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Abstract—River ice has an important effect on natural processes
and human activities in northern countries. Current models for
estimating river ice thickness are mostly based on environmental
data. They require several inputs and yield only a global estimate
of ice thickness for a large heterogeneous area. Attempts have
been made intending to retrieve river ice thickness from remote
sensing using monopolarized C-band radar data. No reliable maps
of ice thickness have been produced. In this paper, the potential of
polarimetric synthetic aperture radar (PolSAR) data for estimat-
ing river ice thickness is demonstrated, and a river ice thickness
retrieval model is proposed. The C-band SAR images used in
this paper were acquired by Radarsat-2 in the winter of 2009
over the Saint-Francois River (Southern Quebec), the Koksoak
River (Northern Quebec), and the Mackenzie River (Northwest
Territories) in Canada. Field campaigns were carried out to obtain
ice thickness validation data at 70 locations. Polarimetric entropy
was used to obtain ice thickness estimates. This approach results
in spatially distributed ice thickness maps for selected ice types.

Index Terms—Polarimetric synthetic aperture radar (PolSAR),
river ice, thickness retrieval.

I. INTRODUCTION

IVER ice has an important effect on natural processes and

human activities in northern countries such as Canada.
Information on river ice cover supports science, engineering,
and management activities, including hydraulic modeling, ice
breakup forecasting, ice road routing, infrastructure design,
industrial water control, and ice hazard management. River
ice cover variables of interest typically include coverage, type,
thickness, and condition. In this paper, the focus is on the
most challenging variable, i.e., ice thickness. Existing models
for retrieving river ice thickness are mostly local estimators
based on environmental data [1]-[3]. They require many inputs
and provide only one global value of ice thickness for a large
heterogeneous area. Synthetic aperture radar (SAR) satellite
offer considerable potential in support of river ice monitoring
[4]-[7]. SAR achieves relatively fine resolution and operates
in the microwave range of the electromagnetic spectrum. This
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enables imaging at any time of day or night. Numerous studies
have addressed the potential of SAR for the mapping of sea
ice and/or retrieval of sea ice thickness [8]-[13]. Studies using
single-polarized C-band SAR data for the mapping of river ice
thickness have yielded mixed results [14], [15] and concluded
that there may be potential for SAR images to provide ice
thickness information at coarse resolution [15]. The purpose of
this investigation is to explore the potential of Radarsat-2 (with
a repeat cycle of 24 days) polarimetric SAR (PolSAR) data for
the mapping of river ice thickness, through a detailed analysis
involving an extensive field program on three rivers in Canada.
PoISAR data enable the computation of variables, such as en-
tropy, that capture variability in terms of scattering mechanisms
[16]. The information content of these variables with respect
to ice thickness is evaluated and demonstrated in this paper.
The following section provides background information on the
characterization of river ice. Section III introduces the available
radar and validation data. Section IV describes existing models,
and Section V discusses results.

II. PHYSICAL AND ELECTROMAGNETIC
CHARACTERISTICS OF RIVER ICE

The different forms and characteristics of river ice are de-
scribed in order to understand better their various backscatter
signatures.

A. River Ice Types

Thermal ice forms when stream flow is slow, and the water is
calm [17]. This ice is usually solid and pure, i.e., largely free
of air bubbles. Frazil ice forms in turbulent flows when the
water is supercooled [18]. Spherical and irregularly bounded
air inclusions are embedded in this type of ice. Snow ice forms
when snow falls into cool water (close to 0 °C), or when snow
on an ice cover gets wet (due to rainfall or elevation of the water
level) and then freezes. Snow ice contains small and spherical
air bubbles. Finally, consolidated ice is a thick, porous, and
rough-surfaced accumulation of ice floes that forms during
freeze-up. It may be constituted from a variety of ice types.

B. River Ice Parameters

During the winter season, the backscattered radar signal
from fully frozen ice cover is composed of surface and vol-
ume scattering contributions. The surface scattering is influ-
enced by the effective (small-scale) roughness and dielectric
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TABLE 1
CLASSIFICATION ACCORDING TO [22] OF THE EFFECTIVE ROUGHNESS
FOR THE AIR—ICE AND ICE-WATER INTERFACES FOR THE RADARSAT-2
WAVELENGTH, AT AN INCIDENCE ANGLE OF 35°, AND ASSUMING AN ICE
TEMPERATURE OF —5 °C. HEIGHT h (IN CENTIMETERS) CORRESPONDS
TO THE STANDARD DEVIATION OF THE SURFACE HEIGHT
IRREGULARITIES (SEE [23])

Smooth Intermediate Rough
Air-ice interface h < 027 | 027 < h <154 | h > 1.54
Ice-water interface | h < 0.15 | 0.15 < h <0.86 | h > 0.86

