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Abstract
The Ocean-Sea Ice-Atmosphere (OSA) boundary operates as a complex
and highly coupled system whereby the thermodynamic properties of the
system are affected by atmospheric and hydrospheric forcing at a continuum
of spatial and temporal scales throughout the annual cycle. In this
dissertation

1 evaluate

the seasonal

CO-relationship between

the

thermodynamic, mechanical, ablation state and microwave backscatter
characteristics of the OSA to provide inter and intra-annual spatio-temporal
information on snow covered, landfast smooth fïrst year sea ice (FYI) in the

Canadian Arctic during the spring melt period. 1 present techniques to invert
physical and radiative information fkom this surface using synthetic aperture
radar (SAR) data. The research concludes by addressing issues concerning
sea ice ablation state forecasting for the purpose of proving strategic marine
navigation information.
Results show that the bulk thermodynamic properties of smooth FYI can
be approximated by t h e senes SAR and that the information can be M e r
exploited to estimate specific characteristics of the thermodynarnic state of
the system at a particular point in the seasonal evolution. Tirne series SAR is
shown to be associated with evolution and magnitude of specific radiation
and energy state variables during the sprïng melt period. Relationships
between microwave scattering and the climate state indicators proved
sensitive to the diurnal acquisition times of RADARSAT-1. Time series
analyses further demonstrate that RADARSAT-1 ScanSAR data can be
utilized to provide spatio-temporal information on spring melt and melt pond
onset timing. Furthemore, RADARSAT-1 is shown to be capable of
estimating surface wind speed, melt pond fiaction and the integrated
shortwave albedo over smooth FYI during the melt pond season.
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CEHPTER 1:

Introduction

1.1. Introduction
As we enter into the new millennium it is increasingly apparent that
the Earth system is experiencing profound and unprecedented change.

Human population and technology have evolved to the point where we
are no longer a passive part of the Earth system. Rather, we have begun
to modiQ the other components of the system (e.g., cryosphere,
atmosphere, lithosphere and biosphere) by our industrial and agricultural
practices. In order to fully understand the complex issues of global
environmental change that challenge socieq (e-g., greenhouse warming,
climate

variability,

ozone

depletion,

deforestation,

acid

rain,

desertification, biodiversi~,etc), we must learn how to view the Earth as
a system and identiQ the complex linkages and feedback processes that
exist among its components. Decisions to implement mitigative measures
are based upon both a scientific and pragmatic understanding of this
interactive system. A more complete understanding will be achieved only
through continued measurement, monitoring and modeling of system
processes.

1.2. Scientific Rationale
The scope of this research investigates physical associations between
the atmosphere, cryosphere and hydrosphere. More specifically, the focus
addresses the nature of thermodynamic processes operating across the
Ocean-Sea ice-Atmosphere (OSA) interface in the Canadian Arctic
Archipelago. Consideration of our polar climates, and in particular, the
marine cryosphere, within global climate modeling efforts is paramount
due to the enhanced sensitivity of these regions to environmental
perturbations.
Snow covered sea ice makes up the majority of the marine cryosphere.
Sea ice forms when the ocean water reaches a temperature of
approximately -l.g°C, and after doing so, provides a platform for the
deposition and accumulation of meteoric snow. Several studies have
noted that the addition of snow on sea ice can have a significant effect on
the climate of the polar regions. This is because the physical, thermal and
radiative properties of snow are so vastly different fkom both sea ice and
ocean water.
The sensitivity exists because the effect of snow covered sea ice is far
out of proportion to its geographical area (Carmack, 1986). The
sensitivity arises due to a number of feedback processes operating
between the cryosphere, hydrosphere and atmosphere, which may
contribute to the amplification of any natural or anthropogenic
perturbation (LeDrew, 1986). The perturbation, in this case, has been the
logarithmic increase in anthropogenic atmospheric 'greenhouse gases'.
The clirnatic result of polar feedback processes is evident in the

temperature record (Figure 1.1). Annual average temperature anomalies

fiom 1866 to 1999 are plotted for both the Northern Hemisphere as a

whole and for the region between 64' and 90' north latitude. Although
the trends are generally similar, the trend in temperature is magnified
nearly three times in the Arctic region in comparison to the hemispheric
values.

