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Summary

Lake and river ice play an important role in the biological, chemical, and physical processes
of cold region freshwater. The presence of freshwater ice also has many economic impli-
cations, ranging from hydroelectricity and transportation (e.g., duration of ice-road and
open-water shipping seasons) to the occurrence and severity of ice-jam flooding that can
cause serious damage to infrastructure and property. In addition to its significant influence
on bio-physical and socio-economic systems, freshwater ice is also a sensitive indicator of
climate variability and change.

Documented trends and variability in freshwater ice conditions have largely been related
to air temperature changes. Long-term trends observable from ground-based records reveal
increasingly later freeze-up and earlier break-up dates, closely corresponding to increasing
air temperature trends, but with greater sensitivity at the more temperate latitudes. Broad
spatial patterns in these trends are also related to major atmospheric circulation patterns
originating from the Pacific and Atlantic oceans, such as the El Niño-La Niña/Southern
Oscillation, the Pacific North American pattern, the Pacific Decadal Oscillation, and the
North Atlantic Oscillation/Arctic Oscillation.

Despite the wide-ranging influences of freshwater ice and its robustness as an indica-
tor of climate change, a dramatic reduction in ground-based observational recordings has
occurred globally since the 1980s. Consequently, satellite remote sensing has assumed a
greater role in observing lake ice and river ice. This chapter provides an overview of the
recent progress on remote sensing of lake and river ice. For lake ice, topics reviewed com-
prise the determination of:

1 ice cover concentration, extent and phenology;
2 ice types;
3 ice thickness and snow on ice;
4 snow/ice surface temperature; and
5 grounded and floating ice covers on shallow Arctic and sub-Arctic lakes.

Remote Sensing of the Cryosphere, First Edition. Edited by M. Tedesco.
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.
Companion Website: www.wiley.com/go/tedesco/cryosphere



Trim size: 189mm x 246mm Tedesco c12.tex V2 - 09/13/2014 9:50 P.M. Page 274

274 Claude R. Duguay et al.

Regarding remote sensing of river ice, topics covered include:

1 the determination of ice extent, ice phenology, ice types, ice jams, flooded areas, ice thick-
ness, and surface flow velocities; and

2 the incorporation of SAR-derived ice information into a GIS-based system for river-flow
modeling and flood forecasting.

The chapter concludes with an outlook on anticipated developments, in light of recent
and upcoming satellite missions.

12.1 Introduction

Lake and river ice play an important role in the biological, chemical, and physical
processes of cold region freshwater. The presence of freshwater ice also has many
economic implications, ranging from hydroelectricity and transportation (e.g.,
duration of ice-road and open-water shipping seasons) to the occurrence and
severity of ice-jam flooding, which can cause serious damage to infrastructure and
property (Prowse et al., 2011c). Freshwater ice is estimated to cover a total area
of 1.7 × 106 km2 over the Northern Hemisphere (determined at peak thickness,
north of the January 0∘C isotherm, excluding the Greenland ice sheet) and a
volume of 1.6 × 103 km3 (Brooks et al., 2013; Figure 12.1). The estimated area of
freshwater ice is nearly equal to that of the Greenland ice sheet, and its volume to
that of snow on land.

Lakes that form a seasonal ice cover are a major component of the terrestrial
landscape. They cover approximately 2% of the Earth’s land surface, with the
majority of them located in the Northern Hemisphere (Brown and Duguay, 2010).
Estimates of their areal coverage can reach up to 40–50% in some regions of
the Arctic and sub-Arctic. Lakes have the highest evaporation rates of any high
latitude terrestrial surface (Rouse et al., 2008a). Their frequency and size greatly
influence the magnitude and timing of landscape-scale evaporative and sensible
heat inputs to the atmosphere, and they are important to regional climatic and
meteorological processes. Shallow lakes warm quickly in spring and have very
high evaporation rates until they freeze in autumn. Large lakes take a substantially
longer period to warm, but stay ice-free (or partly ice-free) into early winter, and
their total evaporation amounts are significantly greater (Rouse et al., 2005).

The duration of lake ice, in particular, controls the seasonal heat budget of lake
systems, thus determining the magnitude and timing of evaporation (Rouse et al.,
2008b). The presence (or absence) of ice cover on lakes during the winter months
also has an effect on both regional climate and weather events (e.g., thermal mod-
eration and lake-effect snow) (Brown and Duguay, 2010). Monitoring of lake ice
is therefore critical to our skill at forecasting high-latitude weather, climate, and
river runoff. Recent investigations, indeed, emphasize the importance of consid-
ering lake ice cover for modeling the energy and water balance of high-latitude
river basins, for regional climate modeling, and for improving numerical weather
prediction in regions where lakes occupy a significant fraction of the landscape
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January isotherm
River ice
Lake ice
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Figure 12.1 Approximate areal extent of freshwater ice in
the Northern Hemisphere at peak thickness, north of the
January 0∘C isotherm, excluding areas of perennial land ice

(from Brooks et al., 2013). The water body mask used is from
the Global Lake and Wetlands Database (GLWD). (Lehner
and Doll, 2004. Reproduced with permission of Elsevier).

(Lindström et al., 2010; Kheyrollah Pour et al., 2012; Martynov et al., 2012; Zhao
et al., 2012).

River ice also affects an extensive portion of the global hydrologic system,
particularly in the Northern Hemisphere, where major ice covers develop on 29%
of the total river length and seasonal ice affects 58% (Prowse et al., 2007). For
large rivers in cold continental regions, such as the Lena and lower Mackenzie,
or at higher latitudes, such as the Yukon, ice conditions can persist for more
than half the year over the entire river length (Prowse et al., 2011a). In contrast,
rivers with more temperate headwaters only have sections (e.g., 73% of Ob River
length) that experience such long-term ice effects. For these and other rivers of
the Northern Hemisphere, ice duration and break-up exert a significant control
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on the timing and magnitude of extreme hydrologic events such as low flows and
floods (Prowse et al., 2007).

River geomorphology, vegetation regimes, and nutrient/sediment fluxes that
support aquatic ecosystems are especially sensitive to changes in the severity and
timing of river ice break-up (Prowse et al., 2011c). Given the broad ecological and
socio-economic significance of river ice, scientific concern has been expressed
about how future changes in climate might affect river-ice regimes (IGOS, 2007).

In addition to its significant influence on bio-physical and socio-economic
systems, freshwater ice is also a sensitive indicator of climate variability and
change. Documented trends and variability in freshwater ice conditions have
largely been related to air temperature changes. Long-term trends observable from
ground-based records reveal increasingly later freeze-up and earlier break-up
dates, closely corresponding to increasing air temperature trends, but with greater
sensitivity at the more temperate latitudes (Brown and Duguay, 2010; Prowse
et al., 2011b). Broad spatial patterns in these trends are also related to major
atmospheric circulation patterns originating from the Pacific and Atlantic oceans,
such as the El Niño-La Niña/Southern Oscillation, the Pacific North American
pattern, the Pacific Decadal Oscillation, and the North Atlantic Oscillation/Arctic
Oscillation (see Bonsal et al., 2006; Prowse et al., 2011b for details).