Fig. 1. Thickness h; of a simplified river ice cover, in white, with embedded
spherical air inclusions. Water is blue, and ground is brown.

constant of the air—ice and particularly by ice—water inter-
face [19], [20]. The roughness causes depolarization of the
incident wave. Table I shows the theoretical boundaries be-
tween smooth, intermediate, and rough air—ice and ice-water
interfaces of an ice cover imaged by Radarsat-2 at an inci-
dence angle of 35°. The boundaries are defined in terms of
the standard deviation of surface height irregularities (h in
centimeters), which as a rule of thumb, are to be calculated
from measurements with a horizontal spacing lower than 0.1
times the wavelength [21]. This roughness classification is
based on a modification of the Rayleigh criterion as intro-
duced in [22] and as adapted from [23], [24], but the di-
electric constant of ice with embedded air bubbles is lower
[25]. Relative to the air—ice interface, the ice—water interface
contributes more to overall backscatter due to the large di-
electric contrast between the two media (close to 3.17 for
ice and 80 for water) [26]. Van der Sanden and Drouin [23]
calculate, i.e., based on the approach in [27], that Radarsat-2
waves penetrate pure freshwater ice to about 14 m (at —5 °C
and 35° of incidence angle). The ice—water interface is therefore
the dominant scattering surface. A recent study using simula-
tions from electromagnetic modeling has confirmed this [19].
Volume scattering is caused by air bubbles and/or impurities
(mineral/organic components such as sediments, stones, and
vegetation) embedded in the ice cover. Air inclusions are usu-
ally the most significant scatterers [28], depending on their
effective size. Fig. 1 illustrates the thickness h; of the ice cover,

3053

i.e., the distance between the air-ice and ice-water interfaces.
Concerning river ice, ice density p; relative to water density
(unitless) depends on the amount of air and impurities, which
are embedded in the ice and are slightly less than that of pure
ice, which is 0.917. The larger the amount of air, the lower the
density of the ice. The density is directly related to the real
part of dielectric constant that governs the scattering properties
of that medium. An increase in the amount of moisture in
river ice cover, e.g., as a result of mild weather, leads to an
increase in electromagnetic absorption due to water and thus
limits penetration [29] and adversely affects the potential for ice
thickness estimation. Similarly, the presence of wet snow cover
will obstruct penetration and thus hamper ice cover thickness
estimation by means of SAR. Consequently, weather conditions
must be monitored to estimate river ice thickness. The thermal
conductivity of ice k; is its ability to conduct heat. Thermal
conductivity is of no relevance to the radar backscatter, but it is
a variable of interest for physical models. At the time of data
acquisition, the snow cover overlying the ice was dry, which
made it virtually transparent to C-band microwaves [19]. Thus,
snow cover is not considered in the analysis.

1. DATA
A. Study Site

The first test site (point 1 in Fig. 2) was the Koksoak River
(58°06’ N; 68°24" W), which is located in northern Quebec
(Canada). The Koksoak River begins at the junction of the
Melezes and Caniapiscau Rivers and flows for about 130 km in
a northeastern direction to Ungava Bay, passing by the village
of Kuujjuaq, which lies about 50 km from the coast. The study
section is 30-km-long upstream from Kuujjuaq. Channel width
ranges from 400 m to 3 km and depth reaches to 2-4 m
in general. The second test site (point 2 in Fig. 2) was the
Saint-Francois River (45°50' N; 72°22' W), located in southern
Quebec (Canada), upstream from the town of Drummondville.
The stream flow is roughly southeast to northwest. The study
section is approximately 30 km long. Channel width varies
from 100 to 850 m, and depth reaches from 2 to 4 m in general.
The last test site (point 3 in Fig. 2) was the middle channel
of the Mackenzie River (67°45" N; 133°75" W), located in the
Northwest Territories (Canada), from roughly Point Separation
in the south to Oniak island in the north. The Mackenzie River
flows north into the Arctic Ocean.

B. SAR Data

Polarimetric Radarsat-2 images (see Table II) of the Saint-
Francois River, the Koksoak River (courtesy of National In-
stitute of research, Quebec, QC, Canada), and the Mackenzie
River (courtesy of the Canada Center for Remote Sensing of
Natural Resources Canada, Ottawa, ON, Canada) were ac-
quired in February and March 2009. The resolution of the
images is 5.2 m in range and 7.6 m in azimuth. The scene
size is around 27 x 27 km. The incidence angles of the images
range between 27° and 35°. The difference in incidence angles
between the images (< 8°) is small enough for a comparison
study, in spite of the fact that these differences may slightly
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Fig. 2. Locations of the study sites, which are indicated by red dots, in Quebec (left) and the Northwest Territories (right), Canada. In Quebec, point 1 is the
Koksoak River, and point 2 is the Saint-Francois River. In the Northwest Territories, point 3 is the Mackenzie River.

