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Abstract

The surface roughness of both open water and sea ice cover of the marginal ice zone
(MIZ) in the Arctic Ocean change as a function of space and time. The MIZ roughness
controls many aspects of mass, gas, and energy fluxes across the ocean-sea iceatmosphere (OSA) interface, all of which are currently being impacted by a changing
climate. The rapid reduction of sea ice in the Arctic in the past few decades has
resulted in a MIZ consisting of variable sea ice roughness that necessitates improved
methods for observations using ice-based, shipborne, airborne, and spaceborne
platforms. This thesis is an attempt to provide insight into improved techniques for the
detection and classification of various MIZ roughnesses in the southern Beaufort Sea
using state-of-the-art in situ and satellite-based microwave remote sensing methods.
The analysis of variance (ANOVA) of the polarimetric backscattering coefficients of
sea ice yields statistically significant, separable ice classes. The ANOVA of the rootmean-square height and brightness temperatures (37 and 89 GHz) of sea ice do not
yield any ice classes. Polarimetric coherences and ratios at C-band (5.5 GHz) have
shown potential in discriminating sea ice roughness. A proposed two-dimensional (2D)
backscattering model of surface roughness (by incorporating deviation in the
orientation (i.e. the ice slopes) in azimuth and range direction) further shows the
dependence of circular coherence, a discriminator of roughness, on both the surface
roughness and sea ice dielectric properties. The thesis provides a new 2D formula for
the relationship between sea ice slopes in azimuth and range direction.
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Microwave brightness temperature of open water is significantly correlated with
wave height but not with the wind speed, having the strongest correlations for the
horizontal polarization channel at both 37 and 89 GHz. Analysis of AMSR-E
brightness temperature at 89 GHz and root-mean-square height (spring to melt onset)
shows a significant correlation between the two, for spatial scale of 1−4 km. This
thesis provides a modified formula for the relationship between non-dimensional form
of energy and wave age at wind speeds 0−10 m/s. The brightness temperature
(April−June) of sea ice at horizontal polarization of 89 GHz is found to decrease with
increasing physical roughness, and is attributed to the dominant contributions from
rapidly varying thermodynamic properties of snow-covered sea ice during the melt
season. I also found that the changes in sea ice surface dielectric properties occur
much faster temporally than those detected by satellite sensor making it difficult to
interpret ice signatures at sub-pixel level (< 5.4 km). A combined analysis of physical
roughness, active polarimetry and passive microwave emission of MIZ at compatible
spatial and temporal scales has led to improved understanding of the behavior of the
Arctic MIZ.
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Chapter 1
Introduction

1.1.

Rationale and Context

Satellites records, starting in 1970s, and sea-truth observations of the Arctic have
confirmed the rapid shrinkage in sea ice volume in the northern hemisphere (Kwok and
Cunningham, 2010; Kwok and Rothrock, 2009; Nghiem et al., 2007; Stroeve et al., 2012,
2014). The perennial sea ice regime that dominated the Arctic is gradually turning into a
seasonal ice regime resulting in more prevalent marginal ice zones (MIZs) (Barber et al.,
2009), which are the portions of the sea ice cover sufficiently near to the ice-free ocean
such that interactions with the open sea result in the modification of the properties of the
ice so that they are different from properties deeper within the pack (Weeks, 2010). MIZs
are highly deformed and are known for enhanced dynamics and vertical exchange of
energy, mass, and momentum between ocean-sea ice-atmosphere (OSA), termed OSA
interaction (Claussen, 1991). Recent studies have highlighted the occurrence of changing
sea ice roughness, circulation, meteorological conditions, and OSA interactions
throughout the Arctic (Barber and Hanesiak, 2004; Esau, 2007; Hutchings and Rigor,
2012; Lukovich and Barber, 2005; Moore et al., 2014; Pizzolato et al., 2014). Satellitebased algorithms for the detection of multiyear ice are no longer applicable within a new
ice regime, because these algorithms misinterpret the type of ice regime actually found in
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the Arctic (Barber et al., 2009). Rough sea ice is a habitat for numerous animals that live
on, within, and under sea ice (Stirling et al., 2004). Recent burgeoning interest in
hydrocarbon exploration in the Arctic urgently requires more knowledge of ice dynamics
in the MIZ. The thinning and shrinking sea ice cover in the Arctic necessitates further
investigation of physical processes in the MIZs and improved understanding of how the
physical roughness and enhanced OSA interactions in the MIZ affect the Arctic and
global climate systems.
There is little knowledge of the processes that govern the spatial and temporal
evolution of the physical roughness of the MIZ. Surface waves play a significant role in
creating surface roughness; however, there are gaps in understanding how surface waves
evolve within the MIZ as a function of fetch (Doble and Bidlot, 2013; Williams et al.,
2013). More research is required to understand the role of wave roughness on the
contributions of thermodynamic forcing in MIZ evolution. It is also important to
understand how large period waves (swell) create roughness in the MIZ because large
period waves can easily break up sea ice into fragments (Asplin et al., 2012). The
increased number of ice floes in the MIZ and their distribution respond to surface waves
to create enhanced surface roughness (Lu et al., 2008). All these processes and dynamics
create feedback mechanisms that become important in the emergence of a rough MIZ.
Many of these processes can be understood only through sea-truth (in situ) observations;
however, some scale-dependent processes can be better understood from satellite
observations.
Microwave observations of sea ice tell us its evolution mechanism, which forms the
basis for our understanding of the evolution of associated physical processes in the MIZ.
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Satellite-based microwave observations not only cover large spatial extents but also
provide useful data under all-weather conditions. Active microwave remote sensing of
first-year and multiyear ice (both seasonally rough and smooth classes of each) at varying
frequencies, particularly C-band (5.5 GHz), and polarizations, is still an evolving area of
research (Geldsetzer and Yackel, 2009; Kim et al., 2012). Microwave polarimetry is a
more recent tool and much less is known as to how this type of energy interacts with sea
ice surface roughness (Wakabayashi et al., 2004). Sea ice roughness affects passive
microwave emission differently depending on microwave frequency, polarization, and
sensor-surface geometry. There is still a perplexing ambiguity in deciphering dielectric
and surface roughness contributions from sea ice to the passive microwave emissions
detected at the satellite sensor due to insufficient in situ data suitable for such work
(Hong, 2010; Stroeve et al., 2006). Helicopter-based laser profiling and LiDAR (Light
Detection and Ranging) imaging of rough sea ice further aid these investigations (Haas et
al., 2009; Rivas et al., 2006).
This thesis addresses to minimize this ambiguity by utilizing sea-truth, airborne, and
spaceborne microwave data with focus on physical roughness of the MIZ. There is a need
for robust techniques to adequately detect and classify sea ice types and roughness within
the MIZ. Polarimetric classification and development of associated techniques, e.g.,
polarimetric coherences and ratios are of much interest. An analysis of surface wave
conditions in the vicinity of the MIZ and its linkages with in situ polarimetric parameters
will provide insight into wave transition from an open sea, through the MIZ, into a fully
ice-covered ocean. Finally, the satellite-based passive microwave observations of the
evolution of snow-covered first-year ice, and rapidly changing dielectrics and physical
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roughness of ice from spring to melt onset is anticipated to fill some gaps in
understanding complex processes of the Arctic.

1.2.

Objectives

The research work in this thesis was conducted as part of Circumpolar Flaw Lead (CFL)
System Study (Barber et al., 2010) overwintering project of the fourth International Polar
Year (IPY) program (2007−08) aboard the Canadian Research icebreaker Amundsen.
This is the first IPY program since the first satellite-based continuous monitoring of
Arctic sea ice started in the mid-1970s. A ubiquitous increase in spatial and temporal
extents of the MIZ is now being observed across the length and breadth of the Arctic
(Martin et al., 2014; Stroeve et al., 2014), resulting in greater surface roughness (both
ocean and sea ice surface roughness) and enhanced OSA interactions in the MIZ. The
overarching goal of this research is to understand the physical roughness of the southern
Beaufort Sea, which is a highly complex MIZ, using microwave remote sensing methods,
which include ship-based observations and satellite-based passive microwave emissions
assisted with helicopter-based laser roughness measurements from the mixed ice-open
water environment. To achieve this goal, four sub-objectives of this research utilizing
microwave remote sensing techniques, are addressed:

1. To detect and classify sea ice roughness purely based on statistical analysis of shipbased and airborne laser altimeter, and ship-based microwave methods
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2. To discriminate ice surface roughness using ship-based polarimetric active and
passive microwave methods and to improve one-dimensional model of ice roughness.

3. To validate relationships between geophysical variables associated with open water
surface roughness

(wave height,

power spectral

density) and

microwave

backscattering and emission.

4. To evaluate the sub-pixel level (< 5.4 km) linkages between physical roughness and
AMSR-E brightness temperature at 89 GHz from spring to melt onset.

1.3.

Thesis Structure

This thesis contains seven chapters. Chapter-1 provides a rationale and broad purview of
this research and its scientific significance. Chapter-2 introduces the reader to a
comprehensive background and literature review, which explores the physical processes
that give rise to roughness in the MIZ; why it is important in terms of various OSA
interactions; and how microwave remote sensing methods can be used to address physical
surface roughness of the MIZ. Chapters 3−6 are research papers that make individual
chapters, and are designed to address thesis objectives 1−4, respectively.
Chapter-3 addresses thesis objective-1 and examines the detection and classification of
statistically separable sea ice classes in the MIZ through a range of spatial and temporal
scales. The analysis of variance (ANOVA) has been performed on the helicopter-based
and ship-based laser roughness data, ship-based active and passive microwave data, to

5

achieve statistically significant classes of sea ice types based on differences in variances.
This work has been peer-reviewed and published in the journal Hydrological Processes:

Gupta, M., Barber, D. G., Scharien, R. K., and Isleifson, D. (2014). Detection and
classification of surface roughness in an Arctic marginal sea ice zone. Hydrological
Processes, 28(3), 599–609, doi: 10.1002/hyp.9593.

Chapter-4 addresses thesis objective-2 and evaluates the utility of C-band polarimetric
backscatter, coherences and ratios as a discriminator of sea ice surface roughness.
Circular, co-, and cross-polarized coherences and polarization ratios have been computed
for different sea ice surfaces to examine sensitivity to surface roughness. An existing onedimensional backscatter model has been modified to two-dimensions as an improvement
in the model for surface roughness. This work has been peer-reviewed and published in
the International Journal of Oceanography:

Gupta, M., Scharien, R. K., and Barber, D. G. (2013). C-band polarimetric coherences
and ratios for discriminating sea ice roughness. International Journal of Oceanography,
vol. 2013, Article ID 567182, 1−13. doi:10.1155/2013/567182.

Chapter-5 addresses thesis objective-3 and estimates open water roughness in the
southern Beaufort Sea. It investigates the relationships between geophysical variables
associated with open water roughness (wave height, spectral density) and microwave
backscatter/emission. Active co- and cross-polarization ratios and polarimetric
coherences are used to interpret open water roughness. This work has been peer-reviewed
and published in the International Journal of Oceanography:
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Gupta, M., Scharien, R. K., and Barber, D. G. (2014). Microwave emission and
scattering from ocean surface waves in the southern Beaufort Sea. International Journal
of Oceanography, vol. 2014, Article ID 872342, 1−12. doi:10.1155/2014/872342.

Chapter-6 addresses thesis objective-4 and evaluates sea ice roughness at sub-pixel
levels (< 5.4 km) using AMSR-E data at 89 GHz channel. The paper uses helicopterbased laser roughness measurements in the southern Beaufort Sea to investigate how it
corresponds to passive microwave brightness temperature as detected by the satellite at
the same time. Temporal evolution of passive microwave signatures from spring to
summer melt (April−June) has been studied. This work is in review and has been
submitted to the International Journal of Remote Sensing:

Gupta, M., and Barber, D. G. (2014). Sub-pixel evaluation of sea ice roughness using
AMSR-E data. International Journal of Remote Sensing, Manuscript# TRES-PAP-20140395 (in review)

Chapter-7 summarizes the thesis and its findings, and suggests avenues of future
research.
Appendix-A describes the contributions of individual authors of the journal papers
presented in the Chapters 3−6.
Appendix-B lists my contributions made in several other peer-reviewed publications at
the Centre for Earth Observation Science, during my time as a Ph.D. student and
Graduate Research Assistant at the University of Manitoba, Winnipeg.
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Chapter 2
Background and Literature Review

2.1.

Introduction

2.1.1. What is Roughness?
Ocean surface roughness is a direct manifestation of physical processes that occur across
the ocean-sea ice-atmosphere (OSA) interface (Gupta, 2013). These processes may occur
from above the ocean surface (wind forcing, snow storms, atmospheric turbulence), and
from beneath the ocean surface (ocean currents, biological production, various types of
ocean circulation). In a rapidly changing Arctic environment due to rapid sea ice
reduction in recent years (Barber et al., 2009), further knowledge and understanding of
ocean surface roughness has become of paramount importance because it allows for an
understanding of the processes that occur in the OSA system.
Physical roughness is the vertical displacement of ocean surface from the mean sea
level. It can be measured in different ways; for example, by taking the average of surface
heights or as root-mean-square (rms) height of the surface. The geometrical properties of
a rough sea ice surface can be explained in terms of two important parameters: rms
surface height, and correlation length. Physical roughness depends on the direction of
measurement and surface orientation. Ocean surface roughness is estimated from the
wave slope and significant wave height as will be described in later sections. The most
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common methods for measuring physical roughness utilize surface-based, ship-based,
airborne, and spaceborne laser altimeter/profiler.

Statistical Description
No two surfaces are identical; however, they may exhibit similar statistical properties.
The distribution 𝑝(ℎ), of surface heights ℎ, is usually assumed to be Gaussian (Longuet-

Higgins, 1957). 𝜎 is the standard deviation of surface heights (Eq. 2.1). The surface
profiles are different because of the different length scales over which height changes
occur along the surface.
𝑝(ℎ) =

1

𝜎√2𝜋

𝑒𝑥𝑝 �−

ℎ2
�.
2𝜎 2

(2.1)

Most work with surface roughness analysis involves measurement of single parameter, i.e.
surface height. However, a single parameter is insufficient to specify surface roughness
and therefore, frequency, amplitude, and autocorrelation components must be considered
to understand the anisotropy and surface orientation. The correlation length is a measure
of the range over which fluctuations in one region (e.g., surface profile) are correlated
with those in other region. It describes the change of surface height with distance along
the surface. Two points that are separated by a distance larger than the correlation length
will each have fluctuations, which are relatively independent. The correlation length 𝐿,
and rms height 𝜎, are interrelated with the following empirical relationship for sea ice
(Manninen, 1997):
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𝑎
𝐿 = 𝑘0 𝑒𝑥𝑝 �− � 𝜎 1⁄𝑏 .
𝑏

(2.2)

where 𝑘0 , 𝑎, and 𝑏 are the regression coefficients.

With varying correlation lengths for same rms height, a surface may be distinguished

by its autocorrelation function. The autocorrelation coefficient can be computed using the
following formula,

𝑎𝑘 =

∑𝑁−𝑘
𝑡=1 (𝑥𝑡 − 𝑥̅ ) (𝑥𝑡+𝑘 − 𝑥̅ )
,
2
∑𝑁
𝑡=1(𝑥𝑡 − 𝑥̅ )

𝑘 = 0, 1, 2, …

(2.3)

where 𝑥 is the sample height, 𝑁 is total number of samples, 𝑡 denotes serial number in the

data series and 𝑘 is increment. Studies have shown that unless the discretisation interval

is at least as small as one tenth of the correlation length then the full exponential nature of
the surface will not be measured (Ogilvy and Foster, 1989).
Another method of measuring surface roughness is by Fourier analysis, i.e. to
represent the surface in terms of sinusoids, which have different frequencies and
amplitudes. The power spectral density function (power spectrum) describes the intrinsic
properties of the surface. It is obtained from the Fourier transform of the surface profile
𝑥(𝑡),
𝑁

1
𝑗2𝜋𝑘𝑡
𝑋(𝑘) = � 𝑥(𝑡) exp �−
�,
𝑁
𝑁
𝑡=1
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𝑘 = 1, … , 𝑁

(2.4)

The power spectral density of roughness is expressed as |𝑋(𝑘)|2 (m2), where 𝑘 is the
spatial frequency (m−1); 𝑡 is time series; 𝑁 is number of samples; 𝑥 is the surface height

profile; 𝑗 = √−1. Eq. (2.4) characterizes the spectral behavior of sea ice roughness
detected using laser altimeters (Rivas et al., 2006).

2.1.2. Why is Roughness Important?
The roughness of the sea has been a topic of investigation from the perspectives of
overcoming difficulties in navigation and understanding its impact on the regional and
global climate system. In an ice-covered marine environment, surface roughness also
plays a role in creating a habitat for a number of organisms and animals that live within,
above, and/or beneath the sea ice. In recent years, the growing interest in hydrocarbon
exploration in the Arctic region has necessitated active research on sea ice roughness and
motion for the purpose of developing infrastructure to cope with hazards potentially
caused by sea ice.
The ocean surface, be it sea ice or mixed ice/open water, is always rough in practical
terms. Ocean surface roughness, for the sake of understanding its relationship with
related physical processes can be described according to three distinct surface types: icecovered ocean surface, MIZ, and open water (Figure 2.1). The dominant processes of
energy, mass and momentum exchange occur in the three surface types at different
temporal and spatial scales. The measurements of roughness in these three environments
require different instrumentation and techniques to individually understand how surface
roughness acts to increase the OSA coupling. Some of the widely used methods in this
investigation are wind measurements, surface height measurements, and EM energy
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response at the OSA interface. Surface-based, airborne, and/or satellite-based instruments
are employed to acquire the data at different temporal and spatial scales.

Figure 2.1. Schematic diagram showing various processes and mechanisms in a marginal
ice zone environment.

2.2.

Physical Processes Creating Roughness in the MIZ

Surface roughness in the context of sea ice is defined as the vertical displacement of ice
around a mean ice level at both surface and bottom (Steiner et al., 1999). There are
physical processes and mechanisms that simultaneously work in open water, MIZ, and
sea ice areas (Figure 2.1). The formation process of sea ice itself creates roughness types
at smaller scales. In this section, I describe the physical processes of sea ice, MIZ, and
open water regimes at different spatial and temporal scales. These processes ultimately
lead to the deformation of ice to create surface roughness.
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2.2.1. Ice-Covered Ocean
Sea Ice Formation, Growth, and Decay
The formation of different types of rough sea ice may be described mainly in two parts;
first under calm conditions where there is no significant atmospheric or oceanic
turbulence, and secondly under the influence of turbulent conditions. Wind forcing and
internal stress result in the formation of pressure ridges and severely deformed sea ice.
The shape, size, and structural development of sea ice depend mainly on the atmospheric
forcing and to a lesser extent on the oceanic forcing.

Figure 2.2. Field photographs of different types of sea ice taken during CFL-IPY Project.

The presence of salts in seawater lowers its freezing point to about –1.8°C
(Untersteiner, 1986). Under calm conditions ice crystals begin to form as discs with a
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vertical c-axis. The growth of the crystal occurs in a direction perpendicular to the c-axis.
With slight turbulence in the water, the crystals break and join together to form a
suspension called grease ice (Figure 2.2). In calm conditions, this thin layer of grease ice
freezes and forms a transparent layer of ice called nilas. Nilas further thickens to form
congelation ice in its primitive form. Here, roughness of grease ice can only be estimated
from the wave height, whereas nilas ice is flat.
Ice formed under turbulent conditions goes through compression due to wave energy
and forms an ice type called pancake ice. Pancake ice has noticeable small-scale
roughness due to upturned peripheries (Martin and Kauffman, 1981). When a large
number of pancakes coalesce, an ice type known as consolidated pancake ice, which is
essentially the first-year ice formed under rough conditions, is formed. Consolidated
pancake ice is rough ice and may have considerable measured rms height.
When sea ice grows, the salt does not enter the ice crystal structure, therefore, only
pure water is frozen and brine is rejected, but partly trapped in the interstices between
crystals. The movement of brine from sea ice follows mainly three mechanisms, e.g.,
brine migration due to temperature gradients, gravity drainage through interconnected
channels, and further expulsion due to freezing around brine pockets. Brine also drains
downwards during summer due to flushing caused by fresh water. The salinity of young
ice (ice in the transition stage between nilas and first-year ice, 10-30 cm in thickness) is
about 10 psu, and that of multiyear ice (defined below) ~0–3 psu. If the ice survives more
than two consecutive summers, it becomes completely fresh water multiyear ice free
from any salts. This process of formation and growth sees a number of ice roughness
types as it goes through different phases.
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A significant change in the surface roughness, ice morphology, and topography is
observed after the onset of melt in mid-June in the Arctic. The melt water forms a
network of ponds over the surface. The depth and area of initially small and shallow melt
ponds increase as the summer progresses (Maykut, 1986). Eventually, the melt water
drains into the sea through holes called thaw holes. The melt water that does not drain
through thaw holes refreezes in the fall. This melting and freezing cycle repeats over the
years and produces an ice type known as multiyear ice. Multiyear ice is less salty and
much rougher than the first-year ice.

Rheological Properties of Ice
Ice rheology examines how the stress in ice depends on its material properties and strain
(Leppäranta, 2005). Sea ice, with the exception of fast ice (attached to the shore), is
always mobile. Some of the major forces acting on sea ice are Coriolis force, ocean
currents, and wind forcing. Two most obvious features observed in sea ice are pressure
ridges and leads in the pack ice. Ice rheology plays a large role in response to different
stresses acting on sea ice.
Ice is polycrystalline and behaves as a viscoelastic solid. However, ice in the MIZ can
be explained through different ice rheology representations, for example, plastic (Hibler,
1989) and a rheology based on ice floe mechanics (Shen et al., 1987). Ice has near-zero
tensile strength, which means if we apply divergent stresses in two-dimensions, it will
dilate and easily break apart. Ice has very high compressive strength, i.e. it is difficult to
crush the ice under compression. Ice also has significant shear strength, which implies
that when shear stress is applied on ice, it is likely to slip and deform. This shear property
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facilitates the main cause of rafting and piling up of ice and the formation of rubble,
pressure ridges, and hummocks under the influence of differential forces at the ice edge
and in the MIZ due to wind and waves (Leppäranta, 2005).

Ice Motion
The formation of deformed sea ice is closely related to the motion of sea ice. Sea ice
moves as per the motion of surface ocean currents at large temporal scales. Local wind
forcing causes the sea ice motion at small temporal scales. In both cases, the main driving
force is the wind forcing (Leppäranta, 2005). Diverging/converging wind patterns create
diverging/converging sea ice motion, which causes ice to deform. Under various forces,
the ice moves in the ocean in a divergent or convergent manner thereby creating surface
roughness. The forces given below control the motion of sea ice,

𝐹 = 𝜏𝑎 + 𝜏𝑤 + 𝐹𝐶 + 𝐹𝑖 + 𝐹𝑡 ,

(2.5)

where 𝜏𝑎 and 𝜏𝑤 are wind and water drag respectively, 𝐹 is total force, 𝐹𝐶 is Coriolis
force, 𝐹𝑖 is internal stress, and 𝐹𝑡 is sea surface tilt. Four major external forces working

on an ice floe control its deformation and movement (Figure 2.3).
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Figure 2.3. Various forces acting on an ice floe (directions are arbitrary).

a. Wind forces- a detailed account of wind drag is discussed in the following sections.
b.

Water drag- it is the frictional force between ice and seawater, which is controlled

by water density, temperature, and underwater currents.
c.

Coriolis force- this is one of the precisely calculated forces on sea ice unlike wind

and water drag, which are computed using semi-empirical formulae. The Coriolis force
arises due to Earth’s rotation. An ice floe experiences acceleration caused by rotation of
the Earth deflecting the original trajectory of the floe to the right in the northern
hemisphere. The magnitude of Coriolis force is given by:

𝐹𝐶 = 2𝑚𝜔𝑈 sin 𝜙

(2.6)

where 𝑚 is the mass of the ice floe, 𝜔 is angular velocity of Earth = 7.272 × 10–5 rad/s,

𝑈 is ice velocity, and 𝜙 is latitude. The Coriolis force is also observed in the atmosphere.
It is zero at the equator and maximum towards the poles.

d. Other forces are, for example, internal ice stress- it acts on a unit area of ice in an
ice floe due to transmitted stress within the ice floe. Winds or ocean currents play a
greater role in generating internal stresses in addition to other forces acting on ice. The
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net stress can be the result of all the stress vectors on a given ice floe. The sustainability
of stress within the ice is dependent on ice thickness distribution and physical properties,
which affect the strength of ice cover. Multiyear ice, which is thicker and harder than
first-year ice, is likely to sustain greater internal ice stresses.
Free drift also contributes to ice motion explained above. Free drift is defined as the
drift of sea ice in the absence of internal friction of ice. In the case when ice is free to
move without water friction, well-known cycloid (inertial) motion (also present in water)
of ice floes is observed, which is also called inertial oscillation. The floe moves in the
direction of the wind but it is deflected to the right (in the northern hemisphere) under the
influence of the Coriolis force. The period of oscillation equals 𝑇 = 2𝜋⁄𝑓 = 𝜋/(Ω sin 𝜙),

where 𝑓 is Coriolis frequency, Ω is rotation rate of Earth, and 𝜙 is latitude. The period is

about 12 hours at the poles and it increases toward the equator.

Thermodynamics and Dynamics
Thermodynamic processes along with dynamic processes occurring at the OSA interface
control the thickness of sea ice. If the oceanic heat flux exceeds the heat flow through the
thick ice, sea ice will melt regardless of the season (Perovich et al., 1989). In an icecovered ocean, rates of freezing and melting depend on the distribution of ice thickness
and open water (leads, polynyas), which, in turn, depends on ice transport (dynamics)
(Hibler, 1979). In addition, rates of freezing and melting are also influenced by radiation
and heat exchanges with the atmosphere and the ocean. The thermodynamic and dynamic
processes are intrinsically linked with each other (Thorndike et al., 1975).
Thermodynamic processes make equilibrium by accretion in thin ice areas and by
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ablation in the thick areas while dynamic processes make thick pressure ridges and open
water areas through convergence and divergence of ice, respectively. Both processes act
together at different spatial and temporal scales to modify the surface and bottom of sea
ice, and moderate the OSA coupling. Snow cover also contributes to the determination of
magnitude and rate of sea ice growth and decay by controlling the thermodynamics
(Maykut, 1978). The physical properties of snow affect the conductive and radiative
energy exchange across OSA interface (Barber and Nghiem, 1999). This thesis deals with
the effects of snow roughness, how it affects total physical roughness as detected using
remote sensing to be discussed in the later sections.

Snow Roughness
Sea ice is usually covered by snow, which plays an important role in modifying the
surface roughness at smaller as well as larger scales (Figure 2.4). It also alters the albedo
(ratio of reflected to incident flux density) of the ice surface. Knowledge of the snow
roughness is necessary for accurately modeling the turbulent heat fluxes (Andreas, 1987).
The link between surface roughness of snow and the associated turbulent fluxes, and
aerodynamic roughness length is a challenging task and is an open research area (Manes
et al., 2008).
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Figure 2.4. Cartoon showing influence of snow layer on sea ice.