Despite the wide-ranging influences of freshwater ice and its robustness as an
indicator of climate change, a dramatic reduction in ground-based observational
recordings has occurred globally since the 1980s (Lenormand et al., 2002; Duguay
et al., 2006; IGOS, 2007; Prowse et al., 2011a; Jeffries et al., 2012). Satellite remote
sensing provides the necessary means to increase the spatial coverage and temporal
frequency of ground-based observations. This chapter provides an overview of the
recent literature on remote sensing of lake and river ice, and builds on a previous
review by Jeffries et al. (2005). For a comprehensive review of lake ice and river
ice characteristics, properties and processes, the reader is invited to consult Jeffries
et al. (2012). Remote sensing of lake ice is reviewed first followed by river ice. The
chapter concludes with an outlook on anticipated developments in light of recent
and upcoming satellite missions.

12.2 Remote sensing of lake ice

Remote sensing of freshwater ice is a topic that has received little attention when
compared to other elements of the cryosphere. In this section, we review the main
developments that have recently taken place in satellite remote sensing of lake ice,
more specifically:

1 ice cover concentration, extent and phenology;
2 ice types;
3 ice thickness and snow on ice;
4 snow/ice surface temperature; and
5 grounded and floating ice covers on shallow Arctic and sub-Arctic lakes.
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12.2.1 Ice concentration, extent and phenology

Ice concentration is the fraction of the water surface that is covered by ice. It is
typically reported as a percentage (0 to 100% ice), a fraction (0 to 1), or in tenths
(0/10 to 10/10). Ice concentration on lakes is not usually determined at the satel-
lite pixel-scale, as is done operationally for sea ice from passive microwave-based
algorithms. Rather, it is estimated over various areas of a lake, as is done for the
production of ice charts by the National Oceanic and Atmospheric Administra-
tion (NOAA) for the Great Lakes of southern Canada/northern United States, or
over the entire lake surface, as done by the Canadian Ice Service (CIS) (Duguay
et al., 2011).

Ice extent defines a section of a water body as either ice-covered or ice-free. From
remote sensing data, each pixel is usually attributed a single class value for ice (i.e.,
not discriminating for ice types) and one for open water, as done in NOAA’s Inter-
active Multisensor Snow and Ice Mapping System (IMS) 4 km resolution grid daily
product (Helfrich et al., 2007) and the National Aeronautics and Space Administra-
tion’s (NASA) 500 m Moderate Resolution Imaging Spectroradiometer (MODIS)
snow products (Hall et al., 2002). Extent is frequently reported in terms of area (in
km2) covered by ice.

“Ice phenology” is the term used to describe the seasonal cycle of lake ice cover.
It encompasses the freeze-up and break-up periods and, by extent, ice cover dura-
tion. “Freeze-up” and “break-up” are often used interchangeably with “ice on” and
“ice off”. Although freeze-up and break-up are often reported in the literature to
occur on specific calendar dates, they rather represent processes or sequences of
processes. As stated by Jeffries et al. (2012):

“… freeze-up can be viewed as the period of time between initial ice formation
and establishment of a complete ice cover, and break-up as the period of time
between the exposure of bare ice (once all snow has melted) and the complete
clearance of the ice cover.”

Table 12.1 provides definitions for ice phenology variables from a remote sensing
perspective at the pixel level, and for entire lakes or lake sections. The terminology
presented in this table could be adopted as a basis for remote sensing of ice phe-
nology. This would remove some of the existing confusion regarding the meaning
of freeze-up and break-up, particularly when comparing remote sensing-derived
dates against ground-based observations and numerical lake ice model output.

12.2.1.1 Optical remote sensing

To date, operational methods to determine ice concentration and extent have
largely relied on the visual (or semi-automated) interpretation of optical and, to
a lesser extent, microwave imagery. Such is the case for the creation of the IMS
and Canadian Ice Service (CIS) ice products (see Duguay et al., 2011 for details),
and NOAA ice charts (or ice analysis product) of the Great Lakes (Figure 12.2).
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Table 12.1 Definition of ice phenology variables at per pixel level and for entire lake or lake section (Kang et al., 2012.
Reproduced under Creative Commons Attribution Licence 3.0).

Pixel level Entire lake or lake section

Freeze-up Period Freeze onset (FO): First day of the year on which the presence
of ice is detected in a pixel and remains until ice-on.

Ice-on: Day of the year on which a pixel becomes totally
ice-covered.

Freeze duration (FD): number of days between freeze-onset
and ice-on dates.

Complete freeze over (CFO): Day of the year
when all pixels become totally ice-covered.

Break-up period Melt onset (MO): First day of the year on which generalized
spring melt begins in a pixel.

Ice-off: Day of the year on which a pixel becomes totally
ice-free.

Melt duration (MD): numbers of days between melt-onset
and ice-off dates.

Water clear of ice (WCI): Day of the year when
all pixels become totally ice-free.

Ice season Ice cover duration (ICDp): number of days between ice-on
and ice-off dates.

Ice cover duration (ICDe): number of days
between CFO and WCI.

The three products are generated using imagery obtained from a range of satellite
sensors operating at different frequencies. As an example, the 4 km grid resolution
IMS product incorporates a wide variety of satellite imagery (e.g., AVHRR, GOES,
SSM/I), as well as derived mapped products (e.g., USAF Snow/Ice Analysis,
AMSU) and surface observations (see Helfrich et al., 2007 for details). Ice
phenology (freeze-up, break-up and ice cover duration) anomalies have recently
been derived from the IMS product for the largest lakes of the Arctic (Duguay
et al., 2011, 2012, 2013).

Few algorithms have been developed to automatically map lake ice cover from
optical (visible to mid-infrared) satellite data. One algorithm, known as Snowmap,
has been devised to operationally generate snow data products from the MODIS
sensor onboard of NASA’s Aqua and Terra satellites. The products provide infor-
mation on snow-covered land and ice on inland water at spatial resolutions of
500 m and 0.05∘ at daily, eight-day, and monthly temporal resolutions (monthly
products are only generated at 0.05∘). The Snowmap algorithm may experience
difficulties in detecting the presence of lake ice in areas where snow cover is patchy
due to wind redistribution, a situation often encountered during the early winter
period on lakes found at northernmost latitudes. However, the performance of the
Snowmap algorithm over lake ice is a topic that has yet to be fully investigated.

MODIS snow data products with a spatial resolution of 500 m have been utilized
recently as part of climate-related investigations. Brown and Duguay (2012)
assessed the utility of the MODIS daily snow product (Collection 5) from Aqua
and Terra for determining lake ice phenology at the sub-grid cell level of the
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Figure 12.2 Ice analysis (chart) product of the eastern
Great Lakes (Lake Ontario, Lake Erie, and Lake Huron) on
17 January 2011, constructed from the interpretation of

RADARSAT-1/2 and MODIS imagery by ice analysts of the
US National Ice Center (NIC). (US National Ice Center
http://www.natice.noaa.gov/products/great_lakes.html).