TABLE 1I
FULL-POLARIMETRIC C-BAND SAR DATA ACQUIRED IN
2009 BY RADARSAT-2. @ MEANS INCIDENCE ANGLE

Date River Orbit

(%)

04 Feb. 09 - 22h34 | St-Francois | Ascending 29

28 Feb. 09 - 22h34 | St-Francois | Ascending 28

14 Mar. 09 - 11h05 | St-Frangois | Descending 28

07 Mar. 09 - 11h05 Koksoak Descending | 27

08 Mar. 09 - 15h36 | Mackenzie | Descending 35

affect the behavior of the various scattering mechanisms. Im-
ages were acquired in descending and ascending modes, which
may influence the response of the ice cover surface. However,
the acquisition mode did not impact this paper as the ice
cover roughness was not orientated in a preferential direction.
Polarimetric Radarsat-2 images were supplied in single-look
complex (SLC) format and were multilooked (one look in range
and two looks in azimuth). Sigma nought convention was used
in this paper. A 7 x 7 window size Lee filter [30] was applied

to reduce the speckle effect. The resulting equivalent number
of looks was about 50. A geometric correction process was
then applied using a photogrammetric approach [31] in order
to get a mean square error (MSE) around 1 pixel. The images
were finally resampled to a spatial resolution of 10 m using the
nearest neighbor method.

Polarimetric radar measures the response of a medium in the
form of complex scattering components, which is expressed in
the (h,v) (h means horizontal and v means vertical) polariza-
tion basis as Sy, She, Svh, and Sy, In the monostatic case, if
reciprocity is assumed, Sy, = Syp. Thus, the polarimetric data
set can be represented as a target vector, i.e.,

k3 = [Shin V2Shy Suul’ (D

where the superscript ¢ denotes the matrix transpose. The 3 x 3
covariance matrix C'5 is defined from this vector as

Cs = ksk' 2)

where k7 is the complex conjugate of k3. Target decomposition
theorems can be applied to the covariance matrix for a better
understanding of the scattering mechanisms. The decompo-
sition in [16] is based on eigenvalue analysis of the covari-
ance matrix. Each of the three scattering mechanisms, i.e.,
the so-called odd-bounce (or surface), even-bounce (or double-
bounce) and multiple (or volume) scattering, is weighted by its



MERMOZ et al.: RETRIEVAL OF RIVER ICE THICKNESS FROM C-BAND POLSAR DATA

pseudoprobability p;, corresponding to its relative power with
respect to the total power, i.e.,

A 3
Pi= Zpi =1 @)
Zi:l i i=1

where A; are the eigenvalues from the diagonalized C's matrix.
Entropy H provides a measure of statistical disorder [16], i.e.,

3
H=-Y plog(p) 0<H<I )

i=1

where logs is the logarithm to the base 3. Alpha angle o, which
is related to the scattering mechanisms, is defined as [16]

3
o = Zpiozi (5)
i=1

where «; angles are extracted from the three components of
eigenvectors of the C's matrix. Anisotropy A;2, which indicates
the relative strengths of the first and second scattering mecha-
nisms, is defined from the pseudoprobabilities p; and p, as

_ b1 —DP2

. 6
p1+ P2 ©

C. Field Data

The in situ data were acquired close in time to the Radarsat-2
acquisitions. Ice thickness was determined by means of an
ice auger and a measuring tape or estimated using a ground-
penetrating radar. To account for the effect of the ice structure
on the backscatter coefficient, the ice was also categorized ac-
cording to type (e.g., thermal, frazil, snow, and/or consolidated)
when coring. Basics physical characteristics such as the density
and size of air bubbles were also measured. Characterization
of air inclusions is useful for understanding river ice thickness
estimation errors. On the Saint-Frangois River, ice thickness
ranged from 19 to 59 cm (mean 39 + 7.9 cm; 43 samples). On
the Koksoak River, the ice thickness ranged from 71 to 87 cm
(mean 81.2 £ 4.8 cm; 23 samples). On the Mackenzie River,
the ice thickness ranged from 27 to 89 cm (mean of 72.5 +
30 cm; 4 samples). In total, 70 thickness samples from three
rivers were collected, enabling the development and validation
of a new model for river ice thickness estimation. The physical
characteristics of the field data are summarized in Table III. On
the Saint-Frangois River, the mean ice density was 87.3 £ 3.3,
and the mean size of air bubbles was 0.74 £+ 0.26 cm. The
size of air bubbles embedded in frazil ice from the Koksoak
River was measured in small samples. The size of air bubbles
embedded in frazil ice was found to be larger on the Koksoak
River (mean of 2.25 + 0.76 cm using 11 samples from eight
ice cores extracted in 2009 from two sites) than on the Saint-
Francois River (mean of 1.37 4= 0.64 cm using 55 samples from
37 ice cores extracted in 2008 and 2009 from nine sites). The
air—ice interface roughness of the 70 samples was estimated by
eye as either intermediate or rough, as defined by the values of
h in Table 1. The roughness of the ice—water interface, which is
affected by water velocity [32], is not available because of the
difficulty of measuring velocity directly or indirectly. It should
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TABLE III
PHYSICAL DESCRIPTION OF FIELD DATA EXTRACTED
OVER SAINT-FRANCOIS, KOKSOAK, AND
MACKENZIE RIVERS IN CANADA