2.2.2. Open Water
Basics
The manifestations of physical roughness in open water are whitecaps, wave height, sea
spray, swell, and wave slope. Here, I describe major physical mechanisms operating in
open waters that are responsible for surface roughness.
Most waves are driven by the wind. Waves are moving energy traveling along the
ocean-atmosphere interface, often transferring energy from a storm far out at sea over
distances of several thousand kilometers. If the wave steepness exceeds 1/7, the wave
breaks because the wave is too steep to support itself (Trujillo and Thurman, 2011). The
wave can break anywhere along the ice edge, shoreline or out at sea. As the wave travels,
the water passes the energy along by moving in a circle. The diameter of these circles is
equal to the wave height. The circular orbital motion dies out quickly below the surface.
This depth is called the wave base and it is equal to one-half of the wavelength measured
from still water. Only wavelength controls the depth of the wave base, so the longer the
wave, the deeper is the wave base. If the water depth is greater than the wave base, the
waves are called deep-water waves. Deep-water waves have no interference with the
ocean bottom. These include all wind-generated waves in the open ocean, where water
depths far exceed wave base.
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Wave energy is transferred depending on wind speed, which controls how fast waves
(i.e. change in roughness) move. Wave speed is more correctly known as celerity, which
is used only in relation to waves where no mass is in motion, just the waveform. The
speed of deep-water waves is mainly dependent upon wavelength. Wave speed, S =

1.25√L, where L is wavelength. This means, the longer the wavelength, the faster the

wave travels. Waves, in which depth is less than one-twentieth of the wavelength, are
called shallow-water waves. These waves touch the ocean floor, which interferes with the
wave’s orbital motion. The wave speed, S = 3.13√d, where d is water depth. This means

deeper the water, the faster the wave travels (Trujillo and Thurman, 2011).

A wind-generated wave having its origin in a windy region of the ocean may travel
across great expanse of open water without subsequent aid of wind, and it terminates
when it breaks to release its energy either at shore, ice edge, or open water. As the wind
blows over the ocean surface, it creates pressure and stress. These factors deform the
ocean surface into small commonly called ripples or capillary waves. As the capillary
wave develops, the sea surface takes on a rougher appearance, which is further developed
into gravity waves (Figure 2.5). Further energy imparted by the wind increases the height,
length, and speed of the wave.

Figure 2.5. Wave development from capillary to gravity wave with the wind.

A minimum fetch and duration of wind is required for waves to grow for given wind
speed. Waves cannot grow because an equilibrium condition, called fully developed sea,
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is achieved. In this situation, waves lose as much energy breaking as whitecaps under the
force of gravity as they receive from the wind (Trujillo and Thurman, 2011). The longer
wavelengths waves move faster than the waves with shorter wavelengths. Due to this
progression, the sorting of waves based on wavelengths occurs, in other words, it is
called wave dispersion. As stated, longer wavelength waves travel faster and move
toward the shore covering large distances even after wind speed has diminished. In this
situation, when longer waves travel faster than the wind, the wave steepness decreases.
Such long wavelength waves are called swells, which are uniform and carry large amount
of energy with them. Swells can be responsible for breaking up large ice floes in very
short duration of time (Asplin et al., 2012). High waves that have periods up to 60 s have
been observed in the Arctic (Hunkins, 1962).

Wind-wave coupling
The surface transfer processes of momentum, sensible heat, and humidity are strongly
affected by the movement and distortion of the ocean surface by the wind, i.e. by windgenerated waves. These wave motions enhance transfer rates. The wind-generated waves,
being the visual manifestation of the air-sea interaction, play an active role in process of
coupling with the atmosphere (Geernaert, 1999).
Janssen (1989) introduced a wind-generated wave theory following Miles (1957) who
applied the theory of wave growth for a wave spectrum to find that sea surface roughness
is dependent on the ratio of the drag and total wind stress. Charnock relation (Charnock,
1955), i.e. roughness proportional to square of friction velocity, considers short gravity
waves, and irregularities such as foam. A reliable statistical description of the short wave
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spectrum is of crucial importance to better determine the exchange of momentum and
heat between the ocean and the atmosphere, as the capillary and gravity waves support a
significant fraction of the total stress at the sea surface (Kudryavtsev et al., 1999; Makin
and Kudryavtsev, 1999).
The surface fluxes of sensible heat and humidity (latent heat flux) can be evaluated in
the frame of the wind-generated wave theory. It has been shown by Makin and
Mastenbroek (1996) that the different wind-speed dependences of the drag coefficient
and the exchange coefficient for sensible heat can be explained by the difference in
exchange mechanisms of momentum and heat at the sea surface. Organized waveinduced motions correlated with the waves (the form drag) transport the momentum, and
molecular processes transport the heat. The sensible heat and humidity flux above waves
are thus determined by the diffusivity of turbulence, which is affected by waves. In this
case, waves have only indirect impact on heat (sensible and latent) fluxes. This explains a
well-established experimental fact that the sensible heat and humidity exchange
coefficients over the sea are not much dependent on the wind speed (Anderson, 1993;
DeCosmo et al., 1996). However, waves can directly influence sensible heat and
humidity fluxes.

Sea Spray, Swell, and Whitecaps
Foam, sea spray, swell, wave height, and whitecaps are important surface roughness
elements in open water. Ocean currents and winds are the dominant factor in generating
these elements. These enhance the turbulent OSA transfer of mass and energy by
increasing the ocean surface area (Andreas, 1992). The presence of these elements on the
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ocean surface moderates the radiative transfer significantly. The spray droplets evaporate
and can change the balance of sensible heat and moisture in the marine surface boundary
layer. The sea spray, whitecap coverage, and surface waves are interlinked. The effect of
the evaporating droplets on heat and humidity transfers in the marine surface boundary
layer is determined by the evaporation function. The spray droplets concentration is
related to the bubble production at the sea surface, and the latter to the whitecap coverage
of the sea. This whitecap coverage can be calculated directly from the wave spectrum, via
the dissipation due to breaking function. In this way the heat fluxes in presence of sea
spray can be calculated from the properties of the sea surface roughness (wave breaking)
and peculiarities of the momentum exchange above waves (Geernaert, 1999).
Significant wave height is the mean of the highest one-third wave heights observed at
a location in the sea. It is computed as the zeroth moment of the wave spectrum. The
average energy density 𝐸, per unit area is related to significant wave height, 𝐻𝑚0 by

(Holthuijsen, 2007):

𝐸=

1
2
𝜌𝑔𝐻𝑚0
.
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(2.7)

where 𝜌 is water density, 𝑔 is gravitational acceleration.

Wave height is directly related to the energy in a wave. As waves gain energy, their

steepness increases. When wave height reaches a critical value of one-seventh of
wavelength, wave breaks and whitecaps form. Whitecaps are generated by the ocean
wave breaking due to excessive wind energy supplied to the ocean surface (Wu, 1979).
Whitecap fraction of sea surface 𝑊, is empirically related to the wind speed, 𝑈10 by:
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3.75
𝑊 = 𝛼𝑈10
.

(2.8)

where coefficient, 𝛼 varies from 1.3 to 2.9.
Fetch in Open Ocean
The length of time and distance on the ocean surface (fetch) over which the wind blows
in one direction determine the intensity and longevity of the generated effects on the
ocean surface. The ocean surface remains smooth at zero wind speed. Fetch-limited sea
(when the range of frequencies and wave heights are limited, and the wave heights are
less than those of a fully developed sea) occurs when the fetch length is too short and the
wind is not in contact with the waves over a distance sufficient to impart the maximum
energy to the waves.

Momentum Transfer
Momentum exchange across the OSA interface is an important mechanism in moderating
the ocean surface roughness. The physical process behind momentum exchange is the
turbulence in oceanic and atmospheric boundary layers. Turbulence is an energetic,
rotational, and random motion that results in the dispersion and transfer of momentum at
rates far higher than those through molecular diffusion alone (Thorpe, 2007).
Momentum exchange across OSA interface is usually parameterized in terms of airwater drag coefficient. Air-water drag coefficient over the ocean surface is further
dependent on a number of geophysical variables including water depth, wave steepness
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(Toffoli et al., 2012), directional wave spreading (Ting et al., 2012), wind stress, and the
presence of ice floes (Lu et al., 2011).
The air-ice drag coefficient is one of the main parameters required for the modeling of
sea ice dynamics. Air-ice drag coefficients depend on the sea ice roughness
characteristics in the turbulent boundary layers of ocean and atmosphere (Leppäranta,
2005). The turbulent fluxes are measured using a number of methods such as eddy
correlation method (Shirasawa and Ingram, 1997; Fujisaki et al., 2009), profile method
(Andreas and Claffey, 1995; McPhee, 2002), and inertial dissipation method (Leavitt,
1980; Edson et al., 1991).

2.3.

MIZ Roughness Influence on the Ocean-Sea Ice-Atmosphere
Processes

The physical processes described in above section create the MIZ roughness, which
subsequently modifies the surface energy budget. The fluxes of mass, heat, and
momentum, in the presence of a gradient, increase due to higher surface roughness of
MIZ.

2.3.1. Wind-Generated Wave Coupling with MIZ
Ocean waves play an important role in ice dynamics in the MIZ because they are the
primary energy source that is responsible for the breakup of sea ice and thus determine
floe sizes in the MIZ. The wave energy propagates in ice floes in the form of flexuralgravity waves resulting in energy loss due to the wave scattering at edges. Subsequently,
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the floe collision occurs that leads to the wave attenuation. Here, I describe fetch-limited
and infinite fetch interactions of waves with sea ice floes, followed by effect of fetch on
the atmospheric boundary layer, generation of turbulence, and in the end, a few
techniques of measurements.

Fetch-Limited MIZ
In a fetch-limited MIZ, when the wind blows across the MIZ composed of small floes,
the ice further breaks up into a series of ice forming band-like structure (see Figure 6.10
by Wadhams, 1983). Fetch-limited MIZ interaction with waves, due to high-winds, leads
to greater ice floe collisions and deformation (Overeem et al., 2011). Since MIZs contain
less than 100% ice concentration, a stable oceanic boundary layer is unlikely to exist. The
absence of pressure ridge is compensated by the colliding floe edges that produce higher
drag coefficients. Based on the wind interactions Squire and Moore (1980) categorize the
MIZ into three distinct regions: ice edge, transition zone, and the interior zone. These
three zones individually respond to wind forcing differently. The wave motion impeded
by ice floes reduces from ice edge towards the interior zone under fetch-limited wave
regime.

Role of Infinite Fetch
Larger fetch essentially means high-energy waves are generated by the wind blowing
over longer time periods. In this case, the energetic waves penetrate deeper into the MIZ,
which breaks up the ice floes in the interior zone of the MIZ. Infinite fetch windgenerated waves can have large amplitudes and period, which allows them to travel great
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distances from open water into the ice fields across the MIZ. Asplin et al. (2012) reported
the breaking up of ice due to long-crested waves of 13.5 s.
In the MIZ, limited fetch results in smaller waves, whereby the wave structure on the
water surface changes as the distance from the upwind edge of a lead increases. The
waves closest to the upwind edge of the lead are capillary waves, changing over to
gravity waves as the fetch increases (Alam and Curry, 1997). In the presence of infinite
fetch, the sea surface eventually comes into equilibrium with the wind field. It is mainly
the longer fetches that play a greater role in deforming the ice field/ocean surface and
facilitating ice motion. The limited fetches also produce less significant roughness, as the
wind stress is not carried over long distances to impact a larger ocean surface.

2.3.2. The Effect on Atmospheric Boundary Layer
The wind-generated waves eventually lead towards modifying the atmospheric boundary
layer. The wind forcing in the MIZ creates variable drag on the MIZ surface. Arya (1973,
1975) provided a method to measure drag over sea ice by dividing the total drag into two
types: 1) skin friction drag, and 2) form drag. Skin friction corresponds to wind resistance
due to horizontal surfaces such as melt ponds and leads whereas form drag is due to
nearly vertical structures such as pressure ridges.

The Structure of Atmospheric Boundary Layer
The atmospheric boundary layer or turbulent layer is the layer of air directly above the
Earth’s surface in which the effects of the drag, heating and cooling are felt on the time
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scales less than a day, and where significant fluxes of momentum, heat, and mass are
exchanged between the surface and the atmosphere (Figure 2.6) (Garratt, 1992).

Figure 2.6. Vertical structure of the atmosphere above ocean.
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A surface is basically an interface separating two different media. It has no energy,
mass of its own, but it is the area of contact of mass and energy exchange between the
two media. In the marine cryosphere, the underlying surface changes from water to ice
and vice versa seasonally, and overlying surface changes in its physical properties such as
density, temperature.

2.4.

Remote Sensing of MIZ Roughness

The biggest advantage of remote sensing methods over field measurements in studying
OSA processes is the high temporal and spatial coverage provided by the satellites.
Microwaves remote sensing is more useful in the Arctic environments as it provides all
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weather capability of data acquisition. The microwaves (0.3−300 GHz) are sensed
through two means: radiometer (passive) and radar (active). A radiometer senses the
radiation emitted by the object, whereas the radar senses the reflection or backscatter of
its own radiation impinged onto the object. Remote sensing reflectance based optical
methods, radar and laser altimeters, acoustic-sensing methods are also described. The
physical basis of microwave remote sensing of sea ice lies in how microwaves interact
with the sea surface. The EM waves can reflect from the surface or from the volume of
rough ice.

2.4.1. Sea Ice Roughness
To study the roughness of sea ice surface, it is important to understand the EM scattering
mechanism from sea ice. The roughness can be estimated by active or passive microwave
methods of observation. There are a number of satellites for both active and passive
microwave observation of sea ice. The major challenge that still persists is the
classification of ice roughness as observed through the remote sensing methods. This is
due to the changes occurring in ice surface signatures at much smaller temporal and
spatial scales than provided by satellites. Other remote sensing methods, e.g., sonar,
LiDAR are also described.

Active Microwave Remote Sensing
Surface scattering can be a dominant scattering mechanism under several circumstances.
For example, in the first-year ice, which has very high salinity levels and therefore a high
dielectric constant, there is little transmission of EM energy into the ice, resulting in little
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to no volume scattering. Additionally, if first-year ice is rough, the scattering is further
enhanced mainly due to the surface geometry. Sea ice with lower dielectric constants (for
example multiyear ice with fresh surface layer) can also cause surface scattering if
dielectric constant fluctuations within multiyear ice are negligible, ice is lossy, and spatial
fluctuations occur on scales smaller than the EM wavelength (Carsey, 1992).
While first-year ice primarily scatters EM radiation from the surface due to its high
salinity, volume scattering is observed in multiyear ice due to low salinity and the
presence of air bubbles in the space once occupied by brine pockets. Therefore, the EM
wave easily penetrates deeper into multiyear ice. At higher frequencies the air bubble size
becomes comparatively larger than the wavelength, which further increases volume
scattering. The surface roughness of multiyear ice contributes significantly to the
backscattering for higher frequencies (X, Ku bands).
In the presence of water on the ice surface (first-year or multiyear), EM waves cannot
penetrate the ice surface. This usually occurs in the melting season when due to rising
surface temperatures dry snow turns into wet snow and melt ponds appear on the surface.
Surface scattering dominates in the summer season and if we compare backscattering
from multiyear and first-year ice in summer, the backscattering coefficient from
multiyear ice is larger due to additional effect of surface roughness exposed due to melted
snow (Carsey, 1992). Melting on first-year ice decreases backscattering coefficient
whereas it increases on multiyear ice due to exposed surface roughness, which is
relatively non-existent, or less compared to multiyear ice. Rough and dry first-year ice
shows larger surface scattering than rough and dry multiyear ice at higher frequencies.
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Even lower frequency (1.2 GHz) EM waves do not penetrate much in dry and saline firstyear ice.
The use of polarimetric synthetic aperture radar (pol-SAR) represents a promising
approach for satellite-based monitoring of surface roughness and, concurrently,
discriminating sea ice types within a MIZ (Nghiem and Bertoia, 2001). A pol-SAR
records the amplitude and phase information of backscattered energy for four transmitreceive polarizations (HH, HV, VH, and VV), thereby facilitating the derivation of the
full polarimetric response of the target. It is recognizable that the diversity in polarization
achievable by pol-SARs or even by dual-polarization SAR systems provides more
complete inference of target features (e.g., sea ice) than conventional, single channel
SARs. Furthermore, recently launched pol-SARs are capable of higher spatial resolution
(< 10 m) imaging, leading to enhanced potential for monitoring complex ice
environments such as the MIZ.

Discrimination of ice types using SAR has been

conventionally achieved by utilizing different combinations of linearly polarized
backscattering coefficients (Kwok et al., 1992; Melling, 1998; Wohl, 1995). Multiyear
ice, smooth first-year ice, rough first-year ice (Figure 2.2) and new ice/open water in the
Beaufort and Chukchi Seas during March have been identified using a single polarization
SAR image intensity-based classification scheme (Wohl, 1995), while others have used
single polarization SAR image texture analysis to discriminate new ice, first-year ice, and
multiyear ice during the month of March in the Beaufort Sea and the Mould Bay
respectively (Barber and LeDrew, 1991; Holmes et al., 1984). Dual co-polarized
backscattering coefficient differences in HH and VV have been used to discriminate firstyear ice, multiyear ice, and lead areas in the Beaufort Sea during March (Nghiem and
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Bertoia, 2001). However, the complexities in polarimetric signatures associated with the
dynamic mixture of surface roughness and ice type conditions in a MIZ require
utilization of polarimetric radar backscatter, so that the material (dielectric) and
geometrical properties of the surface, which influence backscatter, may be individually
assessed.
Ship-based observations of co- (linear) and cross-polarized backscatter, circular
polarimetric coherences (𝜌HHVV , 𝜌HHVH , and 𝜌RRLL ), as well as co-polarized and cross-

polarized polarization ratios (𝛾𝑐𝑜 and 𝛾𝑐𝑟𝑜𝑠𝑠 ), can be used to evaluate their utility for ice
surface discrimination from satellite using a polarimetric radar operating in C-band (5.5
GHz). The coherency matrices can be derived as co-polarized Eq. (2.9), cross-polarized

Eq. (2.10) and circular (RRLL: right-right left-left rotation of the electric field vector
about the line of sight) Eq. (2.11) coherences in magnitude form (Lee et al., 2000;
Schuler et al., 2002) as,

𝜌HHVV =
𝜌HHVH =
𝜌RRLL =

∗ |〉
〈|𝑆HH 𝑆VV

�〈|𝑆HH |2 〉〈|𝑆VV |2 〉
∗ |〉
〈|𝑆HH 𝑆VH

,

(2.9)

,

(2.10)

�〈|𝑆HH |2 〉〈|𝑆VH |2〉

〈|𝑆HH − 𝑆VV |2 〉 − 4〈|𝑆HV |2 〉
,
〈|𝑆HH − 𝑆VV |2 〉 + 4〈|𝑆HV |2 〉
𝛾𝑐𝑜 =

𝑆VV
,
𝑆HH

𝛾𝑐𝑟𝑜𝑠𝑠 =
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𝑆HV
.
𝑆HH

(2.11)
(2.12)
(2.13)

where 𝑆 is the complex scattering matrix. The elements of 𝑆 are complex numbers
containing magnitude and phases of transformed electric field. An asterisk (*) represents
the complex conjugate. The brackets 〈. 〉 represent ensemble averages of the observed

data. Polarimetric ratios 𝛾𝑐𝑜 and 𝛾𝑐𝑟𝑜𝑠𝑠 are simply power ratios of backscattered energy.

Polarimetric coherences and polarization ratios have utility in reducing the ambiguities
caused by the non-linearity between system response and target properties. Regarding
Arctic sea ice, some literature is available on the use of 𝜌HHVV , 𝜌RRLL and 𝛾𝑐𝑜 at different

EM frequencies. C-band backscatter coefficients (HH, HV, and VV) and 𝜌HHVV have
been used to characterize various first-year ice types (compressed, rubble and ridge, and
smooth) and multiyear ice (Rignot and Drinkwater, 1994). Thin sea ice has been
effectively discriminated from first-year ice using C-band 𝛾𝑐𝑜 ratio (Geldsetzer and

Yackel, 2009). 𝜌HHVV and 𝛾𝑐𝑜 have been used to discriminate Arctic leads using L-band

radar signatures (Winebrenner et al., 1995). In a similar study, Wakabayashi et al. (2004)
described polarimetric characteristics of different first-year ice types (thin ice, smooth,
and rough) using L-band 𝜌RRLL and 𝛾𝑐𝑜 , and showed the utility of coherences and ratios

in discriminating ice types. Nakamura et al. (2005) discriminated ice surface using 𝛾𝑐𝑜

ratio in an observational study of lake ice using airborne L- and X-band Synthetic
aperture radar (SAR). These studies lack a holistic overview of the utility of different
polarimetric coherences and ratios to discriminate thin first-year ice types in a MIZ.
SAR scattering of MIZ is a major and very important tool for improving our
knowledge of surface roughness in the MIZ as the microwave signatures of MIZ vary
with the changing surface dielectric and physical properties. SAR sensors are extremely
sensitive to these changes occurring in the MIZ surface and have been operated on
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airborne as well as satellite platforms. Successful SAR missions are: SIR-C, ERS SAR,
ENVISAT ASAR, RADARSAT-1 SAR, JERS-1 SAR, ALOS PALSAR (past); RISAT-1,
RADARSAT-2, (current); Sentinel-1/3, ALOS-2, RADARSAT Constellation Mission
(future).

Passive Microwave Remote Sensing
Passive microwave signatures of MIZ change with time as seawater undergoes transitions
during various stages of sea ice formation from early freeze-up through the melting
season. The passive microwave signatures depend on the dielectric constant, which is, in
turn, dependent on the salinity, temperature, and wetness of sea ice. Ship- or surfacebased observations of passive emissions provide point measurements whereas the satellite
sensors look at the bulk characteristics of an area, which may contain many different ice
types. The EM frequency and the satellite altitude determine the spatial resolution
capability of a sensor. Because the altitude of the satellite remains fixed, a large number
of frequencies are used to achieve the desired range of spatial resolutions. The
contribution of emissions comes from the volume of sea ice/ water covered by the skin
depth for a particular EM wave. The difference between H- and V-polarized emissivity of
open water is usually large (Ulaby et al., 1986); the V-polarization brightness temperature
is usually higher than the H-polarization brightness temperature. The Fresnel reflectivity
in the vertically polarized component is always smaller than the reflectivity in the
horizontally polarized component according to Fresnel’s law. Emissivity of ice surface is
one minus the reflectivity. Therefore, for high microwave reflectivity of the ice surface
relates to low microwave brightness temperatures.
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The passive microwave satellite data can be useful in estimating sea ice concentrations
using NASA Team 2, Bootstrap, and OSI-SAF (Ocean and Sea Ice Satellite Application
Facility) algorithms. These algorithms are basically good for estimating ice
concentrations at regional scale rather than providing details on the surface roughness and
associated ice types at smaller scales. Stroeve et al. (2006) have used polarization ratios
and gradient ratios for studying the impact of surface roughness on sea ice concentration
retrieval using passive microwave data at multiple frequencies. Svendsen et al. (1983)
have shown that H-polarization at 89 GHz is sensitive to changes in physical roughness.
The presence of snow (dry or wet) on sea ice can significantly alter the passive
microwave emission that reaches the sensor (Barber et al., 1998). Snow itself undergoes
metamorphism during different seasons, thus changing the bulk emissivity of the sea ice
surface. Lohanick (1990) measured brightness temperature in a profile over multiyear ice
to show that the snow cover (dry and wet) could mask the underlying ice features, for
example, melt ponds.
The atmospheric effects are considerable for airborne and satellite-based observations
of brightness temperature. The attenuation of microwave signal from cloud liquid water
is pronounced at higher frequencies. The emissivity and brightness temperature of sea ice
and snow changes seasonally with the changes in sea ice type and physical and dielectric
nature of the surface (Comiso, 1990; Parkinson et al., 1987). Livingstone et al. (1987)
divided sea ice into five stages depending on the seasons: winter, initial warming, melt
onset, advanced melt, and freeze-up. The brightness temperatures increase as the free
water content of snow increases (Grenfell and Lohanick, 1985). It decreases as the
freeze-up season approaches.
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Passive microwave emission is affected by ice surface roughness as a complex
function of the frequency, polarization, sensor-surface geometry of the radiometer, and
complex permittivity of the material bounded below by the rough surface (Kong et al.,
1979; Grenfell and Lohanick, 1985; Grenfell, 1992; Barber et al., 1998; Grody, 2008).
Brightness temperature has been used to estimate sea ice concentration, ice temperature
and snow depth from satellite data (Comiso et al., 2003). Due to greater surface area of
rough sea ice, the brightness temperature detected by the satellite sensor increases, and
thus the derived sea ice concentration is affected. Stroeve et al. (2006) have discussed the
impact of surface roughness on AMSR-E sea ice products, whereas Hong (2010) detected
small-scale roughness using AMSR-E observations.
Satellite-based passive microwave sensors provide nearly complete temporal (one day)
data coverage (especially for Polar Regions; e.g., sea ice concentration, extent), which
SARs and altimeters do not provide. The spatial resolution of passive microwave sensors
is, however, approximately limited to 5.4 km (for 89 GHz). This restricts sub-pixel
evaluation (higher resolution) of MIZ passive emission signatures using satellite-based
passive sensors. Stroeve et al. (2006) studied the impact of sea ice surface roughness on
the AMSR-E products. Some of the passive microwave satellite missions are: SSM/I,
AMSR-E, SMMR (past); AMSR-2, SSMI/S, SMOS MIRAS (current).

Altimetry
Sea ice surface roughness estimation from laser altimetry is based on the average pulse
shape of ground reflections. The pulse shape represents the probability density of the
height variations if the pulse length is short compared to the surface height variations.
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The rms surface height (roughness) can be estimated from the mean-square width of the
received pulse for horizontal, random rough ice surface with Lambertian reflectance.
Satellite-based laser and radar altimeters have shown their immense usefulness in
estimating surface elevation, freeboard (the difference between surface elevation and the
sea surface height, in other words, the vertical distance between the air-snow interface
and the local sea surface), ice edge identification, and thickness of snow and ice layers in
ice-covered marine system (Kwok et al., 2007; Kwok and Rothrock, 2009).

Figure 2.7. Illustration of helicopter-based altimetry over a marginal ice zone.

Satellite or airborne altimetry is useful for measuring physical roughness in an MIZ
and is one of the ways that can be employed in parameterizing the drag coefficient using
remote sensing (Figure 2.7). However, altimeters provide point/profile measurements and
do not cover large swaths, which is a requirement in measuring MIZ roughness. The
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altimeter data can be re-sampled to match the spatial resolution of other microwave
satellite data such as SSM/I. The altimeter’s sensitivity for detecting ice edge is greater
than that of passive microwave sensors. Some of the satellite altimeters used in Arctic
applications are: Seasat, ERS-1/2, ENVISAT Radar Altimeter-2, GLAS (past); Cryosat2, Saral (current); Sentinel-3, ICESat-2 (future).

