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Abstract 

This study examines the utility of fully polarimetric C-and SAR parameters and three-component 

scattering model to quantify the sensitivity of snow covered first-year sea ice (FYI) to radar 

incidence angles and surface air temperature (SAT) during the late winter transition. This three-

component scattering model is based on surface, double-bounce and volume scattering 

contributed from various materials and surface properties. RADARSAT-2 C-band fully 

polarimetric synthetic aperture radar (POLSAR) data is utilized to quantify the sensitivity of 

thermodynamic effects (������ and ��������) of the polarimetric backscatter signature on mean 

snow cover thickness ranging from 8 cm to 36 cm with in-situ geophysical data from four 

different validation sites along with two different radar incidence angles 29° (steep) and 39° 

(shallow) to discriminate between snow-covered smooth, rough and deformed FYI. The result 

shows enhanced discrimination at shallower incidence angles compared to steeper ones in both 

2-D and 3-D plots. The double-bounce scattering contribution is low for all FYI types at both 

incidence angles which are attributed to shallower incidence angle as microwave energy being in 

direct contact with a greater volume of higher dielectric brine coated, enlarged snow grains in the 

basal layer compared to the steeper incidence angles. The results also show that surface 

scattering dominates for all three FYI types at both incidence angles and decreases with 

increasing surface roughness and radar incidence angles whereas opposite results observed for 

volume scattering mechanisms. The results indicate that higher variation measured for thin snow 

class 	
��� for both co- cross-polarization backscatters compared to thick snow class 	
��� 

which corroborates with electro-thermodynamic theory.  

Key words: Three-component scattering model, Snow cover, First-year sea ice, synthetic 

aperture radar.  
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Chapter One  

 
INTRODUCTION 

 
 

1.1 Study Context 

The Arctic is an important region to hemispheric and global scale climate processes 

(Intergovernmental Panel on Climate Change, IPCC, 1996) and the role of ocean-sea ice-

atmosphere (OSA) interactions is actively being assessed. Variability of sea ice types, extent and 

composition impacts Arctic biodiversity, cultural, economic and global climate systems. 

Consideration of our polar climates, and in particular, the marine cryosphere, within global climate 

modeling efforts is paramount due to the enhanced sensitivity of these regions to environmental 

perturbations. Snow covered sea ice makes up the majority of the marine cryosphere. The sensitivity 

exists because the effect of snow covered sea ice is far out of proportion to its geographical area 

(Carmack, 1986). The sensitivity arises due to a number of feedback processes operating between the 

cryosphere, ocean and atmosphere, which may contribute to the amplification of any natural or 

anthropogenic perturbation (LeDrew, 1986). The properties of snow and ice, i.e. thermal 

conductivity, diffusivity, reflection, absorption and transmission determine energy transfer 

among the OSA (Mortiz and Perovich, 1996; Kotlyakov and Grosswald, 1990). The snow cover 

acts as a barrier between the cold atmosphere and the relatively warm ocean, hampering energy 

transfer and controlling sea ice growth. During the freeze-up and spring melt transition, snow 

cover modulates the sea ice growth and decay through reduction and moderation of incoming 

short-wave radiation entering into the ice layer (Maykut, 1986; Eicken et al., 1995; Eicken, 

2003).  

The spatial and temporal variability of the snow cover on sea ice also controls the 

geophysical processes operating across the OSA interface. These controls can range from micro 
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to meso scales influencing regional ecology and the global climate system. At the micro scale, 

the penetration of photosynthetically active radiation (PAR) through the snow cover determines 

growth of epontic algal communities in the marine ecosystem whereby snow which is too thick 

or too thin hinders the algal growth by either too little or too much PAR, thus reducing the 

primary producer in the food cycle (Iacozza and Barber, 1999). This can have significant 

implications on the Arctic ecosystem. At local to regional scales, snow cover controls the life 

cycle of arctic ringed seal and polar bear (Kinnard et al., 2011; Strling and Smith, 2004; 

Ferguson et al., 2005). Thick snow on ridged sea ice provides protection for the ringed seal from 

predators and cold atmospheric conditions (Frost et al., 1988; Furgal et al., 1996) whereas it also 

hampers polar bear movement and hunting (Striling et al., 1993). At global scales, the Arctic is 

already exhibiting signs of global climate change compared to temperate or tropical regions due 

to polar amplification (Monaghan and Bromwich, 2008; Serreze et al., 2009; Budikova, 2009). 

Since snow cover dominates the energy balance of the OSA due to its low thermal diffusivity 

and high albedo, it plays a vital role in the global climate system.  Seasonal or first-year sea ice is 

becoming a much more prevalent ice type in the Arctic as a result of significant multi-year sea 

ice losses in recent years (Maslanik et al., 2011). This makes studies of seasonal ice increasingly 

important.   

Snow cover on landfast first-year sea ice (FYI) in the Canadian Arctic during the late 

winter and early spring is usually shallow (mean is ~ 20 cm) but highly variable, ranging from 0 

to 75 cm (Iacozza and Barber, 1999; 2001; Sturm et al., 2002; 2006; Yackel et al., 2007). The 

snow thickness is largely a function of sea ice type, ice surface roughness and regional 

meteorological history following freeze-up which can be modeled statistically with moderate 

success (Iacozza and Barber, 1999). Passive microwave remote sensing techniques are available 
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to measure snow thickness on sea ice but are at scales which approach tens to hundreds of 

kilometers (Markus and Cavalieri, 1998). Estimation of snow thickness at these scales is not 

suitable for high resolution thermodynamic models (Hanesiak et al., 1999) or for calculating 

photosynthetically active radiation (PAR) penetration into ocean water through snow cover 

(Iacozza and Barber, 1999). The spatial distribution of snow cover (or snow thickness 

distribution) and/or snow water equivalent (SWE) on FYI is largely determined by the amount of 

meteoric snowfall over the region and by the magnitude of wind speed and direction during snow 

depositional and redistribution events (Iacozza and Barber, 2001; 2010; Strum et al., 2002; 

Petrich et al., 2012).  

In-situ geophysical measurement of snow thickness on FYI in the Canadian Archipelago 

is expensive and time consuming. As a result, our ability to achieve first-order estimates of SWE 

is extremely restricted due to the sparse number of snow measurement stations and historical 

datasets. Previous research has demonstrated that snow thickness (or SWE) and/or meteoric 

snowfall measurements from shore-based stations are not accurately representative of SWE or 

snowfall over adjacent sea ice (Hanesiak et al., 1999). This can be due to the local cyclonic 

activity, wind fetch, catchment, etc, of landmasses. These limitations encourage development of 

a remote sensing and/or modeling approach for estimation of snow thickness distribution on FYI.   

Active microwave remote sensing, with both space and ground based sensors, has been 

extensively used by both the scientific and operational communities to characterize and quantify 

the spatio-temporal variability of FYI types that routinely co-exist within polar waters. Single 

channel and single linear polarization synthetic aperture radar (SAR) data have been used for sea 

ice analysis since October 10, 1978 beginning with SeaSAT (Swift, 1999). More recently, multi-

frequency, multi-polarized SAR data has been explored to exploit snow covered sea ice physical 
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properties. The majority of these works have been concentrated on sea ice classification (e.g. 

Carlström and Ulander, 1995; Dierking and Askine, 1998; Dabboor et al., 2012; Karvonen, et al., 

2003; Simila et al., 2006; Geldsetzer and Yackel, 2009). Most of the sea ice research has been 

conducted using single and dual co-polarized signatures to retrieve sea ice geophysical 

information, as several researchers have found that single polarized backscatter coefficient 

signatures are not sufficient to discriminate FYI types (van der Sanden, 2004; Geldsetzer and 

Yackel, 2009) and estimate sea ice concentration (van der Sanden, 2004). Dual and multi-

polarized backscatter coefficients are potentially useful for sea ice classification and 

interpretation (Dierking and Askine, 1998; Dierking, 2010).  Fully polarimetric synthetic 

aperture radar (POLSAR) data employing magnitude and phase information provides additional 

information which may resolve some of these ambiguities (van der Sanden, 2004; Scheulch et 

al., 2005; Dierking, 2010). Co- and cross-polarized backscatter ratios provide significant 

discrimination between different ice types and open water (Geldsetzer and Yackel, 2009).  

Numerous studies (Barber and Nghiem, 1999; Barber et al., 1998a; Tjuatja et al., 1995) 

have evaluated the microwave scattering and emission properties of snow covered sea ice 

because of the unique ability of microwaves to provide measurements of the surface irrespective 

of cloud cover or daylight. Microwave scattering properties of snow covered sea ice have been 

investigated by Beaven et al., 1995; Lytle et al., 1993; Bredow and Gogineni, 1990. The 

geophysical and thermodynamic properties of snow covered sea ice have been evaluated by 

Yackel and Barber, (2007) and Barber and Nghiem (1999) using synthetic aperture radar (SAR) 

data. Estimation of snow thickness distributions have been attempted using radiometric 

measurement techniques (Wang et al., 1992), direct backscatter inversion techniques (Beaven et 

al., 1995) and using the thermal dependence of backscatter (Barber et al., 1998a; 1998b; Yackel 
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and Barber, 2007). Moreover, fully polarimetric SAR (POLSAR) data has not been extensively 

evaluated because fully polarimetric sensors (e.g., RADARSAT-2, TerraSAR-X) have only 

recently become available since 2007. Consequently, the additional information acquired in high 

resolution fully polarimetric SAR data requires investigation as a complimentary approach for 

estimation of snow thickness on FYI. 

POLSAR data is commonly used in polarimetric decomposition modeling to understand 

the scattering mechanisms of snow covered sea ice (e.g. van Zyl, 1989; Touzi, 2007; Durden et 

al., 1989; Ulaby et al., 1990). Most of the polarimetric decomposition models are mathematically 

constructed (van Zyl, 1989; Freeman and Durden, 1992; 1998; Cloude and Pottier, 1996) and 

require large numbers of input parameters as compared to output parameters (Freeman and 

Durden, 1998). Consequently, it is difficult to incorporate the input parameters (namely ‘ground 

truth’) from the very sparse number of observation stations to permit the successful 

discrimination of the ground object (Comiso, 1995).  

The “three-component model” proposed by Freeman and Durden (1998) uses radar 

scattering physics and is based on incoherent decomposition. It is well adapted for natural terrain 

and agricultural fields (Freeman and Durden, 1992 and 1998). Scheuchl et al., 2002, used this 

technique to separate sea ice and land on SAR images and to discriminate different ice types on 

single and dual frequency airborne synthetic aperture radar (AIRSAR) data.  

The central aim of this study is to gain an improved understanding of the primary 

scattering mechanisms over snow covered landfast FYI. A three-component scattering model 

(Freeman and Durden, 1998) is used to derive the primary scattering mechanisms. Surface 

scattering is contributed from the boundary between two media (i.e., air-snow or snow-ice) due 

to the dielectric discontinuities of the medium. If the sea ice surface is rough with respect to the 
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incident wavelength, much of the signal is scattered back to the source. As such, there is very 

little or no backscatter observed at a smooth ice (SI) surface. Specular reflection occurs at steeper 

incidence angles, resulting in low backscatter (Freeman and Durden, 1998; Manninen, 1992). 

Double-bounce can occur on ice ridges. Volume scattering is mainly contributed from the 

volume layer between two interfaces. This scattering is stronger at shallower incidence angle 

compared to steeper incidence angle resulting higher backscatter (Manninen, 1992).  

 
1.2 Objectives 

 
The main objective of this study is to gain an improved understanding of the three-component 

scattering mechanisms over snow-covered landfast first year sea ice. A technique will be 

investigated that is able to decompose the total scattering coefficient of POLSAR images into a 

three-component scattering model without incorporating any ground truth data. It also aims to 

examine how these scattering mechanisms change in the context of various snow-physical 

properties and polarimetric synthetic aperture radar (POLSAR) incidence angle variations during 

the spring transition season. In-situ field measurements coincident with spaceborne POLSAR 

overpass data will allow me to achieve the following specific objectives using two case study 

sites.  

1) to quantify the three primary scattering contributions (i.e. surface, volume and double-

bounce) from a heterogeneous snow covered FYI icescape in Hudson Bay, near 

Churchill, Manitoba,  

2) to quantify the sensitivity of proportional contributions of the three-component scattering 

mechanisms at two different incidence angles (29° and 39°), 
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3)  to quantify the sensitivity of proportional contributions of a three-component scattering 

mechanism at two different climatic conditions ( 0.4° C and 8.0° C) over a group of 

heterogeneous snow thickness classes on smooth FYI in Franklin Bay, Northwest 

Territories (NWT).   