‘ River | Ice type | Thickness (cm) | Densityx 100 | Bubble size (cm)
Snow 38 75.3 0.46
Snow 40 87.9 0.31
Snow 52 89.8 0.43
Snow 48 86.6 0.62
Thermal 37 87.1 0.69
Thermal 28 88.4 1.05
Thermal 27 88.0 0.60
Frazil 23 88.6 0.80
Thermal 33 82.5 0.95
Thermal 36 87.0 0.77
2 Thermal 28 88.2 0.43
(]
g Thermal 49 88.4 0.49
«
=~
(e Thermal 48 89.7 0.49
N
.% Thermal 45 88.4 0.80
wn
Frazil 59 88.5 0.75
Frazil 36 87.8 0.80
Frazil 37 89.4 0.56
Thermal 41 0.75
Frazil 48 0.95
Frazil 52 - 1.14
Frazil 55 89.4 0.89
Frazil 47 0.92
Frazil 47
36
42 88.6 1.40
Frazil 36
Frazil 74
";‘é Frazil 84
o
1Z)
,ﬁé Frazil 74
N :
Frazil 83
Frazil 87
Frazil 71 - 1.12
5 Frazil 27
.-
N
5, Frazil 89
S
§ Frazil 88
Frazil 86

be noted that roughness at the ice—water interface could be a
nonnegligible source of errors when retrieving ice thickness
from radar data.
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Fig. 3. Mean temperatures (solid line) and precipitation events (vertical bars) measured in 2009 at Drummondville near the Saint-Frangois River, Kuujjuaq near

the Koksoak River, and Inuvik near the Mackenzie River, in Canada. Radarsat-2 acquisitions are indicated by vertical solid lines.

D. Environmental Conditions

Air temperature, rainfall, snowfall, and wind speed must
be monitored since they may affect the backscatter of river
ice and thus influence the retrieval of river ice thicknesses.
Mean temperatures, rainfalls, and snowfalls measured in 2009
at Drummondville near the Saint-Francois River, Kuujjuaq near
the Koksoak River, and Inuvik near the Mackenzie River are
shown in Fig. 3. In the Saint-Francois area, the air temperature
exceeded 0 °C for a short time between the SAR image acquisi-
tions on February 28 and March 14, but it had returned to below
freezing by the time of the second acquisition. No other above
freezing temperature anomalies occurred at or close to the SAR
image acquisition dates.

The cumulative number of degree days of freezing (CDDF)
can explain the presence of frazil and air inclusions in the ice
cover. CDDF increases proportionally with the rate of freezing.
If ice growth is slow, most of the air will escape back to the
water, and the resulting ice will be transparent. Alternatively,
if the growth proceeds rapidly, air can be trapped within the
ice covers as it forms, creating air intrusions [33]. Gow and
Langston [34] investigated the relationship between growth
velocity and porosity in thermal lake ice, observing that a
greater concentration of air inclusions can generally be linked
with rapid freezing. A high rate of freezing is required for frazil
formation to occur. CDDF is given by [35]

N . .
CDDF = — Z Tmax(Z) '2|_ Tmin(l)
i=1

(7

where Thax(x) and Ty, (x) are the maximal and minimal
temperatures of the xth day, and N is the number of days.
CDDF values for the three sites are presented in Fig. 4. It shows
that the Koksoak and Mackenzie rivers experienced similar
rapid freezing from early December 2008 until the beginning
of March 2009 (90 days from December 1 to March 1 at a
mean freezing rate of ~21 and ~23 °C per day at the Koksoak
River and the Mackenzie River, respectively). In contrast, the
Saint-Frangois River experienced slow freezing (90 days from
December 1 to March 1 at a mean freezing rate of ~11 °C per
day), leading to a thinner ice cover. The relatively slower rate
of freezing on the Saint-Francois River (where thin ice was
predominant) facilitated the release of air back to the water,