Other Techniques
Other remote sensing techniques, e.g., optical remote sensing, sonar, EM induction, SAR
interferometry, and photogrammetry can be successfully applied to get information on the
surface roughness of sea ice.
Most optical remote sensing detection of ice roughness relies on the spectral
reflectance viewed from one incidence angle. Surface roughness affects both the spectral
reflectance, and the angular distribution of reflected radiance. However, multi-angular
data [e.g., Multi-angle imaging spectroradiometer (MISR)] can also be used for
characterizing sea ice roughness (Nolin et al., 2002).
Submarine upward looking sonar data is the most useful means of acquiring roughness
data at the bottom of sea ice and thereby, through proxy, the surface roughness of large
regions of sea ice (Wadhams, 1988). Ice thickness or keel depth is determined from the
return travel time of an acoustic pulse (420 kHz) reflected off the underside of the sea ice
(Fissel et al., 2008).
EM induction, operated from above the sea ice (surface or airborne), takes the
advantage of the fact that sea ice has a very low electrical conductivity, while seawater is
a very good conductor (Haas et al., 2009). A low frequency, primary EM field generated
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by the transmitting coil of an EM system penetrates the sea ice almost unaffected, while it
generates eddy currents in the seawater below the sea ice underside. These eddy currents
induce a secondary EM field, which propagates upwards through the sea ice and whose
strength is measured with the receiving coil of the EM system. The strength of the
secondary EM field is directly related to the distance between the coil and the conductive
seawater surface, which coincides with the ice underside. With known height of the EM
system, ice thickness is computed from the difference between the EM system height and
electromagnetically determined height above water-ice interface. It, thus also provides
the bottom roughness in addition to the surface roughness derived from laser altimeter
mounted on the same platform (Prinsenberg et al., 2006).
SAR interferometry (InSAR) offers new possibilities for research in sea ice roughness
scattering and sea ice mechanics. Interferometric coherence is mainly dependent on the
temporal characteristics of the scattering from sea ice. Interferometric phase is dependent
on the deformations of ice (Dammert et al., 1998). Fast ice (sea ice which forms and
remains attached to the coast) compared to mobile sea ice experiences small slips and
deformations. Interferometric phase measurements are very sensitive to these
deformations, slips, and displacement. InSAR technique is helpful in providing insights
into the rheology and motion of fast ice. The coherence over sea ice changes very fast;
which restricts InSAR to be used over fast changing sea ice (Dammert et al., 1998).
Sea ice features can be accurately measured using photogrammetric theory (Hall and
Rothrock, 1987). Oblique pictures taken from the ship can provide floe size and surface
roughness. However, geometric distortion occurs when a camera lens is in an oblique
orientation (Lu and Li, 2010). The ship-borne photography has advantages due to easy
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operation, and automated data acquisition. The techniques described in this particular
section are not the focus of my Ph.D. research.

2.4.2. Open Water Roughness
Satellite sensors provide a wealth of information on open water. It allows the estimation
of winds and waves, two of the main factors of surface roughness, taking the advantage
of the motion of ocean surface waters. Active and passive microwave methods and radar
altimetry are useful in wave and wind detection compared to optical remote sensing
methods. Other remote sensing methods, e.g., acoustic sensing and LiDAR are also
described.

Active Microwave Remote Sensing
As described earlier, wind and waves are the major causes of creating surface roughness
in the open ocean; the measurements of satellite-based, vertically polarized radar
backscatter from the ocean surface translate via empirical expressions into wind speed,
wave height, and direction. This relationship exists because the wind roughens the water
surface via the production of gravity-capillary waves, which, in turn, effectively
backscatter radar signals via Bragg scattering for different grazing angles (Plant, 1990)
(Figure 2.8). Capillary and gravity waves serve as roughness elements on the ocean
surface to scatter EM waves. Applications of radar instruments for ocean remote sensing
brought the demand for wave number spectrum models in the short gravity and capillarygravity range, dynamically coupled with the atmosphere.
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The backscatter observations of open water represent composite signals that contain
contributions from the full suite of ocean surface variables. The total backscatter (𝜎0 )

from the ocean surface is the sum of Bragg scattering, specular reflection and non-Bragg
scattering components (Eq. 2.14):

𝜎 𝑝0 (𝑇𝑜𝑡𝑎𝑙 𝑁𝑅𝐶𝑆) = 𝜎 𝑝0 (𝐵𝑟𝑎𝑔𝑔) + 𝜎0 (𝑠𝑝𝑒𝑐𝑢𝑙𝑎𝑟) + 𝜎 𝑝0 (𝑛𝑜𝑛- 𝐵𝑟𝑎𝑔𝑔).

(2.14)

Valenzuela (1978) provided a review of the theories addressing EM wave interaction
with ocean waves, citing Bragg (resonant) scattering as the most important mechanism of
ocean surface-EM interaction. Bragg scattering occurs when incident EM energy is
coherently backscattered from periodic waves matching the Bragg limit 2𝑘 sin 𝜃, k being

the radar wave number and 𝜃, the angle of incidence (Figure 2.8). Non-Bragg scattering
also plays an important role as long surface waves, which are much larger than

conventional radar wavelengths and beyond the Bragg limit, modify the backscatter by
changing the slope of Bragg waves relative to the radar–a process known as tilt
modulation. Energy dissipation over different length scales and breaking wave
mechanisms are largely linked to non-Bragg scattering, though their effects on
backscatter are less understood.
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Figure 2.8. An illustration of the law of Bragg (resonant) scattering.

Active C-band wavelength represents an optimization between surface wave height
and radar wavelength, and is more reliable than shorter wavelengths Ka- and X-band that
are strongly influenced by capillarity and molecular viscosity (water temperature)
(Phillips, 1988). There are numerous studies readily found on the relationship between Cband co-polarization backscatter (HH and VV) and wind speed and direction, with
geophysical model transfer functions (CMOD) widely used to retrieve wind information
from backscatter coefficients (Stoffelen and Anderson, 1997; Hersbach et al., 2007). A
power law relationship holds for backscatter and friction velocity (Jones and Schroeder,
1978). A power relationship exists between C-band backscatter and wind speed (Keller et
al., 1989). They also observed normalized radar cross-sections (NRCS) decreasing with
ocean-atmosphere temperature difference with increasing temperature difference and
wind speed. Thompson et al. (1998) found that the observed co-polarization ratio is larger
than predicted by backscatter models that rarely address non-linearity of the long-wave
portion of a rough ocean surface. They provided an expression for polarization ratio as a
function of incidence angle that was modified by Mouche et al. (2005) who related it to
the wind speed, wind direction, sea state, and swell. The results of Mouche et al. (2005)
show that the co-polarization ratio (𝛾𝑐𝑜 ) (Eq. 2.12) is dependent more on wave steepness
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than on wave height and wind speed. However, the transfer of wind energy in modifying
various components of the ocean surface is less understood. Though, it is widely
observed that wind speed increases backscatter, the backscatter signal received at the
sensor originates from different sources/elements (described earlier) initially induced by
wind energy. At C-band, the waves, which induce tilt modulation in rough seas, are
typically three to ten times larger than the incident radar wavelength (Kudryavtsev et al.,
2003a, b). Kudryavtsev et al. (2003a) suggested a composite backscatter model for
describing backscatter (at moderate incidence angles 20°−60°) from ocean surface waves,
which included non-Bragg scattering components caused by breaking waves (wavelength
from few millimeters to few meters) based on wave breaking statistics proposed by
Phillips (1985). The 𝛾𝑐𝑜 can be used to study the discrepancy between the Bragg model

and observations and it can explain non-Bragg component of scattering (Kudryavtsev et
al., 2003a). The hydrodynamic modulation transfer function at HH is stronger than that at
VV for non-Bragg scattering for incidence angles 40°−60° under different wind
conditions (Kudryavtsev et al., 2003b).
C-band radar backscatter varies with air-sea temperature difference such that the radar

backscatter is significantly higher when temperature difference is less than zero than
when it is greater than zero (Keller et al., 1985). Bragg scattering is the significant source
of scatter for C-band satellites, e.g., ERS and RADARSAT. These systems image the
spatial variability of gravity-capillary waves with wavelengths of the order of 5 cm.
Gerling (1986) identified linear patterns in radar backscatter measured by Seasat,
hypothesizing that they were created by atmospheric vortices. He also suggested that
such patterns might be useful for inferring both wind direction and boundary-layer height.
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However, recent studies have shown that inferring boundary-layer depth using only the
spacing of SAR streaks is a more complex task than had been hoped (see Fig. 3 by
Gerling, 1986).
Wind, as we saw in earlier section, is the main driving force for most of roughness
created on the ocean surface. Microwave scatterometers are instruments that transmit
low-power pulses of radiation toward the ocean at intermediate incidence angles and
measure the intensity of the signals scattered back at the same angles from surface areas a
few kilometers on a side. Microwaves at Ku- (14 GHz) and C-band (5.5 GHz) penetrate
only a few millimeters into seawater, so all backscatter originates at the surface and is
caused by the roughness of the surface; a perfectly calm sea surface produces no
detectable scattering in the direction of the incident radiation. Changes in the average
roughness of the ocean surface over scales of several kilometers are caused primarily by
changes in the wind speed or direction at the ocean surface. Standard assumptions of
scatterometry are that the backscatter cross-section over such scales depends only on
parameters of the scatterometer and on the mean wind, increases with wind speed, is a
maximum when the antenna looks upwind, and is a minimum when the antenna looks
nearly perpendicular to the wind, or crosswind. These assumptions allow the wind speed
and direction to be determined from cross-sections measure for the same patch of the
ocean, but with the antenna directed at several different azimuth angles.
Other instruments such as radar altimeters that look straight down and real and
synthetic aperture radars that image surface are capable of measuring wind speed or
direction but not both simultaneously and routinely. However, only microwave
scatterometers are the most successful. The relationship between backscatter ( 𝜎0 ),
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incidence angle (𝜃), polarization (𝑝), wind speed (𝑈) and wind direction (𝜒) is called
geophysical model function and has the following form (Stoffelen and Anderson, 1997;
Hersbach, 2010) as given by Eq. (2.15):

𝜎0 = 𝐴0 (𝑈, 𝜃, 𝑝)[1 + 𝐴1 (𝑈, 𝜃, 𝑝)𝑐𝑜𝑠 𝜒 + 𝐴2 (𝑈, 𝜃, 𝑝)𝑐𝑜𝑠 2𝜒]𝑘 .

(2.15)

where 𝐴’s are coefficients, 𝑘 is a parameter.

Among the various microwave techniques developed for measuring ocean surface

waves from satellites, imaging radars are considered to contain the greatest amount of
information. They have the potential of measuring wavelength, wave direction, and wave
height of the ocean waves (Alpers et al., 1981, Wang et al., 2012). The detectability of
ocean waves by radar becomes possible by the modulation of the radar cross-section by
the long ocean waves. The cross-section modulation by the long ocean waves is attributed
to: (1) the tilt modulation- the change in the local incidence angle of the facet through the
long wave slope, (2) hydrodynamic modulation, which modulates the energy and wave
number of the short Bragg scattering waves, and (3) velocity bunching - by definition
(Alpers, 1981) produces wavelike patterns on the image even if no modulation of the
microwave backscattering cross-section by long wave were present (Hasselmann and
Hasselmann, 1991). The tilt modulation is due to the purely geometric effect that Bragg
scattering waves are seen by the radar at different local incidence angles depending on
their location on the long waves. The modulation is larger for HH polarization than for
VV polarization. The hydrodynamic contribution of the cross-section modulation is
characterized by a non-uniform distribution of the short waves with respect to the long
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ocean wave field, which is attributed to interactions between short and long waves. The
simple hydrodynamic interaction theory can only be valid for a relatively smooth sea,
where nonlinear effects, which lead to a steepening of waves and eventually to wave
breaking, are unimportant. This theory is not applicable for very large wave heights
(turbulent sea). The simple hydrodynamic interaction theory is better applicable for the
modulation of surface wave with wavelengths in the decimeter range than in the
centimeter range. This is because the distribution of the shorter ripple waves is more
strongly affected by the wind than the distribution of the longer ripple waves. The
physical process, which renders long ocean waves detectable by SAR images, is to a
large extent cross-section modulation.

Passive Microwave Remote Sensing
Ocean surface roughness modifies ocean-atmosphere interaction and concurrently affects
observed passive microwave brightness temperatures. Passive microwave brightness
temperatures are observed to increase with increasing surface roughness (foam,
whitecaps, and bubbles) due to increase in surface area exposed to the sensor.
Polarimetric passive microwave signatures of the ocean surface at various frequencies are
well-modeled by a two-scale polarimetric emission model (Germain et al., 2002; Yeuh,
1997), however, the assimilation of effects of wind direction, wind-generated waves,
atmospheric stability, and sea foam into polarimetric emission models of ocean surface
are not considered in literature and are topics of further research. Observed, frequencydependent, brightness temperature is significantly affected by the undulations of the
ocean surface and is dependent on the wind-induced wave structure, i.e. the sea state or
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surface roughness, and foam coverage (Hollinger, 1971; Ulaby et al., 1986). Kravtsov
and Churyumov (2000) mathematically described the effect of steep irregularities and
wave slope on the brightness temperature. Inclusion of additional parameters of
whitecaps and foam was suggested in the retrieval algorithms using satellite remote
sensing (Monahan and O’Muircheartaigh, 1986). Wave height/surface roughness can also
be linked to brightness temperature as a close function of surface wind speed (Strong,
1971). Nordberg et al. (1971) provided the measurements of microwave emission at 1.55
cm (19 GHz) wavelength from a foam-covered and wind-driven sea. In all abovementioned different surface conditions, the brightness temperature is observed to be
increasing with an increase in foam coverage and whitecaps.

Altimetry
Laser and radar altimeters on satellites provided a wide range of ocean surface data.
Short-pulse radar altimeters aboard low-orbiting satellites have the capability of
measuring the mean height of the ocean surface, the roughness of this surface, and the
wave height. The mean height measurement uses the round trip travel time of radar
pulses to estimate the distance from the satellite to the surface. The roughness of the
ocean surface causes stretching of the return pulse; which is a direct measure of the ocean
wave height. Contributions to the received radar signal occur when the scattered energy
from specular points on the rough ocean surface is returned to the radar antenna
(Rufenach and Alpers, 1978). These points are received at different delays since they
come from different depths in to the rough surface. The delayed signals add randomly
causing stretching of the leading edge of the return pulse. The received pulse increases in

48

amplitude after being reflected from the surface up to a peak value. The time evolution of
the backscattered signal as recorded by the receiver is given by the convolution of the
incoming pulse 𝐼0 (𝑡) with the impulse response function 𝐻(𝑡) (Eq. 2.16).
𝐼(𝑡) = 𝐻(𝑡) ∗ 𝐼0 (𝑡) = �

+∞

−∞

𝐻(𝑡 − 𝑡 ′ )𝐼0 (𝑡 ′ )𝑑𝑡 ′ .

(2.16)

𝐻(𝑡) = 𝑆(𝑡) ∗ 𝑅(𝑡)
where 𝐻(𝑡) is the convolution of the radar sea surface impulse response function 𝑆(𝑡),

which describes the backscattering of the pulse and the receiver response function 𝑅(𝑡).

For a simplified case, a nearly smooth flat sea surface, the mean backscattered signal is

proportional to the area illuminated by the pulse. If the sea surface is rough, however,
specular points are encountered above and below mean sea level. For a rough sea, the
surface response function 𝑆(𝑡) is the convolution of a step function and the probability
density function for specular points having heights above the mean level. Specular points
for a nadir-looking altimeter are characterized by tangent planes on the ocean waves
where the normal of these planes are vertical to the mean sea surface. In the analysis of a
rough surface, it can be assumed that the ocean wave field obeys Gaussian statistics.

Other Techniques
Among other techniques, optical (LiDAR) remote sensing, optical (passive) remote
sensing, and acoustic sensing can be useful for surface roughness detection.
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Surface roughness detection using LiDAR remote sensing methods heavily depends
on the atmospheric perturbation because the laser beam is absorbed and scattered by the
atmosphere. The transmitted laser beam is perturbed by the turbulence in the atmosphere
as it propagates to the target. At the ocean surface, the laser radiation is scattered in a
diffuse manner. Because the surface is rough, the optical path length (distance traveled in
a system by light) between each scattering point and the receiver is random and manifests
itself as a phase change in the optical wave at the receiver. As the beam is scanned over
the surface, the phase changes randomly; as the surface becomes rougher, the amount of
phase fluctuation increases and causes the phase variance to increase (Holmes et al.,
1994). This implies that there exists a relationship between the optical phase variance and
the surface height variance. This is the basis on which optical remote sensing of surface
roughness is investigated.
Surface roughness can be estimated using the ratio between surface-reflected solar
radiance measured form two view angles at nearly the same time. The ratio is primarily a
function of the difference between shading observed from the two view angles and under
the same illumination as proxy for relative surface roughness (Mushkin and Gillespie,
2005). However, this technique is less useful due to the moving targets (waves) at the
ocean surface. Sun’s glitter pattern (obtained from optical photographs) on the sea
surface can be used to derive the distribution of wave slope at various wind speeds (Cox
and Munk, 1954). This distribution can provide important information about the
reflection and refraction of acoustic and/or EM radiation, and about the complex problem
of wind stress on the water surface. Shifrin (2001) provided the reflection statistics from
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a rough sea surface using MODIS (Moderate Resolution Imaging Spectroradiometer)
data.
Underwater acoustic wave gauge can be used to measure statistical characteristics of
sea surface roughness (Karaev et al., 2011). Backscattering of acoustic waves from the
sea surface provides similar statistical information as that using EM waves. However, the
acoustic remote sensing method is restricted to point measurements through airborne,
submarine, and ship-based surveys.

2.5.

Conclusions

Surface (physical) roughness of the MIZ is not only complex to understand but also
equally difficult to measure, estimate, and parameterize using surface-based and remote
sensing techniques. While frequent field visits and synoptic data collection are unable to
provide a comprehensive dataset in MIZ, satellite data open the pathway to acquiring
such dataset. However, satellite remote sensing techniques still have scope for
improvements to parameterize and estimate surface roughness in the MIZ. This thesis
provides state-of-the-art work using in situ, airborne, and satellite data for understanding
surface roughness of the MIZ in terms of discrimination of ice types and roughness,
utility of advanced microwave polarimetry, validation of geophysical variables from open
water, and a seasonal evaluation of ice roughness at sub-pixel level.
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Abstract

Sea ice dynamic and thermodynamic processes are important and highly variable
elements of the marginal ice zone (MIZ).

This study examines the detection and

classification of statistically separable sea ice classes in the MIZ through a range of
temporal and spatial scales. A helicopter-based laser system was used to obtain largescale and a ship-based laser profiler to identify small-scale roughness types respectively.
The analysis of variance (ANOVA) of surface height data from helicopter- and shipbased laser systems, active microwave (AMW) C-band backscattering data and passive
microwave (PMW) (37 and 89 GHz) brightness temperature data reveal different classes
that statistically differ from one another. We found significant statistical difference in
variances in AMW data with six classes that differ in VV polarization, three classes in
VH polarization and five classes in HH polarization in the MIZ (e.g., snow-covered firstyear ice, ice rubble, pancake ice, frost flowers, melt pond, flooded ice, and ice edge) of
southern Beaufort Sea. The PMW emission was not as effective at discrimination,
yielding only one statistically separable class. The results can potentially be extended to
satellite-based investigations of the MIZ at regional scales.
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3.1.

Introduction

The marginal ice zone (MIZ) is any portion of the polar sea ice cover sufficiently near to
the ice-free ocean such that interactions with the open sea result in the modification of the
properties of the ice so that they are different from properties deeper within the pack
(Weeks, 2010). The MIZs go through significant physical forcing both spatially and
temporally, resulting in varying surface roughness. In turn, this roughness plays an
important role in how the MIZ affects prevalent physical and biological processes.
Significant physical processes in MIZ include momentum exchange across the air-ice
boundary (MIZEX’84: Campbell et al., 1987; Claussen, 1991; Perrie and Hu, 1996;
Birnbaum and Lupkes, 2002; Ivanov et al., 2003; Fer and Sundfjord, 2007), wave
dynamics in the MIZ (Wadhams et al., 1988; Squire et al., 1995), heat (Perovich et al.,
1989) and salt fluxes (McPhee et al., 2008), turbulence over MIZ (Drue and Heinemann,
2002), and floe size dynamics (Lu et al., 2008). These processes have various feedbacks,
each of which being directly or indirectly linked with the roughness of the MIZ.
Deformation of ice at large- or small-scale in the MIZ can create potential habitats for
organisms inhabiting the ocean-ice (e.g., Arctic Cod, Fortier et al., 2006) and iceatmosphere (e.g., Polar Bears; Stirling et al., 2004) interfaces. We provide an account of
large- and small-scale (physical) roughness in the following paragraphs.
We formally define sea ice roughness as the vertical displacement of ice around a
mean ice level at both the ice-atmosphere (termed the sail) and the ocean-ice (termed the
keel) following Steiner et al. (1999). To investigate sea ice roughness at large-scale,
airborne or spaceborne methods are preferable to eye-based techniques as these are
manual and difficult to automate the ice classification at regional scales. Laser techniques
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include both profiling lasers, Light Detection and Ranging (LiDAR) and traditional
transit survey techniques. Laser-based airborne observations of large-scale sea ice surface
roughness were done as early as the 1970s (Ketchum, 1971; Hibler, 1972, 1975).
Helicopter-based laser altimeters have also been successfully used for determination of
large-scale surface roughness (Prinsenberg et al., 2006; Haas et al., 2009; Goebell, 2011).
LiDAR profiles have also been useful in estimating spectral behaviour of sea ice surface
roughness (Rivas et al., 2006).
Active microwave (AMW) scattering data is very useful to infer sea ice surface
roughness under time-varying surface properties. The evolution of scattering signatures
from FYI and multiyear ice (both seasonally rough and smooth classes of each) for
varying frequencies, particularly C-band (e.g., Ulaby et al., 1986; Grenfell et al., 1998;
Perovich et al., 1998; Geldsetzer and Yackel, 2009; Kim et al., 2012) and Ku-band
(Tonboe and Toudal, 2005), and polarizations is still a topic of ongoing research.
Polarimetry is a more recent research tool and much less is known as to how this type of
energy interacts with sea ice surface roughness. Polarimetry (use of multiple polarization
combinations and ratios) is capable of separating the surface roughness component of the
scattering signature from the total observed scattering (Cloude and Papathanassiou, 1999;
Hajnesk et al., 2003; Wakabayashi et al., 2004; Nakamura et al., 2005; Arai, 2011) and
thus shows promise as a tool in estimating the roughness of elements of the MIZ.
Passive microwave (PMW) emission is affected by ice surface roughness as a complex
function of the frequency, polarization, sensor-surface geometry of the radiometer, and
complex permittivity of the material bounded below by the rough surface (Kong et al.,
1979; Grenfell and Lohanick, 1985; Grenfell, 1992; Barber et al., 1998; Grody, 2008).
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Brightness temperature (Tb) has been used to estimate sea ice concentration, ice
temperature and snow depth from satellite data (Comiso et al., 2003). Due to sea ice
roughness, the Tb detected by the satellite sensor changes, and thus the derived sea ice
concentration is affected. While Stroeve et al. (2006) discussed the impact of surface
roughness on AMSR-E sea ice products, Hong (2010) detected small-scale roughness
using AMSR-E observations.
In this paper, we investigate helicopter- and ship-based laser systems, AMW
scatterometer and PMW radiometer, as tools to retrieve, understand and classify the
surface roughness of various elements of the MIZ. This is a necessary precursor to
understanding how AMW scattering data from satellite-based synthetic aperture radar
(SAR), and PMW satellite data, may be used to understand the spatial and temporal
dynamics of sea ice surface roughness in the MIZ. More specifically, we intend to
develop an understanding of surface roughness of the MIZ mainly at small-scales by:
1. Providing an overview of the southern Beaufort Sea MIZ to set the context for a
detailed examination of the surface roughness of this MIZ (Section 3.2)
2. Examining the statistical discrimination of surface roughness elements of the MIZ and
classifying roughness based on physical properties defined using ship-based and aerial
survey data (Section 3.5)
3. Describing the AMW and PMW characteristics of roughness classes created in point 2
(above) using ground- and ship-based data (Section 3.5)
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3.2.

Study Area

Our study area was located in the southern Beaufort Sea and the Amundsen Gulf in the
western Canadian High Arctic (Figure 3.1). A seasonal polynya known as the Cape
Bathurst Polynya forms in the area and hosts a number of flaw leads during the winter
(Barber and Hanesiak, 2004; Galley et al., 2008). In the present study, only the MIZ
associated with first-year ice (FYI) in the southern margin of the polynya is considered.
The data were acquired under the auspices of the Circumpolar Flaw Lead (CFL) System
Study (Barber et al., 2010) during the International Polar Year (IPY) 2007-08 on the
Canadian research icebreaker Amundsen over the period October 2007–August 2008. A
detailed list of total collected data is provided in Table 3.1. The chosen samples for this
study were selected as to cover larger surface variability and roughness types.

3.3. Methods
3.3.1. Helicopter- and Ship-Based Data
To acquire surface roughness data, a moving ship-based laser profiler was used. The laser
was mounted pointing vertically downwards (approximately 7 m above the mean sea
level) on the end of a beam, and was positioned approximately 3 m from the railing of the
port side of the foredeck on the Amundsen. The laser wavelength is 905 ± 5 nm with a
pulse width of 20.5 ± 5% ns and beam divergence 3.3 mrad ± 5% (1 mrad: 10 cm
beamwidth per 100 m distance). The RIEGL (Horn, Austria) laser rangefinder model used
is LD3100VHS-GF having average power of 640.0 ± 5% µW from a 50 mm wide
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aperture. The 90 data points are recorded at every 1.34 s. With a ship speed of 1.03 m/s (2
knots) the spatial resolution was 1.5 cm.

Figure 3.1. Study area map showing ship-based laser observation sites, scatterometer and
radiometer (EM) data collection sites, and helicopter flight locations. Dates and total
number of acquired data points are given in Table 3.1.

Sea ice surface roughness were measured with a helicopter-based laser system, ADM
3-Alpha Geophysical unit, built by Optech Inc. of Toronto, ON, Canada with a listed
accuracy of 1.5 cm. It is a 905 nm infrared rangefinder laser with beam divergence 5
mrad (0.28°). The sampling rate of the ice thickness and roughness data is 10 Hz
corresponding to a spatial sampling interval of about 4-5 m for the normal helicopter
speed of 46.30 m/s (90 knots) from 130 m altitude. Trimble® (www.trimble.com) GPS
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data were acquired every 45 m (at helicopter speed of 90 knots) along the flight line with
laser data.

Table 3.1. Table of data summary and instrument specifications. Detailed geographic
map of data collection sites is provided in Figure 3.1.

Ship-based laser

Field-ofFootprint
view
(m2)
(FOV) (m)
0.02
nadir: 1.55

Helicopter-based
laser

0.65

nadir:
1054.37

Scatterometer
(AMW)

20°: 0.81
60°: 2.87

at 55°: 2.13

37
GHz

30°: 1.68
80°: 45.76

at 55°: 6.62

89
GHz

30°: 1.65
80°: 44.67

at 55°: 6.36

Radiometer
(PMW)

Dates

Number
of sites

1–5, 15, 16, 18–21, 25
November 2007
16–19, 22, 23 April 2008
2, 3, 5, 6, 11, 13–15, 17, 21,
23–25, 28, 31 May 2008
2–4, 7–9, 11, 13, 16, 17, 21
June 2008
15, 19–21, 25 November
2007
8, 13 June 2008
1, 4, 8–11, 13, 26, 28 July
2008
1, 15, 19–21, 25 November
2007
17, 18 June 2008

12
34

16

8

3.3.2. Active Microwave Scattering Data
A C-band (central frequency 5.5 GHz) fully polarimetric scatterometer system, developed
by ProSensing Inc. (Amherst, MA, USA) was used to collect data on backscattering
signatures from various sea ice roughness regimes. The transmitted signal is a linear
frequency modulated pulse (chirp). It acquired data in terms of the combinations of linear
polarizations, i.e. HH, VH, HV, and VV. These data were acquired over a 20°–60°
incidence angle range (5° increments) and a 60° scan width in azimuth. Except for 13
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June 2008, when the scatterometer system was installed on the ice to collect data over
melt ponds and adjacent snowpack, all other backscattering data were collected during
November 2007 and June-July 2008 (Table 3.1) using a ship-based mount 7.56 m above
the mean sea level on the port side of the Amundsen. The scatterometer had a footprint of
1.1 m2 in the range direction at 45° incidence angle when operating from onboard the
ship (Isleifson et al., 2010), with the footprint increasing in size with incidence angle
(Geldsetzer et al., 2007).