4) to evaluate the relationship between polarimetric parameters and snow thickness classes 

at two different surface air temperatures (������� and �������), and; 

5) to identify relatively stable polarimetric parameters and associated radar incidence angles 

which could be used to estimate snow thickness on FYI.  

1.3 Thesis Layout 
 

This thesis contains six chapters and one appendix. A review of fundamentals and nomenclature 

pertinent to this thesis is provided in Chapter 2. 

Chapter 3 introduces the study area, data and field methods conducted during two field seasons. 

Chapter 4 and 5 contain results and discussions for two case studies: Incidence angle effect of 

three primary scattering experiments over snow covered FYI and thermal implications of three-

component scattering mechanisms of heterogeneous snow cover on smooth FYI. Aspects of 

several chapters have been submitted for publication in the peer-reviewed literature: 

 
Hossain, M.M., Yackel, J.J., Dabboor, M. (2012). Application of a three-component scattering 

model over snow covered first-year sea ice using polarimetric C-band SAR data. International 

Journal of Remote Sensing. Sub #: TRES-PAP-2012-0379.39p. 
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Hossain, M.M., Yackel, J.J. Geldsetzer, T. (In-preparation). Observations of snow cover on 

landfast first-year sea ice in late winter using polarimetric C-band SAR data. IEEE Transactions 

on Geoscience and Remote Sensing. Sub #: TGRS-2012-000X, 40p.   

 
Chapter 6 provides a summary of results and concluding remarks. Suggestions for further 

research are given. Appendix A provides the results summary tables of polarimetric parameters 

presented in this thesis.  

 

Aspects of this research have contributed to the following peer reviewed research publications: 
 
Dabboor, M., Yackel, J.J., Hossain, M.M., Burn, A. (2012). Comparing Matrix Distance 

Measures for Unsupervised Polarimetric SAR Data Classification of Sea Ice Based on 

Agglomerative Clustering. International Journal of Remote Sensing. Accepted. TRES-PAP-

2012-0064. 30P.   

 
Fuller, M.C., Gill, J.P.S., Hossain, M.M., Yackel, J.J. (In-preparation).Observations of 

complexly-layered snow on first-year sea ice using microwave remote sensing. Journal of 

Geophysical Research-Ocean. 
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Chapter Two 
  

FUNDAMENTALS AND NOMENCLATURE 
 

 
2.0 Introduction 
 
This chapter presents a review of the sea ice development, seasonal evolution of the microwave 

backscatter coefficient, sea ice geophysical processes, snow properties and polarimetric SAR 

parameters. These concepts are referenced within the context of snow (dry and/or wet) covered 

FYI. 

 
2.1 Development of Sea Ice 
 
Arctic sea ice is generally categorized into icebergs and pack ice on the basis of their formation. 

Icebergs are chunks of floating ice that have broken off from a glacier and they are originally 

formed from compacted snow. The pack ice is formed by the freezing of seawater and 

considered as sea ice.   

Specifically, the sea ice is the combination of liquid brine, ice and solid salts in a 

coherent conduct. Sea ice is simply frozen sea water formed when sea surface temperature 

reaches approximately 1.860 C at 34 PSU. As air temperature starts to decline past 0° C, 

different stages of sea ice are developed.  Initially, at 0° C fine spicules or plates of ice begin to 

originate on the sea surface, which is known as frazil ice. This frazil ice freezes more and 

coagulates to form a smooth, thin sheet of ice, called grease ice. Grease ice has little light 

reflective capability which gives the sea water a matte appearance. Another stage of sea ice, 

when snow is saturated and mixed with sea water after a heavy snowfall, is slush. Furthermore, 

the wind and sea waves push up and consolidate slush to another form of ice which is identified 

as shuga. These four stages of sea ice (frazil ice, grease ice, slush and shuga) are classified as 
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New Ice. These types of ice are weakly frozen together and thickness is not more than 10 cm 

(WMO, 2007).  

As thin ice continues to cool and is easily merged under the effect of waves, swells and 

under ocean pressure, and is declared Nilas ice. Nilas can be divided into two sub-categories 

depending on color and thickness. Dark Nilas is very dark in color (< 5 cm thick) and Light Nilas 

(5 to 10 cm) is lighter than Dark Nilas. Ice Rind is shaped on a quiet sea surface through freezing 

of low salinity water and the thickness is ≤ 5 cm. All of three ice types (Ice Rind, Dark Nilas and 

Light Nilas) are considered Nilas ice. Another ice type known as Pancake ice is formed on the 

rough ocean and under higher salinity conditions. Nilas, Ice Rind and Pancakes are known as 

Young Ice which can be further sub-categorised into grey ice (10-15 cm thick) and grey-white ice 

(15-30 cm thick) (Maykut, 1978; WMO, 2007).   

Young Ice, which lasts for not more than one winter, is known as First Year Ice (FYI). 

The thickness of FYI varies from 30 cm to 2m which is sub-categorized into three separate FYI 

types on the basis of thickness; Thin First Year Ice (30-70cm), Medium First Year Ice (70-

120cm) and Thick First Year Ice (120cm-2m) (WMO, 2007).  

Thick FYI, which persists beyond only one summer melt, is called Second Year Ice (SYI) 

and if it has survived at least two summers melt it is known as Multi-Year Ice (MYI).This SYI 

and MYI belong to the group of Old Ice with thickness ranging from 120 cm to 	 5 m (MSC, 

2005; WMO, 2007; Weeks and Ackley, 1982). Additional details about sea ice development 

stages are available in Tucker et al.,(1992).  

The topmost FYI is often characterised by its surface roughness or state of deformation. 

Smooth FYI originates from thermodynamic freezing under low wind conditions. Rough FYI 

grows in the combination of wave action with moderately windy weather and its surface 
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roughness ranges from centimeter to several decimeters in scale (Wadhams, 2000).  Another 

form of FYI is Deformed ice, which develops in the presence of thicker FYI, MYI or land with 

compressive forces; or ridging and rafting happens within FYI (Dierking and Dall, 2007).  

  

2.2 Seasonal Evolution of Arctic Sea Ice 
 
The development of sea ice is important to understand its characteristics and how it grows 

seasonally (Figure 2.1). The atmospheric conditions, particularly ambient air temperature, play a 

significant role in sea ice formation. Livingstone et al.,(1987) categorized sea ice development 

stages, namely Freeze-up, Winter, Early melt, Melt onset and Advanced melt. These are useful to 

better understand the thermodynamic evolution of the OSA. 

In the Arctic, freeze-up stage starts from October-November when the solar radiation and 

ambient air temperature decrease; thin FYI grows on open water. In December, when solar 

radiation is negligible and air temperature continues to decline, the thin FYI turns into medium 

FYI and snow accumulates on its surface. The winter stage starts from January and lasts until 

April; the sea ice properties have comparatively little change due to almost no solar input during 

January to March. In late April or May, the early melt stage begins, when surface air temperature 

increases with increasing solar input. The melt onset stage starts from May or June, when solar 

input continues to increase and thereby snow surface temperature increases and the snow 

accumulates some liquid water. The final stage is the advanced melt, when most of the snow 

cover melts and melt ponds appear on the sea ice surface (Barber et al., 2001; Livingstone and 

Drinkwater, 1991; Sturm et al., 2002; Yackel et al., 2007).  
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Figure 2.1: Categorical structures discriminating seasonal thermodynamic regimes from freeze-

up to advanced melt for landfast first-year sea ice in the Canadian Arctic. Temperature profiles 

represent nine years of in-situ data. The available shortwave energy is denoted in summary 

above the thermodynamic profiles (Adapted from Barber et al., 2001).  

 
2.3 Surface Features of Sea Ice 
 
Surface features on sea ice characterize an important component of the OSA system. The 

thermodynamic and geophysical properties of sea ice are completely dependent on their different 

surface topography and OSA interactions.  
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2.3.1 Brine layer within sea ice 

Newly formed sea ice mostly contains a thin brine skim. This thin layer can freeze and form a 

very high salinity skim on the sea ice surface (Ono and Kasai, 1985). It can additionally act as a 

source of brine for frost flowers (detailed later in this section). The brine layer within the sea ice 

can be transported towards the surface, but the exact nature of the transport has not been fully 

verified yet. One idea is that the saline layer is formed by brine expulsion, which is an important 

process with initial ice formation, but decreases in importance with increasing sea ice thickness 

(Wettlaufer and Worster, 1995).  It can be enhanced since the upper layer of the ice has higher 

porosity than the underlying ice, providing favorable conditions for the upward transport of brine 

(Wettlaufer and Worster, 1995). Another theory is that brine can be transported within the ice 

grain boundaries towards the sea ice surface, as determined by a thermo-molecular pressure 

gradient (Barber and LeDrew, 1995) as a result of the temperature difference between the 

warmer underlying ocean and the colder atmosphere. 

 
2.3.2 Snow on sea ice 
 
Snow cover on sea ice has significant ramifications in terms of the thermodynamics, dielectrics, 

and microwave scattering signatures of the sea ice. Snow on sea ice can be described as a 

mixture of ice crystals, air, and potential liquid water and/or brine. In illustrating snow cover 

characteristics the parameters of interest include the thickness, density, temperature, salinity, 

liquid water content, grain size, and grain structure. Changes to these parameters are based on the 

formation of the initial snow cover and the thermodynamic evolution of the snowpack as a 

function of changing air temperature. Snow on sea ice can be separated into layers based upon 

the physical parameters. Statistics on the grain size, density, and salinity are well established, for 

example Barber and LeDrew, 1995.  
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Snow is formed in the atmosphere under a variety of different formation mechanisms and 

is deposited on the sea ice surface. The density of snow ranges from 	50 to 500 kg/m3 and 

gradually increases with age (Sturm et al., 2002). During the winter season, the snowpack is 

commonly distinguished by three distinctive layers: the new snow layer (grain size 1-2 mm2), the 

original snow layer (2-4 mm2), and the basal snow layer (9-20 mm2) (Barber and LeDrew, 1995; 

Colbeck, 1982). 

A series of thermodynamic metamorphisms have taken place once snow has fallen on the 

sea ice surface. The growth processes and temperature gradient in the snow cover determine the 

size and shape of the snow crystals. Temperature gradient metamorphism plays the most 

significant role on grain size. The grain growth occurs when wetness is present and the 

temperature gradient is high enough to expel the brine into the ocean or push it up to the surface 

(Colbeck, 1983). In the absence of a high temperature gradient the snow grains grow slowly and 

equally in all directions, creating well rounded crystals which are known as the equilibrium form 

of snow (Martin et al., 1996).  

The temperature of the snowpack is warmer at the bottom compared to the top which can 

be due to the thermal blanketing effect, resulting in upward vapor transport. Kinetic growth takes 

place at the basal layer at the bottom of the snowpack where the larger grains grow at the 

expense of the smaller grains. Moreover, the basal layer of the snowpack is saline due to brine 

wicking from the sea ice surface and potentially from an old layer of frost flowers which can be 

contributed into the overlying snow accumulation. The snow grains near the surface of the 

snowpack are usually more rounded and are not very likely to form kinetic growth forms due to 

colder temperatures. A typical profile of the snowpack shows that grain size become larger when 
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it is moving from the air-snow interface layer to the snow-ice interface layer and the density of 

the snow becomes lower.   

2.3.3 Temperature and salinity 

Temperature and salinity are two distinct significant characterization parameters of sea ice. In a 

steady state, temperature is linearly distributed within a sea ice layer from the top interface with 

cold air to the bottom interface with warmer seawater. Numerous studies of sea ice temperatures 

show an approximately linear profile in ice thickness (e.g., Cox and Weeks, 1974;Wen et al., 

1989; Eicken, 1992). C-shaped salinity distribution is usually observed within FYI (Eicken, 

1992). Upward brine expulsion and flooding are important mechanisms, resulting in the high top 

salinity (Eicken, 1992). The high bottom salinity is obvious due to the interface between ice and 

relatively saline seawater.  

 Electromagnetic properties of sea ice are strongly related to the temperature and salinity. 

These two parameters combine with sea ice density to organize the thermodynamic phase 

distribution of sea ice constituents. Fractional volumes of brine and air inclusions are measured 

from equations based on phase diagrams (Cox and Weeks, 1983). Top of the ice surface 

temperature is relatively low and the salinity is high (C-shaped salinity profile). Deeper into the 

middle of the ice layer the temperature increases and the salinity decreases. Exceptional results 

may be observed at the sea-water interface, where the brine volume is relatively large, and the 

distribution of temperature and salinity is approximately uniform (Wen et al., 1989). 