== Mackenzie River
===+ Saint-Frangois River
3000 =-=Koksoak River ALl
’ﬂ"
25001
w 2000}
o
S
1500}
1000 I -“‘ “-.‘ll."‘l.....ll.......
500 |
December January February March April

Fig. 4. CDDF measured in 2009 at Drummondyville near the Saint-Francois
River, Kuujjuaq near the Koksoak River, and Inuvik near the Mackenzie River,
in Canada. CDDF increases proportionally with the rate of freezing. If ice
growth proceeds rapidly, air can be trapped within the ice cover as it forms.
A high rate of freezing is required for frazil formation to occur.

resulting in correspondingly fewer air inclusions. In contrast,
the extended periods of rapid freezing at the Koksoak and
Mackenzie rivers (where thick ice was predominant) resulted
in a greater quantity of air trapped in the ice cover. The cross-
sectional diameters of inclusions were also larger, as noted in
Section III-C. These physical differences between the ice on
the Saint-Frangois River and that on the other rivers made it
easier to distinguish between thin ice and thick ice (in terms of
electromagnetic response).

IV. PROCESS-BASED ICE MODELS

Two basic methods of numerical modeling have generally
been used to estimate ice thickness: stochastic techniques,
which are based on ice records, and deterministic approaches,
which are based on physical ice growth and decay principles
[36]. Neither type of model produces reliable ice thickness
estimates, and both types may require much input, mainly of
environmental data [1]-[3]. Neither approach offers spatially
distributed ice thickness values and takes the geomorphology
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Fig.5. Comparison of river ice thicknesses estimated with Stefan’s model and

thicknesses measured in the field, as described in Section III-C. The measured
thickness values of the four bars are the means of measured thicknesses for the
Saint-Frangois River at two dates (February 3—4 and 25-27, 2009), the Koksoak
River (using all samples), and the Mackenzie River (using the three samples
with the greatest thickness). The thickness of the bars indicates the standard
deviation of the measured ice thickness. The optimal RMSE and relative RMSE
are equal to 8.4 cm and 14.2%, respectively.

of the river into account. Stefan’s law [3], which is often used
due to its simplicity, gives an ice thickness h; using

2k;
PiNi

h; = —-+v/CDDF = kvCDDF 8)
where J\; is the latent heat of ice fusion, and k ranges from 0.7 to
1.4 for narrow rivers with rapid stream flow and from 1.4 to 1.7
for rivers covered by snow. Fig. 5 presents a comparison of river
ice thicknesses estimated with Stefan’s model and thicknesses
that were measured in the field, as described in Section III-C.
The measured thickness values of the four bars in Fig. 5
are the means of measured thickness for the Saint-Frangois
River on two dates (February 3—4 and 25-27, 2009), for the
Koksoak River (using all samples), and for the Mackenzie
River (using the three samples with the greatest thickness). The
thickness of the bars indicates the standard deviations of the
measured ice thickness. The optimal root-mean-square error
(RMSE) and relative RMSE (RMSE,.) are equal to 8.4 cm and
14.2%, respectively. Stefan’s model appears to offer acceptable
estimates of ice thickness regarding these four points. However,
the estimation of k is fuzzy because of the difficulty of precisely
knowing river ice conditions. Due to the small number of
samples used, this example is qualitative only; nevertheless, it
illustrates the need for a reliable means of spatially retrieving
the thickness of river ice. SAR imagery can provide the data
needed for this purpose.

V. RESULTS
A. Polarimetric Properties of River Ice

The main scattering mechanism of river ice is normally sur-
face scattering rather than volume scattering [37], except in the
case of consolidated or thick porous ice. As a consequence, o,
which represent the nature of the main scattering mechanism,
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is below 40°. Its pseudoprobability of occurring p; is above
0.7, and H is lower than 0.5. This is particularly true when the
interfaces of the ice cover are rough, when surface scattering
increases, and/or when river ice is pure, leading to low-volume
scattering. The radar signal is sensitive to the thickness of an ice
cover embedded with air bubbles. When the ice cover becomes
thicker, volume scattering tends to increase relative to surface
scattering because of the larger number of air bubbles. Angle
«y increases, whereas p; decreases, and H becomes higher
as both surface scattering and volume scattering occur. Other
parameters vary with physical characteristics of the ice, such
as |Shy|?, which is sensitive to volume scattering, and | Sy, —
Sow |2, which is sensitive to double-bounce scattering [38]. The
radar signal is almost insensitive to thickness variations in pure
ice, except for a slight decrease in backscatter intensity due to
attenuation of the signal [19]. The dominant ice—water interface
acts as a specular reflector, resulting in small overall backscatter
and small variability in terms of scattering mechanisms. For this
reason, pure ice is not processed in the method presented here.