3.3.3. Passive Microwave Emission Data
Dual-polarized (H and V) PMW radiometers (Radiometrics®, Boulder, CO, USA)
operating at 37 and 89 GHz frequencies were used to acquire emissions of the MIZ
surface. The system was installed on the rail mount on the port side of the ship ~12 m
above the mean sea level. Voltages were recorded and converted to Tb by the sensor
temperature method (Farmer et al., 1990) at incidence angles 30°–125° at 5° increments.
A minimum of 2–5 scans was collected for each surface type. Apart from the surface
scans, the Tb data were also acquired during the ship transit at a fixed incidence angle of
53°.

3.3.4. Analysis of Variance (ANOVA)
Due to complexity and diversity of electromagnetic (EM) responses and surface
roughness of MIZs, sophisticated statistical techniques are required to extract information
from the data. The sources of variation in the data can be studied through analyzing
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variance in combination with various suitable statistical tests. Our data does not show any
particular probability density distribution; therefore, we use non-parametric methods
(e.g., Kolmogorov-Smirnov test) to analyze the distributions in the data. Classification of
statistically separable surface roughness were attempted from laser surface height data,
backscattering data, and Tb data using one-way ANOVA tests performed separately on
the laser surface heights, AMW backscattering coefficients and PMW Tbs, respectively.
Assumptions of ANOVA were tested first, i.e. normality using the Kolmogorov-Smirnov
test, homogeneity of variances (homoscedasticity) using Bartlett’s or Levene’s test, and
serial correlation (independence). Based on this analysis, a follow-up test, Tukey-Kramer
method (hereinafter referred to as Tukey’s method), for homogeneous subset extraction
was used to separate different groups. The assumptions for Tukey’s method (i.e.,
homoscedasticity and independence of datasets) were tested first. Where these conditions
are not met, non-parametric test Kruskal-Wallis or Wilcoxon Signed tests (Z-statistic)
were performed to check the equality of medians (Brase and Brase, 2009). Comparison
circles have been used to show the differences in the groups graphically.

3.4. Results
3.4.1. Laser Data
In Figure 3.2(a), the surface roughness (height) measured by the airborne laser altimeter
is plotted with distance over a 7 km (0.06° on map) straight-line flight around 69° 54' N,
123° 24' W. Corresponding histograms for each ice types are shown in Figure 3.2(b).
Helicopter-based laser data belonged to several visually identifiable roughness types (a
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few are given here), e.g., close ice (floating ice with 7-8 tenths ice concentration) (7 June
2008), melt pond (9 June), flooded ice (13 June), ice rubble (16 June), ice edge (17 June)
and ice intruded with seawater (21 June); an ice ridges (April-May) (see Table 3.2 for
details). Similarly, the ship-based laser data belonged to the following five of the visually
identifiable sea ice roughness types: snow-covered FYI, ice rubble, pancake ice, snowcovered frost flowers, and dense frost flowers. During 1–25 November 2007 (the onset of
winter), a large number of small-scale ice roughness types were sampled. The statistical
analysis of ship-based laser profiler yields only one statistically separable roughness
class, despite five visually identified roughness classes. We find that the statistical
analyses of helicopter-based laser data did not yield different roughness types, whereas,
we have visually identified several roughness classes.

Figure 3.2. (a) Some of the surface height profiles of helicopter-based laser data on
different dates in June 2008. Quantitative information of this data is provided in the
Discussion section, (b) Histograms of ice types shown in Figure 3.2(a).
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3.4.2. Backscattering Coefficients
Although, manual observation of sea ice types is not enough for discriminating ice types
and surface roughness, we found a few distinct sea ice types from ship-based data (Figure
3.3(a)). Corresponding histograms of each ice type are provided in Figure 3.3(b). The fall
in each plot of HH, VH, and VV with incidence angle is due to an expected decrease in
the amount of returned energy to the radar sensor with increasing incidence angle. The
backscattering intensity in VV polarization is mostly higher than the rest. Table 3.2
shows the ANOVA for HH, VH, and VV polarization and Fig 4(a) shows the groups
displayed as alphabets and plotted as comparison circles, are derived from the ANOVA
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using AMW backscattering coefficient (HH, VH, and VV polarization) using Tukey’s
method. It is clear that the microwave backscattering signal is mixed for intermediate
incidence angles. Six different sea ice characteristic groups are formed from VV
backscattering coefficient (six: A through F), three groups from VH (three: A through C)
and five groups from HH backscattering coefficient (five: A through E) are statistically
distinguishable.

3.4.3. Brightness Temperature
The Tb data were also acquired over a variety of ice surfaces, e.g., snow-covered FYI,
rubble ice, pancake ice, snow-covered and dense frost flowers. The plots of the Tb versus
incidence angle show similar patterns (Figure 3.5). The horizontal polarization is (as
expected) colder than the vertical polarization in both frequencies for all sea ice types.
However, we do not find any homogeneous groups (only one Tukey group: A) in the Tb
at any of the used frequency/polarization. Figure 3.4(b) shows groups, displayed as
alphabets and plotted as comparison circles.
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Table 3.2. One-way ANOVA of backscattering coefficients. DF: degrees of freedom, SS:
sum of squares, MS: mean squares, Inc: incidence angle, F: F-statistic, P: P-value, S:
pooled standard deviation, R2 (adj): adjusted R2.
Source

DF

SS

MS

F

P

8

3823.3

477.9

31.68

0.000

VV

Error

193

2911.5

15.1

Total

201

6734.9

7.46

0.000

VH

37.47

0.000

HH

Inc

S = 3.884 R2= 56.77% R2 (adj) = 54.98%
Inc
Error
Total

8

960.0

120.0

193

3102.4

16.1

201
2

4062.4
2

S = 4.009 R = 23.63% R (adj) = 20.47%
Inc

8

4700.1

587.5

Error

193

3025.8

15.7

Total

201

7725.9

S = 3.959 R2= 60.84% R2 (adj) = 59.21%

3.5. Discussion
3.5.1. Statistical Analyses of Laser Data
Analytical/statistical approach (such as using laser altimeter) is preferable to eye-based
technique to classify ice roughness, as it can be potentially used from spaceborne
platform facilitating regional/larger spatial coverage (Rivas et al., 2006).
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Figure 3.3. (a) Shown are the backscattering coefficients of some of the observed sea ice
types. The observed sea ice types are snow-covered FYI (15 November), rubble ice (19
November), pancake ice (20 November), snow-covered frost flowers (21 November) and
dense frost flowers (25 November). From the plots, the role of surface roughness is
indistinct; however, the plots are unique for each ice type, (b) Histograms of ice types
shown in Figure 3.3(a).
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Figure 3.4. (a) Groups, displayed as alphabets and plotted as comparison circles, are
derived from the ANOVA using AMW backscattering coefficient (HH, VH, and VV
polarization) using Tukey’s method. It is observed that five (HH: A-E), three (VH: A-C),
and six (VV: A-F) different groups are distinct, (b) Similar group as in (a) but for Tb 37-H,
37-V, 89-H, and 89-V. We observe only one group for each data (A). The line across each
diamond represents the group mean. The vertical span of each diamond represents the
95% confidence interval for each group. The gray line across the plots and circles is
grand mean. Groups that are not different show as thin red circles; groups that are
different from selected group show as thick gray circles; and selected circle, as an
example, is thick red.
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In our data, there is no specific standard nomenclature applicable to the identified
roughness type, so large-scale roughness has been identified using helicopter-based video
data. These corresponded to larger-scale roughness types compared to ship-based
roughness types, which are small-scale. These survey flights were obtained
opportunistically as we conducted scientific operations in the study region. They are
considered representative, but not exhaustive, of the range of surface roughness types
present in this portion of the southern Beaufort Sea MIZ. Helicopter-based laser data is
capable of addressing large-scale roughness (footprint: 1054.37 m2) of ice floes typically
found in MIZ. The ship-based laser, on the other hand, is capable of resolving small-scale
roughness features associated with ice types (footprint: 1.55 m2) (Table 3.1).
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Figure 3.5. Tb plot of different types of sea ice at 37 and 89 GHz frequencies. These five
sea ice types were visually identified and the statistical analysis of Tb data did not
discriminate ice roughness types.

The total number of ship-laser profiler data samples is 17, and all profiles are mutually
independent. Kolmogorov-Smirnov normality test (KS = 0.329, P-value < 0.010)
suggests that the population is non-normal. Levene’s test (p = 0.000) for equal variances
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shows the majority of data centred on 95% Bonferroni confidence interval for standard
deviations. Levene’s test predominantly suggests that the variances are significantly
different. Non-parametric test, Wilcoxon Signed Rank, was also used to check the
differences in the variances (Z-statistic based on positive ranks = 50.074, p < 0.001),
which again suggests a statistically significant difference in the medians. Therefore,
groups cannot be formed in this dataset.
Helicopter-based laser altimeter data consisted of a number of profiles from different
sea ice regimes spanning- rough ice, mixtures of ice and open water, and a wide variety
of sea ice topography. A total of n = 34 different profiles, with varying number of data
points in each, were used (total N = 21125; mean = 0.40 m; standard deviation = 0.58 m).
The Kolmogorov-Smirnov normality test (KS = 0.238, p < 0.010) and the equality of
variances examination (Levene’s test statistic with 95% Bonferroni confidence interval
for standard deviation = 154.97; P-value = 0.000) suggest that the data is non-normal and
the variances in the data are significantly different. Tukey’s method is able to form
groups if a few profile variances are similar in the data, but the data shows that individual
profile variances are too different to form groups. Therefore, groups of similar variances
cannot be formed on the basis of ANOVA.

3.5.2. Statistical Analyses of Backscattering Coefficients
The scatterometer (footprint at 55°: 2.13 m2) is capable of addressing small-scale
roughness. In a recent study, Kim et al. (2012) have detected small-scale roughness from
RADARSAT-2. We acquired data over different sea ice types with varying surface
roughness, the challenge being the separation of dielectric properties and the surface
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roughness from the observed signal. As our data is taken from FYI (saline) dominated
MIZ, the majority of the radar return from the ice is backscattered energy from the
surface, with negligible penetration (~10 cm) into the ice (Hallikainen and Winebrenner,
1992). Therefore, the plots in Figure 3.3 represent backscattering predominantly caused
by the surface roughness. An important point to consider is the relationship between
information contained in the backscattering coefficient and the manual observation of ice
type/surface roughness. We observe that it is extremely difficult to separate out surface
roughness/ice types through only visual methods; hence, we use the statistical methods,
e.g., ANOVA, for separation of different classes that vary in their variances.
The backscattering data in VV follows a normal distribution evidenced through a
Kolmogorov-Smirnov normality test (VV: KS = 0.065, p = 0.042; VH: KS = 0.064, p =
0.045; HH: KS = 0.058, p = 0.093). The Levene’s test for equal variances shows that the
null hypothesis cannot be rejected (VV: p = 0.114; VH: p = 0.571; HH: p = 0.100), i.e.
the variances of backscattering coefficients are not significantly different and the data are
considered mutually independent. The assumptions of Tukey’s method and the ANOVA
are met.
The alphabetic letters in a Tukey group represent the classes of means that are similar
in the data. The lowest mean starts from letter A. For example, in VV analysis, there are
six different groups (A-F). The overlapping between the groups suggests that at a
particular incidence angle, the backscattering signatures of different sea ice/roughness are
mixed. In other words, different ice types/roughness have similar backscattering
coefficient at an incidence angle. Some of these classes carry mixed signatures of
different ice types/roughness at median incidence angles. At low mean (e.g., A, B) and at
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high mean (e.g., E, F), the groups are distinct to an ice type/roughness. It is difficult to
pinpoint from here which type of ice contributes to which group. This analysis is based
only on the sample means of backscattering coefficient. It is possible that different types
of ice/roughness may have the same mean in the data at different incidence angles.
However, field measurements of dielectric constant of identified groups will help
ascertain the link between obtained classes and ice type/roughness. In addition to five
visually observed surface types, more data acquired over a large number of surface types
will further improve the statistical classification. The number of classes identified for
HH, VH, and VV result from the EM response of sea ice observed at different incidence
angles.

3.5.3. Statistical Analyses of Brightness Temperature
The Tb typically gradually decreases with increasing incidence angles due to less energy
that returns to the sensor at the larger incidence angles (Figure 3.5). However, the
increase in the Tb is directly related to increase in the surface area covered by the
footprint of the sensor (the larger the surface area, the larger is the emission per square
unit of the ice surface). At the same time, the observations were taken only from one
direction for the surface area exposed to the radiometer sensor. The directional
dependence of Tb measurements is not considered due to this limitation (Stroeve et al.,
2006). We performed ANOVA to further investigate the Tb based on variance in the data.
The Kolmogorov-Smirnov normality test of Tb data at 37 and 89 GHz for both
polarizations (37V: KS = 0.291; 37H: KS = 0.161; 89V: KS = 0.227; 89H: KS = 0.122; p
< 0.010 for both polarizations) suggests that the data is non-normal. The data do not
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qualify for the ANOVA in this case. The test for homogeneity (Levene’s test) of
variance, however, shows p > 0.050 (for all polarizations), which means the data
variances are not significantly different. It satisfies the assumptions required for
conducting Tukey’s method for grouping. As the data are non-normal, we also apply nonparametric Kruskal-Wallis test for 37 H (p = 0.008), 37 V (p = 0.002), 89 H (p = 0.004),
and 89 V (p = 0.220) for testing medians. The null hypothesis cannot be rejected for 89 V
data, which means the population medians are all equal for 89 V. For all other
frequency/polarization combinations, medians are not equal. This shows that ice types
that have different statistical variances in surface heights (also determined through visual
observation), may not necessarily show different statistical variances in Tbs. Thus, ice
classes identifiable from detectable physical roughness are not fully comparable to ice
classes identifiable from Tbs. The radiometers could only resolve small-scale roughness
underlying the footprint (at 55° incidence: 6.62 m2 for 37 GHz and 6.36 m2 for 89 GHz).

3.6. Conclusions
We have provided the ANOVA of the surface roughness using ship-based, aerial, and,
AMW and PMW methods. A number of visually identifiable ice types were obtained
from the helicopter- and ship-based data but manual identification appeared insufficient.
We identified small-scale roughness classes using a ship-based laser profiler, and largescale roughness classes using a helicopter-based laser altimeter. A more detailed
statistical discrimination of roughness using ANOVA of AMW and PMW data was
presented.
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The ANOVA of AMW data suggests that group variances may differ significantly
when observed from different angle of incidences. We observe that at mid incidence
angles (40°–50°) the observed groups overlap, which implies that the microwave
signatures of the surface are statistically manifested as similar at the same incidence
angle. This is true for all polarization combinations, e.g., HH, VH, and VV. The potential
utility of being able to discriminate roughness/ice classes is to obtain mid incidence
group variances from polarimetric satellite data (Kim et al., 2012) (e.g., in orbit;
RADARSAT-2, and RISAT-1; future missions: RADARSAT Constellation Mission
(RCM), and Sentinel-1, 3), which can provide large temporal (revisit twice a day) and
spatial information (required sub-meter or nearly so) on the ice types/roughness. Future
mission such as Sentinel-3, which is likely to have dual frequencies, can provide a great
promise for significant improvement in small-scale surface roughness detection. This can
be regarded as a considerable improvement over visually identified ice types/surface
roughness classes.
The nature of Tbs over different sea ice surfaces remains the subject of investigation.
We observed that, although the surface types were dissimilar, the Tbs of visually
identifiable surfaces did not differ significantly, except for the cases where snow cover
was significant. This in fact, leads us to conclude that directional dependence of Tb could
be of utmost importance for meaningful extraction of surface roughness from the Tb
(Stroeve et al., 2006). The surface area of sea ice exposed to the radiometer sensor may
be considerably large or small depending on the measurement direction. The data were
obtained from different visible sea ice surface types with large spatial and temporal
variability and sea ice surface types. This suggests that PMW emissions of sea ice (based
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on our dataset) may not contain detectable variances in surface roughness within the
FOV/footprint of the sensor. 89 GHz provides a smaller footprint and thus can be a good
resource for small-scale surface roughness studies at sub-pixel scales (millimeter to
meter). In other words, the surface roughness of sea ice when observed through PMW
emissions may not adequately discriminate surface roughness elements contained within
the MIZ. Algorithms incorporating multiple PMW frequencies (such as in AMSR-E,
SSMIS) can significantly improve roughness classification.
The statistical discrimination of sea ice surfaces found in MIZ using microwave
methods (active and passive) can be further explored using satellite remote sensing and
can pave the way for remote discrimination of surface roughness. We have not
considered the effect of surface roughness anisotropy on backscattering coefficient
(dependence of backscattering on the direction of measurement to account for slope,
orientation and surface geometry) due to lack of large number of surface types, which
may considerably affect the results. Unfortunately, difficulties associated with extreme
weather conditions and limitations to navigation in the Arctic restrict a detailed data
acquisition; however, a tank experiment could be a useful alternative. Integration of
backscattering with physical roughness under changing seasons to develop new radiative
transfer models is envisaged as avenues of future research. Following our findings,
similar results can be obtained and compared for entire/different regions of the Arctic
Ocean for winter and summer seasons.
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Abstract

The rapid decline of sea ice in the Arctic has resulted in a variable sea ice roughness that
necessitates improved methods for efficient observation using high-resolution spaceborne
radar. The utility of C-band polarimetric backscatter, coherences, and ratios as a
discriminator of ice surface roughness is evaluated. An existing one-dimensional
backscatter model has been modified to two-dimensions (2D) by considering deviation in
the orientation (i.e. the slopes) in azimuth and range direction of surface roughness
simultaneously as an improvement in the model. It is shown theoretically that the circular
coherence (𝜌RRLL ) decreases exponentially with increasing surface roughness. The crosspolarized coherence (𝜌HHVH ) is found to be less sensitive to surface roughness; whereas
the co-polarized coherence (𝜌VVHH ) decreases at far range incidence angles for all ice

types. A complete validation of the adapted 2D model using direct measurements of
surface roughness is suggested as an avenue for further research.
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4.1. Introduction
Arctic sea ice is going through a rapid decline (Kwok and Cunningham, 2010; Kwok and
Rothrock, 2009). Thinner first-year ice (FYI) is replacing multiyear ice, leaving an ice
cover, which is more sensitive to deformation and changes in atmospheric and ocean
forcing. Increased open water and marginal ice zones (MIZs), due to the enhanced
mobility of a relatively thinned pack ice, are further susceptible to increases in surface
roughness and greater surface roughness variability (Nghiem et al., 2007). Greater
surface roughness in the MIZ is of importance due to higher rates of heat flux (McPhee et
al., 2008) and momentum (Andreas et al., 2010) exchanges occurring across the oceansea ice-atmosphere interface, greater biological productivity (Lavoie et al., 2009), and
potential limitations imposed on ship navigation. Although the literature contains
information on how the MIZ responds to wind and wave forces, it is necessary to
investigate the electromagnetic (EM) response of the MIZ to facilitate satellite-based
observations. Satellite-based observation is necessary due to the scarcity of surface
observations in a MIZ, as well as the difficulties in collecting physical measurements due
to the instability and roughness of the ice floes.
The use of polarimetric synthetic aperture radar (pol-SAR) represents a promising
approach for satellite-based monitoring of surface roughness and, concurrently,
discriminating sea ice types within a MIZ. A pol-SAR records the amplitude and phase
information of backscattered energy for four transmit-receive polarizations (HH, HV,
VH, and VV), thereby facilitating the derivation of the full polarimetric response of the
target. It is recognizable that the diversity in polarization achievable by pol-SARs or even
by dual-polarization SAR systems provides more complete inference of target features
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(e.g., sea ice) than conventional, single channel SARs. Furthermore, recently launched
pol-SARs are capable of higher spatial resolution (< 10 m) imaging, leading to enhanced
potential for monitoring complex ice environments.
Discrimination of ice types using SAR has been conventionally achieved by utilizing
different combinations of linearly polarized backscattering coefficients (Kwok et al.,
1992; Melling, 1998; Wohl, 1995). Multiyear ice, smooth FYI, rough FYI and new
ice/open water in the Beaufort and Chukchi Seas during March have been identified
using a single polarization SAR image intensity-based classification scheme (Wohl,
1995) while others used single polarization SAR image texture analysis to discriminate
new ice, FYI, and multiyear ice during the month of March in the Beaufort Sea and the
Mould Bay respectively (Barber and LeDrew, 1991; Holmes et al., 1984). Dual copolarized backscattering coefficient differences in HH and VV have been used to
discriminate FYI, multiyear ice, and lead areas in the Beaufort Sea during March
(Nghiem and Bertoia, 2001).

However, the complexities in polarimetric signatures

associated with the dynamic mixture of surface roughness and ice type conditions in a
MIZ during fall freeze-up remain to be examined. Such an examination requires utilizing
polarimetric radar backscatter, so that the material (dielectric) and geometrical properties
of the surface, which influence backscatter, may be individually assessed.
In this study, ship-based observations of co- (linear) and cross-polarized backscatter,
circular polarimetric coherences (𝜌VVHH , 𝜌HHVH , and 𝜌RRLL respectively), as well as copolarized and cross-polarized polarization ratios (𝛾𝑐𝑜 and 𝛾𝑐𝑟𝑜𝑠𝑠 respectively), are used to

evaluate their utility for ice surface discrimination capabilities using a polarimetric radar

operating in C-band (5.5 GHz). Characteristics of these polarimetric parameters for a
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variety of ice types in a MIZ during fall freeze-up are assessed with the following
objectives:
1.

To investigate the performance of polarimetric 𝜌RRLL for sea ice surface roughness

discrimination by adapting the one-dimensional backscatter model of Schuler et al.
(2002) to two-dimensions and introducing roughness as deviations in range and
azimuth directions.
2.

To evaluate the utility of C-band polarimetric backscatter, coherences, and
polarization ratios as a discriminator of surface roughness or ice type in a MIZ
during fall freeze-up.

Figure 4.1. Geographic map of study area showing sampling locations.
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4.2. Methodology
4.2.1. Study Area
The study area is located in the southern Beaufort Sea and Amundsen Gulf regions in the
western Canadian Arctic (Figure 4.1). The seasonal Cape Bathurst Polynya forms in the
region and hosts a number of flaw leads during the winter (Barber and Hanesiak, 2004).
During fall freeze-up, this area contains a variable mix of ice types under various stages
of formation, e.g., new ice, pancake ice, frost flowers, deformed ice, gray ice, and nilas
(Figure 4.2). The photographs in Figure 4.2 a, b, c, and e were taken at an oblique angle
from the port side of the Canadian Research Icebreaker Amundsen at approximately eight
meters height using a hand-held digital camera after a given scatterometer scan; and
Figure 4.2 d was taken at nadir angle on the ice floe at about one meter height. In the
present study, thin FYI types are considered (first stage: 30-50 cm- as per World
Meteorological Organization nomenclature), which include snow-covered FYI, pancake
ice, frost flowers and deformed FYI located within the MIZ. Data described in the
following sections were acquired as part of the Circumpolar Flaw Lead (CFL) System
Study project of the International Polar Year (IPY) 2007-08 over the period October
2007- August 2008 (Barber et al., 2010). Ancillary meteorological data were collected
through a ship-based AXYS Technologies Inc., (Sydney, BC, Canada) Automatic
Voluntary Observing Ships (AVOS) system. This system was mounted approximately 20
m above sea level on the wheelhouse to minimize the ship’s influence and could measure
air temperature and wind speed.
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4.2.2. Theoretical Formulation
Sea ice is a distributed radar target, and the conditions of stationarity and homogeneity
seldom hold for dynamically changing ice in a MIZ. The radar backscattering is therefore
analyzed using temporally and spatially varying stochastic processes. Backscatter from
sea ice is incoherent and either partially or completely polarized, as described by the
polarimetric covariance matrix. The electric field vector of an incident (i) and scattered
(s) EM wave can be given by,

� + 𝐸𝑉𝑖 𝒗
�,
𝑬𝑖 = 𝐸𝐻𝑖 𝒉

� + 𝐸𝑉𝑠 𝒗.
�
𝑬𝑠 = 𝐸𝐻𝑠 𝒉

(4.1)
(4.2)

where, H and V represent horizontal and vertical polarizations respectively. ℎ� and 𝑣� are

the unit vectors in the horizontal and vertical directions of polarization respectively. The
incident (i) and scattered field (s) can be either H or V. The scattered electric field is
related to the incident electric field by the scattering matrix, 𝑆 defined as,
�

where,

𝑒 −𝑗𝑘𝑟
𝑟

𝑒 −𝑗𝑘𝑟 𝑆𝐻𝐻
𝐸𝐻𝑠
�=
�
𝐸𝑉𝑠
𝑟 𝑆𝑉𝐻
�

𝑆𝐻𝐻
𝑆𝑉𝐻

𝑆𝐻𝑉 𝐸𝐻𝑖
� � �,
𝑆𝑉𝑉 𝐸𝑉𝑖

𝑆𝐻𝑉
� = 𝑆.
𝑆𝑉𝑉

(4.3)
(4.4)

term accounts for wave propagation effects in amplitude and phase. If the

orientation of a surface such as sea ice in azimuth direction is rotated by an angle, the
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corresponding new backscatter matrix can be constructed as provided by Lee et al.
(2000).
The coherency matrices can be derived as co-polarized Eq. (4.5), cross-polarized Eq.
(4.6) and circular (RRLL: right-right left-left rotation of the electric field vector about the
line of sight) Eq. (4.7) coherences in magnitude form (Lee et al., 2000; Schuler et al.,
2002) as (for derivation of 𝜌RRLL , see Appendix-4A),
𝜌VVHH =
𝜌HHVH =
𝜌RRLL

∗ |〉
〈|𝑆VV 𝑆HH

�〈|𝑆VV |2 〉〈|𝑆HH |2 〉
∗ |〉
〈|𝑆HH 𝑆VH

,

(4.5)

,

(4.6)

�〈|𝑆HH |2 〉〈|𝑆VH |2〉

〈|𝑆HH − 𝑆VV |2 〉 − 4〈|𝑆HV |2 〉
=
,
〈|𝑆HH − 𝑆VV |2 〉 + 4〈|𝑆HV |2 〉
𝛾𝑐𝑜 =

𝑆VV
,
𝑆HH

𝛾𝑐𝑟𝑜𝑠𝑠 =

𝑆HV
.
𝑆HH

(4.7)
(4.8)
(4.9)

where S is the complex scattering matrix; and an asterisk (*) represents the complex
conjugate. The brackets 〈. 〉 represent ensemble averages of the observed data. There were
approximately 34 pulses sent per incidence angle. An ensemble average was performed

on those 34 pulses. Raw data were processed into range profiles and were averaged in the
azimuth for each measured incidence angle. Polarimetric ratios 𝛾𝑐𝑜 and 𝛾𝑐𝑟𝑜𝑠𝑠 are simply
power ratios of backscattered energy. Polarimetric coherences and polarization ratios

have demonstrated utility in reducing the ambiguities caused by the non-linearity
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between system response and target properties. Regarding Arctic sea ice, some literature
is available on the use of 𝜌VVHH , 𝜌RRLL and 𝛾𝑐𝑜 at different EM frequencies. C-band

backscatter coefficients (HH, HV, and VV) and 𝜌VVHH have been used to characterize

various FYI types (compressed, rubble and ridge, and smooth) and multiyear ice (Rignot
and Drinkwater, 1994). Thin sea ice has been effectively discriminated from FYI using
C-band 𝛾𝑐𝑜 ratio (Geldsetzer and Yackel, 2009). 𝜌VVHH and 𝛾𝑐𝑜 have been used to
discriminate Arctic leads using L-band radar signatures (Winebrenner et al., 1995). In a

similar study, Wakabayashi et al. (2004) described polarimetric characteristics of
different FYI types (thin ice, smooth, and rough) using L-band 𝜌RRLL and 𝛾𝑐𝑜 , and

showed the utility of coherences and ratios in discriminating ice types. Nakamura et al.