 Moreover, temperature governs permittivities of individual constituents of sea ice. Ice 

permittivity varies with temperature (Tiuri et al., 1984). Brine permittivity is another strong 

function of temperature (Stogryn and Desargant, 1985), and seawater permittivity depends on 
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both temperature and salinity (Klein and Swift, 1977). Temperature also influences sea ice 

effective permittivity by the process of salt expulsion.          

2.3.4 Frost flowers 

Frost flowers are important features, which develop rapidly on new sea ice under calm 

conditions. They are recognized by their high salinity (2-3 times oceanic values) and by their 

crystal growth habits such as clumps, dendrites growing on rods, hexagonal plates, or needles. 

The frost flowers wick up brine rejected by the sea ice through surface tension. The surface brine 

comes from the interior based upon mass balance relations (Martin et al., 1995). Several 

observations have shown that the flowers insulate the ice surface from the colder air by several 

degrees. However, radar measurements are sensitive to the presence of the frost flowers, 

demonstrating a substantial increase in backscatter when the flowers are present. 

  

2.4 Active Microwave Remote Sensing of Sea Ice 
 
The aim of active microwave remote sensing of sea ice is to gain information on the geophysical 

or thermo-physical state of the sea ice through backscattering measurements. The physical 

composition of the sea ice fabric and snow cover can be switched into an electrical description 

through the dielectric concept. The propagation of electromagnetic waves in the sea ice medium 

is dependent upon the radar system parameters and the sea ice dielectrics.  

 
2.4.1 Microwave backscatter from snow covered FYI 
 
Microwave backscatter from a porous media such as snow covered FYI is a function of surface, 

volume and double-bounce scattering, which is largely determined by a combination of 

geophysical properties of snow and sea ice (Fung, 1994). The backscatter response is best 

understood as the sum of the contributions by interaction mechanisms illustrated in Figure 2.2. 
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Backscatter response also depends on microwave penetration depth, which is a function of 

microwave frequency, incidence angle, and dielectric properties of the media including snow 

density and wetness. The penetration depth of C-band microwaves into cold (i.e. < �8° C) snow 

over FYI is on the order of 30 to 60 cm, with penetration into FYI, of frazil structure, on the 

order of a few cm to a maximum of 5 cm (Drinkwater et al., 1991; 1992).  
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Figure 2.2:  Conceptual schematic illustrating a three-component scattering mechanism over 

snow covered FYI demonstrating: (A) surface, (B) double-bounce and (C) volume scattering 

mechanisms (Adapted from Fung, 1994). “Bubbles” within the snow and the FYI layers indicate 

either enlarged brine coated snow grains, hoar crystals, air bubble inclusions, or brine inclusions; 

all of which contribute to volume scattering (Barber and Nghiem, 1999). 
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2.5 Polarimetric SAR Parameters 
 
2.5.1 Three-component scattering model 
 

Freeman-Durden polarimetric decomposition theorems segregate the reflected scattering signal 

into the three scattering contributions which can be used for discriminating targets (e.g. snow 

covered FYI) in POLSAR imagery. Consequently, different decomposition techniques have been 

used to analyze and interpret POLSAR images (Cloude and Pottier, 1996) and are based on the 

complex scattering matrix or the coherency/covariance matrix.  This decomposition relies on the 

conversion of covariance matrix 
�� to the three-component scattering model (Freeman and 

Durden, 1998). Thus, the decomposition model decomposes the total scattering power into three 

scattering processes: surface (�
), double-bounce (��) and volume (��) scattering.  

 
The microwave scattering matrix [M] can be expressed by following the reciprocity theorem of 

Ulaby and Elachi, 1990, in equation 1: 

[M]=���� ������ ���� (1) 

 

where the first index represents the received polarization and the second represents the 

transmitted polarization. We can express 
��  as a covariance matrix 
�� to explain complex 

backscatter information in equation 2: 

[C]=�
���
���������� �� �������� ��������� � �������� ����������� � �������� ��������� � �������� ��������� � �������� ��������� � �������� ����������� � �������� ��������� � �������� ����

�� (2) 
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These four-by-four Hermitian matrices characterize fully POLSAR backscattering 

properties of sea ice (Zebker and van Zyl, 1991; Drinkwater and Kwok, 1991). 

Surface scattering from the snow-air and snow-sea ice interfaces is influenced by snow 

grain size, density discontinuity, degree of roughness and electrical discontinuities of the 

material and the interface radar incidence angle (Fung, 1994). The double-bounce scattering 

mechanism is modeled by combinations of backscatter from the snow-ice surface and ice ridges, 

which act as a dihedral corner reflector. The horizontal snow-covered ice surface ���   has 

Fresnel reflection coefficients �

� and �

� for horizontal and vertical polarizations, 

respectively. Thus, the vertical ice ridge (ir) has reflection coefficients �!"� and�!"�. The model 

can be made more accurate by integrating propagation factors  #$%&�  and #$%&� , 

where '(  and ')  are the complex coefficients. Volume scattering usually occurs 

from the snow basal layer where enlarged brine coated grains, and brine inclusions are largely 

found (Barber et al., 1995) (Figure 2.2). The mathematical expression of the three-component 

scattering model is given in equation 3 by using a � * � covariance matrix 
�+� after Freeman 

and Durden 1992; 1998: 

 


�+� , �
 �
�+�
 �- ��
�+�
 �- ���
�+�
�� (3) 

 

2.5.2 Polarimetric radar parameters 

The polarimetric radar parameters employed in this study are computed from equations 1 and 2, 

namely, the microwave scattering matrix � and covariance matrix �, respectively. The detailed 

descriptions of those parameters: co- and cross-pol ratios and span described in equation 4-6 are 

discussed in Drinkwater et al., (1992). 
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2.5.2.1 Co- and cross-polarization ratios 

The statistical proportion between.��/ , .��/  and .��/  are denoted as the co-polarization 

ratio (co-pol,'01 ) and the cross-polarization ratio (cross-pol,'0" ). The co- and cross-

polarization ratios describe the scattering mechanism, orientation of the scatterer and 

characteristics of the surface roughness (Drinkwater et al., 1992). Here 232 denotes the modulus 

of a complex number.  

 '01 , 45564776 , 285529:877:9    

(4) 

 

'0" , 45564576 , 285529:857:9      
(5) 

 

2.5.2.2 Total Power (SPAN) 

The total power (;<) or SPAN of POLSAR is the combined intensities of the diagonal elements 

or trace of the scattering matrices. It contains the multidimensional information provided by the 

scattering matrix in a single image (Cloude and Pottier, 1997). The mathematical expression of 

SPAN is presented in equation 6.  

;< , =�>? , .��/ - @.��/ - .��/ , 2���2$ - :���:$ - :���:$ - :���:$   (6) 

 

2.5.2.3 Co-polarization Phase Difference 

The A��B�� (Equation 7) is a measure of the two co-polarized channels, �((C ))  average 

phase angle differences from �D��� to -D��� and directly corresponds to the number of 

bounces an incident wave experiences during reflection (Evans et al., 1988). The A��B��  
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trends to increase with incidence angle for a plane dielectric surface at a rate determined by the 

dielectric permitivity and is useful for separating ice types based on age, as well as open water, 

new ice, and old ice (Drinkwater et al., 1992). The previous studies showed the value close to 

zero for cold MYI hummock ice (sea ice piled haphazardly one piece over another to form an 

uneven surface); intermediate for cold, saline FYI; and high for a shallow, wind-roughened melt 

ponds on FYI (Geldsetzer et al., 2007). Here �3� denotes the average over number of pixels. Im 

and Re represent imaginary and real number respectively. 

 

A��B�� , EFGBH �IJ�855877� �KL�855877� ��  (7) 

 

2.5.2.4 Co-polarization correlation coefficients 

The co-polarized correlation coefficient MN����O decreases with increasing incidence 

angle over sea ice that is predominantly surface scattering (e.g. FYI under cold weather 

conditions) at a rate determined by salinity. Nghiem et al (1995) attribute lower values of N���� 

to anisotropy in the shape and orientation of sea ice dielectric inclusions in volume scattering 

situations. The magnitude of N���� also decreases when there is an anisotropic mix of scattering 

mechanisms within the resolution cell for a distributed target (Thomsen et al., 1998). Geldsetzer 

et al (2007) showed a greater rate of decrease for FYI compared to MYI under cold climatic 

conditions using surface-based polarimetric C-band SAR data.  

 

N���� , P �855877� �
Q�855855� ��877877� �R    (8) 
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2.5.2.5 Fractional polarization 

The fractional polarization MS<O is defined by equation 9. The degree of polarization of a 

reflected wave can be written in the form of TUVW5BUVXYUVW5ZUVXY[, where  �J\�  and �J!]  are 

the received intensity extrema when only the received polarization varies. Touzi et al (1992) 

used the S< as a measure of the polarization intensity of the return.  

 

S< , UVW5BUVXYUVW5ZUVXY  (9) 

 
 
2.5.3 Target decomposition parameters 

The target decomposition parameters, Entropy�^ , Anisotropy �>  and Alpha angle �_  in 

equations 10-12, respectively, are used in this study and are described in detail in Cloude and 

Pottier (1997). These parameters are able to decipher the proportional contribution of the 

dominant scattering mechanisms.  

 

2.5.3.1 Entropy, Anisotropy and Alpha Angle 

The scattering entropy ^ is an indicator of randomness in scattering mechanisms, and is 

normalized from 0 to 1. It is computed from the eigenvalue of the covariance or coherence 

matrix of the target scattering matrix defined in Cloude and Pottier (1997). Each eigenvalue is 

correlated to the ratio of total scattering power which is contributed from surface, volume and 

double-bounce scattering mechanisms. The scattering entropy can be expressed mathematically 

in equation 10. The polarimetric anisotropy �>  defines the relation between the second and the 
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third eigenvalues, and is a measure for the difference of the secondary scattering mechanisms. 

where `$`$ and `a`a are the eigenvalues of the coherency matrix presented in Cloude and 

Pottier (1997). The mathematical expression of polarimetric > is presented in equation 11.  

^ , b c!defaa!gH c!    (10) 

> , hijk9hiZh9   (11) 

 

where c! indicates i-th normalized eigenvalue and `H and `$ are the eigenvalue of coherency 

matrix [T] which is described in equation 12. 

 


;� , 
la� m`H � �� `$ �� � `a
n 
la��  (12) 

 

where [] is the diagonal eigenvalue matrix of [T] and `H, `$ and `a  are eigenvalues of [T] and 

[la]. 

Alpha angle �_  highlights the nature of the dominant scattering mechanism of the target and is 

calculated from the eigenvectors of the coherency matrix presented in Cloude and Pottier (1997). 

The alpha angle is calculated directly from the elements of the eigenvectors as in equation 13:  

                                                                                                                            _ , �HoH - �$o$ - �aoa (13) 

 
The value of the alpha angle is ranges from 0° to 90°. The alpha angle _ = 0°, represents a smooth 

surface or trihedral isotropic scattering where 2((2 , 2))22((22))2. The value of _ , �p� 
indicates dipole scattering and the surface becomes anisotropic where2((2 q 2))22((2 q 2))2. 
The maximum value _ , r�� defines dihedral or even-bounce scattering. 
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2.6 Summary 
 
Chapter two has presented a basic overview of sea ice development, seasonal evolution round the 

year and surface features, with an emphasis on brine layer, snow, temperature, and salinity. 

Active microwave remote sensing employed in snow covered sea ice research, microwave C-

band SAR propagation through snow covered FYI, fully polarimetric C-band SAR parameters 

have been discussed. An understanding of these concepts is necessary to the methods and 

analysis in this study. Chapter three presents the study area, field methods employed to acquire 

meteorological data, in-situ geophysical data, and fully polarimetric C-band SAR data analysis 

techniques.   
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Chapter Three 
  

DATA AND METHODS 
 
 
3.0 Introduction 
 
This chapter discusses the study area, data, data collection and analysis techniques used in this 

thesis. The study area section describes the geographical setting and a description of the 

icescape. The data section describes the meteorological data, satellite data and in-situ snow 

measurement data for both case studies. It also contains field data collection and analysis 

techniques for both cases which is presented in a separate section.   