The polarimetric properties of river ice were estimated using

SAR data and field data described in Section III-B and C,
respectively. In the following, river ice is considered thin when
ice thickness is less than 60 cm and thick when ice thickness
is more than 60 cm. The thickness of 43 in situ river ice
samples from the Saint-Francois River and one sample from the
Mackenzie River is therefore thin (44 plots in total), whereas
the thickness of 23 in situ samples from the Koksoak River
and three samples from the Mackenzie River is thick (26 plots
in total). Thin ice is characterized by values of |Shh|2 around
—12.39 £ 1.21 dB and | S, |* around —25.59 4 1.57 dB. Fur-
thermore, the surface (mostly the ice—water interface) is the
dominant scatterer as «; is very low (4.14 + 1.20°) and p,
very high (0.89 %+ 0.03), despite the potential presence of
air inclusions in the ice matrix and varying values of density
measured in the field (see Table III). Entropy H is around
0.36 £ 0.07, which confirms the predominance of the surface
scattering mechanism over the double bounce scattering mech-
anism. The low return linked to volume scattering is a result
of the weak interactions between radar waves and thin river ice.
Thick ice is characterized by values of |:Sy,|? and | Sj,|? around
—11.18 +1.36 dB and —18.19 + 1.49 dB, respectively. Two
possible polarimetric behaviors may occur.

* The surface scattering mechanism is predominant. Angle
aq is low (< 40°) but is higher than the thin ice case.
Entropy H is high (>>0.7), which indicates that the target
is depolarizing because of interactions between waves and
air inclusions.

* Volume scattering mechanism is predominant. Angle o is
high (> 40°), and entropy H is very high (>0.9).

These values are summarized in Table IV.

B. Development of Direct Model

Model Relating Radarsat-2 PolSAR Data to River Ice Thick-
ness: The relationships between polarimetric parameters and
in situ river ice thickness (70 samples from the Saint-Francois,
Koksoak, and Mackenzie Rivers) were established using statis-
tical regressions. Regression models can take several forms. For
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TABLE 1V
POLARIMETRIC PROPERTIES OF THIN (<60 cm) AND THICK (>60 cm) RIVER ICE
|Sun|® (dB) | |Sho|® (dB) ar () P H
Thin ice | -12.39 = 1.21 | -2559 £ 1.57 | 4.14 £ 1.20 | 0.89 &£ 0.03 | 0.36 £ 0.07
Thick ice | -11.18 = 1.36 | -18.19 = 1.49 | 14.70 £ 16.50 | 0.65 £ 0.08 | 0.78 £ 0.08
TABLE V

BEST REGRESSION RESULTS RELATING POLARIMETRIC PARAMETERS TO
ICE THICKNESS, USING 70 SAMPLES FROM THE SAINT-FRANCOIS,
KOKSOAK, AND MACKENZIE RIVERS

Variable | H | o | p1 | pa ||Sw — Seol?| A12| 3 ||Shel?

2

p 0.8510.791 0.79 | 0.79 0.78 0.7610.76 | 0.73

this paper, linear and nonlinear regressions were tested to find
the optimal polarimetric parameters. The best regression (using
the Pearson coefficient of determination 7“12, to gauge the fit)
was obtained using a second-order polynomial function. The
best quantitative results are shown in Table V. The regressions
were significant, as 7"12, varied from 0.73 to 0.85, and p values
were negligible. Regressions and associated 95% confidence
intervals, relating polarimetric parameters to ice thickness, are
shown in Fig. 6. Parameters derived from eigenvalue and eigen-
vector analysis [16], particularly H, which provides a measure
of statistical disorder, were found to provide the best fit with
river ice thickness (rg was 0.85). This was probably due to
the fact that H is a function of pseudoprobabilities p;, po,
and ps, which are related to the relative power of scattering
mechanisms sensitive to river ice thickness. The backscattering
coefficient |Sy;|? provided a much poorer fit with river ice
thickness variations (r% was 0.22, very similar to the results in
[15]), demonstrating the value of using polarimetric data. The
regression depending on H, which is selected because it gave
the best correlation with measured ice thickness, is given by

h; = —0.55H? + 1.57H — 0.09. 9)

This estimator is valid for C-band data at incidence angles
in the range of 27°-35°, with H ranging from ~0.20 to 0.85.
It starts to saturate when ice thickness is up to 0.80 m. The
standard deviation values for [ in the 5 X 5 pixel windows
range from 5.1073 to 0.17.