(2005) discriminated ice surface using 𝛾𝑐𝑜 ratio in an observational study of lake ice

using airborne L- and X-band SAR. These studies lack a holistic overview of the utility
of different polarimetric coherences and ratios to discriminate thin FYI types in a MIZ.

4.2.3. Active Microwave Backscattering Data
C-band polarimetric backscattering data were collected using a completely stationary
ship-mounted scatterometer system developed by ProSensing Inc. (Amherst, MA, USA)
and mounted 7.56 m above the mean sea level on the port side of the Amundsen (Table
4.1). The system acquires backscatter and phase data in terms of the combinations of
linear transmit and receive polarization combinations, HH, HV, VH, and VV at incidence
angles 20°−60° (5° increments) over a 60° azimuth range. The calibration of the
instrument was performed through the methods given elsewhere (Geldsetzer et al., 2007;
Isleifson et al., 2010). Polarimetric backscattering data were collected from homogeneous
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samples of snow-covered (dry and fresh) first-year ice (SCFYI), deformed FYI (DFYI),
consolidated pancake ice (PI), snow-covered frost flowers (SCFF), and dense frost
flowers (DFF) on different dates during November 2007. Data from each ice type sample
comprised three to four contiguous scatterometer scans, which took up to 35 minutes to
complete. The scatterometer had a footprint of 1.1 m2 in the range direction at a 45°
incidence angle (Isleifson et al., 2010) with the footprint increasing in size with incidence
angle (Geldsetzer et al., 2007).

Table 4.1. Technical properties and specifications of C-band scatterometer.
System parameter

Value

RF output frequency

5.25–5.75 GHz

Transmit power at bulkhead connector

12 dBm

Antenna diameter

0.61 m

Transmit bandwidth

500 MHz

Antenna beamwidth

5.5°

Antenna gain

28 dB, nominal

Cross-polarization isolation

> 30 dB, measured at the peak of the
beam

Transmit/receive polarizations

Linear, Vertical and Horizontal

Sensitivity, minimum NRCS at 15 m range

–40 dB m2/m2
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Figure 4.2. Photographs of ice types used in the study. a) Snow-covered first-year ice
(SCFYI), b) Deformed first-year ice (DFYI), c) Consolidated pancake ice (PI), d) Snowcovered frost flower (SCFF), and e) Dense frost flower (DFF).

87

Towards objective 2, scan data for each ice type were grouped by incidence angle
representing near (20°−25°), mid (35°−40°), and far (55°−60°) range groupings. These
groupings best represent the diversity of scattering mechanisms available across the
acquired incidence angle range. In the near range, surface scattering is expected to
dominate the measured C-band backscatter, while surface-volume scattering is
increasingly expected to influence C-band backscatter beyond approximately 30°, i.e.
mid to far ranges (Nghiem et al., 1995). Furthermore, combining data from adjacent
incidence angles doubled the number of samples from 8 to 18 depending on ice type,
although at the expense of range resolution. Scatterometer data had unequal number of
data points in each range group, which does not fulfil parametric ANOVA requirements
for statistical significance testing. Polarimetric coherences and ratios of ice types were
tested for independence from each other for each incidence angle grouping. Testing was
done using the non-parametric Kruskal-Wallis H statistic, with α = 0.01 significance level
(one-tailed) used as the threshold for statistical independence.

4.2.4. Surface Roughness and Circular Coherence
In pursuit of objective 1, a polarimetric backscattering model; which is mainly a Bragg
backscattering (coherent scattering) model modified for surface roughness considering
the surface slope by slightly changing the tilt of the surface from the horizontal, is used.
Microwave measurements of surface roughness using co- or cross-polarization
backscattered power are most successful in flat areas. In sea ice microwave remote
sensing, the dielectric constant and topography (slope in range and azimuth) are
important. According to Eq. (22) by Schuler et al. (2002) in the one-dimensional
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scattering model, the circular coherence is only sensitive to surface roughness. Surface
roughness has been considered as a change in the slope of ice in azimuth and ground
range directions (Lee et al., 2000; Nghiem et al., 1992; Schuler et al., 2002). This is
implemented mathematically in the Bragg backscattering model by considering
roughness as a depolarizer, which conforms to reflection symmetry, i.e. the
backscattering properties are identical on either side of the plane of incidence and HV =
VH (Nghiem et al., 1992; Yueh et al., 1994). The distribution of azimuth slope angles 𝜃1
is considered as one-dimensional Gaussian-distributed (Schuler et al., 2002).

The rotation matrix (Lee et al., 2000) and the coherency matrix Schuler et al. (2002)
are calculated after introducing the rotation in azimuth anti-clockwise about range
direction. In this case, 𝜌RRLL is derived as (Schuler et al., 2002),
2

𝜌RRLL = 𝑒 −8𝜎𝜃1 .

(4.10)

where, 𝜎𝜃1 is the standard deviation of the orientation angle distribution in azimuth

direction, and 𝜃1 is slope angle in azimuth direction. From Eq. (4.10), the 𝜌RRLL is only
dependent on the orientation of ice surface in the range direction, or the standard
deviation of the orientation angle distribution (i.e. surface roughness). Here, the surface
roughness is introduced through rotation by angle, 𝜃2 in the range direction anti-

clockwise about azimuth direction (Figure 4.3). Angle 𝜃2 is not shown in Figure 4.3 due
to complexity of the geometry. In this case also, the corresponding distribution of shift in
orientation angle is Gaussian-distributed.
The new rotation matrix 𝑈2 is given by,
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cos 2𝜃2
𝑈2 = � 0
sin 2𝜃2

0 − sin 2𝜃2
1
0
�.
0 cos 2𝜃2

(4.11)

The new averaged coherency matrix over the Gaussian distribution 𝑝(𝜃2 ) can be
calculated as,

〈𝑇〉𝜃2

𝜁𝐴
= �𝜇𝐵 ∗
0

𝜇𝐵
2𝐶
0

0
0
�.
(1 − 𝜁)𝐴

(4.12)

where 𝜇 (𝜃2 ) = ∫ cos 2𝜃2 𝑝(𝜃2 ) 𝑑𝜃2 , and 𝜁(𝜃2 ) = ∫ cos 2 2𝜃2 𝑝(𝜃2 ) 𝑑𝜃2 . 𝐵, a part of an

element of coherency matrix, is defined according to scattering matrix, 𝑆 (Schuler et al.,
2002). 𝐵 ∗ is the conjugate of 𝐵. Both 𝐵 ∗ and 𝐵 are not used in the computation of 𝜌RRLL .
The 𝜌RRLL can be computed as,
𝜌RRLL =

𝑇22 − 𝑇33 2𝐶 − (1 − 𝜁(𝜃2 ))𝐴
=
.
𝑇22 + 𝑇33 2𝐶 + (1 − 𝜁(𝜃2 ))𝐴

𝜌RRLL =

(4.13)

2

4𝐶 − �1 − 𝑒 −8𝜎𝜃2 � 𝐴

(4.14)

2

4𝐶 + �1 − 𝑒 −8𝜎𝜃2 � 𝐴

1

1

2

where 𝐴 = |𝑆𝐻𝐻 + 𝑆𝑉𝑉 |2 , 𝐶 = 2 |𝑆𝐻𝐻 − 𝑆𝑉𝑉 |2 ; and 𝜁(𝜃2 ) = 2 �1 + 𝑒 −8𝜎𝜃2 � . 𝑇𝑖𝑗

represents (i, j)th element of the matrix, 〈𝑇〉𝜃2 given in Eq. (4.12).
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Given the above, the 𝜌RRLL is dependent on the standard deviation of the orientation

angle distribution in range, and the dielectric constant of the surface. Thus, it is shown
that the new 𝜌RRLL is exponentially changing with the change in orientation angle in the
azimuth direction, but it behaves in a way, given by Eq. (4.14), and is dependent on both

surface roughness (standard deviation) and the dielectric constant (scattering matrix) of
the surface when roughness in two directions is considered. In our model, when twodimensional roughness is considered, circular coherence is observed to be sensitive to
surface roughness and dielectric constant both, thus making it difficult to differentiate
roughness. 2D model being more realistic requires further considerations of separating
dielectrics from roughness.
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Figure 4.3. Illustration of scattering plane geometry with slight deviations in the
orientation angles in azimuth (θ1) and range directions (θ2: not shown) respectively as
means of two-dimensional surface roughness.

Now, the slope-induced roughness is examined in the range direction only. Lee et al.
(2000) gave a relationship between slope in azimuth, slope in ground range, radar look
angle (𝜙), and rotation in azimuth. Schuler et al. (2002) expressed this relationship in
terms of root mean square (rms) surface height (s) and correlation length (l), assuming
that the range slope, and orientation in azimuth, are small perturbations around their
means,

𝜌RRLL =

𝑠2

−16� 2 2 �
𝑙 𝑠𝑖𝑛 𝜙 .
𝑒
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(4.15)

Figure 4.4 shows the incidence angle dependence of 𝜌RRLL by varying the

𝑠2
𝑙2

ratio. As

the roughness increases, 𝜌RRLL decreases. For l >> s, i.e. the surface is very smooth, the

maximum value of 𝜌RRLL approaches unity. 𝜌RRLL decreases exponentially from unity to
𝑠2

a fixed value of 𝑙2 ratio at a particular incidence angle. A rough surface yields a smaller
𝜌RRLL , which increases with increasing radar look angle. The range of
ice classes is expected to lie between 0.001 and 0.1 (Carsey, 1992).

𝑠2
𝑙2

for the presented

The relationship between slopes in azimuth and range direction is further
demonstrated. Corresponding shifts and radar incidence angle is given by (see Appendix4B),

tan 𝜔
= sin 𝜃2 (tan 𝛾. sin 𝜙 + cos 𝜙) + cos 𝜃2 (− tan 𝛾. cos 𝜙 + sin 𝜙).
tan 𝜃1

(4.16)

where tan 𝜔 is azimuth slope, tan 𝛾 is range slope, 𝜃1 and 𝜃2 are the perturbations in
orientation in azimuth and range directions respectively, and 𝜙 is radar look angle. Figure

4.4 represents the case when orientation shift in the range direction is observed. In a sea
ice remote sensing context, both surface roughness and the dielectric constant of ice
affect 𝜌RRLL when slope is changed in azimuth direction; whereas only surface roughness
affects 𝜌RRLL when slope is changed in range direction.
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4.3. Field Results
4.3.1. Sea Ice Type Discrimination (Coherences and Ratios)
The date and hour of scatterometer data acquisitions corresponding to each sea ice type,
as well as coincident meteorological parameters wind speed, air temperature, and relative
humidity are provided in Table 4.2. The photographs of the selected ice samples are
shown in Figure 4.2. With the exception of wind speed, there is negligible variation in
meteorological conditions between ice type scans. As such, it is expected that betweenscan, temperature-induced effects on the dielectric properties and backscattering
intensities from the different ice types are negligible.
Figure 4.5 shows backscattering coefficients for co- (HH and VV) and crosspolarization (HV) configurations of each ice type. The two frost flower cases (DFF and
SCFF) are plotted separately to exemplify differences in backscattering behavior on the
basis of their different frost flower concentrations. The DFF and SCFF have a visually
measured concentration of approximately > 95% and 20% respectively. While SCFYI is
visually separable using, HH, HV, and VV polarizations at all incidence angles (low
backscatter), PI and DFYI signatures overlap and are difficult to separate from each
other. This may be indicative of PI geometry within the scatterometer footprint, as PI
comprises of a series of upturned edges and flat areas of ice (see Figure 4.2). The
curvature of upturned PI edges causes a backscatter response similar to that caused by the
deformations (upturned ice) in the DFYI. DFF and SCFF are differentiable at HV and
VV polarization at mid to far incidence angles.
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Figure 4.4. 𝜌RRLL varying with squared ratio of rms surface height and surface correlation
length; 𝜌RRLL decays exponentially, however, it decays faster at steep incidence angles.

Mean coherences and polarization ratios for each ice type as a function of incidence angle
grouping are documented in Table 4.3. All sea ice types show high 𝜌VVHH , indicating low
depolarisation and primarily single (surface) backscattering. The 𝜌HHVH for DFF is

notably higher than from the other ice types, which points to strong depolarisation caused
by the frost flower structures. As shown in the previous section, a low value of 𝜌RRLL

indicates a rougher surface. At mid- to far-ranges in Table 4.3, the 𝜌RRLL for DFYI is the
lowest while for SCFYI it is the highest, which is consistent with the roughest and
smoothest ice types, respectively.
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Table 4.2. Meteorological parameters associated with each ice type on different dates.

Nov. 15, 2007

Sea Ice

Wind

Type

Speed

Air

Relative

Temperature Humidity %

(m/s)

(°C)

SCFYI

14.4

–16.0

85

DFYI

13.9

–16.2

73

PI

2.6

–13.5

79

SCFF

5.1

–16.2

82

DFF

3.6

–16.6

86

(Stn. 1117, 1400 hrs)
Nov. 19, 2007
(Stn. 1100, 0030 hrs)
Nov. 20, 2007
(Stn. 1910, 0300 hrs)
Nov. 21, 2007
(Stn. 437, 1630 hrs)
Nov. 25, 2007
(Stn. 1812, 2100 hrs)

Furthermore, for frost flower-covered surfaces, i.e. SCFF and DFF, the lower
magnitude of 𝜌RRLL is consistent with the higher concentration of frost flowers. At near-

incidence angle range, the SCFYI shows higher roughness (i.e. lower 𝜌RRLL = 0.47, Table
4.3) compared to that of PI (0.61). This may be due to the fact that the snow is dry and

has low salinity, which allows EM waves to penetrate through the snow. This is likely to
provide roughness of snow-ice interface rather than air-snow interface. At mid-incidence
angle range, as expected, SCFYI shows lower roughness (i.e. higher 𝜌RRLL = 0.65, Table

4.3) compared to that of PI (0.61).

Mid-incidence angles are well suited for

differentiating ice roughness/types using 𝜌RRLL .

Looking at polarization ratios in Table 4.3, the 𝛾𝑐𝑜 increases rapidly with incidence

angle, and is the highest at the far range for SCFYI. The 𝛾𝑐𝑜 ratio is also high for DFF,
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but it remains fairly constant across all incidence angles. High 𝛾𝑐𝑜 is also representative

of saline ice surface (FYI in this case) or surface scattering. The presence of dry snow (~
1-2 cm) allows the EM waves to penetrate through snow, which causes reflection from
the ice-snow interface. The 𝛾𝑐𝑜 behavior of SCFYI is consistent with that of a surface,

which is very smooth (i.e. a Bragg surface), where the ratio between backscattered H and

V is only dependent on incidence angle and dielectric constant (Cloude and Pottier,
1996). On the other hand, the 𝛾𝑐𝑜 behavior for DFF is consistent with that of a rough

surface exhibiting backscatter from features with preferential vertical orientation

(Geldsetzer et al., 2007). Including the 𝛾𝑐𝑟𝑜𝑠𝑠 ratio in this comparison further supports the

distinction in backscattering mechanisms. The near range 𝛾𝑐𝑟𝑜𝑠𝑠 ratio is much smaller for

SCFYI than DFF, indicating it to be much smoother. The DFYI and DFF show the
highest overall 𝛾𝑐𝑟𝑜𝑠𝑠 , due to multiple scattering within deformities for DFYI and
depolarisation caused by frost flowers for DFF.

Figure 4.6 shows box-plots of coherences and polarization ratios of each ice type.
Table 4.4 provides the significance values resulting from statistical tests for independence
between each ice type based on a given coherence or ratio. All data in Figure 4.6 and
Table 4.4 are based on the aforementioned incidence angle groupings from near to far
range and, together, facilitate a conceptual approach to assessing the utility of each
parameter for distinguishing ice types within a MIZ. Summarizing Figure 4.6 and Table
4.4, the near range 𝜌HHVH and 𝛾𝑐𝑟𝑜𝑠𝑠 provide the greatest separation between classes,
while in the far range 𝜌VVHH and 𝛾𝑐𝑜 provide the greatest separation. By combining 𝛾𝑐𝑜

(far) with either of 𝜌HHVH or 𝛾𝑐𝑟𝑜𝑠𝑠 (near), all ice types are independent from each other.
From Figure 4.4 it is known that a lower 𝜌RRLL is associated with a rougher ice surface.
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Figure 4.5. Co- (HH and VV) and cross- (HV) polarization backscatter intensities of
snow-covered first-year sea ice (SCFYI), deformed first-year sea ice (DFYI),
consolidated pancake ice (PI), snow-covered frost flowers (SCFF), and dense frost
flowers (DFF).
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Table 4.3. Mean C-band polarimetric coherences and ratios of selected ice types, for near
(N), middle (M) and far (F) range incidence angle groupings (Also shown graphically in
Figure 4.6). The number of data samples is: (SCFYI, N = 14; DFYI, N = 8; PI, N = 14;
SCFF, N = 18; DFF, N = 10).

SCFYI

DFYI

PI

SCFF

DFF

N

𝜌VVHH

𝜌HHVH

𝜌RRLL

0.95

0.09

0.47

M

0.81

0.09

0.65

F

0.55

0.08

N

0.88

M

𝛾𝑐𝑜 (dB) 𝛾𝑐𝑟𝑜𝑠𝑠 (dB)
0.40

–16.44

3.64

–13.72

0.81

4.54

–12.25

0.10

0.42

1.36

–12.38

0.91

0.08

0.52

2.47

–12.94

F

0.58

0.05

0.58

1.86

–11.40

N

0.96

0.04

0.61

1.78

–16.89

M

0.84

0.04

0.61

1.89

–13.73

F

0.80

0.05

0.59

2.10

–12.70

N

0.96

0.07

0.73

0.89

–17.88

M

0.89

0.07

0.70

–0.59

–15.83

F

0.66

0.05

0.77

0.46

–14.08

N

0.84

0.15

0.35

2.41

–09.71

M

0.91

0.15

0.59

3.65

–12.06

F

0.79

0.12

0.72

3.23

–12.23

It is demonstrated using theory that lower values of 𝜌RRLL indicate a rougher ice

surface. Referring to Figure 4.4 and Figure 4.6, 𝜌RRLL is high for increasing incidence

angles and for low surface roughness. This is only true for SCFYI and SCFF. In the
presence of dry and fresh snow the volume contribution from FYI can be ignored, in
which case 𝜌RRLL dictates surface roughness of the snow-ice interface rather than air-

snow interface. The coherence estimates are negligibly affected by the signal-to-noise
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ratio (typically > 10 dB) during the processing of scatterometer data. These coherences
can also be computed using polarimetric observations from space-based platforms.

4.4. Summary and Conclusions
The one-dimensional backscatter model of Schuler et al. (2002) was modified to twodimensions of surface roughness by considering deviation in the orientation angles (i.e.
the slopes) in azimuth and range direction simultaneously as an improvement in the
model. Parameters derived from the fully polarimetric C-band microwave backscatter
response from sea ice targets were demonstrated to have utility for small-scale (cm level)
sea ice roughness identification. Circular coherence has been investigated for its
usefulness in discriminating surface roughness among other polarimetric parameters.
Circular coherence is theoretically shown to detect measurement sensitivity to surface
roughness. The conclusions with reference to objective 1 are as follows: It was shown
theoretically that the 𝜌RRLL decreases exponentially with increasing surface roughness.

However, 𝜌RRLL responds to both roughness (standard deviation) and dielectric constant
(scattering matrix) of the surface in the case when the orientations of the ice target in
azimuth direction are changed. It remains challenging to separate roughness effects from
the dielectric effects using C-band backscatter measurements.
𝜌RRLL independently does not provide a robust sea ice roughness discrimination

scheme. However, 𝜌RRLL provides an improved insight of sea ice surface roughness

combined with other polarimetric coherences and channel ratios in the chosen samples.
The experimental data also show that rougher ice surface exhibit lower mean value of
𝜌RRLL (Table 4.3, Figure 4.4), though a complete validation of the effect of changing
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orientations of ice floe on 𝜌RRLL is required. This would require polarimetric

backscattering data and surface roughness information to be acquired at different lines of

sight (i.e. orientation of ice floes). Unfortunately, difficulties associated with extreme
weather conditions and limitations to navigation in the Arctic restrict such detailed data
acquisition; however, a tank experiment could be a useful alternative.
The utility of C-band polarimetric coherences and ratios is addressed in the light of
objective-2 as follows: for coherences, 𝜌VVHH is smaller at far range incidence angles for

all ice types. 𝜌HHVH is less sensitive to roughness and is not a good discriminator of

roughness. Regarding channel ratios, based on Kruskal-Wallis test, 𝛾𝑐𝑜 is more sensitive

to increasing surface roughness compared to 𝛾𝑐𝑟𝑜𝑠𝑠 , and demonstrates utility for
separating ice types compared to the other observed parameters.

The knowledge obtained through surface-based polarimetric coherences and ratios can
readily be extended to discriminate sea ice roughness on small-scales using C-band
microwave satellites (currently in orbit RADARSAT-2, RISAT-1). Future work will be
to develop an algorithm combining all polarimetric coherences and ratios to discriminate
individual ice type in a MIZ. These observations may become particularly useful for
satellite measurements once planned SAR constellations (Sentinel series) systems are
available; as currently planned with National Aeronautics and Space Administration and
European Space Agency.
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Table 4.4. Matrix of significance values from non-parametric Kruskal-Wallis tests for
independence between ice types based on polarimetric parameters and near (N), middle
(M), and far (F) range groupings. The number of data samples is: (SCFYI, N = 14; DFYI,
N = 8; PI, N = 14; SCFF, N = 18; DFF, N = 10).

ρVVHH

SCFYI
DFYI

.285

PI

.028

.094

SCFF

.463

.119

.002

DFF

.004

.013

.028

.015

.000

.094

.509

.000

.011

.322

.001

.005

.483

.000

.000

.000

.001

.014

.199

.000

.000

.004

.420

.000

ρHHVH

SCFYI
DFYI

.201

PI

.006

.000

SCFF

.429

.008

.000

DFF

.002

.002

.000

.201

.000

.035

.005

.005

.125

.156

.001

.001

.000

.000

.000

.018

.221

.046

.184

.277

.001

.000

.000

.000

ρRRLL

SCFYI
DFYI

.308

PI

.164

.106

SCFF

.006

.001

.039

DFF

.023

.197

.000

.048

.000

.030

.082

.513

.418

.005

.002

.069

.483

.170

.003

.000

.357

.015

.023

.000

.000

.042

.117

.002

SCFYI
.285

PI

.028

.094

SCFF

.463

.119

.002

DFF

.004

.013

.028

𝛾𝑐𝑜

DFYI

.001

.018

.000

.001

.183

.000

.000

.000

.466

.017

.001

.000

.000

.308

.000

.001

.000

.000

.003

.005

.000

SCFYI
.005

PI

.437

.001

SCFF

.118

.000

.179

DFF

.000

.010

.000

𝛾𝑐𝑟𝑜𝑠𝑠

DFYI

#

.149

.000

.041

.214

.357

.006

.005

.001

.004

.204

.006

Bold numbers indicate important significant values.
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.000

.164

.041

.000

.013

.001

.420

.042

.354

.000#

DFF

SCFF

PI

DFYI

SCFYI

DFF

Far Range
SCFF

PI

DFYI

SCFYI

DFF

Middle Range
SCFF

PI

DFYI

SCFYI

Near Range

Figure 4.6. Box-plots of coherences and polarization ratios of ice types based on near,
middle, and far range incidence angle groupings. Significance values are provided in
Table 4.4.
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Appendix−4A: Derivation of Circular Coherence

To understand how to extract best information from the scattering matrix 𝑺 , it is
represented by the vector, 𝑽, built as follows:
𝐻𝐻
𝑺=�
𝑉𝐻

1
𝐻𝑉
� ; 𝒌 = 𝑽(𝑺) = 𝑇𝑟([𝑺]𝝍)
𝑉𝑉
2

(4.A1)

𝒌 = (𝑘0 𝑘1 𝑘2 𝑘3 )𝑇

𝝍 is a basis matrix, which is constructed as an orthonormal set under the Hermitian inner
product. The polarimetric coherency matrix is based on linear combinations arising from
Pauli matrices (Cloude and Pottier, 1996) given as,

𝝍 ≡ √2 �

1 0
1 0
0 1
0 −𝑖
� √2 �
� √2 �
� √2 �
�
0 1
0 −1
1 0
𝑖 0

(4.A2)

The factor of √2 arises from the requirement to keep 𝑇𝑟([𝑺]), the total power scattered,
an invariant. The target vector in above base is constructed as,

𝒌=

1

√2

[(𝑆𝐻𝐻 + 𝑆𝑉𝑉 ) (𝑆𝐻𝐻 − 𝑆𝑉𝑉 ) (𝑆𝐻𝑉 + 𝑆𝑉𝐻 ) 𝑖(𝑆𝐻𝑉 − 𝑆𝑉𝐻 )] 𝑇

(4.A3)

From the vector form of scattering matrix, Pauli coherency matrix is generated from the
outer product of the vector with its conjugate transpose as,
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(4.A4)

𝑻4 = 〈𝒌. 𝒌∗𝑻 〉

For reciprocal target matrix (as in monostatic backscattering), 𝑆𝐻𝑉 = 𝑆𝑉𝐻 , the four-

dimensional polarimetric coherency matrix reduces to three-dimensional polarimetric
coherency matrix is obtained as,

〈|𝑆𝐻𝐻 + 𝑆𝑉𝑉 |2 〉
𝑻3 = �〈(𝑆𝐻𝐻 − 𝑆𝑉𝑉 )(𝑆𝐻𝐻 + 𝑆𝑉𝑉 )∗ 〉
2〈𝑆𝐻𝑉 (𝑆𝐻𝐻 + 𝑆𝑉𝑉 )∗ 〉

〈(𝑆𝐻𝐻 + 𝑆𝑉𝑉 ) (𝑆𝐻𝐻 − 𝑆𝑉𝑉 )∗ 〉
〈|𝑆𝐻𝐻 − 𝑆𝑉𝑉 |2 〉
2〈𝑆𝐻𝑉 (𝑆𝐻𝐻 − 𝑆𝑉𝑉 )∗ 〉

∗ 〉
2〈(𝑆𝐻𝐻 + 𝑆𝑉𝑉 )𝑆𝐻𝑉
∗ 〉
�
2〈(𝑆𝐻𝐻 − 𝑆𝑉𝑉 )𝑆𝐻𝑉
2
4〈|𝑆𝐻𝑉 | 〉

(4.A5)

The 𝜌RRLL is computed as (Cloude and Pottier, 1996; Lee et al., 2002),
𝜌RRLL

𝑇22 − 𝑇33 〈|𝑆𝐻𝐻 − 𝑆𝑉𝑉 |2 〉 − 4〈|𝑆𝐻𝑉 |2 〉
=
=
𝑇22 + 𝑇33 〈|𝑆𝐻𝐻 − 𝑆𝑉𝑉 |2 〉 + 4〈|𝑆𝐻𝑉 |2 〉

(4.A6)

𝑇𝑖𝑗 represents the (i, j) element of the matrix, 𝑇3 given in Eq. (4.A5). For the one-

dimensional polarimetric scattering model described elsewhere (Hajnsek et al., 2003;
Schuler et al., 2002), 𝜌RRLL is expressed as independent of dielectrics, thus depending

only on surface roughness. Fore more detailed, step by step derivation of 𝜌RRLL , the

reader is directed to (Cloude and Pottier, 1996; Hajnsek et al., 2003; Lee et al., 2002).
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Appendix−4B: Relationship Between Slope and Various Angles

Here, the relationship between slope in azimuth and ground range, radar look angle, shift
in azimuth, and shift in ground range is derived. The slope equation given by Lee et al.
(2000) does not include shift in range direction. Figure 4.3 shows the geometry of
backscattering plane. Suppose that the backscattering plane is shifted in azimuth direction
� represents the surface normal on the
by angle θ1 and in range direction by angle θ2. 𝐧
backscattering plane before rotating.