 
3.1 Study Area 
 
a. Hudson Bay, MB  
 
The study area is located on landfast FYI in the southwestern coast of Hudson Bay, Canada 

(Figure 3.1). Hudson Bay becomes completely covered by sea ice during winter (Dec-Jan), and 

becomes ice-free from mid-August to late October each year (Wang et al., 1994a; Gough et al., 

2004). The seasonal sea ice grows to a range of 0.4-2.0 m thick and ice break-up usually starts in 

early July (Gough et al., 2004; Tivy et al., 2011). The study area is comprised of various forms 

of landfast FYI (i.e. smooth, rough and deformed ice) as shown in Figure 3.2. The fieldwork for 

this study was conducted from April 4 to May 29, 2009 to measure in-situ meteorological 

conditions, snow and sea ice properties.   
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Figure 3.1: Map of Canada (top), overlaid by red box showing the study area in the south-
western Hudson Bay, MB, Canada. False color composite (R: .��/ , G: .��/ , B: .��/ ) subset of fully 
polarimetric RADARSAT-2 (C-band) SAR image acquired on May 15 and 18, 2009 at 39° and 
29° in descending mode. The green, blue and red color circle represents smooth, rough and 
deformed ice in-situ sites, respectively. The yellow flag represents the location of three 
meteorological stations in the field.  
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Figure 3.2: Two meter high oblique photographs of various snow covered sea ice surface types 
within the study area. a) smooth ice (SI), b) rough ice (RI), and c) deformed ice (DI). 1-m rulers 
are located within some photos for scale. Smaller scale photos with rulers (left and right) reflect 
snow surface roughness whereas smaller scale photos (middle) reflect the ice surface roughness.  

(a) 

(b) 

(c) 
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b. Franklin Bay, NWT 
 
The study area consists of landfast first year sea ice (FYI) and marginal ice located on the west 

coast of Parry Peninsula in Franklin Bay (70° N-125° W), Northwest Territories (NWT),Canada 

shown in Figure 3.3.  This study was part of the International Polar Year-Circumpolar Flaw Lead 

(IPY-CFL) campaign from April to June, 2008. Franklin Bay measures 48 km long and 40 km 

wide at its mouth.  
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Figure 3.3: Map of Canada (top-left), overlaid by red box showing the study area (Amundsen 
Gulf) in the western Canadian Archipelago. False color composite mosaic (R: .��/ , G:�.��/ , and 
B: .��/ ) of four fully polarimetric RADARSAT-2 SAR images acquired on May 4th and May 
14th, 2008 within Franklin Bay, west coast of Parry Peninsula, NWT, Canada. All of the SAR 
images were acquired in descending mode with separate radar incidence angles of 27.8° and 
23.2°. Four different snow sampling sites are overlaid on the images namely Thin, Medium1, 
Medium2, and Thick, which correspond to the general thickness of the snow cover. 
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Figure 3.4: Two meter high oblique photographs of various snow covered smooth sea ice 
surface types within the study area. a) snow transect sites, b) snow covered smooth ice, c) 
excavated snow pit, and d) ice surface. 1-m rulers are located within some photos for scale of 
snow surface roughness.  

(a) (b) 

(c) (d) 
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3.2 Data 
 
3.2.1 Meteorological data 
 
a. Hudson Bay 
 
Meteorological data were collected from three stations within the study area located at 

58°49.220N, 93°54.219W; 58°47.862N, 93°52.708 W and 58°46.911 N, 93°51.608 W (Figure 

3.1). Surface air temperature (SAT) was collected hourly from 1m above the snow surface using 

a Veriteq Spectrum 2000 (s���Dp���) sensor and precipitation amount was measured with 

Nipher-shielded snow gauge (s�����@ mm) manufactured by Onset Scientific Ltd. The height of 

the measuring instruments was kept constant at the meteorological stations for all observations 

during the study period. The daily mean SAT did not exceed �t�p��� during the May 15 to May 

18, 2009 period and there was no measureable precipitation. 

 
b. Franklin Bay 
 
Meteorological data consisting of hourly and daily SAT’s were acquired from Environment 

Canada (EC) Cape Parry meteorological station (70.17° N, 124.72° W) and precipitation was 

obtained from the EC Paulatuk meteorological stations located at 70.10° N, 124.43° W and 

69.35° N, 124.08° W (Figure 3.5).  The daily mean SAT ranged from – �r�t��� to ���v��� during 

the field experiment period from May 1st to May 15th, 2008. The surface air temperatures of 

�t�r��� and ���r��� were recorded from the Cape Parry station on May 4th and May 14th during 

the RSAT-2 image acquisition. No significant precipitation events were measured during the 

study period selected for this experiment (Figure 3.6). Approximately 1 mm of precipitation fell 

over the region on May 15th, one day following the final SAR image used in this study. 
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Figure 3.5: Location map of the environment Canada meteorological station of the Cape Parry 
and Paulatuk in the context of Beaufort Sea and Arctic Ocean. 
 



34 
 

 
 
 
 
 

Date

4/
30

/0
8 
 

5/
1/
08

  

5/
2/
08

  

5/
3/
08

  

5/
4/
08

  

5/
5/
08

  

5/
6/
08

  

5/
7/
08

  

5/
8/
08

  

5/
9/
08

  

5/
10

/0
8 
 

5/
11

/0
8 
 

5/
12

/0
8 
 

5/
13

/0
8 
 

5/
14

/0
8 
 

5/
15

/0
8 
 

5/
16

/0
8 
 

Su
rf
ac
e 
A
ir
 T
em

pe
ra
tu
re
 (°

C
)

-12

-10

-8

-6

-4

-2

0

2

4

6

P
re
ci
pi
ta
ti
on

 (m
m
)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Hourly Temp (°C) 
Snow Property Samplling 
RSAT-2 acquisition date 
Precipitation (mm) 

Hours
9a

m
10

am
11

am
12

pm
1p

m
2p

m
3p

m
4p

m
5p

m
6p

m
7p

m
8p

m
9p

m
10

pm
11

pm
12

am
1a

m
2a

m
3a

m
4a

m
5a

m
6a

m
7a

m
8a

m

Hourly Temp at Warm case

Hourly Temp at Cold case

 
 
 

Figure 3.6: Hourly and daily mean surface air temperatures were measured at Cape Parry 
meteorological station during April 30 to May 16, 2008. Daily precipitation was recorded at 
Paulatuk meteorological station (Figure 3.5). RADARSAT-2 acquisition times and SAT’s are 
indicated with red dot on hourly temperature plot. 
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3.2.2 Satellite data 
 

a. Hudson Bay 

Polarimetric RADARSAT-2 C-band SAR data was acquired during the period April 4 to May 29 

2009 over the study region. All of the selected images consist of Fine Quad-Pol (HH VV HV 

VH) data with spatial resolutions ranging between 5.2 and 7.6 meters and scene centers ranging 

from 29° to 39° incidence angle. Two images (May 15 and 18, 2009) were selected for this 

analysis. Table 3.1 summarizes the image acquisition time (UTC), beam mode, and 

corresponding daily mean SAT.  

Table 3.1: Details of the RADARSAT-2 data used in the study and daily mean SATs of the 
dates for Hudson Bay 
 

 
 
b. Franklin Bay  

Polarimetric RADARSAT-2 C-band SAR data used in this study was acquired on May 4th and 

May 14th, 2008. All of the selected images consist of Fine Quad-Pol (HH VV HV VH) data with 

spatial resolutions ranging between 5.2 and 7.6 meters and scene centers ranging between 23.2° 

and 27.8° incidence angle. Table 3.2 lists the image acquisition time (UTC), beam mode, and 

corresponding daily mean SAT.  

 

 

 

Date 
Time 

(UTC) 

Local 

Time 

Scan 

Dir. 
Beam Mode 

Incidence 

angle (°) 

Air Temp 

(°C) 

No. of 

Images 

2009-05-15 12:34:06 7:34:06 Desc Fine Quad-Pol 38.38-39.85 -8.5 1 

2009-05-18 12:46:36 7:46:36 Desc Fine Quad-Pol 28.06-29.82 -9.6 1 
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Table 3.2: Details of the RADARSAT-2 data used in the study and surface air temperature 
during the satellite image acquisition for Franklin Bay 
 

Date 
Time 

(UTC) 
Local 
Time 

Scan 
Dir. 

Beam Mode 
Incidence 
angle (°) 

Air Temp 
(° C) 

No. of 
Images 

2008-05-04 15:18:24 08:18:24 Desc Fine Quad-Pol 26.9-28.8 7.9 2 

2008-05-14 15:26:42 08:26:42 Desc Fine Quad-Pol 22.3-24.2 0.9 2 

 
3.2.3 Geophysical data for Franklin Bay 
 
a. Snow thickness measurements  
 
Snow thickness was measured at four different locations over smooth FYI sites of varying 

surface roughness during the field experiment period from May 3rd to May 14th, 2008. The four 

validation sites were sampled for snow depth measurements with each measurement site 

consisting of two transects, one parallel and one perpendicular to the predominant snowdrift 

pattern.  Between 40 to 104 snow thickness samples were acquired in each direction due to time 

constraints for helicopter scheduling. Snow thickness measurements were taken from the ice 

surface at 1 meter intervals to the nearest centimeter using a meter stick. Each site center location 

was recorded using a global positioning system (GPS) receiver.   

 
b. Temperature distribution at snow-ice interface  
 
Snow-ice interface temperatures were modeled from the daily mean surface air temperature 

(SAT), snow thickness ranging 8 cm to 36 cm (field measurement, May 4-14th, 2008), and ice 

thickness maximum w D@� cm (Canadian Ice Service, CIS, May 4-14th, 2008), thermal 

conductivity (ice: p * H/jxyWzyV
 {|#f, Schwerdtfeger,1963; snow: } * H/j~0\�0J
 {|#f, Mellor, 

1977), snow density (	��vp�f� ��Ba���#d|��#F���#�#GEC @���) and melting point of ice 

(�D�����). Snow-ice interface temperature was computed using a simple 1-D thermodynamic 

model (Nakawa and Sinha, 1981).  The results show significant snow-ice interface temperature 



37 
 

variation for thin snow cover as compared to thick snow cover. This is due to the thermodynamic 

effects on snow cover FYI (Table 3.3).  

 
Table 3.3: Mean (standard deviation) thickness for the four snow thickness classes. Measured 
daily mean air (Ta) and modeled snow-ice interface (Ti) temperatures for each snow thickness 
class, for RADARSAT-2 SAR image acquisition dates of May 4th and May 14 th, 2008.  
 
Snow 
Class 

Snow 
Thickness (cm) 

Ta_May4 th 
(°C) 

Ti_May4th Ta_May14th Ti_May14th 

Thin 8.0(4.0) 8.0 6.8 0.4 0.7 
Medium 1 17.6(9.1) 8.0 5.9 0.4 0.9 
Medium 2 21.5(7.3) 8.0 5.6 0.4 0.9 
Thick 36.4(19.8) 8.0 4.8 0.4 1.1 
 
 
3.3 Data analysis techniques 
 
a. Hudson Bay 
 
The May 15 and 18, 2009, images were selectively acquired in similar surface weather 

conditions (Table 3.1) but at various incidence angles to compare how proportional contributions 

of three-component scattering mechanisms change with radar incidence angle. To compute the 

three-component scattering mechanism utilizing the Freeman-Durden decomposition and 

POLSAR parameters from RADARSAT-2 images, a multi-step data processing approach is 

applied. First, C-band SAR image data were calibrated to a backscatter coefficient (sigma 

naught, ./ ) and pre-processed to compute Freeman-Durden decomposition and POLSAR 

parameters (Freeman, 1992). The polarimetric boxcar 9x9 speckle filter (Lee et al., 2008; Lee et 

al., 2002) was used to reduce constructive and destructive interference (noise) and to increase the 

Equivalent Number of Looks (ENL). ENL is used to measure the noise reduction level on 

POLSAR images and is used to compute several polarimetric parameters which require an ENL 

� @p. Then the computed decomposition and POLSAR parameters were extracted 

simultaneously from the two POLSAR images. The region of interest (ROI) for each FYI type 
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was digitized by overlaying the ground truth points (GTPs) to extract the common ROIs for each 

FYI type (Figure 3.1). Figure 3.2 illustrates the typical icescape for each FYI type. The ROIs 

selected identified three different landfast FYI types (Figure 3.1), namely smooth ice (SI), rough 

ice (RI), and deformed ice (DI). Each ice class contains 200 pixels and each polygon is 

rectangular in size (w, @��pixels), which is changeable depending on the morphology of 

homogeneous sample areas. These sample pixels were used to compute mean scattering values 

and POLSAR parameters.  