Validation of the Direct Model: River ice thickness was
retrieved from SAR data using (9), which depends on H alone.
Entropy H is a function of pseudoprobabilities that are ratios
and hence insensitive to absolute intensities, making the model
more adaptable to other images compared with parameters
based on the single-polarization intensity. A leave-one-out
cross-validation was applied to assess the accuracy of the river
ice thickness estimates. A single sample from the observations
was used for validation, with the remaining observations used
as training data. This method was repeated 70 times, such that
each observation was used once for validation. The results are
presented in Fig. 7. RMSE was equal to 9.2 cm, and RMSE,

was equal to 16.6%. The level of accuracy obtained was about
the same as that of Stefan’s model (see Section IV), but the
new model using PolSAR data additionally provides spatially
explicit ice thickness maps. The standard deviation was greater
for thin ice (~7 cm for Saint-Frangois thickness measures) than
for thick ice (~2 cm for Koksoak thickness measures).

C. River Ice Thickness of the Saint-Frangois, Koksoak, and
Mackenzie Rivers

The method described in Section V-B was applied to the
Radarsat-2 images. This method is not suitable for estimating
the thickness of pure thermal ice because the backscattered
radar signal is almost insensitive to thickness variations of a
pure ice cover. The thickness of consolidated ice also should not
be estimated using this method because consolidated ice is very
inhomogeneous (i.e., includes many dielectric discontinuities),
which causes the waves to be reflected and absorbed before they
reach the ice—water interface. The solution that we adopted was
to mask out pure thermal ice and consolidated ice. To do so,
the radar images were classified according to cover type prior
to ice thickness estimation. Wishart classification was chosen
as it shows good results for river ice classification [37], [39].
The complex Wishart distribution-based maximum-likelihood
classifier calculates distances between a sample covariance
matrix (for a pixel) and a cluster mean (for a class) [40]. The
distance measure is independent of the number of looks and can
be applied to multilook-processed or speckle-filtered PolISAR
data. Unlike single-polarization-based techniques, the Wishart
algorithm enables classification based on scattering mechanism
types [41]. The four classes were defined as open water, pure
thermal ice, consolidated ice, and frazil/snow ice. Five hundred
samples for each class were selected during the training step.
Open water samples were extracted from the Radarsat-2 image
acquired on February 4, 2009 over the Saint-Francois River.
Thermal ice samples are extracted from the Radarsat-2 image
acquired at March 7, 2009 over the Koksoak River, whereas
consolidated ice and frazil/snow ice samples were extracted
from both images. The classification results were evaluated
with the help of a confusion matrix. In Table VI, columns show
the ice cover type as assigned by the classifier, whereas rows
indicate in situ types of ice. The confusion matrix was com-
puted using different training and validation sites. The number
of samples used in the validation step was 191, 1996, 5852, and
15689 for the open water, pure thermal ice, consolidated ice,
and frazil/snow ice classes, respectively. Mean producer’s accu-
racy (PA) was 99.1%, mean user’s accuracy (UA) was 90.8%,
and the Kappa coefficient [42] was 0.97. For the frazil/snow
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Fig. 6. Regressions (solid lines) relating ice thickness to polarimetric parameters using 70 samples from the Saint-Frangois, Koksoak, and Mackenzie rivers. The

dashed lines represent the 95% confidence interval.
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Fig. 7. Quantitative comparison of estimated and measured river ice thick-
ness after leave-one-out cross-validation. RMSE was 9.2 cm, and RMSE,.
was 16.6%.

ice class, PA was 98.1%, and UA was 99.8%. Consolidated ice,
pure thermal ice, and open water were masked, enabling the
thickness of frazil/snow ice to be estimated.

For the Saint-Francois River, the masked samples repre-
sented 29.9%, 50.2%, and 52.6% of the total number of pixels
for the data sets acquired on February 4 and 28, and March
14, 2009, respectively, (135342, 141800, and 99 324 pixels).
Radarsat-2 data for the unmasked area were inverted on a
pixel basis into river ice thickness values using (9). With some
exceptions, ice thickness remained fairly constant over time.

Fig. 8 depicts one of the exceptions, a section of the Saint-
Francois River where the ice cover grew in thickness during
the winter. This part of the river is wide, with weak sinuosity,
and the stream flow is calm. Thus, the ice cover remained
intact and grew thermally over time. In other rivers, particularly
narrow and sinuous rivers with high stream flow, the opposite
phenomenon depletion of the ice cover may be observed.