(4.B1)

� = n1 𝐱� + n2 𝐲� + n3 𝐳.
�
𝐧

0
�
𝐍 = �1
0
=�

−sin ϕ cos ϕ n1
0
0 � �n 2 �
cos ϕ sin ϕ n3

−n2 sin ϕ + n3 cos ϕ
n1
�.
n2 cos ϕ + n3 sin ϕ

(4.B2)

The surface normal changes after a shift in azimuth and range directions in introduced.
The transformed normal is

1
0
� (θ1 , θ2 ) = �0 cos θ1
𝐧
0 −sin θ1

0
cos θ2
sin θ1 � � 0
cos θ1 sin θ2

0 −sin θ2
�.
1
0 �𝐍
0 cos θ2

� from (4.B2), then (4.B3) is,
If cos 𝜃1 = 𝑐1 and sin 𝜃2 = 𝑠2 , and substitute 𝐍
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(4.B3)

−𝑐2 (𝑛2 sin 𝜙 + 𝑛3 cos 𝜙) − 𝑠2 (𝑛2 cos 𝜙 + 𝑛3 sin 𝜙)
= �𝑠1 𝑠2 (−𝑛2 sin 𝜙 + 𝑛3 cos 𝜙) + 𝑛1 𝑐1 + 𝑠1 𝑐2 (𝑛2 cos 𝜙 + 𝑛3 sin 𝜙)�.
𝑐1 𝑠2 (−𝑛2 sin 𝜙 + 𝑛3 cos 𝜙) − 𝑛1 𝑠1 + 𝑐1 𝑐2 (𝑛2 cos 𝜙 + 𝑛3 sin 𝜙)

(4.B4)

After the rotation the surface normal is in new plane where the second component must
be zero.

𝑠1 𝑠2 (−𝑛2 sin 𝜙 + 𝑛3 cos 𝜙) + 𝑛1 𝑐1 + 𝑠1 𝑐2 (𝑛2 cos 𝜙 + 𝑛3 sin 𝜙) = 0

(4.B5)

With range slope, tan 𝛾 = −(𝑛2 / 𝑛3 ) and azimuth slope tan 𝜔 = −(𝑛1 / 𝑛3 ),
tan 𝜔
= sin 𝜃2 (tan 𝛾. sin 𝜙 + cos 𝜙) + cos 𝜃2 (− tan 𝛾. cos 𝜙 + sin 𝜙).
tan 𝜃1

(4.B6)

In (4.B6), if the perturbation in orientation in range direction is zero, i.e. 𝜃2 = 0, it

reduces to equation given by Lee et al. (2000).
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Abstract

Estimates of the relationships between geophysical variables and microwave
backscatter/emission are important for the evaluation of atmosphere-ocean interaction, as
well as energy and mass transfer across this interface. Ship-based passive microwave
brightness temperatures (Tb) at 37 and 89 GHz, and polarimetric active backscatter at 5.5
GHz (C-band), in relation to buoy-derived ocean wave parameters for distinct wave
regimes in the Beaufort Sea, are evaluated. Microwave emission and backscatter are
shown to be more sensitive to the ocean surface physical roughness as defined by the
significant wave height (Hm0), compared to wind speed. The Tb is significantly correlated
with Hm0, with the strongest correlation for the H-polarization channel at 37 and 89 GHz.
Active co- ( 𝛾co ) and cross- ( 𝛾cross ) polarization ratios at 40° incidence angle are
associated with Hm0, with the 𝛾co increase proportional to Hm0. The polarimetric coherence

parameter 𝜌VVHH at 20° also shows an inverse relationship with Hm0 due to an expected
decorrelation of complex returns with greater surface roughness.
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5.1. Introduction
Southern Beaufort Sea experiences dynamic seasonal ocean-sea ice-atmosphere
interaction (Barber and Hanesiak, 2004; Lukovich and Barber, 2005), and the seasonal
formation of flaw leads and polynyas (Carmack and Macdonald, 2002; Smith and Barber,
2007). Microwave remote sensing has played a key role in investigations, with the
passive and active microwave signatures from the ocean surface having been studied for
several decades. Numerous geophysical parameters are now estimated with sufficient
accuracy using microwave remote sensing data collected using satellite sensors. However,
relationships between surface waves and radiative transfer across the atmosphere-ocean
(AO) interface are, as yet, not fully realized in the literature.
Ocean surface waves modify AO interaction and concurrently affect observed passive
microwave brightness temperatures (Tb) and radar returns (hereinafter backscatter).
Enhanced surface roughness from wind-generated surface waves significantly affects the
formation and evolution of the oceanic boundary layer (He and Chen, 2011), which in
turn augments frictional drag at the surface thereby heightening the potential for forced
convection (Esau, 2007). Thus, surface roughness and boundary layer turbulence create a
feedback mechanism, which transfer heat and momentum across AO interface. Though
the transfer of wind energy to ocean surface waves (aerodynamic roughness) is well
understood, the microwave behavior of related geophysical variables such as significant
wave height (Hm0) (hereinafter ‘wave height’), power spectral density (PSD), ocean
surface temperature, and near-surface water vapor are the subject of further study. The
backscatter and Tb observations of open water represent composite signals that contain
contributions from the full suite of these variables. In accordance, the application of
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electromagnetic (EM) signatures towards geophysical inversion algorithms first demands
consideration of the full suite of variables.
Previous research into AO surface roughness from both passive and active microwave
remote sensing identifies considerable gaps in understanding the EM response to
roughness elements (e.g., whitecaps, sea spray, and wave RMS (root-mean-square) height
and correlation length). Polarimetric passive microwave signatures of the ocean surface
at frequencies 10.7, 19.35, and 37 GHz are well-modeled by a two-scale polarimetric
emission model (Germain et al., 2002; Yueh, 1997), however, the assimilation of effects
of wind direction, wind-generated waves, atmospheric stability, and sea foam into
polarimetric emission models of ocean surface are topics requiring further research.
Observed, frequency-dependent, Tb is significantly affected by the undulations of the
ocean surface and is dependent on the wind-induced wave structure, i.e. the sea state, and
foam coverage (Hollinger, 1971; Ulaby, 1986).

Kravtsov and Churyumov (2000)

mathematically described the effect of steep irregularities and wave slope on the Tb.
Inclusion of additional parameters of whitecaps and foam was suggested in the retrieval
algorithms using satellite remote sensing (Monahan and O’Muircheartaigh, 1986). Wave
height can also be linked to Tb as a close function of surface wind speed (Strong, 1971).
Nordberg et al. (1971) provided the measurements of microwave emission at 19 GHz
from a foam-covered and wind-driven sea. In all above-mentioned surface conditions, the
Tb is observed to be increasing with an increase in foam coverage and whitecaps.
Microwave C-band (5.5 GHz, 5.6 cm wavelength) backscatter is more reliable for
studying surface waves than shorter wavelength Ku-, Ka-, and X-bands that are strongly
influenced by capillarity and molecular viscosity (water temperature) (Phillips, 1988;
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Vandermark et al., 2004). There are numerous studies readily found on relationships
between C-band co-polarization backscatter (HH and VV) and wind speed and direction,
with geophysical model transfer functions (e.g., CMOD) widely used to retrieve wind
information from backscatter (Stoffelen and Anderson, 1997; Hersbach et al., 2007;
Hersbach, 2010; Komarov et al., 2014). A power law relationship holds for backscatter
and friction velocity (Jones and Schroeder, 1978), and also between backscatter and wind
speed (Keller et al., 1989). Keller et al. (1989) also observed backscatter increasing with
decreasing AO temperature difference. Thompson et al. (1998) found that the observed
co-polarization ratio is larger than predicted by backscatter models, as these models
inadequately address the non-linearity of the long-wave portion of a rough ocean surface.
Thompson et al. (1998) provided an incidence angle dependent polarization ratio model
that was extended by Mouche et al. (2005) to include wind speed, wind direction, sea
state, and swell effects. The results of Mouche et al. (2005) show that the co-polarization
ratio (𝛾co ) is dependent more on wave steepness than on wave height and wind speed.

At C-band, the waves under rough conditions are typically 3−10 times larger than the

incident radar wavelength (Kudryavtsev et al., 2003a, 2003b). Kudryavtsev et al. (2003a)
suggested a composite backscatter model for describing backscatter (at moderate
incidence angles 20°−60°) from ocean surface waves, which included non-Bragg
scattering components caused by breaking waves (wavelength from few millimeters to
few meters) based on wave breaking statistics proposed by Phillips (1985). The 𝛾co can

be used to study the discrepancy between the Bragg model and observations and it can

explain non-Bragg component of scattering (Kudryavtsev et al., 2003a). Valenzuela
(1978) provided a review of the theories addressing EM wave interaction with small
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gravity-capillary waves, citing Bragg (resonant) scattering as the most important
mechanism of ocean surface–EM interaction. Energy dissipation over different length
scales and breaking wave mechanisms are largely linked to non-Bragg scattering, though
their effects on backscatter are less understood. The Hm0 and wave PSD measured from a
buoy are investigated here, which contain contributions from the non-Bragg scattering
elements, using the cross-polarization channel ratio (𝛾cross ) and polarimetric coherence

parameters, in addition to 𝛾co .

This paper addresses open ocean surface waves (physical roughness) during the ice-

free season, with the overarching objective to further our understanding of the role of Tb
and backscatter in estimating ocean surface waves and, by proxy, AO exchanges. We
examine near surface (ship-based) passive microwave Tb (37 and 89 GHz) and
polarimetric C-band backscatter, as these relate to buoy measurements of Hm0 and PSD.
This comparison is rarely available in the literature. The utility of 𝛾co , and 𝛾cross , as well

as polarimetric coherences from the ocean surface, is investigated to contribute to the
realization of polarimetric synthetic aperture radar (Pol-SAR) for deriving ocean surface
wave information.

5.2. Materials and Methods
5.2.1. Study Area
The study area was located in Amundsen Gulf in the southern Beaufort Sea (Figure 5.1).
The Cape Bathurst Polynya forms in the area and hosts a number of flaw leads
throughout the winter (Barber and Hanesiak, 2004) and the region becomes relatively ice-
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free in the summer. Field data were acquired between 1 and 28 July 2008 as part of the
Circumpolar Flaw Lead (CFL) System Study, an International Polar Year (IPY) project
that took place between October 2007 and August 2008 aboard the Canadian Research
Icebreaker Amundsen (Barber et al., 2010).

Figure 5.1. Study area showing DWR-G4 buoy and EM sampling locations.

5.2.2. Instruments’ Description and Data Collection
Ocean wave height, wave steepness, wave period, and wave phase speed were acquired
using a meteorological ocean (Datawell®, Haarlem, The Netherlands) Mini Directional
Waverider G4 (DWR-G4) buoy. The buoy has a hull diameter of 0.4 m and weight in air
of 17 kg. The buoy is capable of measuring wave height and direction for periods of
1.6−100 s and covers the expected range of wave periods observed in the Arctic (~60 s,
see, e.g., Hunkins, 1962). Wave height accuracy is 1 cm in all directions while freely
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floating. Hm0 was computed from the zeroth moment of the wave spectrum. The PSD is
computed from the Fourier spectra of the vertical displacements. The PSD shows what
wave amplitudes occur at what frequencies. The accuracy of wave PSD, wavelength, and
other derived wave parameters rely on wave height accuracy. In order to avoid
interference by the Amundsen, the buoy was deployed by small boat at a minimum
distance of 200 m from the ship. Wave data were logged at 30 minutes intervals from a
stabilized accelerometer. Continuous meteorological data were collected at one-minute
interval from a tower mounted on the bow of the Amundsen. Wind speed (U) data at 14 m
above sea level (ASL) were collected using an RM-Young model 5103 Wind Monitor at
an accuracy of ±0.3 m/s or 1% of the reading. Water temperature at the sea surface was
acquired from the Amundsen’s AXYS Automated Voluntary Observing Ship (AVOS)
sensors with a resolution of 0.1ºC and an accuracy of ±0.3ºC.
Ship-based dual-polarized (H and V) passive microwave (Radiometrics®, Boulder,
CO, USA) radiometers operating at 37 and 89 GHz frequencies were used to acquire
emissions from the ocean surface at a fixed incidence angle of 53°, the same incidence
angle as the spaceborne SSM/I (Special Sensor Microwave/Imager) sensor and within 2°
of the spaceborne AMSR-E (Advanced Microwave Scanning Radiometer – Earth
Observing System) sensor. The system was installed on the rail mount on the port side of
the Amundsen at approximately 12 m ASL. Recorded voltages were converted to Tb by
the calibration method described by Farmer et al. (1990). The Tb data were acquired for
24-hour full cycle for all days and were averaged for every 30 minutes for the specified
dates during the month of July 2008 at the locations shown in Figure 5.1. Tb data were
matched with buoy data over 2−7 hours duration for comparison in this study. The
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relationships of Hm0 and PSD, and ship-based Tb at meter scales (footprint at 89 GHz at
55°: 6.36 m2; at 37 GHz: 6.62 m2) at 0.81 cm (37 GHz) and 0.34 cm (89 GHz)
wavelengths are presented in this paper.

Table 5.1. Technical properties and specifications of C-band scatterometer used.
System Parameter

Value

RF output

5.25−5.75 GHz

Antenna diameter

0.61 m

Transmit bandwidth

5−500 MHz, user adjustable

Range resolution

0.3−30.0 meters, user adjustable

Antenna beamwidth

H-pol: 5.2° azimuth, 5.5°
elevation
V-pol: 5.6° azimuth, 5.3°
elevation

Antenna gain

28 dB, nominal

Cross-polarization isolation

> 30 dB, measured at the peak of
the beam

Transmit/receive polarizations

Linear, Vertical and Horizontal

Sensitivity, minimum NRCS at 15 m range

–40 dB m2/m2

Chirp length

Variable, 0.1−15.0 ms

Note: NRCS: Normalized Radar Cross-Section; RF: Radio Frequency
A C-band fully polarimetric scatterometer (ProSensing Inc., Amherst, MA, USA)
(Table 5.1) installed on the port side of the Amundsen at a height of 7.6 m ASL was used
to collect backscatter signatures coincident to ocean buoy data over relatively short (< 0.5
hour) periods on 1, 9, and 26 July. Backscatter and phase data at all four linear
transmit/receive polarization combinations (HH, HV, VH, and VV) were collected over
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the 20°−60° incidence angle range at 10° spacing, and across a 60° azimuth centered
perpendicular to the Amundsen. At 7.6 m height, and with the scatterometer positioned at
a fixed azimuth and 45° incidence angle, its footprint was estimated to be 1.1 m2. By
extending the azimuth to a 60° range, a single scan comprised several footprints over
several meters, resulting in multiple statistically independent samples of the sea surface at
each incidence angle. The use of a wide azimuth also increased the number of radar looks
and reduced fading, though the resulting experimental dataset does not consider the wave
direction relative to the scanning scatterometer. Instrument calibration, noise levels, set
up, and data limitations are described elsewhere (Geldsetzer et al., 2007; Isleifson et al.,
2010).
For analysis of scatterometer data a limit of 3 dB of signal-to-noise ratio was placed
on backscatter, resulting in an upper incidence angle limit of 40° for scans taken during
relatively calm conditions. This limit was extended to all samples to enable the intercomparison of all backscatter regardless of sea state. Scan data were represented by the
average covariance matrix, from which HH, HV, and VV backscatter, as well as 𝛾co and

𝛾cross , were derived from backscatter amplitudes. The following polarimetric coherence

parameters: the co-polarized correlation coefficient ( 𝜌VVHH ); the cross-polarized

correlation coefficient ( 𝜌HHVH ) ; and the coherence of right and left circular

transmit/receive polarizations (𝜌RRLL ) were obtained using the formulae in Eq. (5.1)–(5.3)
following (Gupta et al., 2013; Lee et al., 2000; Schuler et al., 2002),

𝜌VVHH =

∗ |〉
〈|𝑆VV 𝑆HH

�〈|𝑆VV |2 〉〈|𝑆HH |2 〉
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,

(5.1)

𝜌HHVH =
𝜌RRLL =

∗ |〉
〈|𝑆HH 𝑆VH

�〈|𝑆HH |2 〉〈|𝑆VH |2 〉

,

〈|𝑆HH − 𝑆VV |2 〉 − 4〈|𝑆HV |2 〉
,
〈|𝑆HH − 𝑆VV |2 〉 + 4〈|𝑆HV |2 〉
𝛾co =

𝑆VV
,
𝑆HH

𝛾cross =

𝑆HV
.
𝑆HH

(5.2)

(5.3)
(5.4)
(5.5)

where S is the complex scattering matrix; and an asterisk (*) represents the complex
conjugate. The brackets 〈. 〉 represent ensemble averages of the observed data.

Polarimetric coherences and polarization ratios have demonstrated utility in reducing the
ambiguities caused by the non-linearity between system response and target properties
(Eom and Boerner, 1991). Further details on the derivation of 𝜌RRLL , a parameter shown

to be sensitive to surface roughness, are found in (Hajnsek et al., 2003; Mattia et al.,
1997).

5.3. Results and Discussion
5.3.1. Ocean Surface Wave Conditions
The data primarily represent wave breaking and energy dissipation due to waves
depending on the prevailing wind conditions. From the measured buoy data Hm0 ranged
between 12−214 cm (sea state on Beaufort scale 0−5) compared to those by Hwang et al.
(2008) who reported a range 120−270 cm in the Atlantic Ocean (Figure 5.2). Observed
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wave numbers ranged between 0.083−0.729 rad/m, and wind speeds ranged between
0.5−10.5 m/s compared to wind speed range of 7.0−14.5 m/s given by Hwang et al.
(2008). In this study, the wave steepness ranged between 0.011−0.050, which
corresponded with ocean surface wavelength ranging between 8.61−75.56 m. The wave
periods of wind-generated waves addressed in this paper lie between 2.4−7.0 s.

Figure 5.2. (a) Significant wave height (Hm0) observed from 1–28 July 2008 (total
number of samples = 103). Multiple measurements on a day fall on the same vertical line.
(b) Hm0 is plotted versus wind speed and compared with data (total number of samples =
29) from Hwang et al. (2008).
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Swells [wave period > 10 s (Wells, 2012)] were not observed during the field program.
Wind-generated wave growth in the data is well supported by the observed relationship
between the non-dimensional form of energy,

𝑔2 Hm0
U4

U

(where 𝑔 is gravitational

acceleration), and wave age, 𝑐 (where 𝑐𝑝 is wave phase speed) as initially proposed by
𝑝

Kitaigorodskii (1962) and further developed by Donelan et al. (1992) (Figure 5.3). The

RMS error in the fitted curve is 0.024; the coefficient of determination, R2 = 0.97; and
sum of residual errors, SSE = 0.052. The observed empirical relationship is:

−3.132

𝑔2 Hm0
U
= 0.00817 � �
4
U
𝑐𝑝

.

(5.6)

Figure 5.3. Wind-generated wave condition in the experiment is shown here. Nonlinear
model 𝑦 = a𝑥 𝑏 between non-dimensional wave energy (𝑦-axis) and wave age (𝑥-axis)
indicating wind-induced wave development. SSE is the sum of squared error of the fit.
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Wave roughness parameters Hm0 and PSD, coincident to scatterometer acquisitions on
1, 9, and 26 July, are shown along with U in Table 5.2. While the scatterometer took
eight minutes to complete one scan, wave height and PSD data were logged at 30 minutes
intervals.

Table 5.2. Scatterometer measurement dates and times, sampling durations, near and far
range numbers of independent samples (nind) of the sea surface, with coincident wind
speed and wave roughness parameters, significant wave height (Hm0) and power spectral
density (PSD).
Date

Time

Duration

Radar nind

Radar nind

Wind

Wave PSD

Wave

(2008)

(UTC)

(minutes)

(Near: 20°)

(Far: 40°)

Speed

(m2/Hz)

Hm0

(m/s)

(cm)

1 July

18:37

14

44

122

7.4

4.3154

136

9 July

16:57

17

44

122

5.8

0.2787

66

26 July

17:49

24

66

198

3.9

0.4617

47

Note: UTC: Universal Time Coordinated
Table 5.2 also provides the number of independent scatterometer samples acquired at
20° (near range) and 40° (far range) incidence angles examined in this study. Wave
spectra from the same dates are shown relative to the analytical Pierson-Moskowitz (PM), Bretschneider, and 3-parameter Gamma wave spectra (Figure 5.4). These wave
spectra considered both capillary and gravity wave (wavelength > 1.74 cm) development.
The observed spectra are in agreement with the modeled spectra (integration time 3 hours
with frequencies 0−0.33 Hz; Moskowitz, 1964) for the Hm0 case on 9 July, with peak
frequencies of ~0.2 Hz. For other high and low Hm0 cases, the observed spectra agree
more closely with the P-M model at wave frequencies greater than 0.2 Hz. The high and
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low Hm0 cases also contain considerably more observed wave energy in the low
frequency part of the observed spectra, indicating the presence of longer waves (Figure
5.4a, c).

Figure 5.4. Wave spectra measured coincident to scatterometer on 1 July, 9 July, and 26
July 2008 with comparisons to analytical spectra. Red: measured; Green: PiersonMoskowitz; Blue: Bretschneider; Magenta: 3-parameter Gamma.

The low frequency part of the spectra is marginally modeled by the wave spectra
models, likely due to insufficient number of statistical data points of long wavelength
waves available to generate a spectrum that fits the analytical spectrum. Also, the data
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lacked swell observations during the field campaign, and did not contain considerable
wave frequencies < 0.2 Hz. Therefore, in the present treatment, the wave frequencies 0.2
Hz and above have only been considered. The high Hm0 at low wind speeds indicates that
the wave energy still retained in the ocean even after winds have subsided. This transition
from calm to rough sea (and vice versa) depends on the rate of wave energy dissipation in
the ocean [Figure 5.2(b) and Figure 5.4]. These observed wave conditions set the
background for which microwave signatures of ocean surface will be investigated in the
next section.

5.3.2. Comparison to Passive and Active Microwave Signatures
Linear associations between geophysical variables (Hm0, PSD, water temperature, and U)
and Tb at 37 and 89 GHz are shown as a correlation matrix in Table 5.3. A low
probability value, P-value (P < 0.05) is observed for each combination of bolded
variables given in Table 5.3, verifying statistical significance. Regression coefficients for
estimating the Hm0 using Tb are given in Table 5.4 and pertinent regression relationships
are shown in Figure 5.5. Wind speed is not correlated with Tb; however, it is observed
that Tb at 37 GHz and 89 GHz is significantly correlated with the Hm0 and the PSD of the
waves and the correlation is stronger for H-polarization than V-polarization because
horizontally polarized EM waves interact more efficiently with the vertical features than
vertically polarized EM waves. Thus, the higher Tb H-polarization implies an indirect
contribution of wind energy in inducing wave heights than V-polarization. Linear
relationships between water surface temperature and Tb are not observed. In addition to
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this, the Tb is also affected by a number of other external factors that alter the passive
microwave emission of the ocean surface such as sea spray and foam.

Table 5.3. Correlation matrix (Pearson’s r) of observed variables. The number of samples
of each variable is 111.
Tb89H

Tb89V

Tb37H

Tb37V

Hm0

PSD

Tw

Tb89H

1

Tb89V

0.93

1

Tb37H

0.97

0.88

1

Tb37V

0.85

0.91

0.87

1

Hm0

0.80

0.72

0.78

0.55

1

PSD

0.71

0.64

0.70

0.52

0.92

1

Tw

0.25

0.44

0.16

0.21

0.25

0.20

1

U

0.06

–0.02

0.09

–0.08

0.24

0.21

0.09

U

1

Note: Tb89H: Brightness temperature at 89 GHz H-polarization (K).
Tb89V: Brightness temperature at 89 GHz V-polarization (K).
Tb37H: Brightness temperature at 37 GHz H-polarization (K).
Tb37V: Brightness temperature at 37 GHz V-polarization (K).
Hm0: Significant wave height (cm).
PSD: Wave power spectral density (m2/Hz).
Tw: Water temperature (°C).
U: Wind speed (m/s).
Numerals in bold represent statistically significant correlation at the 95%
confidence level.
Table 5.4. Regression coefficients for Hm0 and Tb for various frequencies and
polarizations. The fitted line is Tb = a + bHm0. Each regression contained 124 samples.
For each frequency and polarization, the linear regression is found to be statistically
significant, with horizontal polarization of 89 GHz being very well correlated with Hm0.

a
89H
89V
37H
37V

173.98
240.00
120.60
201.51

b
0.15
0.04
0.10
0.03

P-value (95%

Lower,

confidence

Upper

interval)

bounds for

< 0.001
< 0.001
< 0.001
< 0.001

0.13, 0.18
0.03, 0.05
0.08, 0.12
0.02, 0.03

124

Pearson’s r
0.74
0.65
0.74
0.51

The passive microwave frequencies used in the study are sensitive to the individual
contributions of small-scale features, e.g., sea spray and whitecaps. Although the Tb
depends on several other external factors (see Introduction), an increase in the surface
area exposed to the sensor also contributes to a rise in Tb (Figure 5.5). Higher waves have
a larger surface area, and the associated rise in Tb is especially detected at H-polarization.
Tb increases with wind speed, foam and whitecaps coverage at 8.36 and 19.34 GHz
frequencies (Hollinger, 1970, 1971) and between 13.4 and 37 GHz (Stogryn, 1972).
However, at the observed Beaufort scale 0−5, sea sprays have been assumed nonsignificant, thus the contribution of spray in modifying the Tb is assumed negligible. An
increase in H-polarization Tb at 37 and 89 GHz frequencies is observed, which is
consistent with the H-polarization observed by previous researchers. Other results
illustrate a non-significant correlation between Tb and wind speed at V-polarizations of
6.6, 10.69, and 37 GHz frequencies (Pandey and Kakar, 1982). In continuation of above
studies, our results further confirm that the Tb at H-polarization is stronger than Tb at Vpolarization at 37 and 89 GHz under rougher conditions.
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Figure 5.5. Relationship between brightness temperature (Tb) and Hm0 at 37 and 89 GHz
frequencies and horizontal (H) and vertical (V) polarizations.