 

b. Franklin Bay  

Four polarimetric C-band SAR images were selected for this study to quantify the sensitivity of 

polarimetric parameters and three component scattering mechanisms at two different daily mean 

surface air temperatures (‘Cold’ 8.0° C and ‘Warm’ 0.4° C). The region of interest (ROI) for 

each snow thickness class was digitized by overlaying the ground truth points (GTPs) to extract 

the common ROIs for each snow thickness class. The ROIs selected (three 200 m radius buffer 

circles) correspond to the four different snow thickness class site locations described in the 

previous section, namely thin (8 cm), medium 1 (17 cm), medium 2 (21 cm), and thick (36 cm). 

Each ROI contained 1839 pixels and each class consists of three individual sub-groups where 

each group contains 613 pixels (Figure 3.7).  During sample selection a sub-group area was 

accepted if it represented a visually homogeneous sample for each snow class. This sample site 

also followed SAR backscattering coefficient (���Dv�p��|�) values to provide sufficient 

evidence that all of the four sampling sites are located over smooth FYI (Lundhaug, 2002). 

These sample pixels were used to compute absolute and proportional scattering values, and 

polarimetric parameters.  
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The number of samples extracted for each group was sufficient to use a one way analysis 

of variance (ANOVA) test for this study to evaluate the importance of the various polarimetric 

parameters in distinguishing snow thickness classes from the POLSAR images (Topouzelis et al., 

2008; Barber and LeDrew, 1991). ANOVA was used to test the differences among the three 

individual sub-groups and between the two independent snow thickness classes. First, a within-

class ANOVA was used to test for significant variability within each of the four snow thickness 

classes. The null hypothesis ( ) of ANOVA states that there is no significant difference 

between the POLSAR parametric values of snow class pixels of the four different sites at two 

climatic regimes. The alternative hypothesis ( ) states that there is significant difference 

between the POLSAR parametric values of snow class pixels. The independence of cases, 

normality and homogeneity of variances were computed before performing the test. It is also 

acknowledged that some spatial autocorrelation will exist within each of the samples.  
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Figure 3.7: False color composite (R: .��/ , G: .��/ , and B: .��/ ) subset of RADARSAT-2 SAR 
image showing the location of selected 'within-site' samples on thin snow covered smooth FYI 
within the landfast region of Franklin Bay, NWT. Inset map illustrates the method of randomly 
acquiring three sample groups of pixels to test for 'within-site' variability. 
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3.4 Summary 

Chapter three has presented a description of the two case study areas and sampling site as well as 

climatic condition and geographic location. It has described the tools used in the meteorological, 

and snow covered sea ice observations and derived data. The spaceborne fully polarimetric C-

band SAR data specifications, and the C-band SAR data and continent in-situ geophysical 

sampling regimes have been presented. The multiple steps of C-band SAR data processing have 

been described. Chapter four presents the implications of radar incidence angle.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



42 
 

 
 

Chapter Four 
 

IMPLICATION OF THE RADAR INCIDENCE ANGLE 
 
 
4.0 Introduction 

The aim of this chapter is to discriminate FYI based on surface roughnesses which influences its 

C-band microwave scattering response during the late winter transition. Scattering from FYI is 

largely controlled by surface roughness but also by snow physical properties (moisture content, 

dielectric, etc), as a function of air temperature (Livingstone et al., 1987; Barber et al., 1995). 

This chapter partitions the FYI into three constituent scattering mechanisms on the basis of sea 

ice surface roughness: smooth ice (SI), rough ice (RI) and deformed ice (DI).  

 

4.1 Visual Identification of the Three-Component Scattering Model over FYI 

Figure 4.1-2 (a-d) visually illustrates the result of the three-component scattering mechanisms, 

contributions over snow covered FYI in Hudson Bay. The relative strength of the scattering 

mechanisms are presented in the false color composite images in Figure 4.1d and 4.2d, 

respectively for 39° and 29° incidence angles. Figures 4.1d and 4.2d show that blue color 

(surface scattering) dominated for all FYI types compared to the green and red where blue, green 

and red are contributed from surface, volume, and double-bounce scattering, respectively at 39° 

and 29° incidence angles.     
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Figure 4.1: Visual display of three-component scattering model to de
images over snow covered landfast FYI types: (a) Surface scattering,
Double-Bounce scattering, and (d) False color composite (R: Pd; G:
acquired on May 15th, 2009 at 39° incidence angle.  

(a) (b) 

(c) (d) 

SI 
DI 
 

compose POLSAR C-band 
 (b) Volume scattering, (c) 
 Pv; B: Ps) images. Image 

RI 
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Figure 4.2: Visual display of three-component scattering model to deco
images over snow covered landfast FYI types: (a) Surface scattering, (
Double-Bounce scattering, and (d) False color composite (R: Pd; G: P
acquired on May 18th, 2009 at 29° incidence angle.  

(a) (b) 

(c) (d) 
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mpose POL
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4.2 Absolute Contributions of the Three-component Scattering Model over FYI 

The absolute contributions to the three-component scattering mechanisms and total power 

signatures over snow covered FYI are illustrated in Figure 4.3. Backscatter from surface 

scattering is large compared to volume scattering for all three ice types but a negligible amount 

of scattering is measured from double-bounce scatterers (Figure 4.3b-d) which consistent with 

previous results (Scheuchl et al., 2002; 2005). However, at the steeper incidence angle (29°) 

higher backscatter values of surface (�
), volume (��) and double-bounce (��) scattering are 

observed compared to the shallower (39°) incidence angle (Freeman and Durden, 1998). It is 

important to mention here that for smooth ice (SI) only, volume scattering is slightly higher at 

39° (shallower) than 29° (steeper). I attribute this result to the shallower incidence angle 

microwave energy intercepting a greater volume of higher dielectric brine coated, enlarged snow 

grains in the basal layer compared to the case for the steeper incidence angle.  An analogous 

situation occurs with atmospheric optical (mie) scattering that takes place during sunrises and 

sunsets due to the longer path length of the sunlight interacting with atmospheric particulates 

(red wavelengths scatterers).  

Rough ice (RI) has a significant amount of volume scattering contribution to the total 

scattering, though surface scattering still plays a dominant role at both incidence angles (Figure 

4.3b-d). Surface scattering has clear discrimination for RI at the two separate incidence angles 

when compared to volume and double-bounce scattering (Figure 4.3). Radar incidence angle has 

very little effect on volume scattering at about ≈ 1 dB for the incidence angle variation used here 

(Figure 4.3c) over snow covered FYI. This result suggests that one should use volume scattering 

parameters to separate FYI at different radar incidence angles. Double-bounce scattering from RI 
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shows larger scattering contribution than SI at the steeper incidence angle (Figure 4.3d) due to 

ice ridge occurrence and is consistent with previous results (Scheuchl et al., 2002; 2005).    
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Figure 4.3: Three-component scattering mechanisms over snow-covered FYI at two incidence 
angles; 29° and 39°. X-axis contains FYI types (SI, RI and DI) and Y-axis contains (a) SPAN, 
(b) Surface scattering, (c) Volume scattering, and (d) Double-bounce scattering. The error bar 
shows the standard deviation of each class.      
                                                                                                                                                                                                   

The results for deformed ice (DI) show that both surface and volume scattering are 

dominant when compared with SI and RI at the steeper incidence angle (Figure 4.3). The 

contributions of scattering mechanisms are higher at steeper incidence angles with mean 

differences ≈ 4 dB for �
  and ≈ 2 dB for ��  and �� . The high amount of double-bounce 

(a) (b) 

(c) (d) 
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scattering observed from DI compared to RI and SI and is due to significant corner reflection 

from large ice ridges (Figure 4.3d). These results also agree with Scheuchl et al. (2002; 2005). 

The contribution of double-bounce scattering to total power increases with incidence angle and is 

due to higher reflected dihedral energy back to the radar sensor.  

 

4.3 Microwave Backscatter Signatures  

 

Figure 4.4 shows the microwave co- and cross-polarized backscatter coefficient signature over 

snow covered FYI at two separate incidence angles. The signature from co-polarized (.��/  and 

.��/ ) channels (Figure 4.4a-b) depicts higher backscatter at the steeper incidence angle and it 

increases with surface roughness similar to previous results presented by Drinkwater et al., 1992; 

Nghiem et al., 1997 and Geldsetzer and Yackel, 2009. The cross-polarized (.��/ ) channel (Figure 

4.4c) gives a low amount of backscatter as compared to the co-polarized channel and has less of 

a dependence on radar incidence angle than does the co-polarized channel. The value of .��/  

increases with surface roughness and decreases with incidence angle except for SI where .��/  is 

higher at the shallower angle compared to the steeper incidence angle (Figure 4.4c). This result 

again suggests that enhanced volume scattering is occurring for SI targets whereby enlarged, 

brine coated snow grains in the basal snow layer have an increased total scattering contribution 

(i.e. cross-section) at the shallower incidence angle (i.e. sunrise/sunset effect) (Yackel and 

Barber, 2007; Barber and Nghiem, 1999).  
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Figure 4.4: Microwave backscatter at co- and cross-polarized channels over snow-covered FYI. 
X-axis contains FYI types and Y-axis represents (a) VV, (b) HH, (c) HV. The bar charts are 
mean values of 200 samples in each class and error bars represent standard deviation.  
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The co-polarized ratio ( ) is higher at 39° which increases with increasing surface 

roughness and has more discrimination between ice types at shallower incidence angles when 

compared to steeper incidence angles (Figure 4.5a).  tends to approach zero or becomes 

negative as the surface becomes rougher. This can be due to Fresnel reflection effects (a 

phenomenon related to line of sight whereby an object that does not obstruct the visual line of 

sight obstructs the line of transmission for radio frequencies) from the specular ice surface which 

has an enhanced effect at shallower incidence angles (Walter et al., 2008). This result is 

consistent with previous studies by Drinkwater et al., (1992); Drinking and Askane (1998); and 

Geldsetzer and Yackel, (2009).  
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Figure 4.5: Microwave backscatter at co- and cross-polarized channels over snow-covered FYI. 
X-axis contains FYI types and Y-axis represents (a) HH/VV ratio, and (b) HH/HV ratio. The bar 
charts are mean values of 200 samples in each class and error bars represent standard deviation.  
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The cross-polarized backscatter ratio ('0") is higher at the steeper incidence angle (Figure 

4.5b) for all ice types but highest for SI (Figure 4.5b) as a result of the increase in specular 

scattering from SI at HH (Freeman and Durden, 1998). This cross-polarized value decreases with 

increasing surface roughness (Figure 4.5b).    

 

4.4 Polarimetric Radar Parameters 

Entropy (^) is found to be higher at the shallower incidence angle compared to the steeper 

incidence angle and increases with surface roughness (Figure 4.6a). This result is likely 

attributable to the fact that shallower incidence microwave energy has greater contact with the 

snow volume compared to the steeper incidence angle. This result suggests that the number of 

important scattering mechanisms increases with increasing surface roughness (Cloude and 

Pottier 1997; Cloude and Papathanassiou, 1999).  

Anisotropy (>) is highest for SI and it decreases with surface roughness (Figure 4.6b) 

which can be due to the presence of random scattering. The higher value of > for SI observed at 

the steeper incidence angle compared to the shallower incidence angle (Figure 4.6b) corroborates 

previous observations and explains an increased scattering cross-section from volume scatterers 

within the snow cover. The value of > for SI indicates the presence of multiple scattering from 

within the snow cover (Cloude and Papathanassiou, 1999). Alpha angle (_) identifies the 

dominant scattering mechanism present in the object. Lower magnitude alpha angle values 

indicate that surface scattering is dominant. Moderate magnitudes indicate that volume scattering 

makes a significant contribution and a high value indicates the presence of double-bounce 

scattering (Cloude and Pottier, 1997).  Values of _ here suggest that surface scattering is 

dominant. The higher magnitude of α consistently observed at the shallower incidence angle can 
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again be attributed to microwave energy being in greater cross-sectional contact with the higher 

dielectric basal snow layer (Figure 4.6c). 
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Figure 4.6: Selected polarimetric backscatter parameters for ice types at 29° and 39° incidence 
angles. X-axis contains FYI types and Y-axis represents (a) Entropy, (b) Anisotropy, (c) Alpha 
angle, (d) Pedestal height. The black and grey solid bar represents the mean sample values at 29° 
and 39° incidence angle respectively. The error bars represent the standard deviation of each 
class.   
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The pedestal height (�) indicates the presence of un-polarized scattering components and 

assists in depicting the type of scattering mechanisms (Evans et al., 1988). The value of � 

increases with surface roughness at both incidence angles. Radar incidence angle has no 

significant effect on P for SI (Figure 4.6d). Higher � values are found at the steeper incidence 

angle for the rougher ice types.   

