bo =
border ice, Bri = ice bridging, G = frazil or snow ice. Yellow text and markings in far right
imagery indicate ranges of ground penetrating radar velocities through the ice cover.
Ranges of ground penetrating radar velocities measured during a GPR survey in late January
2011 are superimposed on the composite image acquired 8. January 2011 in Figure 8. At the
Netley Cut, which shows strong HV polarization (green shading), the velocities were within a
narrow range of 133 – 147 mm/ns. The range limits are lower (103 - 127 mm/ns) for the
predominately columnar ice cover stretch between Netley Cut and site 5b. The velocity range
was widest for the remaining river stretch consisting of columnar ice between 114 and 166
mm/ns. These calibrated velocities were then used to develop an ice thickness map, shown in
Figure 9. A more detailed analysis is the subject of a subsequent paper.
Selected ice cores and their compositions encountered at locations 5(a-d) are presented in Figure
10. The top layer of the core from site 5a had a thick layer of frazil ice. Visually, the layer is very
opaque, similar to snow ice, but contains many large air bubbles which can occur during frazil
ice formation. The core was extracted from an area that had a very dense cover of consolidated
ice. Such an ice cover generates very high levels of backscatter in all polarization modes.
Consolidated ice is less dense at site 5b and the frazil ice layer in the extracted core does not
contain the large air bubbles as in the frazil ice layer from site 5a. The top layer of the core
consists of snow ice. The core extracted from site 5c, the area with a high proportion of HV
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polarized backscatter (green shading) has a very thin frazil ice layer and a thicker snow ice layer,
compared to the other cores. This suggests that the HV polarization is more sensitive to snow ice
layers than HH and VV (van der Sanden et al., 2009; van der Sanden and Drouin, 2011). This
core is also longer and has a disproportionately thicker columnar ice layer compared to the other
three cores. The core from site 5d consisted mainly of columnar ice capped with a thin layer of
frazil ice. With no layer of snow ice or large air bubbles, the backscatter from such an ice cover
is low. This core resembles those extracted from a lake ice cover rather than a river ice cover.
This is understandable due to the backwater effects from Lake Winnipeg diminishing the flow
velocity making this portion of the river an extension of the lake.

Figure 9. Thickness measurements of the
ice cover interpolated from a ground
penetrating radar survey carried out late
January 2011.
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Figure 10. Cores taken at sites 5(a-d) with an indication of the different ice type layers and their
relative thicknesses.
Using the core data to ground truth the RADARSAT-2 imagery acquired 22. January 2011, the
winter river ice cover for the Lower Red River was mapped. The same algorithm was applied to
the imagery acquired the previous winter on 22. January 2010. Both images are shown in Figure
11. As stated earlier, most of the studied stretch of the Lower Red River consisted of a columnar
ice cover in winter 2009 – 2010. Only a small reach downstream of the Lockport Dam had an ice
cover consisting of frazil or snow ice layers. In winter, the dam is open and water flows over the
bottom weir. The increased turbulence and extended open water conditions at this point develop
the frazil ice that is transported downstream. The flow in this river stretch was substantially
higher in the autumn of 2010 compared to 2009 (see Figure 12) and there was more turbulence in
the river during freeze-up of winter 2010 – 2011. This also increased the turbulence at the
Lockport Dam and the frazil ice and snow ice cover extended further downstream to Sugar
Island. There are also more sections of consolidated ice with a rough surface due to the increased
turbulence. The stretch along Breezy Point is classified as an intermediate ice type, which was
not the case in the previous winter.
4. Conclusions
RADARSAT-2 is a useful tool for monitoring river ice freeze-up and the mapping of winter river
ice cover. The ice type map from winter 2010 – 2011 was successfully implemented to better
orient ice thickness surveys using ground penetrating radar technology. This research also
provides a basis for exploring differences in ice strength and thermal characteristics between the
various ice cover types, which is a topic of future work.
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Figure 11. Different ice types along the Lower Red River for winter 2009 – 2010 (left panel) and
winter 2010 – 2011 (right panel). Prototype ice cover information product generated by Natural
Resources Canada, Centre for Remote Sensing.
Acknowledgments
This study was made possible with the generous support of the Government Related Initiatives
Program of the Canadian Space Agency. The authors would like to acknowledge Dr. Shawn
Clarke for providing us with access to cold lab facilities at the University of Manitoba.