North American Regional Reanalysis (NARR) 32-km grid product. The NARR
product provided atmospheric forcing variables for lake ice model simulations
with the Canadian Lake Ice Model (CLIMo; Duguay et al., 2003). Both IMS
4 km and MODIS 500 m products were found to be useful for detecting ice-off
dates when compared to CLIMo output. However, the MODIS product was
advantageous for detecting ice-on, mainly due to the finer resolution and resulting
spatial detail (Brown and Duguay, 2012).

Kropáček et al. (2013) used eight-day MODIS to analyze the ice phenology of 59
large lakes on the Tibetan Plateau for the period 2001–2010. The authors report
that ice cover duration shows high variability due to both climatic and local factors,
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and that freeze-up dates appear to be more thermally determined than break-up
for the studied lakes.

An algorithm based on image thresholding of reflectance has been presented for
extracting lake ice phenology events from a historical satellite record, Advanced
Very High Resolution Radiometer (AVHRR; 1.1 km spatial resolution) imagery
(Latifovic and Pouliot, 2007). The development of the algorithm was motivated by
interest in extending existing in situ observational records of 36 Canadian lakes
(Duguay et al., 2006) and to develop records for six additional lakes in Canada’s
far north for the period 1985–2004. A strong agreement (i.e., similar ice trends
over the overlapping period) between freeze-up and break-up dates obtained from
the AVHRR record and in situ observations was observed, suggesting that the two
data sources are a useful complement to each other. The algorithm presented by
Latifovic and Pouliot (2007) is not sensor-specific and is, therefore, claimed to be
applicable to data from other optical sensors such as MetOp/AVHRR, MODIS,
MERIS (MEdium Resolution Imaging Spectrometer), and SPOT/VGT (Système
Pour l’Observation de la Terre/VEGETATION).

While imagery from optical sensors is highly desirable for monitoring lake ice,
the presence of cloud cover, which can be extensive during some periods of the
year, as well as late fall/early winter darkness (or low sun angle) experienced at high
latitudes, limit its usefulness during the freeze-up period, particularly when apply-
ing automated algorithms to satellite data (e.g., MODIS Snowmap). Given these
limitations, investigations have also focused on the development of approaches to
monitor ice cover from microwave scatterometry, radiometry, and altimetry, and
from synthetic aperture radar (SAR).

12.2.1.2 Microwave remote sensing

Microwave remote sensing provides the capability to obtain ice phenology param-
eters under cloudy and polar darkness conditions. Algorithms that rely on the
temporal evolution of backscatter (scatterometry and altimetry) and brightness
temperature, or a combination of both, have recently been developed to monitor
ice cover conditions on large lakes. High temporal sampling over large areas (at
times twice daily or better) is possible with some of the satellite sensors operating
at microwave frequencies (e.g., passive radiometers and scatterometers). This is,
however, to the detriment of spatial resolution (several km to tens of km), which
is much higher for SAR systems (1 m to about 100 m).

Using data from the SeaWinds scatterometer on board the NASA’s QuikSCAT
satellite (operational from June 1999 until November 2009), Howell et al. (2009)
developed an algorithm to map the spatial distribution of ice phenology parame-
ters on Great Bear Lake (GBL) and Great Slave Lake (GSL), Northwest Territories,
Canada. Ku-band backscatter coefficients 𝜎∘ (VV) from QuikSCAT (enhanced at
4 km spatial resolution) can be used to detect melt onset, ice-off and freeze onset
(ice-on) dates. In winter, 𝜎∘ exhibits relatively high returns, whereas melt onset is
marked by a strong decrease in 𝜎

∘.



Trim size: 189mm x 246mm Tedesco c12.tex V2 - 09/13/2014 9:50 P.M. Page 281

Remote sensing of lake and river ice 281

Following the first significant downturn in the QuikSCAT 𝜎
∘ temporal

evolution, the 𝜎
∘ begins a series of up and downturn oscillations. The first

oscillation (i.e., up-turn and down-turn) is related to freeze-thaw processes.
The sharp drop in QuikSCAT 𝜎

∘ after this period marks the date when the lake
becomes clear of ice (ice-off). The QuikSCAT 𝜎

∘ then increases sharply from the
relatively low open-water 𝜎

∘ values to higher 𝜎
∘ values, to indicate freeze onset

(ice-on). Observed changes in 𝜎
∘ above or below certain threshold values form

the basis of the algorithm developed by Howell et al. (2009). Results from the
application of the algorithm to GBL and GSL have revealed contrasting patterns in
ice phenology parameters within and between the two lakes (2000–2006 period),
with ice cover duration lasting five weeks longer on GBL, and the ice regime of
GSL being significantly influenced by water inflow from Slave River to the south.

More recently, Kang et al. (2012) developed an approach similar to that of
Howell et al. (2009), but using daily time series of brightness temperature from
the Advanced Microwave Scanning Radiometer – Earth Observing System
(AMSR-E). The study shows that 18.7 GHz H-pol is the most suitable channel
for detecting ice phonological events (freeze-onset/melt-onset and ice-on/ice-off
dates as well as ice cover duration; see Table 12.1) on GBL and GSL. The algorithm
proposed tracks changes in brightness temperature above or below predefined
threshold values to detect ice dates.

A comparison of dates for several ice phenology parameters derived from
other satellite remote sensing products (e.g., NOAA IMS, QuikSCAT from the
study of Howell et al. (2009)) show that AMSR-E 18.7 GHz H-pol (or sensors
operating onboard of other satellite platforms at a similar frequency) provides
a promising means for routinely monitoring ice phenology on large northern
lakes. The same algorithm concept could be applied to historical records of the
Scanning Multi-channel Microwave Radiometer (SMMR) and Special Sensor
Microwave/Imager (SSM/I), to reconstruct ice conditions on GBL and GSL
since 1979.

In addition to examining the value of scatterometry and radiometry individually,
potential also exists for monitoring ice cover on northern lakes, by exploiting the
synergy of more than 20 years of radar altimetric and passive microwave data to
improve spatial and temporal coverage. A dedicated methodology for ice discrim-
ination has been developed and tested for the Caspian and Aral seas, as well as
for the lakes Ladoga, Onega and Baikal (Kouraev et al., 2003, 2007a, 2007b, 2008,
and in press). The approach uses the simultaneous nadir-looking active and pas-
sive data from several altimetric missions (TOPEX/Poseidon, Jason-1, Envisat and
GFO), complemented by passive microwave SSM/I data to discriminate ice from
open water (Figure 12.3).