The co-polarized phase differences ( ) are used to discriminate groups of pixels on 

the basis of electromagnetic radar signal interactions of objects. The lower magnitude of A��B�� 
value indicates the object is smooth and it increases with surface roughness (Winebrenner et al., 

1995). Higher (A��B��) values are observed at shallower angles and lower values at our steeper 

incidence angles except for RI (Figure 4.7a). This is likely due to the random orientation of 

surface roughness features (i.e. randomly oriented ice blocks/fragments) on RI.  

The co-polarized correlation coefficient of variation (N����) is used for discriminating 

surface properties and characterizes homogeneous areas in SAR images (d’Alvise et al., 1999). 

The results presented here show higher values at the shallower angle and lower at the steeper 

incidence angle with the value increasing with surface roughness at both incidence angles 

(Figure 4.7b).  

Fractional power is higher at the steeper incidence angle and lower at the shallower incidence 

angle. This value decreases with increasing surface roughness and can be due to random 

orientation of RI and DI features (Figure 4.7c). This indicates surface scattering is dominant on 

SI and decreases with the increasingly heterogeneous nature of ice deformation and roughness 

features. 
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Figure 4.7: Selected polarimetric backscatter parameters for ice types at 29° and 39° incidence 
angles. X-axis contains FYI types and Y-axis represents (a) Co-pol phase difference, (b) Co-pol 
coefficient of variation, (c) Fractional power. The black and grey solid bar represents the mean 
sample values at 29° and 39° incidence angle respectively.  The error bars represent the standard 
deviation of each class.   
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4.5 Three-component Scattering Model for Discriminating FYI types 

 

Figures 4.8 and 4.9 (a-b) illustrate the ability of the three-component scattering model to 

discriminate snow covered FYI types by separating the proportional scattering contributions at 

two different incidence angles. Figure 4.8a illustrates the separation of three different FYI types 

using the contributions of Pv and Pd at 29° and 39° incidence angles, respectively. Significant 

discrimination between different FYI types is also observed between Ps and Pv in (Figure 4.8b). 

The proportional contribution of Ps versus Pd is able to discriminate SI at 29° but at 39° it 

involves some ambiguities between RI and DI (Figure 4.9a). Improved discrimination is visually 

observed in Figure 4.9b using a third axis where all three scattering contributions (Ps, Pd and Pv) 

are compared at the two different incidence angles. The steeper incidence angle shows a higher 

magnitude of those three scattering contribution compared to shallower incidence angle and 

plays a significant role in discriminating FYI types.  
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Figure 4.8: Visual discrimination of snow covered FYI types (a) X-axis contains volume 
scattering (��) and Y-axis contains double-bounce scattering (��) for both at 29° and 39°; (b) X-
axis contains surface scattering (�
) and Y-axis contains ��   for both at 29° and 39° incidence 
angle respectively. The green, cyan and red color represents SI, RI and DI respectively.   
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Figure 4.9: Visual discrimination of snow covered FYI types (a) X- axis contains �
 and Y-axis 
contains �� for both at 29° and 39° incidence angle respectively; and (b) 3-D illustrations 
provide X-axis �
, Y-axis �� and Z-axis Pv for both 29° and 39° incidence angle accordingly. 
The green, cyan and red color represents SI, RI and DI respectively.   
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4.6 Proportional Contribution of the Three-Component Scattering Model  

 

The quantitative proportional contributions of the three-component scattering model over snow 

covered FYI types at the two specific radar incidence angles is presented in Table 4.1.  

 

Table 4.1: The proportional contribution of the three-component scattering model over snow 
covered FYI types at two radar incidence angles.  
 

Incidence Angle (°) FYI Types �
  (%) �� (%) ��   (%) Total 

29° 

SI 77.27 03.63 19.09 100 

RI 65.97 01.85 32.18 100 

DI 61.09 01.48 37.43 100 

39° 

SI 69.48 02.23 28.29 100 

RI 57.13 02.19 40.68 100 

DI 48.99 01.56 49.54 100 

 

Ps decreases with increasing radar incidence angle and surface roughness. It decreases 

approximately 8% for SI and RI and ~ 12% for DI over our 10° incidence angle range. �� 

exhibits low magnitude scattering contributions for both incidence angles and contributes a 

nearly negligible amount to the total scattering power. A higher value of �� is measured for SI at 

the steeper incidence angle and for RI and DI at shallower incidence angles. SI contributes a 

slightly higher amount of �� at 29° and decreasing ~ 1.4% over the 10° incidence angle range. �� 

is the second dominant scattering mechanism over snow covered FYI types and it increases with 

surface roughness as well as radar incidence angle. The higher amount of �� measured for 
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rougher ice types and lower amount for SI at both incidence angles agrees with microwave 

interaction theory and previous results.  It is found that �
   and �� has a similar effect on radar 

incidence angle dependence for different FYI types. 

 

4.7 Summary 

  Section 4.1 has described the results of visual identification of three simple scattering 

mechanisms over snow covered FYI at two specific incidence angles. The results indicate that 

surface scattering is dominated for all three FYI types (SI, RI and DI) at both incidence angles. 

Section 4.2 has presented the results of absolute contribution of three simple scattering 

mechanisms over FYI at 29° and 39° incidence angles. The results also indicate that higher 

scattering mechanisms are measured at 29° compared to 39° for FYI types except for SI whereas 

in volume scattering is slightly higher at 39° compared to 29°. These differences are evident in 

the cross-polarization backscattering in the section 4.3. A subsequent increase in volume and 

cross-polarization backscattering signatures is caused by increasing greater contact with brine 

basal layer at 39° compared to 29°. Section 4.4 has described the results of polarimetric SAR 

parameters signatures over snow covered FYI types at two incidence angles. The results indicate 

that signature influences with radar incidence angles as well as degree of surface roughness 

except for SI in pedestal height. These results indicate that pedestal height can be useful for SI 

separation at different incidence angles.  Section 4.5 has presented the results of three-

component scattering model and their ability for discriminating FYI types at two specific 

incidence angles (29° and 39°). The results show that three-component scattering model is able 

to discriminate FYI types at 39° incidence angle compared to 29° by using both 2-D and 3-D 

plot. Section 4.6 has described the proportional contribution of the three-component scattering 
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model over FYI types. The results indicate that �
 decreases with surface roughness as well as 

increasing incidence angle, on the other hand �� increases with roughness as well as increasing 

with radar incidence angle. Chapter five presents polarimetric signatures at heterogeneous snow 

cover over smooth FYI. 
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Chapter Five 
 

OBSERVATIONS OF SNOW COVER DISTRIBUTION  
 
 
5. Introduction 
 
In this chapter, the potential of fully polarimetric C-band SAR for improved snow water 

equivalent retrieval during the late winter transition over smooth first-year sea ice (SFYI) is 

evaluated. Two climatic regimes, polarimetric C-band SAR parameters and a three-component 

scattering model have demonstrated utility in estimating snow cover distribution - thin, medium 

and thick snow cover- which has advanced our understanding of snow cover distribution over 

FYI within the broader climate system (Drobot and Anderson, 2001; Howell et al., 2005; Yackel 

et al., 2007; Yackel and Barber, 2007).  

 
5.0 Significance Test of the Snow Thickness Sampling Site 
 
The output of an ANOVA test for each snow thickness class test site is given in Table 5.1 (a-b) 

and Table 5.2 (a-b). P values less than 0.05 indicate a significant difference among the three sub-

groups which contain 613 pixel samples for each snow thickness class. Results from this test 

suggest (Table 5.1a) considerably more within-site variability for thicker snow areas on SFYI at 

cold air/snow surface temperatures compared to thinnest snow covers. The opposite was 

observed for warmer cases where more variation was measured for thin snow cover SFYI as 

compared to thicker snow covered SFYI.  
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Table 5.1 (a): ANOVA p-value’s for within-class variation of C-band polarimetric parameters 
for each snow thickness class at 8.0° C. P-values in bold (< 0.05) indicate a significant 
difference among the 3 within-site samples for each snow thickness class.  
 

POLSAR\Classes P-Values  
 Thin Medium1 Medium2 Thick 

HH 0.862 0.006 0.363 0.000 
VV 0.729 0.004 0.459 1.8E-07 
HV 0.461 3.9E-06 0.182 3.3E-05 

HH-VV 0.076 0.229 0.976 0.114 
HH-HV 0.818 0.017 0.336 0.002 

Ps 0.391 0.704 0.076 0.004 
Pv 0.019 0.178 0.008 3.5E-05 
Pd 0.931 0.706 0.005 0.754 

Ps-Pv 0.339 0.861 0.408 0.746 
TP 0.346 0.495 0.487 1.4E-07 
H 0.475 0.049 0.449 0.118 
A 0.118 0.088 0.512 0.302 

Alpha 0.376 0.772 0.213 0.847 
 
Table 5.1 (b): ANOVA p-value’s for within-class variation of C-band polarimetric parameters 
for each snow thickness class at 0.4° C. P-values in bold (< 0.05) indicate a significant 
difference among the 3 within-site samples for each snow thickness class.   
 

POLSAR\Classes P-Values  
 Thin Medium1 Medium2 Thick 

HH 0.332 0.607 0.832 0.316 
VV 0.952 0.764 0.462 0.355 
HV 4.3E-21 0.001 0.194 0.618 

HH-VV 0.039 0.584 0.409 0.056 
HH-HV 0.192 0.760 0.803 0.359 

Ps 0.123 0.769 0.297 0.248 
Pv 2.6E-21 0.409 0.965 0.095 
Pd 0.466 8.2E-06 0.582 0.769 

Ps-Pv 0.804 0.885 0.126 0.356 
TP 0.829 0.592 0.693 0.296 
H 6.6E-12 0.474 5.4E-07 0.015 
A 0.017 4.5E-06 0.777 0.001 

Alpha 1.0E-14 0.174 0.278 0.003 
 

This study argues that, for the cold case, the large standard deviation in snow thickness 

measured at the thick site (19.8 cm; Table 3.3) produces considerable backscattering variability 

considering that the snow thickness sampling scale (1 m) approaches that of individual SAR 
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pixels (5 m). As a result, considerable variation is expected in snow volume and ice surface brine 

volume and subsequent dielectric properties from the thin snow site compared to the thick snow 

site for the warm case. This preliminary analysis suggests that simple co-pol measures (ie. HH 

and VV) are more sensitive to within-site snow thickness variability at colder air/snow ice 

interface temperatures compared to the warmer case. However, in general, this analysis suggests 

that each of the four sites exhibits homogeneous snow thickness for most of the POLSAR 

measures used in the study. 

 

Table 5.2 (a): ANOVA result for between-class variation of C-band polarimetric parameters at 
8.0° C. P-values in bold (� 0.05) indicate a significant difference between snow thickness 

classes. 
 
POLSAR\Classes P-Values 

 ThnVsMed1 ThnVsMed2 ThnVsThk Med1VsThk Med2VsThk Med1VsMed2 
HH 0 0 0 0 0 1.7E-4 
VV 0 0 0 0 0 0.045 
HV 2.7E-9 0 0 0 0 8.8E-3 

HH-VV 1.2E-2 1.9E-1 0.371 0.001 0.433 1.2E-1 
HH-HV 0 0 0 0 0 5.5E-3 

Ps 0 0 0 0 0 0.039 
Pv 0 0 0 0 0 8.9E-3 
Pd 0 0 3.6E-2 0 0 0.289 

Ps-Pv 0 0 0 0 0 0.002 
TP 0 0 0 0 0 7.7E-2 
H 0 3E-7 0 4.1E-3 0 5.8E-2 
A 1.2E-3 8.1E-3 0 0 0 0.001 

Alpha 7.3E-3 0 0 6.5E-3 1.7E-1 8.5E-5 
 

Table 5.2 (a-b) shows pairwise comparison between the four snow thickness classes. The p-value 

is the probability of concluding that there is a significance statistical difference between the snow 

thickness classes. Significant differences are found except for a few parameters whose p-values 

are highlighted in bold color.   
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Table 5.2 (b): ANOVA result for between-class variation of C-band polarimetric parameters at 
0.4°C. P-values in bold (�0.05) indicate a significant difference between snow thickness 

classes.  
 