Backscatter is compared to Hm0 and also considered in the context of surface
roughness at the C-band wavelength (5.6 cm) (Figure 5.6). The observed backscatter
correspond well with the three cases of observed wave heights. The interaction of
incident radar waves with capillary waves (millimeter level), whose restoring force is the
surface tension of the water, is not accounted for, as the waves of this size are not
detectable by the buoy. A decrease backscatter (HV and VV) with increasing incidence
angle is observed, as expected, over the sampled range (Figure 5.6). The highest
backscatter corresponds to the highest Hm0 on 1 July, though the weakest backscatter
corresponds to the intermediate Hm0 on 9 July (Figure 5.6). Stronger HH (not shown), HV,
and VV backscatter at all incidence angles for the lowest Hm0 on 26 July, relative to 9
July, point to the likelihood of a stronger coupling of the radar waves to capillary waves,
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implying that higher capillary waves interaction with microwaves results in higher
backscatter even at intermediate Hm0. Now, we compare the backscatter with the gravity
waves, whose restoring force is gravity and are also measured by the buoy. Kudryavtsev
(1997) has described the relationship between gravity (demonstrated as wave height) and
capillary (demonstrated as Bragg scattering) waves. VV and HV backscatter at incidence
angles 20°, 30°, and 40°, for the three radar-Hm0 cases are shown in Figure 5.6 (a) and 5.6
(b).

Figure 5.6. Incidence angle dependent (a) VV, and (b) HV backscatter from windroughened open water on 1 July (Hm0 = 136 cm), 9 July (Hm0 = 66 cm), and 26 July (Hm0
= 47 cm).
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Figure 5.7. Incidence angle dependent ratios, (a) 𝛾co and (b) 𝛾cross from wind-roughened
open water on 1 July (Hm0 = 136 cm), 9 July (Hm0 = 66 cm), and 26 July (Hm0 = 47 cm).

𝛾co and 𝛾cross for each of the analyzed incidence angles and roughness conditions are

shown in Figure 5.7 (a) and 5.7 (b). If we consider the roughness, interpreted using the
HV and VV intensities in Figure 5.6, rather than the measured Hm0, the 𝛾co at 20° shows
similar behavior. The 𝛾co is inversely related to radar-interpreted roughness in a manner

described by the Bragg and Integral Equation Model (IEM) surface backscattering
models (Fung and Chen, 2010). According to Bragg and IEM theory, the 𝛾co for given

incidence angle and dielectric constant, tends to zero (greater HH relative to VV) with
increasing surface roughness provided the surface roughness is greater than or equal to
the incident wavelength. For smooth surfaces with surface height very small relative to
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the incident wavelength, the 𝛾co is independent of surface roughness (Hajnsek et al.,

2003). For the roughest Hm0 case on 1 July, the additional HH backscatter relative to VV
is so strong that the ratio at 20° becomes negative. For such a sea state, previous
observations show greater HH backscatter sensitivity to the tilt modulation effect caused
by larger waves on Bragg waves (Thompson et al., 1998; Trizna and Carlson, 1996), as
well as wave breaking (Johnsen et al., 2008).
At 40° incidence angle our observations show correlation between 𝛾co and Hm0; which

appears to be qualitatively proportionate; i.e. Hm0 and 𝛾co are much stronger on 1 July
while 9 and 26 July are similar. However, the results of Mouche et al. (2005) show that

the azimuth angle (direction of waves relative to the radar look angle) must be considered
at incidence angles larger than 25°. We have not considered it in the three cases evaluated
in this study. In Figure 5.7(b), there is a significant increase in 𝛾cross as a function of

incidence angle and a relatively small diversity between sea states.
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Figure 5.8. Incidence angle dependent polarimetric coherences, (a) 𝜌HHVH (b) 𝜌VVHH , and
(c) 𝜌RRLL from wind-roughened open water on 1 July (Hm0 = 136 cm), 9 July (Hm0 = 66
cm), and 26 July (Hm0 = 47 cm).

At 40° incidence angle, there is an increase in the ratio of 2 dB between the smooth
and rough Hm0 cases, and the ratio is correlated with the Hm0. This effect is most likely
attributable to the combined loss of HV backscatter with incidence angle, which is also
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evident in Figure 5.6, coupled with an increased sensitivity of VV backscatter to the sea
state. In the context of utilizing 𝛾cross from spaceborne SAR, the HV intensity values are
very low at incidence angles of 40° and above and must be considered relative to the
noise equivalent sigma zero of the utilized sensor at a particular incidence angle.
Figure 5.8 (a)–(c) provide the polarimetric coherence parameters 𝜌HHVH , 𝜌VVHH , and

𝜌RRLL at each of the incidence angles and roughness conditions. Figure 5.8(a) shows the

𝜌HHVH , a measure of the correlation between complex HH and VH returns. There appears

to be no relationship between 𝜌HHVH and Hm0 under the constraints imposed in this study.

On the other hand, the 𝜌VVHH in Figure 5.8(b) shows an inverse relationship between the

magnitude of the coherence and Hm0 at 20° incidence angle. This is consistent with an
expected greater depolarization of incident polarized radar energy induced by the rougher
ocean waves. Beyond 20° there is no discernible relationship between Hm0 and 𝜌VVHH

that can be deduced on the basis of expected scattering mechanisms. Similar magnitudes
of the correlation coefficient are evident for sea states on 9 and 26 July. The rough sea
state on 1 July (also seen at 20°) suggests that this parameter has utility for discriminating
higher waves. The parameter 𝜌RRLL in Figure 5.8(c) is expected to be decreasing with

increasing surface roughness (Gupta et al., 2013; Hajnsek et al., 2003; Touzi et al., 2004),
though this has been developed for terrestrial applications and not well-verified for an
ocean surface. At 20° there is only a negligible decrease in 𝜌RRLL associated with the
highest Hm0 case on 1 July. At incidence angles greater than 20°, the rougher sea state is
linked with the highest 𝜌RRLL , which is contrary to previous results over terrestrial

surfaces. An important consideration, however, is the scale of physical roughness, which
is much greater for the ocean waves under investigation in this study. Furthermore, in a
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study of Jet Propulsion Laboratory (JPL) polarimetric scatterometer observations off the
California coast at 13.4 GHz, Lee et al. (2004) found an azimuthal dependency on the
𝜌RRLL , but did not specify the incidence angle. The study of 𝛾co by Keller et al. (1989) (at

C-band) mentioned above, shows that the azimuth effect above 25° must be considered
for this coherence. The C-band radar observations presented in this study, in particular
𝛾co results in Figure 5.7(b), and the coherence results in Figure 5.8(a)–(c) further support

the need to consider ambiguity caused by the azimuth angle when considering the
derivation of sea state from polarimetric radar data at incidence angles greater than 25°.

5.4.

Conclusions

In this paper, passive microwave emission and polarimetric backscatter measurements
were collected coincident to wind and ocean buoy data at spatial and temporal scales
relative to airborne and satellite remote sensing studies. A statistical analysis of
coincident geophysical variables showed that the Tb is correlated with Hm0, but not the
wind speed at both H- and V-polarizations, and that it shows a higher correlation with
Hm0 at H-polarization. The PSD and Hm0 are significantly correlated with the Hpolarization of Tb at both of the passive microwave frequencies (better with 37 GHz due
to longer wavelength) in this study. An assessment of C-band backscatter points to a
dependency of HV and VV intensities on surface roughness; which is resonant to the
radar frequency but not captured by the buoy, as shown by greater backscatter intensities
for the smoother Hm0 (47 cm compared to 66 cm) at each of the observed incidence
angles. 𝛾co and 𝛾cross at 40° are positively associated with Hm0, and 𝛾co in particular shows
an increase that is proportional to Hm0 (Figure 5.7).
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The polarimetric coherence parameter 𝜌VVHH at 20° also shows an inverse relationship

with Hm0 that suggests inverse proportionality, due to an expected decorrelation of

complex returns with greater surface roughness. The 𝜌VVHH also holds potential for
discriminating rough (Hm0 = 136 cm) from smooth (Hm0 ≤ 66 cm) sea states at 30° and

40°, though this is on the basis of an increase in the magnitude of 𝜌VVHH with increasing
Hm0 and is contrary to the expected decorrelation for greater surface roughness. Similarly,

a decrease in 𝜌RRLL with increasing roughness, expected for all incidence angles on the

basis of previous observations made over terrestrial surfaces, was not observed here.

While the results presented here point to the utility of C-band satellite radar for deriving
ocean surface physical roughness information without the need for wind speed or azimuth
angle information at incidence angles less than approximately 25°, importantly they
provide stimulus for further investigations including the azimuth angle for observations
above approximately 25°. With an increasing spatial and temporal coverage of open
water in the Arctic it will be important to develop robust satellite retrieval algorithms,
which examine both gas and energy exchange across the AO interface and into the
marginal ice zones of the Arctic.
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Abstract

Rapid reduction of sea ice in the Arctic has necessitated an evaluation of sea ice
roughness at smaller scales than those provided by satellites. We evaluate sub-pixel (<
5.4 km) sea ice roughness using AMSR-E brightness temperature (Tb) 89 GHz data and
in situ physical roughness data acquired using helicopter-based laser system in the
southern Beaufort Sea. The analysis shows a statistically significant correlation
(regression line slope: −79.92) of Tb at horizontal polarization (H-pol) decreasing with
increasing rms heights. The Tb at 89 V-pol also shows an analogous trend with increasing
rms height, however, the correlation was not significant. We find that the changing sea
ice dielectrics due to melting during April−June prevented an accurate assessment of sea
ice roughness using 89 GHz AMSR-E Tb. These results suggest that 89 H-pol is sensitive
to changes in physical roughness. The temporal evolution of AMSR-E Tb values at 89 Hpol and 89 V-pol shows a decrease from April through June. The 89 GHz AMSR-E Tb at
5.4 km contained insufficient information to adequately account for changes occurring in
the dielectrics and ice roughness at spatial scale of 1−4 km during April−June.
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6.1.

Introduction

A rapidly changing Arctic environment due to accelerated sea ice reduction in the past
few decades has resulted into greater sea ice roughness and enhanced ocean-sea iceatmosphere interactions (Hutchings and Rigor, 2012; Moore et al., 2014; Nghiem et al.,
2007; Pizzolato et al., 2014; Stroeve et al., 2012, 2014). Various oceanic and atmospheric
processes acting simultaneously at different spatial and temporal scales in the ice-covered
Arctic Ocean produce sea ice roughness both at the surface and at the bottom of sea ice
(Gupta et al., 2014). Microwave remote sensing has played a key role in such
investigations, with scientists studying the microwave signatures of sea ice for several
decades (Comiso, 1986; Gupta et al., 2013; Scharien et al., 2012). Because of a rapidly
changing sea ice cover from perennial to seasonal ice, the microwave signatures of the
ice cover have changed considerably, and the current satellite-based algorithms do not
adequately account for the actual ice conditions (Barber et al., 2009). Passive microwave
observations are useful in estimating sea ice concentration (Comiso et al., 1997), surface
roughness (Stroeve et al., 2006), and overall sea state of the ocean. In the presence of
various ice types and surface roughness of sea ice, however, the passive microwave
emissions are further moderated.
Space-based passive microwave studies of the Arctic began in 1972 with the launch of
Nimbus-5 Electrically Scanning Microwave Radiometer (ESMR) (Wilheit, 1972);
followed by Scanning Multichannel Microwave Radiometer (SMMR) in 1978 (Gloersen
et al., 1984); the Defense Meteorological Satellite Program (DMSP) Special Sensor
Microwave/Imager (SSM/I) in 1987 (Holllinger et al., 1987); and the Advanced
Microwave Scanning Radiometer for EOS (Earth Observation System) Aqua (AMSR-E)
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developed by JAXA (Japan Aerospace Exploration Agency) and launched by NASA
(National Aeronautics and Space Administration) onboard Aqua satellite in 2002. Several
subsequent missions of SSM/I and AMSR-E have been launched in order to provide
continuity of Earth observation data. With four decades of experience in passive
microwave observations of sea ice in the Arctic, scientists have satisfactorily developed
techniques to quantify sea ice concentration, extent, thickness, and volume at specified
spatial and temporal scales. However, there are significant gaps in passive microwave
interpretation of sea ice roughness at finer spatial and temporal scales. Table 6.1 provides
some main specifications of the AMSR-E sensor. The available resampled smallest pixel
size in AMSR-E imagery is 5.4 km at 89 GHz. The present paper addresses an evaluation
of sea ice surface roughness at a sub-pixel (less than 5.4 km of AMSR-E) level.

Table 6.1. AMSR-E sensor main specifications (Source: NSIDC).
Centre frequency (GHz)

6.925

10.65

18.7

23.8

36.5

89.0

Bandwidth (MHz)

350

100

200

400

1000

3000

Beamwidth (°)

2.2

1.4

0.8

0.9

0.4

0.18

Spatial resolution (km)

56

38

12

5.4

a

74 × 43

51 × 29

14 × 8

6×4

IFOV (km)

21

Sampling interval (km)

5×5

Horizontal and vertical

Incidence angle

55°

Swath (km)

54.5°
1445

Precision

1 K (1σ)
12-bit

10-bit

Dynamic range (K)
a

31 × 18

10 × 10

Polarization

Quantization

27 × 16

2.7 to 340

IFOV: Instantaneous field-of-view.
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Several mediating factors affect the passive microwave emissions of sea ice; e.g.,
snow, air temperature, moisture content of snow, all of which go through significant
seasonal changes affecting the brightness temperature (Tb) detected by the sensor.
Surface roughness significantly affects the Tb of first-year ice (FYI) detected at 6.9
(Hong, 2010), 10.7, 18.7, and 37.0 GHz (Stroeve et al., 2006). The complex dielectric
constant of the ice surface encapsulates the effect of changing thermodynamic conditions
of the ice. Thus, the variability due to rapidly changing dielectrics can have a significant
impact on passive microwave measurements of the geophysical and thermodynamic state
of the sea ice (Onstott et al., 1987). Sea ice formation, its breakup, and floe sizes control
the surface roughness and hence the passive microwave emission of the sea ice. Lohanick
(1990) measured Tb as a function of distance on the ice surface having a non-uniform
snow cover and showed that snow could mask the underlying ice roughness, implying
that snow (dry or wet) can have potentially significant contribution to Tb. Onstott et al.
(1987) calculated values of penetration depths in moist snow at different frequencies. The
penetration depth was less than ~5 cm at snow volumetric water content ranging from
0.1−10% at 95 GHz. For a typical snow cover in the range of hundreds of millimeters,
dry snow affects the Tb at frequencies above ~30 GHz; and moist snow with water
content of merely 1% affects Tb at virtually all microwave frequencies (Carsey, 1992).
The moisture content of snow and snow-ice interface controls the electromagnetic
(EM) radiation interaction with the physical roughness of the ice surface. The Tb is very
sensitive to the dielectric constant, which is controlled by the type of overlying snow –
dry or wet – depending on air temperature and humidity, snow depth and snow density
(further dependent on weight of snow layer). Lohanick and Grenfell (1986) found that Tb
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did not correlate with snow depth for depths up to 30 cm on cold FYI. The Tb of snowcovered sea ice is also dependent on seasons (Cavalieri et al., 1984; Zwally et al., 1983).
Livingstone et al. (1987) suggest that based on microwave signatures, five divisions of
sea ice thermodynamic states that are roughly equivalent of seasons may be separable;
e.g., winter, initial melt, melt onset, advanced melt, and freeze-up. In this paper, we
address evaluation of surface roughness based on passive microwave signatures during
winter, initial melt and melt onset (April−June). We intend to investigate how physical
roughness at a scale much larger than the EM wavelength (0.34 cm at 89 GHz) relates
with the resulting Tb as detected by AMSR-E. The objective of this paper, in view of
above background, is to evaluate/establish the sub-pixel level (< 5.4 km) linkages
between physical roughness (acquired using helicopter-based laser system) and AMSR-E
Tb at 89 GHz during April−June (spring to melt onset).

Figure 6.1. Helicopter-based laser roughness sampling locations and the study site.
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6.2.

Materials and Methods

6.2.1. Study Area
The study area lies in Amundsen Gulf in the southern Beaufort Sea (Figure 6.1). The
Cape Bathurst Polynya forms in the area and hosts several flaw leads throughout the
winter (Barber and Hanesiak, 2004) and the region becomes ice-free in the summer. We
acquired field data between April−June 2008 (Legs 7, 8, and 9) as part of the
Circumpolar Flaw Lead (CFL) System Study, an International Polar Year (IPY) project
that was conducted during October 2007−August 2008 aboard the Canadian Research
Icebreaker Amundsen [26].

6.2.2. Instrument Description and Data Collection
Sea ice roughness data were acquired using a helicopter-mounted laser system, ADM 3–
Alpha Geophysical unit, built by Optech Inc. (Toronto, ON, Canada) with a listed
accuracy of 1.5 cm. It generated 905 nm infrared laser beams with a beam divergence of
5 mrad (0.28°). The sampling rate of the ice roughness data is 10 Hz corresponding to a
spatial sampling interval of ~4 to 5 m (Nyquist ‘horizontal’ spatial frequency 0.125 Hz)
for the normal helicopter speed of 46.3 m/s (90 knots) from 130 m altitude. The
helicopter flights were made during April−June 2008 in horizontal profiles over fully icecovered Arctic Ocean as the transition from winter to summer occurred. The helicopter
flights covered a 1−4 km distance on the ground in each profile. We selected 48 laser
profiles pertaining to different dates and locations over the ice. The surface roughness
data were processed and calibrated to retain only the ice surface heights. Thus, the sea ice
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roughness data contained surface height values from the ice surface only. These profiles
were selected, for comparison to AMSR-E Tb, based on the data quality, temporal match
between various datasets, and sufficient number of data points within datasets. Each
profile contained numerous data samples with 277 and 58,449 discrete height data points.
These data samples can be regarded as the realizations of a random process from an
anisotropic rough surface representative of the FYI in the southern Beaufort Sea from
spring to summer. We used one-dimensional piecewise cubic Hermite interpolation to
replace the null and not-a-number (NaN) values in the entire data to obtain root-meansquare (rms) values of height for each data series.

6.2.3. AMSR-E Data
We downloaded Version 3 of calibrated AMSR-E Tb data from the National Snow and
Ice Data Center (NSIDC) data pool (Ashcroft and Wentz, 2013). The AMSR-E Level-2A
product (AE_L2A) contained Tb at 89.0 GHz and other frequencies (not used in the
present analysis). We have used high-resolution 5B-swath ascending data, which covers
the southern Beaufort Sea. AMSR-E’s 89 GHz channel provides the highest available
spatial resolution of 5.4 km preferable for surface roughness studies, and the 89 GHz
horizontal polarization (H-pol) channel is sensitive to surface roughness (Svendsen et al.,
1983). The atmospheric effects, e.g., water vapor and cloud liquid water considerably
influence the 89 GHz channel (Spreen et al., 2008; Svendsen et al., 1983). Version
3(V003) provides improved inter-calibrated data with other microwave radiometers,
particularly SSM/I F13 and WindSat; and calibrated with improved Radiative Transfer
Model (RTM) with adjustments of the water vapor and oxygen absorptions, particularly
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the water vapor continuum absorption (Meissner and Wentz, 2012). Resampled data were
spatially consistent, at a resolution that corresponded to the footprint size of the
observation, i.e., 5.4 km (Table 6.1). Each swath was packaged with associated
geolocation fields.
Data were stored in Hierarchical Data Format−Earth Observing System (HDF-EOS)
format. We organized the data with an arbitrary center coordinate at −124°W and 71°N
for each image. The plots were created using Stereographic projection with a radius of 5°.
Subset images were created for April−June 2008 on various dates for which surface
roughness data were acquired using the helicopter-based laser system. The Tb values
were picked from the subset image at known locations of the helicopter flight. The stored
data value (digital number) was converted into Tb (kelvin) using the scale factor and
offset values given in each HDF data file (Eq. 6.1).

𝑇𝐵 (𝑘𝑒𝑙𝑣𝑖𝑛) = (𝑠𝑡𝑜𝑟𝑒𝑑 𝑑𝑎𝑡𝑎 𝑣𝑎𝑙𝑢𝑒 × 0.01) + 327.68.

(6.1)

The mean surface air temperature data have been extracted from NCEP (National
Centers for Environmental Prediction) reanalysis surface level products created by
NOAA (National Oceanic and Atmospheric Administration)/ ESRL (Earth System
Research Laboratory) Physical Research Division.
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6.3.

Results and Discussion

6.3.1. Linkages Between rms Height and AMSR-E Brightness Temperature
This paragraph gives a foreground of why this dataset were suitable for establishing
above-mentioned linkages. The sea ice under consideration is rough and deformed FYI
during spring to melt onset (April−June). The entire ice field had a snow cover varying in
snow thickness ranging between 5−70 cm, accumulated since freeze-up in OctoberNovember. By mid-April, the ice cover had already undergone several significant
upheavals in weather; for example, changes in air temperature and humidity. These
changes in atmospheric conditions are recorded in the snow and ice layers (Livingstone et
al., 1987), manifested in the resulting dielectric constant of the ice, and its microwave
signatures. The penetration depth of EM radiation into saline FYI at higher frequencies is
considerably small. Higher frequency (89 GHz) for surface roughness investigation is
preferable because of two reasons: First, and as previously noted, the EM radiation at
higher frequencies does not penetrate much into saline FYI; and secondly, the scattering
of higher frequency radiation is greater by the rough ice surface thus facilitating detection
of a rough surface. Lower EM frequencies respond to the volume of ice due to greater
penetration depth and are therefore not as appropriate for roughness detection.
Figure 6.2 shows the temporal variability in rms height data acquired using the
helicopter-based laser system from spring to melt onset. The maximum and minimum
rms heights acquired were 0.35 and 0.07 m, respectively. Before evaluating a relationship
between Tb and rms height, we checked the statistical distributions of the respective
datasets. The statistical probability density distributions and histograms of various
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profiles were shown to be approximately Gaussian (Figure 6.3). The vertical polarization
(V-pol) distribution appears to be slightly negatively skewed.

Figure 6.2. Plot shows the averaged rms height data acquired during April−June from the
helicopter-based laser system (number of samples = 48). Maximum rms height = 0.35 m;
minimum rms height = 0.07 m.

Table 6.2. Coefficient of determination (r2) and regression statistics between AMSR-E Tb
and rms height (ℎ) (number of samples = 48).
Linear Regression

r2

P-value

𝑇𝑏 𝑉 = −66.7ℎ + 271.68

0.48

< 0.05

0.61

< 0.05

𝑇𝑏 𝐻 = −79.9267ℎ + 261.01

Table 6.2 shows linear regressions between rms height and Tb at H-pol and V-pol at
89 GHz. The P-value < 0.05 suggests that the relationship is statistically significant.
Table 6.3 summarizes the descriptive statistics of Gaussian distribution of rms height and
Tb data at 89 H-pol and 89 V-pol.
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Figure 6.3. Probability density distributions of the rms height, and AMSR-E Tb data at 89
H-pol and 89 V-pol. The data is approximately Gaussian as shown by the respective
histograms and density curves.
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Table 6.3. Normal distribution statistics of various data (number of samples = 48).
Normal distribution parameter

Std. Err.

Estimate

µ

0.0112

0.2031

σ

0.0081

0.0778

µ

1.1527

244.784

σ

0.8281

7.986

µ

1.0817

258.139

0.7771

7.494

rms height (m)

Tb-H (K)

Tb-V (K)

σ

Figure 6.4. Linearity plot (P-P plot) for the regression between Tb 89 H-pol and rms
height (number of samples = 48). The plot shows that the two datasets closely agree to
each other.
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The linearity plot (P-P plot) for the regression between Tb at H-pol and rms height also
implies correlations between the two datasets (Figure 6.4). This result is interesting from
multiple viewpoints. First, the H-pol Tb shows better correlation with the rms height
compared to Tb at V-pol (Table 6.2). Secondly, the Tb at both polarizations tends to
decrease with increasing rms height (Figure 6.5). Although the physical roughness goes
up to 35 cm, the penetration depth of EM radiation at 89 GHz is ~5 cm. Thus, the
contribution to Tb primarily comes from the top 5 cm of the snow or ice surface. This
indicates that the roughness interface dictated by the penetration depth of EM waves at 89
GHz does not match well with the actual physical roughness interface measured by the
helicopter-based laser system. This finding is consistent with the findings of Lohanick
(1990) who demonstrated the effect of snow layer over rough multiyear ice on the Tb.
This result also shows that despite increasing physical roughness, the Tb decreases likely
due to a rapidly changing dielectric constant caused by thermodynamic evolution of the
surface layer of ice during April−June. Wet snow permittivity is 1.4 for 0% water content
(dry in April) to 3.3 for 12% water content (wet in June) at snow density 0.25 g cm−3
(Ulaby et al., 1986, Figure E.38); permittivity of first year ice is 3.3 at −10°C (Ulaby et
al., 1986, Figure E.24).
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Figure 6.5. Linear regression between AMSR-E Tb at 89 H-pol (blue) and 89 V-pol (red)
and rms height for roughness data collected between April−June 2008 (number of
samples = 48). Table 6.2 shows the regression equations and the statistics.

6.3.2. Temporal Evolution of Brightness Temperature During April−June
Figure 6.6 shows the temporal evolution of Tb during April−June at select locations
where helicopter-based laser roughness measurements were made. We do not observe
any significant trend in the Tb values at the select locations; however, there is a drop in Tb
values around the first week of June (Julian Day 149−155).

Figure 6.6. The changes in AMSR-E Tb, 89 H-pol (blue) and 89 V-pol (red), observed at
the locations of roughness measurements, between April−June of 2008.
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Figure 6.7 shows the NCEP reanalysis monthly mean surface air temperatures from April
to June. It shows a dramatic change in surface temperature from −19.5°C in April to 8°C
in June. It gives an idea of the atmospheric conditions that can have a significant effect
on the electrical properties (dielectric constant) of snow and underlying sea ice, the
dielectric constant being extremely sensitive to the temperature. Figure 6.8 shows the Tb
at 89 GHz H-pol, which depicts a decrease in the Tb values from April through June. As
indicated previously in our results, 89 H-pol shows better correlation with the rms height
and decreases with increasing roughness.

Figure 6.7. Monthly mean surface air temperature during April−June 2008 around the
study area. The data are NCEP reanalysis surface level products from NOAA/ESRL
Physical Sciences Division. It shows a change in monthly mean temperature from
−19.5°C in April to 8°C in June.

A scatter plot of 89 H-pol versus 89 V-pol shows linear alignment of points most of
which cluster toward higher Tb values indicating FYI signatures (Carsey, 1992) (Figure
6.8). The minimum Tb value in the data is 227.48 K (89 H-pol); which is much higher
than typical Tb from melt water/seawater that have low Tb values. A change in
atmospheric conditions is normally observed in the southern Beaufort Sea beginning of
June when air temperature rises and the initial melt of sea ice occurs (Scharien et al.,
2012). Diverting our focus from select locations of helicopter roughness data sampling to
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a larger scale covering the entire southern Beaufort Sea and Amundsen Gulf, the
temporal evolution in Tb has been plotted using AMSR-E data (not-resampled) during
April−June.

Figure 6.8. AMSR-E Tb plot (89 GHz V-pol versus 89 GHz H-pol) for snow-covered FYI
in southern Beaufort Sea during April−June 2008 for stations where physical roughness
measurements are taken (number of samples = 48).