Combination of the two types of satellite observations is beneficial, due to the
wide spatial coverage and good temporal resolution offered by SSM/I, and the
high radiometric sensitivity and along-track spatial resolution of the altimeters.
By analyzing this data, it is possible to define specific dates of ice events (the first
appearance of ice, the formation of a stable ice cover, the first appearance of open
water and the complete disappearance of ice) for the water bodies of interest.
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Figure 12.3 Frequency
distribution (number of cases;
total number of observations
(n) = 3, 130) of Envisat radar
altimeter backscatter
observations (Sigma0_Ku in
decibel, dB) versus passive
(TB18.7 + TB34)∕2
microwave observations
(degrees Kelvin, K) for Cycles
11 to 30 (5 November 2002 to
4 October 2004) over Lake
Baikal, Russia. Two
well-defined clusters are
easily identifiable, making it
possible to discriminate open
water from ice cover.
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In most cases, it is possible to define ice event dates using these maps with a
five-day temporal resolution, and an uncertainty of ± 2.5 days. Such an approach
enhances the potential of microwave measurements for ice studies, and can be
used reliably to extend the existing time series available for coastal stations, as
well as to create new time series for regions that were not previously covered by
continuous in situ observations.

Co-polarized (HH and VV) SAR data from the ERS-1/2 (C-band), JERS-1
(L-band), RADARSAT-1/2 (C-band) and Envisat ASAR (C-band) sensors have
also been analyzed, mostly through visual interpretation, to map changes in lake
ice cover in response to climate over the last decade or so at Arctic locations. For
example, Mueller et al. (2009) used SAR data acquired in late summer to show
that five lakes located at the northern tip of Ellesmere Island (Nunavut, Canada)
experienced significant reductions in summer ice cover from 1992 to 2007, with
some lakes transitioning from perennially to annually ice-covered conditions
following the warm El Niño year of 1998.
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In a separate study, Cook and Bradley (2010) analyzed RADARSAT (HH-pol)
and LANDSAT Thematic Mapper (TM)/Enhanced Thematic Mapper Plus
(ETM+) imagery (115 SAR and 19 LANDSAT images) to evaluate recent
(1997–2007) changes in the ice cover of Upper and Lower Murray Lakes
(81∘20′N, 69∘30′W), also situated on Ellesmere Island, during the melt period.
Similar to the results reported in Mueller et al. (2009), the authors suggest that the
observed ice melt at Upper and Lower Murray Lakes, due to recent warming in
the high Arctic, has forced the lakes near a threshold from a state characterized by
perennial ice cover to the current state, which includes seasonal melting of lake ice.

The potential of multi-polarized (co-, cross-, and quad-polarization) SAR
data has recently been examined to automatically map lake ice cover during the
break-up (melt) period (Geldsetzer et al., 2010; Sobiech and Dierking, 2013).
Geldsetzer et al. (2010) analyzed RADARSAT-2 SAR imagery for monitoring ice
cover during spring melt on lakes located in the Old Crow Flats, Yukon, Canada.
The authors were successful at identifying initial break-up with a simple threshold
applied to HH backscatter data (>81% accuracy) and the main break-up period
with a threshold on cross-polarized (HV) data (66–97%).

Sobiech and Dierking (2013) evaluated the performance of the unsupervised
k-means classification in a binary classification of ice cover and open water on lakes
and river channels of the central Lena Delta, northern Siberia. K-means is an unsu-
pervised image classification approach frequently used for mapping river ice types
(see section 12.3.2). Using six TerraSAR-X (X-band, single HH co-pol) and three
RADARSAT-2 images (C-band, quad-pol HH, VV, HV, and VH simultaneously)
obtained during spring, 2011, Sobiech and Dierking found that the performance
of the k-means classification is comparable to that of a fixed-threshold approach.
Application of a low-pass filter prior to the classification of river channels, and a
closing filter on the classification results of lakes, strongly improved the overall
k-means classification results.

12.2.2 Ice types

Unlike ice cover concentration and extent, classification of lake ice types has been
the object of very few investigations. This is in striking contrast to river ice, for
which classification of ice types has been the topic of several publications (see
section 12.3.2). This situation likely stems from the fact that knowledge of river
ice types is important not only for public safety and navigation, as is also the case
for lake ice, but most notably for the prediction and mitigation of river ice jams
(Bérubé et al., 2009).

SAR data is useful for obtaining some information about the internal structure
of ice (texture) due to the ability of the microwave signal to penetrate ice (Hall
et al., 1994) under dry snow conditions. The most comprehensive data set of coin-
cident ice type and radar observations over lake ice was collected during the 1997
Great LAkes Winter Experiment (GLAWEX’97; Nghiem and Leshkevich, 2007).
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As part of this experiment, a C-band polarimetric scatterometer operated by the
Jet Propulsion Laboratory (JPL) was installed on separate occasions on two ice-
breaker vessels for periods of two weeks each (February and March, 1997) in order
to gather backscatter signatures of various ice types (new ice, pancake ice, consoli-
dated ice, stratified ice, brash ice, and lake ice with crusted snow) and open water on
Lake Superior at incidence angles from 0–60∘. The scatterometer measurements
included incidence angles and polarizations of spaceborne SAR instruments on
ERS, RADARSAT, and Envisat satellites.

The ultimate goal of GLAWEX’97 was to compile a library of radar signatures,
together with in situ observations, of ice types that could be used with the interpre-
tation of spaceborne SAR data, acquired concurrently with Earth Resource Satellite
2 (ERS-2; VV) and RADARSAT-1 ScanSAR (HH) imagery, for ice classification
and mapping (Nghiem and Leshkevich, 2007). Using the library of backscatter sig-
natures, Leshkevich and Nghiem (2007) were able successfully to identify and map
different ice types through a supervised classification technique. However, wind
speed and direction was found to confound the discrimination between open water
and ice, since RADARSAT-1 and ERS-2 provide single frequency, single polariza-
tion data. Cross-polarization data (e.g., RADARSAT-2 and TerraSAR-X) are less
sensitive to wind effects than co-polarized data and, therefore, could be seen as
optimal for discriminating between open water and ice cover on windy days. How-
ever, Geldsetzer et al. (2010) recently reported that the signal from open water
surfaces (as well as that from lake ice) can be at or below the noise floor, mak-
ing cross-polarized data of limited use. Sobiech and Dierking (2013) conclude that
HH-polarized images are best suited for separation of ice and water surfaces.

12.2.3 Ice thickness and snow on ice

Lake ice has been shown to respond to changing climate conditions, particularly
changes in air temperature and snow accumulation (Brown and Duguay, 2011).
Trends and variability in ice phenology are typically associated with variations in
air temperatures, while trends in ice thickness tend to be associated more with
changes in snow cover (Brown and Duguay, 2010). During the ice growth season,
the dominant factors that control the thickening of lake ice are temperature
and snowfall. Once ice has formed, snow accumulation on the ice surface slows
the growth of ice below due to the insulating properties as a result of the lower
thermal conductivity (thermal conductivity of snow, 0.08–0.54 Wm−1K−1 vs
2.24 Wm−1K−1 for ice; Sturm et al., 1997).

Snow mass can also change the composition of the ice by promoting snow ice
development, and hence influence the thickness of the ice cover (Brown and
Duguay, 2010). Observations of ice thickness and snow on ice (depth, mass) are
required for both climate monitoring, and for evaluating and improving models
of lake-ice growth. Microwave sensors provide the capabilities for estimating ice
thickness and snow on ice over broad areas and with high temporal coverage.
However, few studies have explored this potential.
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Until very recently, no approach had been developed to estimate ice thickness on
large lakes from satellite remote sensing. The potential of passive microwave data
for ice thickness determination had, however, been previously demonstrated in an
airborne study by Hall et al. (1981), using a limited number of field observations.
Other studies have shown that ERS or RADARSAT C-band SAR could be used to
determine ice thickness in northern shallow lakes that freeze to bed (see section
12.2.5), when combined with optical data that can provide estimates of lake depth
(e.g., Duguay and Lafleur, 2003).