Fig. 9 shows the estimated river ice thickness for the data
set acquired on March 7, 2009 over the Koksoak River. The
masked samples represented 60.4% of the total number of pix-
els (1057 848 pixels). Ice thickness was not spatially constant.
Zone a, incorporating the main and secondary channels of the
river, was particularly thick. Some pixels probably correspond
to ice thicknesses beyond the predictive range of the model, i.e.,
thicknesses of more than 93 cm. The ice thickness was lower in
zones b and c. The ice in these zones may also have been less
porous, leading to underestimation of ice cover thickness. In
addition, the ice in some parts of zone b may have extended
all the way to the river bed, resulting in low entropy in the
data for those areas. It is important to note that zones b and
c are particularly unstable because of the influence of the tide.
Tidal currents can have a significant local effect on river ice; this
probably explains the variability in the ice thickness estimates.

The estimated river ice thickness for the data set acquired on
March 8, 2009 over the Mackenzie River was uniformly dis-
tributed spatially. Some pixels saturated the estimator because
of high thickness and/or porosity (see Section V-A).

VI. CONCLUSION

In this paper, we have developed a methodology for the
retrieval of river ice thickness. The method was developed
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TABLE VI
COMPARISON OF THE CLASSIFICATION WITH IN SITU DATA. COLUMNS SHOW THE ICE COVER TYPE AS ASSIGNED BY THE CLASSIFIER,
WHEREAS ROWS INDICATE IN SITU TYPES OF ICE. MEAN PRODUCER ACCURACY (PA) WAS 99.1%, MEAN USER
ACCURACY (UA) WAS 90.8%, AND THE KAPPA COEFFICIENT [42] WAS 0.97
Classification
Open Water | Pure thermal ice | Consolidated ice | Frazil/snow ice > PA (%)

Open Water 191 0 0 0 191 100

Pure thermal ice 0 1996 0 0 1996 100
2
B

é Consolidated ice 71 0 5745 36 5852 98.2
L]

Frazil/snow ice 6 97 195 15391 15689 98.1

> 268 2093 3547 5940 15427
UA (%) 71.3 95.4 96.7 99.8
Kappa 0.97
s ; 1 .v‘.“'w. L o
2o ¢ I‘%f
14 Mar. 2009
0 I N Im
Fig. 8. River ice thickness estimation for a 4 x 2.8 km section (location 45.8 °N 72.4 °W) of the Saint-Francois River, showing growth of the ice cover during

the winter. The total power (span) is in gray levels.

Fig.9. River ice thickness estimate for the data set acquired on March 7, 2009
over the Koksoak River (the dimensions are 27 x 27 km). The total power
(span) is in gray levels.

using in situ data (70 samples) and polarimetric C-band SAR
data collected by Radarsat-2 for three rivers in two regions
of Canada. Estimates of river ice thickness produced using
this method were then applied to generate detailed spatially
explicit thickness maps for selected ice types. The different
kinds of river ice and the physical reasons behind the detected
signal changes were discussed before estimating the specific
polarimetric properties of river ice using SAR data and field
data. The relationship between the radar data and the river ice
data was analyzed. Entropy, which provides a measure of sta-
tistical disorder, was found to provide the best fit with river ice
thickness (the fitted model explained up to 85% of the observed
variance in ice thickness). This was due to the fact that en-
tropy is a function of pseudoprobabilities related to the relative
power of scattering mechanisms sensitive to river ice thickness.
Pseudoprobabilities are ratios and hence insensitive to absolute
intensities, making the model more easily adaptable to other
images than models that use parameters based on the intensity
of single-polarization data. A leave-one-out cross-validation
was applied to assess the accuracy of the river ice thickness esti-
mates. RMSE was found to be 9.2 cm, and effective RMSE was
16.6%. The Radarsat-2 data were inverted into ice thickness
estimates for the three Canadian rivers. Bubble-free thermal ice
and consolidated ice (defined using a Wishart classification of
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river ice types) were masked during this procedure. These ice
types were excluded because the backscattered radar signal is
almost insensitive to thickness variations. In fact, when thermal
ice is bubble free, the dominant ice—water interface acts as a
specular reflector, resulting in small overall backscatter and
small variability in terms of scattering mechanisms. Consoli-
dated ice is very inhomogeneous (i.e., includes many dielectric
discontinuities), which causes the waves to be reflected and ab-
sorbed before they reach the ice—water interface. The mean PA
was 99.1%, the mean UA was 90.8%, and the kappa coefficient
was 0.97. Bubble-free thermal ice and consolidated ice were
found to represent surface areas ranging from 29.9% to 60.4%
of the river, depending on the study site. The robustness of our
empirical model and, thus, its potential for application to data
sets corresponding to other rivers or winter seasons remain to
be assessed. Further studies using interferometric SAR data are
promising for the retrieval of pure thermal ice thickness [43].
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