14

1200

Flow (cms)

1000
2010
2009

800
600
400
200
0
Oct

Nov

Dec

Figure 12. Autumn flows at Selkirk in 2009 and 2010.
References
Acres (2004) Manitoba Floodway Expansion Authority - Floodway Expansion Project - Project
Definition and Environmental Assessment. Preliminary engineering report Appendix L:
Environmental baseline studies - water regime effects. Final report.
CCRS (2009) Fundamentals of Remote Sensing, Canada Centre for Remote Sensing.
Fundamentals of Remote Sensing, Canada Centre for Remote Sensing.
http://www.ccrs.nrcan.gc.ca/resource/tutor/fundam/pdf/fundamentals_e.pdf
EC - Environment Canada (1989) New Brunswick River Ice Manual. Prepared by the New
Brunswick Subcommittee on River Ice, Environment Canada New Brunswick, Inland
waters Directorate Department of Environment
http://www2.gnb.ca/content/dam/gnb/Departments/env/pdf/en/Publications/RiverIceMan
ual.pdf
Farlinger and Westdal (2010) Red River Floodway public consultation on the rules of operation.
Volume 1: Report on the public consultation. October 2010.
http://www.gov.mb.ca/waterstewardship/floodway_rules_of_operation/documents/report
_and_appendices.pdf
Gherboudj, I., M. Bernier and R. Leconte (2010) A backscatter modeling for river ice: analysis
and numerical results. IEEE Transactions on Geoscience and Remote Sensing, 48(4):
1788-1798.
Hicks, F. (2009) An overview of river ice problems. Cold Regions Science and Technology
55(2): 175-185.
Lindenschmidt, K.-E., Syrenne, G. and Harrison, R. (2010) Measuring Ice Thicknesses along the
Red River in Canada using RADARSAT-2 Satellite Imagery. Journal of Water Resource
and Protection 2(11): 923-933. http://www.scirp.org/journal/jwarp/
Masterson, D.M. and Graham, W. (1996) Development of the original ice borehole jack.
Canadian Journal of Civil Engineering 23: 186-192.
http://www.nrcresearchpress.com/doi/pdf/10.1139/l96-019
Mäkynen, M. (2007) Investigation of the Microwave Signatures of the Baltic Sea Ice.
Dissertation at Helsinki University of Technology (Espoo, Finland).
Mätzler, C. and Wegmüller, U. (1987) Dielectric properties of fresh-water ice at microwave
frequencies. Journal of Physics, D: Applied Physics 20: 1623-1630. Erratum: 1988
Journal of Physics, D: Applied Physics 21: 1660.
15

MB - Manitoba Government (2010) Red River Floodway operating rules public review report.
http://www.gov.mb.ca/waterstewardship/floodway_rules_of_operation/documents/report
_on_floodway_operating_rules_public_review_nov_1_2010.pdf
Prowse, T.D. and Demuth, M.N. (1993) Strength variability of major river-ice types. Nordic
Hydrology 24: 169-182.
Raney, R.K. (1998) Radar fundamentals: technical perspective. In: F.M.Henderson & A.J.Lewis
(Eds.) Principles and Applications of Imaging Radar, New York etc., John Wiley & Sons
Inc., 3rd edition, pp. 9-130.
Sandven, S. and Johannesen, O.M. (2006) Sea Ice Monitoring by Remote Sensing. In: J.F.R.
Gower (Ed.) Manual of Remote Sensing: Remote Sensing of the Marine Environment
(3rd edition, volume 6), Bethesda: American Society for Photogrammetry Remote
Sensing, pp. 241-283.
Topping, S., Warkentin, A. and Harris, J. (2008) Experience with dispersing ice jams in
Manitoba. 19th IAHR International Symposium on Ice “Using new technologies to
understand water-ice interaction”. Vancouver, B.C., Canada, July 6 – 11, 2008.
http://web2.clarkson.edu/projects/iahrice/19th%20IAHR%20Ice%20SymposiumVolume%201-revised.pdf
Uher, J., Grenier, C. and Lefebvre, G. (2004) RADARSAT-2 SAR antenna. Canadian Journal of
Remote Sensing 30(3): 287-294.
Unduche, F.S. and Doering, J.C. (2007) Experimental study of the formation of different types of
surface ice runs. CGU HS Committee on River Ice Processes and the Environment, 14th
Workshop on the Hydraulics of Ice Covered Rivers, Quebec City, June 19 - 22, 2007.
http://cripe.civil.ualberta.ca/Downloads/14th_Workshop/Unduche-Doering-2007b.pdf
Unterschultz, K.D., van der Sanden, J. and Hicks, F.E.(2009) Potential of RADARSAT-1 for the
monitoring of river ice. Cold Regions Science and Technology 55: 238-248.
van der Sanden, J.J., Drouin, H., Hicks, F.E. and Beltaos, S. (2009) Potential of RADARSAT-2
for monitoring of river freeze-up processes. CGU HS Committee on River Ice Processes
and the Environment (CRIPE), 15th Workshop on River Ice, St. John's, NL, Canada, 15 17 June 2009.
http://cripe.civil.ualberta.ca/Downloads/15th_Workshop/van_der_Sanden-et-al-2009a.pdf
van der Sanden, J.J. and Drouin, H. (2011) Polarimetric RADARSAT-2 for river freeze-up
monitoring: preliminary results. In: Proceedings of the 5th International Workshop on
Science and Applications of SAR Polarimetry and Polarimetric Interferometry (SP-695),
Frascati (Rome), Italy, 24-28 January 2011.

16