Lately, Kang et al. (2010) have shown that the temporal evolution of brightness
temperature measurements from the AMSR-E 10.7 GHz and 18.7 GHz frequency
channels during the ice growth season on Great Bear Lake (GBL) and Great
Slave Lake (GSL), Canada, is strongly correlated with ice thickness as estimated
with a numerical lake ice model (Duguay et al., 2003). Using AMSR-E data from
2002–2007, the authors showed that over 90% of the variations in brightness
temperature on GBL and GSL could be explained by the seasonal evolution of
ice thickness on these lakes in winter. The strong relationship between brightness
temperature at 18.7 GHz V-pol and ice growth from the lake ice model has
since been explored for the development of regression-based ice thickness (ICT)
retrieval algorithms (Kang et al., 2014). Simple linear regression equations
(ICTGBL = 3.53 × TB − 737.929 for GBL ICTGSL = 2.83 × TB − 586.305 for GSL)
allow for the estimation of ice thickness (in cm) on a monthly basis from January
to April (Figure 12.4). The transferability of the regression equations remains to
be examined for other large lakes of the Northern Hemisphere (e.g., Lake Baikal,
Lake Ladoga, and Lake Onega in Russia).

While some progress has been made in estimating ice thickness from
coarse-resolution passive microwave data, no method has yet been developed
to our knowledge for estimating snow depth or snow water equivalent (SWE)
on lake ice. Duguay et al. (2005) have shown that traditional passive microwave
algorithms used to estimate SWE over land (difference between 37 GHz and
19 GHz frequency channels) do not work when applied over lake ice. Derksen
et al. (2009) further illustrate that 19 and 37 GHz frequencies have penetration
depths (≈2 at 19 GHz and 0.75 m at 37 GHz) that are strongly influenced by
water beneath the ice for part of the season, but are also influenced by the ice and
overlying snowpack by the end of the season.

The estimation of snow depth (and SWE) on lake ice is a challenging problem
that needs to be further investigated using both passive and active microwave
data acquired at Ka-/Ku-band frequencies. Kouraev et al. (2007a) report that
snow accumulation, ice ageing (growth), and decay induce a decrease in Ku-band
radar altimetry backscatter values and changes in passive microwave brightness
temperature measurements (see Figure 12.3).

12.2.4 Snow/ice surface temperature

It is now well recognized that satellite observations of lake ice extent/concentration
and lake surface temperature are valuable for improving numerical weather
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Figure 12.4 Ice thickness maps of Great Slave Lake for the
months of January, February, March and April (2002–2009
average) derived from AMSR-E 18.7 GHz V-pol brightness

temperature data (Kang et al., in press. Reproduced with
permission of Elsevier).

predictions in regions where lakes occupy a significant fraction of the landscape
(e.g., Kheyrollah Pour et al., 2012; Zhao et al., 2012). Furthermore, it has been
shown that lake surface temperature (LST) products derived from satellite sensors
such as MODIS are useful for evaluating lake snow/ice surface temperature output
simulated with one-dimensional lake models. For example, Kheyrollah Pour et al.
(2012) showed that MODIS daily LST is helpful at identifying current limitations
of the Freshwater Lake model (FLake), one of the most common lake models
used as a lake parameterization scheme in numerical weather prediction (NWP)
and regional climate models (RMCs), particularly regarding its lack of proper
representation of snow on ice.

Compared to FLake, the Canadian Lake Ice Model (CLIMO; Duguay et al., 2003),
which simulates the seasonal evolution of snow cover on the lake ice surface, gener-
ates snow/ice surface temperatures that are closer to those observed with MODIS
(Figure 12.5). Statistics of model performance given by the index of agreement
(Ia), the root mean square error (RMSE), and mean bias error (MBE), reveal that
CLIMO outperforms FLake, even if both models slightly overestimate the LSTs
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Figure 12.5 Comparison of
modeled LST from (a) CLIMo
and (b) FLake models with
MODIS-derived LST (∘C)
data for ice cover seasons
2002–2010 in Back Bay
(Great Slave Lake), Canada.
Modified from Kheyrollah
Pour et al., 2012.
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from MODIS. However, land/lake surface temperatures from MODIS products
have been reported to suffer from a 1–2∘C cold bias (ignoring the possible effect
of cloud contamination) in other studies (e.g., Soliman et al., 2012).

12.2.5 Floating and grounded ice: the special case of shallow
Arctic/sub-Arctic lakes

Shallow lakes (less than ≈4 m deep) are a ubiquitous feature of the Arctic coastal
plains of Siberia, northern Alaska and Canada. In Canada, for example, they are
particularly prevalent in the Hudson Bay Lowlands and the Mackenzie River Delta
region. Within the Arctic, shallow water bodies (lakes and ponds) are estimated
to occupy between 15% and 50% of total land area (Duguay and Pietroniro, 2005).



Trim size: 189mm x 246mm Tedesco c12.tex V2 - 09/13/2014 9:50 P.M. Page 288

288 Claude R. Duguay et al.

There has been interest for many years in monitoring/mapping the seasonal
evolution of floating and grounded ice (i.e., ice that is frozen to the bottom of the
lake) of shallow lakes from remote sensing. Knowing when (i.e., the timing) and
where the ice becomes grounded or remains afloat on shallow lakes during the
ice growth season is relevant for climate monitoring (e.g., Arp et al., 2012; Surdu
et al., 2014; Figure 12.6), the determination of water availability (e.g., Jeffries
et al., 1996; White et al., 2008; Grunblatt and Atwood, 2013), and mapping of fish
overwintering habitat (e.g., Hirose et al., 2008; Brown et al., 2010).

With Arctic climate warming, shallow tundra lakes are expected to develop thin-
ner ice covers, likely resulting in a smaller fraction of lakes that freeze to their bed
in winter (Surdu et al., 2014). A shift from a grounded-ice to a floating-ice regime
can initiate talik development and could potentially release large stocks of carbon
previously frozen in permafrost in the form of methane (Arp et al., 2012).