POLSAR\Classes P-Values 

 ThnVsMed1 ThnVsMed2 ThnVsThk Med1VsThk Med2VsThk Med1VsMed2 
HH 0 0 4.2E-5 0 0 3.3E-8 
VV 0 0 7.8E-8 0 0 6.6E-9 
HV 0 0 4.2E-1 0 0 0 

HH-VV 1.7E-4 3.7E-3 1.5E-2 0.008 0.024 0.754 
HH-HV 0 0 4.0E-5 0 0 5.6E-6 

Ps 0 0 3.3E-7 0 0 1.8E-5 
Pv 0 0 0.145 0 0 0 
Pd 8.1E-3 2.8E-2 1.4E-7 1.7E-6 3.6E-4 7.6E-1 

Ps-Pv 0 0 4.6E-7 3.5E-3 2.8E-2 5.9E-1 
TP 0 0 4.7E-7 0 0 1E-1 
H 0 1.5E-5 6.1E-2 0 1E-1 2E-3 
A 2.4E-3 5.2E-4 5.4E-1 1.9E-2 2.3E-2 1E-1 

Alpha 5.5E-9 1.9E-2 2E-1 0 1.3E-4 6E-2 
 
 
5.1 Absolute Contributions of the Three-Component Scattering Model 
 
The absolute contributions of the three-component scattering mechanisms on different snow 

thickness classes over SFYI are illustrated in Figure 5.1.  It is observed that surface scattering 

(�
) contributes significantly more to the total scattering compared to volume (��) and double-

bounce (��) scattering for all snow classes at two different air and snow surface temperatures. �
 

and �� have been the first and second important scattering mechanism and ��  has a very 

negligible contribution to the total scattering over snow covered FYI. Higher values of �
 are 

measured for warm cases for all snow thickness classes compared to cold cases and significant 

variation is observed at thin classes compared to the others (Figure 5.1a). This change can be due 

to the aforementioned thermodynamic effect of SWE whereby the thinnest snow permitted the 

largest amount of temperature change at the snow-ice interface (Table 3.3) causing a larger 

dielectric change and subsequent change in scattering compared to thicker snow classes.  
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The magnitude of �
 decreases with increasing snow thickness until the medium2 (21 cm) 

snow class, then it increases again with thicker (36 cm) snow (Figure 5.1a) and shows similar 

magnitudes for both cases (Cold-Warm). �� is higher for warm conditions compared to cold 

cases for three of the four snow thickness classes over SFYI except for the thickest class (Figure 

5.1a). These results can be due to the SAT effect on the snow sites (Figure 3.5 and Table 3.3) 

whereby the thinnest snow permitted a quick response from the SAT forcing to the basal layer of 

the snow compared to thicker snow covers. The result is to force an increase in basal layer brine 

volume and cause an increase in the dielectric permittivity. �� makes very little contribution to 

the total scattering for all four snow thickness classes at two different climatic cases (Figure 

5.1a). It shows that Pd decreases with increasing snow thickness until medium2, then contributes 

higher values at thicker snow covers (Figure 5.1a). �� has very little sensitivity to SAT/sea-ice 

interface temperature (only ~ 0.4 dB variation) for the thick snow class, which can be used to 

discriminate the thicker snow class over SFYI.  
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Figure 5.1: Absolute contribution of the three component scattering model over snow covered 
SFYI at two different surface air temperature conditions. X-axis contains snow thickness classes 
(Thin, Medium1, Medium2 and Thick) and Y-axis contains (a) Three component scattering 
model (Surface scattering, �
; Volume scattering, ��; and Double-Bounce scattering, ��; and (b) �
/��. The error bars show the standard deviation of each class.  
 

(a) 

(b) 
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The absolute variation of the �
/�� ratio on four different snow thickness classes over 

SFYI is illustrated in Figure 5.1b. There are absolute scattering variations from �
 to �� 

indicating 5.3 dB higher for the cold case and 7.8 dB lower for the warm case for the thicker 

snow class, indicating a strong �� scattering component for cold cases which can be due to SAT 

forcing from the previous day. Thin snow cover shows 10 dB and 8.5 dB difference between �
 

and �� for cold and warm cases respectively, indicating that �� increases at warmer SAT’s due to 

a thermodynamic effect (Barber and Thomas, 1998; Yackel and Barber, 2007).   

 
5.2 Microwave Backscatter Signatures  
 =�>? shows higher magnitude of microwave backscatter for the warm case for all snow 

thickness classes compared to the cold case (Figure 5.2a). Significant variation in =�>? is 

observed for thin and thick snow classes at for two climatic conditions. Higher =�>? is 

observed for the thin snow class for both climatic conditions. This result can be due to the 

thermodynamic effect which produces larger backscattering from the ice layer, brine coated layer 

and snow grains. The thick snow class produces higher =�>? values (Figure 5.2a) for the cold 

case, indicating the effect of earlier days, SAT (Figure 3.6).  

 
The microwave co- and cross-polarized backscatter coefficient signature over snow 

covered SFYI at for two climatic regimes is illustrated in Figure 5.2b. The signature from the co-

polarized (.��/  and .��/ ) channel depicts higher backscatter values for the warmer climatic 

regime and it decreases with increasing snow thickness until medium2, then it increases for the 

thick snow class. These results can be due to lack of microwave energy penetration through the 

snow cover and the thermodynamic effect on snow and snow-ice interface layer. This 

corroborates previous studies (Barber and Nghiem, 1999; Yackel and Barber, 2007).  The cross-
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polarized ( ) channel (Figure 5.2b) gives lower microwave backscatter as compared to the co-

polarized channel and is less sensitive to snow thickness for thin-medium2 classes for the cold 

cases. The higher magnitude of  measured at thick snow cover for cold cases 26.3 dB (and 

27.2 dB for warm cases), indicates less effect on SAT. There are 7.2 and 0.9 dB variations 

between thin and thick snow classes for two climatic regimes, depicting a strong thermodynamic 

effect on thin snow compared to thick snow. This was a result of an increased microwave 

penetration through the thin snow (Barber and Nghiem, 1999; Yackel and Barber, 2007).   
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Figure 5.2: Microwave backscatter signatures at co and cross-polarized channels over snow 
covered SFYI. X-axis contains snow thickness classes and Y-axis represents (a)=�>?; and (b) 
Backscatter Coefficient (HH, VV, and HV). The points represent mean values of 1839 sample 
pixels in each class and error bars represents standard deviation.   

(a) 

(b) 
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Figure 5.3: Microwave backscatter signatures at co and cross-polarized channels over snow 
covered SFYI. X-axis contains snow thickness classes and Y-axis represents (a) HH/VV, and (b) 
HH/HV. The point represents mean values of 1839 sample pixels in each class and error bars 
represents standard deviation.   

(b) 

(a) 
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The results again suggest that an increase in volume scattering is occurring for thin and 

thick snow whereby enlarged, brine coated snow grains in the basal snow layer have a significant 

total scattering contribution (Yackel and Barber, 2007; Barber and Nghiem, 1999).  

The co-polarized ratio ( ) is higher for the warm case and lower for the cold case 

except for thin and medium1 classes and it increases with increasing snow thickness up to snow 

class medium1 then decreases again for medium2 and thick snow classes (Figure 5.3a).  tends 

to approach zero or negative for thicker snow for the cold case and for thin snow for the warm 

case. This can be due to Fresnel reflection effects from the specular ice surface. The cross-

polarized backscatter ratio is higher for the thin and medium1 snow classes for the cold and 

warm cases respectively and lower for thicker snow class for both climatic regimes (Figure 

5.3b). This is mostly likely a result of the dominant surface backscattering for the thin snow 

cover case compared to thick snow cover. This cross-polarized value decreases with increasing 

snow thickness (Figure 5.3b).   

 
 
5.3 Polarimetric Target Decomposition Parameters  
 
Entropy (^) is found to be higher over thick snow cover compared to other snow classes for both 

climatic regimes and it increases with increasing snow thickness except for medium1 and 

medium2 for the warm and cold cases respectively (Figure 5.4a). This result suggests that the 

microwave energy interacts with snow grain size, density, and brine coated layers within the 

thicker snow cover.  This result also suggests that the number of dominant scattering 

mechanisms increases with increasing snow thickness (Cloude and Pottier 1997; Cloude and 

Papathanassiou, 1999).  
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Figure 5.4: Polarimetric target decomposition parameters measured over snow covered SFYI at 
two different surface air temperatures (cold and warm). X-axis contains snow thickness classes 
and Y-axis represents (a) Entropy, and (b) Anisotropy. The solid and dotted points represent the 
mean sample values at -8.0°C (cold case) and -0.4°C (warm case) climatic regimes respectively. 
The error bars represent the standard deviation of each class. 
 

(a) 

(b) 
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Anisotropy (>) indicating the presence of multiple scattering (Cloude and 

Papathanassiou, 1999) is highest for thin snow and it decreases with increasing snow thickness 

except for medium1 for both cases (Figure 5.4b). The higher value of > is observed for the thin 

class for the cold climatic regime compared to the warm case.   
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Figure 5.5: Polarimetric target decomposition parameters measured over snow covered SFYI at 
two different surface air temperatures (cold and warm). X-axis contains snow thickness classes 
and Y-axis represents Alpha Angle. The solid and dotted points represent the mean sample 
values at -8.0°C (cold case) and -0.4°C (warm case) climatic regimes respectively. The error bars 
represent the standard deviation of each class. 
 
 

Alpha angle (_) identifies the dominant scattering mechanism available in the object 

material. A lower magnitude of α indicates dominant surface scattering, a moderate magnitude 

represents dominant volume scattering and the higher value indicates the presence of double-

bounce scattering (Cloude and Pottier, 1997). A similar result is evaluated in the previous section 
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5.2. The higher magnitude of α observed for thicker snow cover for both cases and lower α for 

thin and medium1 snow covers for the cold and warm cases, respectively (Figure 5.5) indicate 

that the number of important scattering mechanisms increases with increasing snow thickness.  

 
5.4 Proportional Contribution of the Three-Component Scattering Model 
 
 

The proportional contributions of scattering from the three-component scattering model from 

different snow thickness classes over SFYI for two climatic regimes are presented in Table 5.3. 

Surface scattering (�
) plays a dominant role for all classes under the two climatic regimes. The 

higher value of �
  is observed for thin and medium1 snow classes according to the cold and 

warm cases. This result can be due to �
  scattering contributed from ice surface for the cold case 

where dry snow acts as though it were transparent to microwave radiation.  In warm cases higher 

variability of snow cover can produce a higher magnitude of surface scattering from the 

medium1 class. The lower proportion of surface scattering is observed for thick snow cover for 

both cases (Cold and Warm), indicating that the microwave energy is in less contact with 

enlarged and brine coated basal layer snow grains. It also exhibits higher magnitude of �
  for the 

warm case compared to the cold case for all snow classes except for thin (Table 5.3). This can be 

due to a thermodynamic effect of SWE whereby the dry thin snow cover allows 5.3 GHz 

microwaves to pass through both the snow and upper few centimeters such that surface scattering 

remains nearly the same as at the ice surface. The higher variation of the proportional 

contribution of surface scattering (8.65%) is observed for the thick snow classes compared to 

other snow classes for both climate regimes. This can again be the result of a wet snow cover, 

larger snow grain size, higher snow density and a higher volume of brine. The proportional 

contribution of volume scattering (��) increases with increasing snow thickness for cold cases 
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except for the medium2 class due to the low internal variability of snow properties (lower 

standard deviation). For the warm case, volume scattering decreases with increasing snow 

thickness until the medium1 class, then it slightly increases with thick snow (Table 5.3). The 

significant inter-class variability of �� observed for the clod case compared to the warm case can 

be due to a dry snow-ice surface, snow grains and heterogeneous snow density.   

 

Table 5.3: The proportional contribution of the three-component scattering model over snow 
covered SFYI at two climatic regimes. 
 

 Snow Sites �
 (%) �� (%) �� (%) Total 

Cold 

Thin 88.17 3.36 8.47 100 
Medium1 82.84 3.43 13.73 100 
Medium2 85.19 3.53 11.28 100 

Thick 75.55 2.04 22.41 100 

Warm 

Thin 86.00 1.83 12.17 100 
Medium1 90.07 1.75 8.172 100 
Medium2 86.96 1.67 11.37 100 

Thick 84.50 1.50 14.00 100 
 

�� becomes higher for thin and thick snow classes for both cases and �� increases for the 

thin class for the warm condition and decreases for the thick class for warm conditions. This can 

be due to a thermodynamic effect of SWE whereby the thinnest snow permitted the largest 

amount of temperature change at the snow-ice interface and this resulted in a subsequent increase 

in basal snow grain size and/or brine volume increase and brine coating of these enlarged grains. 