The increasing snow water content of the ice surface causes greater dielectric loss in
the ice, therefore reducing the Tb as detected by AMSR-E. The snow-ice interface, at this
time of year, gets wetter because of collapsing snow layer with drainage to the ice surface
as the pendular regime turns into funicular regime (Barber, 1995). A flaw lead opened up
in the eastern shore of Amundsen Gulf, as discernible through AMSR-E Tb image of 11
May, exposing open water to the sensor (Figure 6.9). Tb values as low as 180 K can be
seen in the Gulf from 11 May onwards until 21 June. A similar flaw lead is discernible
west of Banks Island from 11 May onwards. An analogous Tb pattern is observable in the
V-pol suite of images provided in Figure 6.10. This also shows that H-pol is more
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sensitive to changes in the dielectric behavior and surface roughness of ice than V-pol.
The Tb at 89 V-pol remains above 220 K even for the open water areas. When we
compared Tb at select locations of helicopter roughness measurements, V-pol showed
marginal correlation with the rms heights. Now, considering the entire southern Beaufort
Sea, an analogous behavior of a decrease in Tb is observed.
The extraction of surface roughness signatures from the satellite-based Tb of natural
sea ice conditions encountered during April−June (late spring to melt onset), is
challenging because of the rapidly changing dielectric properties caused by
thermodynamic changes in the overlying snow cover, snow-ice interface, and underlying
sea ice (even after AMSR-E data are atmospherically corrected accounting for
atmospheric moisture and clouds). Lower frequencies are not preferable due to their
greater sensitivity to the changing dielectrics and larger penetration depth capability. The
use of 89 GHz has been considered as the most reasonable choice for studying the surface
roughness signatures from the Tb. Secondly, the composite brightness signal collected at
the AMSR-E sensor from within 6 km × 4 km (IFOV- Instantaneous Field-of-View, see
Table 6.1) of surface area poses difficulty in correlating it with the in situ helicopterbased laser roughness data at much smaller scales. The electrical and geometrical
changes in the sea ice surface occur faster and at smaller scales than those detected at
temporal and spatial scales provided by AMSR-E. The AMSR-E Tb values contain
insufficient information to adequately account for changes occurring in sea ice dielectrics
and surface roughness at sub-pixel level. Further work is required to understand the
impacts of thermodynamics on the passive microwave emissions and how they relate to
the roughness of the marginal ice zone. This work will benefit from the application of a
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microwave emission model to separate out geophysical and dielectric complexities of the
seasonally evolving marginal ice zone roughness.
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Figure 6.9. Sequential (April−June 2008) images of AMSR-E Tb at 89 H-pol in the
southern Beaufort Sea and Amundsen Gulf. The Tb at 89 GHz H-pol shows decreasing
values in the Amundsen Gulf from April through June 2008.
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Figure 6.10. Sequential (April−June 2008) images of AMSR-E Tb at 89 V-pol in the
southern Beaufort Sea and Amundsen Gulf. The Tb at 89 GHz V-pol shows decreasing
values in the Amundsen Gulf from April through June 2008.
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6.4.

Conclusions

We presented, in this paper, an evaluation of sub-pixel (< 5.4 km) sea ice roughness using
AMSR-E Tb data and in situ rms height data acquired using a helicopter-based laser
system. The rms height data were acquired from helicopter flights made inside the pixel
size, i.e. 5.4 km. The rms heights, obtained from horizontal roughness profiles varying
over ground distances of 1−4 km, were correlated with corresponding Tb values found in
the associated pixel in the AMSR-E image. The analysis shows a statistically significant
correlation (regression line slope: −79.92) of Tb at horizontal polarization (H-pol)
decreasing with increasing rms heights. This can be explained by the rapidly changing
electrical properties (dielectric constant) caused by thermodynamic evolution of
overlying snow cover, snow-ice interface, and underlying FYI during April−June. The
dielectric loss increased with increasing snow water content, thus reducing the Tb as
detected by AMSR-E despite increase in physical roughness of ice surface. The Tb at 89
V-pol also showed an analogous trend with increasing rms height; however, the
correlation was not significant. However, these results suggest that 89 H-pol is more
sensitive (than 89 V-pol) to changes in physical roughness in agreement with Svendsen et
al. (Svendsen et al., 1983, 1987). We conclude that rapidly changing dielectrics due to
thermodynamic evolution during spring to summer hinder a reasonable and substantive
assessment of sea ice roughness from AMSR-E Tb for spatial scales less than 5.4 km.
We also investigated the temporal evolution of Tb signatures from late spring (midApril) to melt onset (mid-June) in view of the in situ physical roughness measurements.
The decreasing Tb values in the entire study area were clearly discernible from April
through June. The Tb values at 89 H-pol at pixel size of 5.4 km decreased from April
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through June, caused by the flaw leads that opened (identified in sequential AMSR-E
images of 11 May and onwards) in the eastern shore of Amundsen Gulf and west of
Banks Island. An analogous decrease in Tb at 89 V-pol is also observed during
April−June. The magnitude of Tb values of 180 K at 89 H-pol suggested open water
(because of lead openings and expanding open water areas in June) signatures.
It is challenging to separate out physical roughness from the seasonally variable
dielectric contribution to the Tb at 5.4 km spatial resolution of AMSR-E. The sub-pixel
evaluation of Tb, at present, only relies on the in situ radiometer observations in
conjunction with simultaneous consideration of several other variables responsible for
moderating electrical and geometrical properties of snow-covered FYI. The results from
this analysis highlight the need for a numerical microwave emission model that includes
mediating factors, e.g., air temperature, snow-ice interface water content, brine, physical
roughness, and humidity to downscale the Tb at 5.4 km to a spatial and temporal scale
where changes in dielectrics and surface roughness actually occur. We will investigate
the potential for the Microwave Emission Model of Layered Snowpacks (MEMLS) as
such a candidate model (Wiesmann and Mätzler, 1999) in our next contribution on this
topic.
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Chapter 7
Summary and Conclusions

The research work presented in this thesis was an attempt to understand physical
roughness of the MIZ. Four different sub-objectives were: the technique development for
detection and classification of physical roughness for various sea ice types in a MIZ;
utilization of active microwave polarimetric coherences and ratios for sea ice roughness
discrimination; open water roughness estimation using in situ active and passive
microwave signatures; and an evaluation of the temporal evolution in passive microwave
signatures of sea ice roughness at a sub-pixel level (< 5.4 km) using AMSR-E data.
In the Section 7.1, I present a brief summary of results associated with each objective
followed by, in the Section 7.2, conclusions and linkages between four objectives
addressing the overarching objective.

7.1.

Summary of Results

Chapter-3 detailed the extensive statistical analysis for the detection and classification
of separable sea ice classes in the southern Beaufort Sea MIZ through a range of spatial
and temporal scales. The discrimination of surface roughness was investigated using
analysis of variance (ANOVA) of the helicopter-based and ship-based laser roughness
data, ship-based active and passive microwave data, to achieve statistically significant
classes of sea ice types.
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Merely the visual observations of sea ice types and surface roughness are insufficient
to account for the variability and diversity of sea ice surface. The ANOVA of laser
roughness was performed to examine if the classes were statistically different from one
another. Analogously, the ANOVA of HH, VH, and VV polarization in situ
backscattering coefficient data and brightness temperatures at 37 and 89 GHz at H and V
polarizations were performed at 0−30 m scale. No statistically different groups were
formed in the laser data due to similarity of means. Passive microwave brightness
temperature data produced only one sea ice group. The ANOVA of backscattering
coefficient of different polarization combinations (HH, VH, and VV) created statistically
different sea ice classes. Thus, active microwave polarimetric data of sea ice have
potential utility in separating different sea ice surface types with further aid of
polarimetric coherences and ratios (see Chapter-4).
Chapter-4 evaluated the utility of C-band polarimetric backscatter, coherences and
ratios as a discriminator of sea ice surface roughness. Circular, co-, and cross-polarized
coherences and polarization ratios were computed for different sea ice surfaces to
examine sensitivity to surface roughness. An existing one-dimensional backscatter model
was modified to consider two-dimensions of surface roughness by incorporating
deviation in the orientation angles (i.e. the slopes) in azimuth and range directions
simultaneously as an improvement in the model for surface roughness.
Backscattering coefficients at HH, VH, and VV polarization and polarimetric
coherences of two frost flower cases, snow-covered first-year ice, pancake ice, and
deformed first-year ice were examined. The observed circular coherence, for the
improved two-dimensional model of surface roughness, showed a strong dependence on
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both the dielectrics and surface roughness. The co-polarization ratio is more sensitive to
surface roughness compared to cross-polarization ratio confirming previous work on sea
ice. Cross-polarization coherence was observed to be less sensitive to roughness, thus
coherence and ratios can be used together to discriminate rough ice.
Chapter-5 addressed thesis objective-3 and estimated open water roughness in the
southern Beaufort Sea. I investigated the relationships between geophysical variables
associated with open water roughness (wave height, spectral density) and ship-based
microwave backscatter/emission. Active co- and cross-polarization ratios and
polarimetric coherences were used to interpret open water roughness.
Wave height data, ranging between 12−214 cm, were used to establish a relationship
between the non-dimensional form of energy and the wave age, to assess wave scenarios
in the ice-free southern Beaufort Sea. Results from this analysis match very well with the
theory of wind-generated wave growth. Three different cases of wave heights (low to
high) were matched with theoretical wave spectra. The passive microwave brightness
temperature at 89 GHz H-polarization from waves (within ~10 km from ice edge) was
found to increase with increasing significant wave heights. The wave power spectral
density and the wave height were well correlated with the observed brightness
temperature at 37 and 89 GHz. Polarimetric coherences were found to be less sensitive in
the detection of open water roughness near the ice edge. Co-polarized coherence was
observed to decrease with increasing significant wave height.
Chapter-6 addressed thesis objective-4 and evaluated sea ice roughness at sub-pixel
scales (< 5.4 km) using AMSR-E data at 89 GHz. This paper used helicopter-based laser
roughness measurements in the southern Beaufort Sea to investigate how roughness data
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from within 1−4 km relates to the passive microwave data from 5.4 km (pixel size). The
temporal evolution in passive microwave signatures from spring to summer melt
(April−June) was also investigated.
Linkages between helicopter-based rms height and AMSR-E brightness temperature
were established for snow-covered first-year ice during April−June in the southern
Beaufort Sea. A significant correlation was found between brightness temperature at 89
GHz H-polarization and rms height. Brightness temperature was observed to decrease
with increasing physical roughness. An analogous relationship, although statistically
non-significant, was also observed between the brightness temperature at 89 GHz Vpolarization and physical roughness. Both physical roughness data and brightness
temperature data were normally distributed.

7.2.

Conclusions

The overarching goal of this research was to investigate the physical roughness of the
southern Beaufort Sea using microwave remote sensing methods, which included shipbased observations, helicopter-based laser roughness measurements, and satellite-based
passive microwave emissions of the MIZ. To achieve this goal, four interrelated subobjectives of this research were addressed. The conclusions with inter-links between the
sub-objectives are as follows:
•

The use of state-of-the-art tools; for example, polarimetric microwave

observations and its extensive statistical analysis provide useful insight into the detection
and classification of sea ice roughness. The ANOVA of laser roughness and passive
microwave brightness temperature yield only one statistically separable class, which
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implies that the sea ice classes, despite being different, are grouped as statistically similar
except for the cases where snow cover was significant. The investigation of purely
statistical nature of brightness temperatures over different sea ice surfaces requires
further research. This leads me to conclude that the directional dependence of brightness
temperature could be of utmost importance for meaningful extraction of surface
roughness from the brightness temperature.
•

For microwave polarimetric analysis of surface roughness, two dimensions should

be considered to effectively address the signatures from rough sea ice. This change from
an existing one-dimensional model of surface roughness to two dimensions provides
better insight into surface roughness by considering orientation angles in azimuth and
range direction simultaneously. The circular coherence in the one-dimensional model is
considered to be a discriminator of roughness and theoretically independent of dielectric
contributions from ice. However, in the improved two-dimensional model, the circular
coherence is found to be dependent on both surface roughness and the dielectric constant
of ice. Thus, it is concluded that circular coherence currently does not provide robust ice
roughness discrimination, as previously shown in the literature (Mattia et al., 1997).
Other polarimetric coherences also provide a vague interpretation of surface roughness
limited only for certain incidence angles. Co-polarized coherence is smaller for far range
incidence angles for all ice types. Cross-polarized coherence is less sensitive to
roughness, thus is not a good discriminator of ice roughness. The co-polarized ratio is
more sensitive to roughness compared to the cross-polarized ratio.
•

The statistical analysis of wave parameters and passive microwave emissions

reveals that the two are well correlated with each other; however, the wind speed is not
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directly correlated with microwave emission. This leads me to conclude that it takes some
time for wind energy to cause growth of waves (surface roughness) after the energy is
imparted to the ocean, to be able to be detected by microwave sensors. Because of this
time lag, no correlation is found between wind speed and microwave emission, but wave
heights and spectral density are well correlated with the microwave emission.
Polarimetric coherences hold potential for discriminating roughness from smooth sea
surfaces, but require more detailed experiments for open water. The co-polarized ratio
shows an increase with increasing wave height.
•

Horizontally polarized brightness temperature of snow-covered first-year ice is

well correlated with rms height in an inverse manner. The inverse relationship between
the two may be the outcome of two major possibilities: 1) the brightness temperature
decreases from spring to melt onset (April−June), and 2) the spatial resolution of the two
measurements are not in agreement with each other. AMSR-E spatial resolution (5.4 km
at 89 GHz) and roughness measurements (1−4 km) pose challenges in analysis. A
downscaling of AMSR-E data or roughness measurements at the same scale is likely to
provide a better correlation between brightness temperature and roughness. The rough
surface as seen by AMSR-E (dependent on penetration depth) is significantly different
from the rough surface detected by the helicopter-based laser system. This may lead to
misinterpretation and misclassification of rough ice as seen in AMSR-E products.
Temporal evolution of sea ice is clearly captured in the AMSR-E brightness
temperature images from April to June. The decrease in brightness temperature from
April to June at both 89 GHz H- and V-polarization is due to smaller emissivity of water
than ice as sea ice progresses toward melt onset in June. The magnitude of brightness
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temperature values of 180 K indicates expansion in open water areas in the eastern shore
of Amundsen Gulf and west of Banks Island. To evaluate sea ice roughness at sub-pixel
scales (< 5.4 km), a two-dimensional model taking all mediating factors (snow density,
air temperature, humidity to name a few) that affect microwave signatures of sea ice,
needs to be considered, because the temporally changes in brightness temperature occur
faster than those detected by the sensors.
The first objective was to examine the capability of advanced statistical methods to
extract information from laser roughness and microwave data, which is not discernible
through only visual investigations. It is possible to detect and classify sea ice classes from
active microwave data using advanced statistical methods. Further analysis (polarimetric)
of active microwave backscattering data shows that various combinations of polarimetric
coherences and ratios provide useful insight in discriminating sea ice types. It is
addressed in the second objective that one-dimensional model of sea ice roughness is
invalid in correctly explaining the ice in MIZ. In addition to the advanced statistical
analysis, two-dimensional ice roughness model using polarimetric data provided detailed
insights in understanding sea ice roughness dynamics in MIZ. Moving from ice toward
the open sea, in the vicinity of MIZ, the influence of wave height and its brightness
temperature data further adds another useful dimension in understanding the MIZ. The
third objective essentially looked into the wind-waves relationship in the vicinity of MIZ
using advanced active polarimetric and brightness temperature. Here too, the polarimetric
active microwave techniques and passive microwave brightness temperature at dualpolarization proved to be immensely useful. In the fourth objective, I tried to conjoin the
knowledge acquired from above three papers to investigate seasonal sea ice evolution
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(spring through melt onset) more closely using passive microwave emissions as detected
by AMSR-E assisted with airborne roughness data. It was the objective to see whether it
is possible to interpret sea ice evolution and microwave signatures of roughness from
space in the same manner, as they are observed in situ. However, spatial and temporal
inconsistencies as well as inadequate representation of sea ice microwave properties in
models prevented such investigations.

Original Research Contributions:
This thesis has demonstrated that a multitude of state-of-the-art methods, various types of
multi-dimensional data at varying spatial and temporal scales are needed to adequately
address the complex behavior of sea ice in a MIZ.
•

This research work suggests that advanced models of sea ice should consider

statistical discrimination and classification techniques. Especially, the ANOVA of active
polarimetric data from sea ice clearly discriminates sea ice classes.
•

Adding to the statistical utility of polarimetric microwave data, various

polarimetric coherences and ratios were found to be useful in identifying sea ice types.
This study showed that one-dimensional sea ice roughness geometry does not fully
account for the correct polarimetric response of ice roughness; a two-dimensional model
provides further details, but is complex to interpret.
•

The observed circular coherence, for the improved two-dimensional model of

surface roughness, showed a strong dependence on both the dielectrics and surface
roughness.
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•

No correlation is found between wind speed and microwave brightness

temperature, but wave heights and spectral density are well correlated with the brightness
temperature.
•

The investigations of seasonal sea ice evolution using satellite data at sub-pixel

scale suggest that temporal changes in sea ice occur faster than those detected by the
satellite thus making it difficult to interpret the satellite data at scales < 5.4 km.
•

For wind speeds 0-10 m/s, the formula is derived:

(see Chapter-5 for symbols)
•

𝑔2 Hm0
U4

U

−3.132

= 0.00817 �𝑐 �
𝑝

.

A new 2D relationship between slope in azimuth and ground range, radar look
tan 𝜔

angle, shift in azimuth, and shift in ground range is derived: tan 𝜃 = sin 𝜃2 (tan 𝛾. sin 𝜙 +
1

cos 𝜙) + cos 𝜃2 (− tan 𝛾. cos 𝜙 + sin 𝜙). (see Chapter-4 for symbols)

7.3.

Future Research

The statistical discrimination of sea ice surface found in a MIZ using microwave methods
(active and passive) can be further explored using satellite remote sensing and can pave
the way for remote discrimination of surface roughness. I did not consider the effect of
surface roughness anisotropy on backscatter (i.e., the dependence of backscattering on the
direction of measurement to account for ice slope, orientation, and surface geometry).
This can be achieved by two-dimensional high-resolution roughness measurements at the
same spatial and temporal scales at which changes in microwave signatures of sea ice
occur. The problem of sea ice discrimination using microwave methods mainly revolves
around spatial and temporal consistencies in physical roughness and microwave
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measurements irrespective of the measurement platform, because of the fast changes that
occur in the microwave properties of sea ice at different scales.
Polarimetric microwave investigations of sea ice hold the clue to discriminating
various ice types and surfaces with greater confidence at desired spatial and temporal
scales. The requirement for this, as realized from this research work, is a very well
designed polarimetric microwave data acquisition at meaningfully acceptable spatial and
temporal scales, synchronized with other instruments. These in situ observations can be
particularly useful for interpretation of satellite measurements once planned SAR
constellations (Sentinel series, Radar Constellation Mission) are available as planned
with European Space Agency and Canadian Space Agency.
It would be interesting to explore the ocean surface roughness using polarimetric
microwave observations incorporating the azimuth angle in addition to incidence angle
for observations above 25°. This thesis (Chapter-5) showed the potential utility of C-band
satellite SAR for deriving ocean wave roughness without the need for wind speed at
incidence angles less than 25°. The finding that H-polarization brightness temperature at
37 and 89 GHz correlate well with significant wave height and wave power spectral
density, suggests that more detailed research at other microwave frequencies and
polarimetric passive emissions that build on the present framework, can be desirable.
We know that the spatial changes in microwave signatures of ice occur faster than
those detected by the satellite sensor. There is a need for a layered two-dimensional
surface roughness model of snow-covered sea ice that considers all mediating factors
(e.g., air temperature, snow salinity, snow density, humidity, surface temperature, snowice interface water content, to name a few) responsible for passive microwave emission
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detected by the satellite sensor. Sub-pixel (< 5.4 km) evaluation of sea ice roughness
using AMSR-E (or any passive microwave satellite) is marred by spatial and temporal
inconsistencies in various datasets meant to account for sea ice microwave signatures and
its physical attributes. The development of such a model would enable unprecedented
predictions of sea ice roughness conditions from a spaceborne platform, providing
regional spatial coverage, ideal for understanding MIZ behavior of the Arctic.
Future challenges in estimating MIZ roughness could be the following:
•

Sub-pixel (< 5.4 km for passive) interpretation of passive microwave emission of
MIZ

•

Integrating active and passive microwave response of annual changes in ice
surface roughness in the MIZ in a thermodynamic model

•

Identification and classification of ice types at high spatial (sub-meter) and
temporal resolutions using combined active and passive satellite data

•

Acquisition of required synchronized high resolution 2D laser and SAR data from
the same ice/surface type for various surface types

•

Quantifying the relationship between changing surface properties and bottom ice
roughness

•

Parameterizing ice motion and underwater current contributions to surface
roughness

•

The development of a reliable remote sensing-based wind retrieval technique over
sea ice is also an open area of research as wind is the dominant factor related to
roughness
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•

I

did

not

consider

the

effect

of

surface

roughness

anisotropy

on

backscatter/emission (i.e. dependence of backscatter/emission on the direction of
measurement)
•

There is a need for 2D high-resolution measurements of surface roughness at the
same spatial and temporal scales at which microwave signatures of MIZ occur

•

A well-designed fully polarimetric microwave data acquisition considering
dependence of measurement direction on backscatter at various spatial and
temporal scales, synchronized with other measurements, is required

The understanding of the MIZ physical mechanisms will considerably improve once
these issues are addressed.
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Appendix−A: Contributions of Authors to Journal Papers

Chapter-3
In this journal paper, I extensively collected ship-based laser data using University of
Miami’s laser system, with help from Dustin Isleifson and Randall Scharien in
deployment and recuperation of instrument. CFL team collected helicopter-based laser
data. I collected ship-based passive microwave data at 37 and 89 GHz. I formulated the
key scientific objectives of the paper; the ideas for plots, graphs, tables, and presentation
style were my own. Dustin Isleifson provided backscattering coefficients data for
November 2007 from University of Manitoba’s scatterometer. Randall Scharien provided
backscattering coefficients data for June−July 2008 from University of Calgary’s
scatterometer. I performed the statistical data analyses of active and passive microwave
and laser data (ship- and helicopter-based). I developed a suite of MATLAB® codes for
filtering, cleaning, and presenting the ship- and helicopter-based laser data. I created all
the figures using Ocean Data View, SigmaPlot®, and JMP®. David Barber provided
expertise, logistical and financial support for the fieldwork, and useful comments on the
manuscript. I wrote the manuscript, and handled it as the corresponding author until the
final publication. Dustin Isleifson and Randall Scharian also provided useful comments
on the manuscript.
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Chapter-4
In this paper, I formulated the key concepts and scientific objectives. I conceptualized
and developed the two-dimensional model, and derived mathematical formula for circular
coherence. CFL team collected the backscattering data for November 2007 using
University of Manitoba’s scatterometer and took field photographs of various ice types.
Randall Scharien provided Figure 4.5 and Figure 4.6; and Table 4.3 and Table 4.4. I
created most figures and tables using Ocean Data View, and MATLAB®. David Barber
provided expertise, logistical and financial support for the fieldwork, and useful
comments on the manuscript. I wrote the manuscript, and handled it as the corresponding
author until the final publication. Randall Scharien wrote a section on scatterometer
methodology, helped with the analysis and presentation of the data, and provided useful
comments on the manuscript.

Chapter-5
In this paper, I conceptualized the scientific objectives. I extensively collected the buoy
data with helps from CFL project team and Canadian Coast Guard personnel in
deployment and recuperation of the buoy. I collected ship-based passive microwave data
at 37 and 89 GHz channels and scatterometer data for July 2008 using University of
Manitoba’s scatterometer. I analyzed and processed all wave data and created most
figures using Ocean Data View, SigmaPlot®, MATLAB®, and W@ves21. The statistical
data analysis, processing, and interpretation of all passive microwave data were my own.
Randall Scharien provided Figure 5.6, Figure 5.7, and Figure 5.8 and a part of Table 5.2;
helped with discussion, processing, and interpretation of polarimetric data; and wrote a
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section on scatterometer methodology. I wrote the manuscript, and handled it as the
corresponding author until the final publication. David Barber provided expertise,
logistical and financial support for the fieldwork, and valuable comments on the
manuscript.

Chapter-6
In this paper, I formulated the key concepts and the scientific objectives. CFL team
collected the helicopter-based roughness data. I acquired the AMSR-E data from NSIDC.
The processing and analysis of all laser data and AMSR-E data are my own. I developed
the MATLAB® codes for helicopter-based laser data filtering and analysis. I created all
the figures using Ocean Data View, MATLAB®, SPSS®, and Panoply. David Barber
provided expertise, discussions, logistical and financial support for the fieldwork, and
valuable comments on the manuscript. I wrote the manuscript, and handled it as the
corresponding author until the final publication.
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Appendix−B: Additional Contributions to the Scientific Literature

In addition to the four peer-reviewed journal papers embodied in this thesis, I have
contributed to several other peer-reviewed journal papers, data reports, and a book
chapter during the course of my Ph.D. work. This work is closely related to my thesis, but
is considered more as a contribution to the collaborative research at CEOS resulting from
my collaboration in multidisciplinary teamwork during CFL project and ArcticNet field
programs in the Arctic.

Journal Papers:
1. Scharien, R. K., Yackel, J. J., Barber, D. G., Asplin, M., Gupta, M., and Isleifson,
D. (2012). Geophysical controls on C band polarimetric backscatter from melt
pond covered Arctic first-year sea ice: Assessment using high-resolution
scatterometry.

Journal

of

Geophysical

Research,

117(C00G18),

doi:10.1029/2011JC007353.
2. Barber, D. G., Galley, R., Asplin, M. G., De Abreu, R., Warner, K. -A., Pućko,
M., Gupta, M., Prinsenberg, S., and Julien, S. (2009). Perennial pack ice in the
southern Beaufort Sea was not as it appeared in the summer of 2009. Geophysical
Research Letters, 36(24), doi:10.1029/2009GL041434.
Book Chapter:
3. Barber, D. G., Asplin, M. G., Lukovich, J., Galley, R., Scharien, R., Isleifson, D.,
Candlish, L., Raddatz, R., Prinsenberg, S., Iacozza, J., Gupta, M., Hochheim, K.,
and Mundy, C. J., Section 3.2: Ocean-Sea Ice-Atmosphere Interactions. In: Barber,
D. G., Tjaden, T., Leitch, D., Barber, L., and Chan, W. (Eds.) (2012), In: On the
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edge: From knowledge to action during the fourth International Polar Year
Circumpolar Flaw Lead System Study (2007-2008). ©2012 University of
Manitoba, 248 p., ISBN 978-0-9813265-1-1. [pdf]
Data Reports:
4. Gupta, M. (2013). Sections: Passive Microwave Measurement; MOB sampling.
In: ArcticNet 2013 Expedition of the CCGS Amundsen: Data Report, Warner, K.
(Ed.), pp. 112−113, 117−118.
5. Gupta, M. (2012). Section 3.3 Ocean Surface Roughness; Section 5.7 On-ice
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Report, Asplin, M, and Scharien, R. (Eds.), CEOS-TEC-2012-01-25, pp. 36−38,
132−136.
6. Gupta, M. (2009). Section 3.3 Ocean Surface Roughness; Section 4.3 SurfaceBased Radiometer (SBR) Passive Microwave Measurements. In: CCGS
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