In SAR imagery, floating ice that contains bubbles (a typical situation for
shallow tundra lakes) shows strikingly different backscatter intensities than that of
ground ice. The change from high (floating ice) to low (grounded ice) backscatter
during the ice growth season has been documented and explained in several
investigations using C-band SAR data from ERS-1/2, RADARSAT-1, Envisat
Advanced SAR alternating polarization and wide swath modes (Jeffries et al.,
1994; Morris et al., 1995; Duguay et al., 2002; Duguay and Lafleur, 2003; Brown
et al., 2010; Arp et al., 2011, 2012; Engram et al., 2012; Surdu et al., 2014) and,

62% 26%

16 April 201120 April 1992

Floating ice

Grounded ice

0 10 20 km

Figure 12.6 Image segmentation results (grounded ice and
floating ice) of ERS-1/2 SAR acquisitions (20 April 1992 and
16 April 2011), obtained with the Iterative Region Growing
with Semantics (IRGS) algorithm, as implemented in the
MAp-Guided Ice Classification System (MAGIC) software

(Clausi et al., 2010). Ice season 1991–1992 was colder than
2010–2011, resulting in a larger number of lakes freezing to
their bed (grounded) in April 1992 (62% grounded ice),
compared with the same period in April 2011 (26%
grounded ice).
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recently, with L-band data (23.6 cm) acquired by the Japan Aerospace eXploration
Agency’s (JAXA) Phased-Array type L-band SAR (PALSAR) instrument aboard
the Earth on the Advanced Land Observing Satellite (ALOS) (Engram et al., 2012).

12.3 Remote sensing of river ice

In many northern rivers, the development of ice covers leads to important critical
issues: ice jamming and, therefore, flooding of large areas; reduction of hydroelec-
tric power at generating stations; impediment to navigation; and damage to human
structures. The dynamic ice and flooding that accompany dynamic freeze-up and
break-up, in particular, pose a significant risk to human life. In this section, we
review advances in remote sensing of river ice, specifically:

1 the determination of ice extent, ice phenology, ice types, ice jams, flooded areas, ice thick-
ness, and surface flow velocities and

2 the incorporation of SAR-derived ice information into a GIS-based system for river-flow
modeling and flood forecasting.

12.3.1 Ice extent and phenology

Ice extent defines a section of a river as either ice-covered or ice-free, without con-
sideration for ice types. Ice phenological parameters are determined by monitoring
the evolution of ice extent along rivers from freeze onset, until water becomes clear
of ice. Both optical and radar altimeter data have been used for this purpose on
larger rivers. Pavelsky and Smith (2004) used daily time series of MODIS (250 m)
and AVHRR (1.1 km) satellite images to monitor the spatial and temporal pat-
terns of ice break-up along 1600–3300 km segments of the Lena, Ob’, Yenisey, and
Mackenzie rivers. The authors were able to visually identify the first day of predom-
inantly ice-free water for ten years (1992–1993, 1995–1998, and 2000–2003), with
a mean accuracy of 1.75 days when compared to ground-based observations. Large
ice jams were also observable (see section 12.3.4 for more on this topic), particu-
larly at confluences. However, smaller ice jams could not be detected, due to the
limited spatial resolution of the imagery used. As shown in Figure 12.7, MODIS
imagery can detect ice jams and flooding from the largest rivers.

In a more recent study, Chaouch et al. (2012) developed an automated approach
that incorporates a threshold-based decision-tree image classification algorithm
to determine ice extent from MODIS (visible and near-infrared bands at 250 m)
on the Terra satellite. The algorithm, which generates three ice extent products
(i.e., daily ice maps, weekly composite ice maps, and running cloud-free compos-
ite ice maps), was evaluated over nine ice seasons (2002–2010). Evaluation of the
MODIS derived products for the Susquehanna River, one of the longest (≈715 km)
and widest (≈1609 m at Harrisburg, PA) rivers in the northeastern USA, reveals
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Figure 12.7 Ice jam on the Yukon River and flooding of the
small town of Galena, Alaska, from the Moderate Resolution
Imaging Spectroradiometer (MODIS) on NASA’s Terra
satellite, captured on May 28, 2013. In this color composite

image, river water appears navy blue; ice appears teal; and
vegetation is bright green. Clouds are white to pale
blue-green, and cast shadows black. (NASA).

a good agreement with aerial photographs, in situ observations-based ice charts,
and LANDSAT imagery (91% probability of ice detection).

Satellite radar altimetry is another tool that has recently been explored for
monitoring the ice regime of large rivers. Troitskaya et al. (in press) propose a
methodology for ice discrimination from altimetric satellite missions based on
the analysis of two parameters:

a) backscatter values (ICE-2 retracker) from Ku-band (18 Hz waveform) Envisat radar
altimeter data; and

b) brightness temperature differences (dTB = TB36.5 –TB23.8) from passive microwave
radiometer data.

The approach has been developed and tested for the Ob’ River in Russia
(Troitskaya et al., in press). For each crossover of the altimetric track over the
main river channel, data is processed and grouped into 11 zones around selected
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Figure 12.8 Average in situ
(grey line, 2001–2011) and
altimeter-derived (black line,
2002–2011) values of ice
break-up along the main Ob’
river channel between
Salekhard and Novosibirsk,
Russia.
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ground-based stations, in order to increase the temporal resolution. The spatial
variability of altimeter-derived dates of ice formation and break-up is in good
agreement with ground-based observations for each zone (Figure 12.8). The
algorithm and chosen threshold perform best for ice break-up detection, showing
the dates of full clearance of ice, with an average bias equal to 0 and maximum
bias ranging from –5 to 8 days.

12.3.2 Ice types, ice jams and flooded areas

Information on river ice types is needed for accurate hydrological forecasts to pre-
dict break-up of ice jams, and to issue timely flood warnings (Chaouch et al., 2012).
SAR is the preferred tool for the classification of river ice types, due to its penetrat-
ing capabilities and sensitivity to surface roughness and ice texture, particularly
the size and density of volume scatterers (e.g., air bubbles) (Gherboudj et al., 2007,
2010). C-band SAR at high spatial resolution (ca. 5–30 m) has been used success-
fully to map various ice types on small to medium-size rivers, or small stretches of
large rivers.

Weber et al. (2003) used fine beam-mode RADARSAT-1 (HH) data acquired in
winter and spring, 2000 and 2001, to map major ice cover types on the Peace River
(northern British Columbia and Alberta, Canada). Video footage of the ice con-
ditions on the Peace River was obtained from aerial ice observations conducted
simultaneously with SAR image acquisitions. Image analysis was accomplished
through visual interpretation, and by performing an unsupervised Fuzzy k-means
classification applied to the RADARSAT-1 data. The unsupervised classification
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produced seven classes that represented the major ice cover types observed on
the Peace River. The spatial distribution of ice cover types, as generated by the ice
classification, coincided generally well with airborne observations and the visual
interpretation of the original RADARSAT-1 images. Weber et al. (2003) indicated
that the location of the boundaries between the ice types appeared to be accurate,
but not necessarily precise.

The work of Weber et al. (2003) has lead to several follow-up investigations to
automatically map, via image segmentation techniques, ice cover types on large
rivers. The peer-reviewed literature on the subject reveals that the development of
improved methods or the adoption and validation of existing ones has mainly, if
not all, taken place in Canada. For example, Töyrä et al. (2005) further validated
the approach developed by Weber et al. (2003) for the lower Peace River, Alberta.
Using RADARSAT-1 standard beam mode images acquired during a break-up ice
jam event on April 29 and May 1, 2003, Töyrä et al. (2005) evaluated its use for
rapid-response mapping, using minimal ground verification. After a visual com-
parison with aircraft observations, it was noted that ice jams, deteriorated ice and
solid ice, as well as the open water leads and reaches, were mapped very well.