As previously mentioned, these brine-wetted depth hoar snow grains increase the dielectric 

permittivity at this interface thereby causing a larger increase in volume scattering compared to 

thicker snow cover situations. The proportional contribution of �� to the total scattering exhibits 

low magnitude for both cases and shows significant relation with snow thickness. �� increases 
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with increasing snow thickness for cold cases except for the thickest snow class and it decreases 

with increasing snow thickness for warm cases (Table 5.3).   

 

5.5 Summary 

Section 5.0 has described the results and analysis of the significance of polarimetric parameters 

at various snow cover distribution over smooth FYI. Section 5.1 has presented the results of 

absolute contribution of three-component scattering mechanisms on various snow classes over 

SFYI at two different climatic regimes. The results indicate that higher signature measured at 

warmer climatic regimes compared to colder cases except for thick snow class at volume 

scattering signature. These differences are evident in the cross-polarization backscatter signature 

in the section 5.2. These variations can be due to previous days SAT effect of cold climatic cases 

as well as low temperature gradient over thicker snow cover compared to thin snow classes. 

Section 5.3 has described the results of polarimetric target decomposition signatures on various 

snow classes over SFYI at two different climatic regimes. The results indicate that alpha angle 

has less sensitivity with SAT effect on thin snow classes which can be useful for snow cover 

discrimination at different climatic conditions. Section 5.4 has presented the results of 

proportional contribution of three-component scattering mechanisms over four various snow 

classes. The results indicate that �
 decreases with snow thickness at cold cases and increases 

with snow thickness at warm cases for most of the snow classes. It also indicates that �� 

increases with snow thickness at cold cases and decreases with snow thickness at warm cases for 

most of snow classes. The results also show higher variation observed at thick snow classes 

compared to other snow classes.  
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Chapter Six 
 

CONCLUSIONS AND FUTURE WORK 
 
 
6.0 Conclusions 
 
6.1 Influences of Incidence Angle Variations for FYI Type Discrimination 

In this study, a three-component scattering model (Freeman and Durden, 1998) is used to 

discriminate three types of snow covered first-year sea ice (smooth ice-SI, rough ice-RI and 

deformed ice-DI). Results from this analysis show that decomposition of the total scattering 

power can identify three separate scattering processes: surface (�
), volume (��), and double-

bounce (��). It is observed that a steeper incidence angle (i.e. 29°) provided better discrimination 

of different FYI types than a shallower angle (39°). It is also observed that surface and volume 

scattering play a dominant role for all three first-year ice types, and double-bounce scattering 

makes very little contribution to the total amount of scattering. The study also measures the 

effects of radar incidence angle ranges on the three scattering processes and highlights a subtle 

effect of increased volume scattering (��) for smooth FYI at a shallower incidence angle 

compared to a steeper one. It is speculated that enlarged, brine coated, high dielectric basal layer 

snow grains are the reason for the observed difference. Future work will extend the 

methodological approach to evaluate the effect of temperature and snow thickness over landfast 

first-year sea ice using this three-component scattering model.   
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6.2 Snow Cover Distributions over Smooth FYI 

In this study, a three-component scattering model (Freeman and Durden, 1998) is used to 

discriminate four different snow thickness classes ranging from � to v} cm in mean thickness 

over smooth first-year sea ice. Results from this analysis show that decomposition of the total 

scattering power can identify three separate scattering processes: surface (�
), volume (��), and 

double-bounce (��). It is observed that surface and volume scattering plays a dominant role for 

all four snow thickness classes, and double-bounce scattering has very little impact on the total 

amount of scattering. The analysis provides measures of the effects of air temperature forced 

snow surface and snow-ice interface temperatures on the three scattering processes and 

highlights a subtle effect of larger amounts of scattering for air and snow temperature regimes 

approaching 0oC for all snow thickness classes compared to cold climatic regimes (	 � ������). 

The results also show that for a given change in snow surface or air temperature, larger variation 

in polarimetric synthetic aperture radar (POLSAR) measures is observed for thin and medium 

snow thicknesses compared to the thickest snow cover.  

The results from a cold-warm image difference exhibited a relatively small change 

(D�p�|� ) in absolute value of �
 for thick snow cover and larger change (w �}�|�) for 

both thin and medium snow cover. Changes in �� scattering is for thin (w ���|�), medium1 

(w �p�|�), medium2 (w ���|�) and lower for thick (� �D�|�) snow cover.  
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6.3 Future work 
 
These results help advance our understanding towards development of an “Electro-Thermo-

Physical” model for snow-covered FYI (Barber et al., 1998a; Barber and Nghiem, 1999) which 

would allow us to assess numerous climatic variables of snow covered sea-ice (e.g., ice-surface 

temperature, spatio-temporal estimates of SWE, snow melt onset, and snow surface albedo, etc.) 

from spaceborne polarimetric SAR observations. 

Future work will exploit this theory to test the range of geophysical and thermodynamic 

conditions under which such a SAR-SWE relationship may exist through the use of both 

spaceborne and surface-based polarimetric SAR data. The penultimate goal of these in situ 

process studies is “up-scaling” to provide regional and hemispheric-scale estimates of these 

surface and climate state variables using time-series microwave data.  
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Appendix-A 

Table A-1: Results of C-band POLSAR signatures of landfast FYI types at two different radar 

incidence angles  

POLSAR 

Parameters 

FYI 

Types 

POLSAR Signatures (Means and Standard 

Deviations) 
(28.06-29.82)° (38.38-39.85)° 

Mean Std Mean Std 

   
  SI -13.63 0.494 -14.99 1.15 

RI -9.89 0.500 -11.56 0.79 

DI -7.58 0.926 -9.29 0.83 

   
  SI -13.79 0.696 -15.42 0.75 

RI -9.96 0.505 -12.65 0.59 

DI -7.53 0.909 -10.05 0.87 

   
  SI -26.32 0.902 -25.66 1.31 

RI -20.46 0.472 -21.40 0.96 

DI -17.40 1.023 -18.29 0.82 

    SI 0.1581 0.528 0.42 0.74 

RI 0.061 0.538 1.09 0.71 

DI -0.052 0.519 0.75 0.58 

    SI 12.68 0.991 11.01 1.23 

RI 10.56 0.797 9.84 0.96 

DI 09.82 1.155 8.99 1.08 

   SI -11.64 0.668 -13.57 0.94 

RI -8.39 0.645 -11.12 0.85 

DI -6.33 1.222 -9.35 1.55 

   SI -17.71 1.009 -17.48 1.68 

RI -11.50 0.500 -12.60 0.98 

DI -8.46 1.005 -9.29 0.77 

   SI -24.93 1.914 -28.51 6.88 

RI -23.90 2.366 -25.29 5.72 

DI -22.48 3.167 -24.31 7.25 

   (%) SI 77.27  69.48  

RI 65.97 57.13 

DI 61.09 48.89 

   (%) SI 19.09  28.29  

RI 32.18 40.68 

DI 37.43 49.54 
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   (%) SI 3.63  2.23  

RI 1.85 2.19 

DI 1.48 1.56 

     SI -10.45 0.513 -11.80 0.90 

RI -6.53 0.385 -8.56 0.61 

DI -4.10 0.845 -6.06 0.72 

  SI 0.43 0.042 0.52 0.04 

RI 0.54 0.045 0.63 0.04 

DI 0.55 0.060 0.67 0.06 

  SI 0.32 0.062 0.27 0.13 

RI 0.14 0.044 0.21 0.07 

DI 0.18 0.053 0.21 0.09 

  SI 7.96 1.655 10.80 2.12 

RI 10.12 0.985 14.42 1.94 

DI 13.09 2.102 16.31 3.02 

    SI 0.01 0.001 0.006 0.001 

RI 0.02 0.002 0.015 0.002 

DI 0.03 0.006 0.028 0.005 

       SI 6.32 4.615 7.75 4.12 

RI 4.74 4.261 3.85 8.15 

DI 7.37 8.876 13.57 9.03 

     SI 0.05 0.012 0.07 0.02 

RI 0.08 0.014 0.091 0.017 

DI 0.08 0.017 0.099 0.02 

   SI 0.91 0.021 0.87 0.03 

RI 0.85 0.024 0.83 0.028 

DI 0.85 0.029 0.82 0.039 
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Appendix-B 

Table B-1: Results of polarimetric SAR C-band signatures over landfast FY smooth sea ice at 

two different surface air temperatures.  

 

POLSAR 

Parameters 

Snow 

Classes 

POLSAR Signatures (Means and Standard 

Deviations) 

May 4
th

/ -8°C May 14
th

/ -0.4°C 

Mean Std Mean Std 

   
  Thin 

Med1 

Med2 

Thick 

 

-19.29 

-22.47 

-22.83 

-14.23 

1.07 

0.83 

0.85 

1.01 

-12.58 

-15.03 

-14.51 

-13.04 

1.09 

0.83 

0.78 

0.92 

   
  Thin 

Med1 

Med2 

Thick 

-19.34 

-22.83 

-22.79 

-14.22 

1.05 

0.77 

0.88 

0.95 

-12.51 

-15.21 

-14.67 

-13.14 

1.02 

0.78 

0.75 

0.97 

   
  Thin 

Med1 

Med2 

Thick 

-34.21 

-34.74 

-35.68 

-26.28 

0.73 

0.74 

0.67 

1.21 

-26.99 

-31.16 

-29.06 

-27.18 

1.07 

0.85 

0.71 

0.85 

    Thin 

Med1 

Med2 

Thick 

0.05 

0.36 

-0.03 

-6.14e-3 

0.49 

0.55 

0.49 

0.62 

-0.07 

0.18 

0.16 

0.09 

0.48 

0.39 

0.42 

0.49 

    Thin 

Med1 

Med2 

Thick 

14.92 

12.27 

12.85 

12.05 

1.18 

1.04 

1.05 

1.34 

14.41 

16.13 

14.54 

14.13 

1.29 

1.12 

1.03 

1.23 

   Thin 

Med1 

Med2 

Thick 

-16.78 

-20.31 

-20.39 

-12.21 

1.13 

0.87 

0.93 

1.11 

-10.07 

-12.48 

-12.08 

-10.68 

1.12 

0.84 

0.83 

1.04 

   Thin 

Med1 

Med2 

Thick 

-26.89 

-28.10 

-29.13 

-17.53 

0.88 

0.77 

0.75 

1.25 

-18.59 

-22.89 

-20.89 

-18.45 

1.22 

0.83 

0.70 

0.85 

   Thin 

Med1 

Med2 

Thick 

-31.07 

-34.41 

-34.43 

-29.21 

1.63 

1.89 

1.76 

4.69 

-27.69 

-30.14 

-29.98 

-29.63 

4.19 

2.84 

3.46 

4.96 
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   (%) Thin 
Med1 

Med2 

Thick 

88.17 
82.84 

85.19 

75.55 

 86.00 
90.07 

86.96 

84.50 

 

   (%) Thin 

Med1 

Med2 

Thick 

8.47 

13.73 

11.28 

22.41 

 12.17 

8.17 

11.37 

13.99 

 

   (%) Thin 

Med1 

Med2 

Thick 

3.37 

3.43 

3.53 

2.04 

 1.83 

1.75 

1.67 

1.49 

 

     Thin 

Med1 

Med2 

Thick 

-16.16 

-19.36 

-19.57 

-10.93 

1.00 

0.71 

0.78 

0.89 

-9.37 

-11.99 

-11.43 

-9.90 

1.00 

0.76 

0.71 

0.87 

  Thin 

Med1 

Med2 

Thick 

0.28 

0.35 

0.30 

0.41 

0.04 

0.04 

0.04 

0.06 

0.35 

0.27 

0.32 

0.36 

0.06 

0.04 

0.04 

0.05 

  Thin 

Med1 

Med2 

Thick 

0.44 

0.329 

0.339 

0.199 

0.09 

0.08 

0.08 

0.08 

0.34 

0.38 

0.29 

0.26 

0.11 

0.11 

0.09 

0.10 

  Thin 

Med1 

Med2 

Thick 

6.02 

8.05 

8.83 

10.17 

1.50 

1.71 

1.51 

1.81 

6.32 

5.39 

6.81 

7.48 

1.51 

1.28 

1.36 

1.69 

      Thin 

Med1 

Med2 

Thick 

10.12 

7.79 

8.75 

5.32 

1.27 

1.17 

1.21 

1.59 

8.52 

10.42 

8.82 

7.77 

1.44 

1.12 

1.11 

1.37 

 

 

  

 

 