The RADARSAT-1 images were also used to generate ice-jam flood maps using
the unsupervised Fuzzy k-means classifier. It was found that spring ice-jam flood
extents could easily be delineated. Results of the study of Töyrä et al. (2005) showed
that RADARSAT-1 images were useful for the rapid mapping of river ice break-up
conditions and spring flood extent. Unterschultz et al. (2009) also investigated the
viability of using RADARSAT-1 satellite images to characterize river ice during the
winter ice growth and break-up periods (Athabasca River, Alberta, Canada). They
concluded that SAR shows excellent potential for identifying ice jams, intact ice,
and open water during break-up.

Further advances in the determination of river ice types from SAR show that
a two-step process involving image texture and unsupervised classification with
the Fuzzy k-means algorithm is the method that provides the best results to date
(Gauthier et al., 2007, 2008). The procedure, known as the Ice Mapping Auto-
mated Procedure from Radar data (IceMap-R; Gauthier et al., 2010), allows for
the fully automated segmentation of up to nine ice classes and open water areas
from RADARSAT HH data. The classified ice types are then merged into the main
ice types (i.e., thermal ice, juxtaposed (or agglomerated) frazil ice and consolidated
ice, along with open water; Figure 12.9) and can also be converted into roughness
classes (e.g., water and floating pans, smooth ice and rough ice) needed as input in
hydraulic flood routing models such as River1D (She and Hicks, 2006).

The global accuracy of IceMap-R in correctly classifying the main ice types
with RADARSAT HH data is consistently around 70–80% (Gauthier et al., 2012).
Known limitations of the automated procedure applied to co-polarization HH
data include the discrimination between smooth thermal ice and water, the
presence of frazil pans, the presence of melting snow or water over ice, and the
presence of rapids. Jasek et al. (2013) showed that the accuracy obtainable with
IceMap-R can be significantly increased by exploring the use of both co- and
cross-polarized (HH and HV) data available from RADARSAT-2. Using a set
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Peace River, Dec.25, 2008 Koksoak River, Dec.01, 2008 Chaudière River, Jan.10, 2005

Ice type

Open water Low

Low

Low to light
Light

Medium to high

Thermal ice

Frazil pans
Agglomerated frazilice

Consolidated ice (packedice, blocks)

Legend Roughness

Figure 12.9 River ice types and related roughness classes derived from RADARSAT-1 HH imagery using IceMap for the
Peace, Koksoak, and Chaudière rivers, Canada.

of five RADARSAT-2 images acquired for a section of the Peace River (British
Columbia, Canada), the authors showed that HV is most efficient in correctly
classifying water and juxtaposed ice, while HH is better for discriminating thermal
ice and consolidated ice. The global accuracy achieved with this combination of
polarizations is in the order of 90%. This is a significant improvement over the use
of RADARSAT HH data alone (70–80%).

12.3.3 Ice thickness

Knowledge of ice thickness is important for river-ice hydraulic models. Together
with ice roughness, it is one of the key ice parameters for flood routing models (She
and Hicks, 2006). As part of an investigation on the evaluation of RADARSAT-1
data to characterize river ice during winter and breakup on the Athabasca River
at Fort McMurray, Canada, Unterschultz et al. (2009) also assessed the possibility
of estimating river ice thickness with C-band SAR. To determine whether a
correlation did exist between ice thickness and C-band HH radar backscatter,
observations of ice thickness, snow depth, and ice structure/type (e.g., thermal,
juxtaposed, hummocky) were made during a field measurement campaign (Febru-
ary 17–19, 2004) along nine transects on the river, and compared to backscatter
values extracted from fine beam mode RADARSAT-1 images acquired around
the same time period (February 7 and March 2). The authors reported that a
relationship did exist between ice thickness (transect average values) and mean
backscatter, but that the sample size was too small for this to be considered a
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conclusive demonstration of any ability to determine average ice thickness based
on radar backscatter alone. Results from the study suggested that knowledge of
ice structure and inclusions (i.e., bubbles) needs to be considered for developing
a model for ice thickness determination using SAR images. Unterschultz et al.
(2009) concluded that further investigations are needed before ice thickness can
be determined from SAR backscatter data.

In a more recent study, Mermoz et al. (2013) developed a method for the
retrieval of river ice thickness from RADARSAT-2 polarimetric C-band SAR
data. The authors first performed a Wishart classification to derive river ice types
(Mermoz et al., 2009b), followed by the masking of bubble-free thermal ice and
consolidated ice. These two ice types were determined to represent surface areas
ranging from 29.9% to 60.4% of a given river and excluded from further analysis
because their radar backscatter signature was found to be almost insensitive to
thickness variations. The relationship between radar backscatter and river ice
thickness measurements was then examined over the unmasked areas of the three
rivers (at 70 locations in total).

For the other ice types, polarimetric entropy (a measure that captures variability
in terms of scattering mechanisms) was used to obtain ice thickness estimates from
RADARSAT-2 data (the fitted model explained up to 85% of the observed variance
in ice thickness). A leave-one-out cross-validation was then applied to assess the
accuracy of the river ice thickness estimates. The RMSE was found to be 9.2 cm,
and the effective RMSE 16.6 %. However, Mermoz et al. (2013) suggest that the
robustness of this empirical model remains to be assessed. Interferometric SAR
data also provides a promising means for the retrieval of pure thermal ice thickness
(Wegmuller et al., 2010).

Thermal infrared imagery is another technology that shows potential for esti-
mating thin river ice. In a recent study, airborne images from a FLIR A40M ther-
mal camera were acquired and successfully used to estimate thickness of thin ice
(<20 cm) on the St. Lawrence River, between Montreal and Quebec City, Canada.
A simplified one-dimensional heat diffusion equation was solved using a finite ele-
ment method to obtain ice thickness from airborne ice temperature measurements.
The thermal images were also shown to provide significant details about ice floe
characteristics, ice concentration, shape, size, structure, and number of floes per
hectare, in addition to surface temperature and ice thickness. The approach devel-
oped in this study could be explored further to estimate thin ice of large rivers
and lakes from thermal infrared data acquired by MODIS on the Terra and Aqua
satellites, for example.

12.3.4 Surface flow velocities

Quantification of river surface velocity is important for understanding a wide
range of biological, chemical and physical processes in northern rivers, and
for the evaluation of river hydraulic models. Kääb and Prowse (2011) recently
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developed a novel approach that uses river-ice debris as an index of surface water
velocity. The river-ice debris are tracked over the typical time lapse of two or
more image acquisitions by spaceborne optical sensors that form a data set for
stereo mapping. Using a satellite stereo image pair from the Advanced Spaceborne
Thermal Emission and Reflection Radiometer (ASTER) onboard the NASA Terra
satellite (15 m spatial resolution and 55.3 s time lapse), a triplet stereo scene
from the Panchromatic Remote Sensing Instrument for Stereo Mapping (PRISM)
aboard the Japanese ALOS satellite (2.5 m spatial resolution and 45 s or 90 s lapse
rate, respectively), and an IKONOS satellite stereo pair (1 m spatial resolution
and 53 s time lapse), ice debris are tracked between two images. The resulting
displacements are then converted to velocity, using the time interval between
the stereo images.

With this approach, Kääb and Prowse were able to measure and visualize, for
the first time, the almost complete surface velocity field along approximately
80 km and 40 km long reaches of the St. Lawrence and Mackenzie rivers (Canada),
respectively. Surface flow velocities derived from the ALOS PRISM satellite
stereo triplet for a section of the Mackenzie River are shown in Figure 12.10.
The approach proposed by the authors is, indeed, very promising, but it needs
to be tested for more stereo-image data sets and validated with coincident in situ
measurements of surface flow velocity and observations of river-ice debris with
shore-based or airborne cameras.

12.3.5 Incorporating SAR-derived ice information into a
GIS-based system in support of river-flow modeling and
flood forecasting

While satellite imagery can help monitor the evolution of ice jams, fronts, and
flooded areas, there is a need to improve models to help forecast flooding and
become early warning systems (e.g., Puestow et al., 2004). The FRAZIL system,
developed by Gauthier et al. (2007, 2008), is a GIS-based system designed to sup-
port winter river-flow modeling and ice-related flood forecasting. It has been tested
and improved since its inception in 2005 on rivers in the province of Quebec and,
more recently, on the Athabasca River, northern Alberta, Canada.

The FRAZIL system includes two major components. The first of these consists
of a set of GIS tools developed in the Python programming language, for use with
ArcGIS (ESRI), and the second one incorporates a series of image processing rou-
tines (IceMap-R), developed in the image-processing software Geomatica (PCI
Geomatics). FRAZIL is used to help define the morphological characteristics of
a river channel before hydraulic modeling, as well as to characterize the ice cover
state (ice coverage, roughness and ice-jam length) and evolution (ice front progres-
sion, freeze-up completion, signs of breakup) from SAR-derived ice maps. Some of
the data generated by the FRAZIL system can then be used as input into hydraulic
routing models or breakup forecasting models.
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Figure 12.10 Surface flow
velocities and vectors on the
Mackenzie River, Canada,
derived from an ALOS
PRISM satellite stereo triplet
of 21 May 2008 acquired at
around 20:30 UTC. The red
outlines indicate sand bars
visible at low water level, the
white lines vegetated islands
and river margins assumed to
be not or only slightly flooded
during high water. Grey data
voids in the river indicate
open water without ice debris
tracked. Image center latitude
and longitude are
approximately
67.33∘N∕130.70∘W.
Coordinate grid UTM zone 9.
(Kääb, A. and Prowse, T.
2011. Reproduced with
permission of John Wiley &
Sons Inc).
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12.4 Conclusions and outlook

Freshwater ice is one of, if not the least, studied components of the cryosphere from
remote sensing. With the increasing recognition of the importance of freshwater
ice as a sensitive indicator of climate variations, and its impact on ecological and
human systems in a changing climate, there is a rising demand for timely infor-
mation on lake and river ice conditions (e.g., timing of phenological events, ice
thickness, ice jams and flooding). However, as alluded to earlier in this chapter
and in recent studies, this happens at a time when ground-based observational
networks have “hit bottom” in many countries of the Northern Hemisphere, to the
point where they can no longer form the primary basis of observations.

In fact, the lamentable state of ground-based freshwater ice observation networks
is not a recent phenomenon in countries such as Canada; this is something that
began 20–30 years ago (e.g., Lenormand et al., 2002). Unfortunately, this occurred
at a time when satellite remote sensing technology was not fully ready to comple-
ment or replace ground-based observations.

As shown throughout this chapter, significant progress has taken place in remote
sensing of lake and river ice over the last decade, but many of the approaches (algo-
rithms) developed to date have not reached maturity to the extent required by the
environmental modeling community (e.g., numerical weather forecasting, climate
and hydrological modeling) or by public policy- and decision-makers (e.g., trans-
portation on ice roads, prediction and mitigation of ice jams and flood warning).
However, there are some signs that we are progressing in the right direction, as
demonstrated in pilot studies (e.g., the assimilation of lake surface temperature and
ice cover in NWP models, and the integration of SAR-derived river ice products
in a GIS-based system for flood forecasting). Upcoming satellite missions, such as
ESA’s Sentinels (the first Sentinel was planned for launch in 2013) and Canada’s
RADARSAT constellation (planned for 2018), will further encourage the devel-
opment and greater operational usage of remote-sensing freshwater ice products.
Exciting times do lie ahead for satellite remote sensing of lake and river ice.
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Acronyms

ALOS Advanced Land Observing Satellite
AMSR-E Advanced Microwave Scanning Radiometer–Earth

Observing System
AMSU Advanced Microwave Sounding Unit
ASAR Advanced Synthetic Aperture Radar
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ASTER Advanced Spaceborne Thermal Emission and
Reflection Radiometer

AVHRR Advanced Very High Resolution Radiometer
CIS Canadian Ice Service
CLIMo Canadian Lake Ice Model
Envisat Environmental Satellite
ERS-1∕2 European Remote Sensing satellite-1/2
ETM+ Enhanced Thematic Mapper Plus

FLake Freshwater Lake model
GBL Great Bear Lake
GFO Geosat Follow-On satellite
GLAWEX’97 Great LAkes Winter Experiment
GOES Geostationary Operational Environmental Satellites
GSL Great Slave Lake
HH Co-polarization (horizontal send – horizontal receive)
HV Cross-polarization (horizontal send – vertical receive)
IGOS Integrated Global Observing Strategy
IMS Interactive Multisensor Snow and Ice Mapping System
IRGS Iterative Region Growing with Semantics algorithm
JAXA Japan Aerospace eXploration Agency
JERS-1 Japanese Earth Resources Satellite 1
JPL Jet Propulsion Laboratory
LST Lake surface temperature
MAGIC Map-Guided Ice Classification System software
MBE Mean Bias Error
MERIS MEdium Resolution Imaging Spectrometer
MetOp Meteorological Operational satellite program
MODIS Moderate Resolution Imaging Spectroradiometer
NARR North American Regional Reanalysis
NASA National Aeronautics and Space Administration
NIC National Ice Service, U.S.
NOAA National Oceanic and Atmospheric Administration
NWP Numerical Weather Prediction
PALSAR Phased-Array type L-band SAR
PRISM Panchromatic Remote Sensing Instrument for Stereo

Mapping
QuikSCAT Quick Scatterometer
RADARSAT Radar Satellite of the Canadian Space Agency
RCM Regional Climate Model
RMSE Root Mean Square Error
SAR Synthetic Aperture Radar
SMMR Scanning Multi-channel Microwave Radiometer
SPOT-5 Système Pour l’Observation de la Terre
SSM/I Special Sensor Microwave/Imager
SWE Snow Water Equivalent
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TB Brightness temperature
TM Thematic Mapper
TOPEX TOPography EXperiment
USAF United States Air Force
VGT VEGETATION Sensor on SPOT satellite
VV Co-polarization (vertical send – vertical receive)
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