Figure 1.1. Average annual Northem Hemisphere and Arctic temperature
anomalies

(OC)

fiom the 1950-80 mean. Data was acquired from the

NASA Goddard Institute for Space Studies.
The sea ice-albedo feedback mechanism operates as a complex system

and is thought to be one of the dominant physical processes operating
across the OSA (Ledley, 1991). In its simplest description, the feedback
process is initiated with a perturbation to the snow/sea ice system, such
as an increase in the surface temperature due to the advection of a warm
air mass into the region. The resulting increase in the air to surface heat

flux acts to decrease the area extent of sea ice and its overlying snow

cover. A reduction in sea ice concentration exposes a greater percentage
of ocean water. The increase in open water, which has a much lower
albedo (reflective ability) than snow covered sea ice, leads to a greater
amount of absorbed solar radiation thereby increasing the total energy in
the system. In response to this energy increase, the air temperature would
rise leading to M e r melting of snow and ice.
Fominately, this is not the only OSA feedback mechanism. If it were,
the polar regions would have experienced a runaway temperature
increase long ago. There are several positive feedback processes
operating within the system, with the destabilizing effects of these
mitigated by only a few strong negative feedbacks (Barry et al., 1984).
Recent modeling efforts suggest that when the system is perturbed, al1 of
the feedback processes participate in the response of the system, but the
relative importance of each feedback depends on the nature of the
perturbation (Curry et al., 1995).

Our limited understanding of the physical processes operating within
this environment is M e r demonstrated by the vastly differing
projections of latitudinal temperature perturbations under a two times

COz atmosphere using results fiom six different General Circulation
Mode1 (GCM) simulations (Figure 1.2).

Latitude

Figure 1.2. Latitudinally averaged temperature perturbations tor six
General Circulation Mode1 simulations under a two times COz
atmosphere. Data originally compiled by Schlesinger, 1982.
These simulations provide contradictory evidence as to the response of
the climate system at high latitudes, primarily because of uncertain roles
of snow and clouds withh the various feedback processes operating there
(Cess et al., 1991; Randall et al., 1994). The discrepancies highlight the
importance and unresolved role of polar regions within our global clirnate
system.

1.3. Science Objectives
Snow covered sea ice participates in the key large-scale processes of
the Earth's climate system, the absorption and emission of radiant
energy, and the poleward flux of heat (Carsey et al., 1992). The OSA
boundary operates as a complex and highly coupled system whereby the
physical and thermodynamic properties of the system are affected by
atmospheric and hydrospheric forcing at a multitude of spatiaI and
temporal scales throughout the annual cycle.
To bound the objectives and results of this research, the geophysical
and spatio-temporal conditions are constrained to: 1) Geophysical
conditions are lirnited to saline, landfast frst year sea ice (smooth to
rough) within the Canadian Arctic Archipelago; 2) Spatial scales range
fiom the centimeter to hundreds of kilometers; 3) Temporal scales range
fkom the hourly to intra-annual.
The primary science objective of this research is to study the
interaction of electromagnetic energy (at microwave fiequencies) with a
seasonally evolving snow covered first year sea ice volume.
Microwavelength energy interacts with the snow and upper sea ice
volumes according to its dielectric properties. The bulk thermodynamic
properties of the sea ice volume dictate the bulk dielectric properties and
microwave scattering characteristics at the surface according to some, yet
poorly defined, fbnction.
Given this prernise, the principal focus of my research will be to
investigate the linkage between the bulk thermodynamic properties of sea
ice and electromagnetic scattering of microwave fkequencies.

Science Objective - 'To study the diumal, seasonal and inter-annual
characteristics of the bulk themod'ynamic properties of snow covered
first year sea ice using the temporal evolution of microwave scattering'Scattering, absorption and emission of radiant energy are significant
components of the sea ice energy balance and largely dictate the seasonal
character of sea ice thermodynamics. In addition, snow thickness
distributions on sea ice are spatially heterogeneous. The low themal
conductivity of snow acts to regulate the energy exchange between the
ocean and atmosphere and, as such, indirectly controis the evolution of
thermodynarnic properties. Direct observation of snow thickness
distributions is impractical due to the shear vastness of sea ice extent in
the Northem Hemisphere. The prevalence of cloud cover during the
seasonal transition fiom winter to summer prevents large-scale
rneasurement of radiation variables sufficient for process studies.
These observations have lead to the development of a working
hypothesis for this research that presumes a physical link exists between
temporal variations in microwave scatterhg as a function of both
shortwavelength energy exchange at the surface and the evolution of
snow thickness.
Working Hypothesis - 'That the inherent heterogeneity of sur$ace

radiation exchange and snow thichess dishibutions can be related to
subtle variations in the temporal pattern of microwave scattering fi-om a
synthetic aperture radar (SAR) '

1.4. Research Structure
This dissertation consists of six chapters in which the bulk of the
material has been published in the peer review literature. Each chapter
reflects the results of four specific sub-objectives: 1) To evaluate the
seasonally dependent themodynamic-dielectric-microwave scattering
relationship over snow covered fïrst year sea ice (Chapter 3); 2)
Investigate the utility of time series microwave scattering data to provide
sea ice information during the summer melt period (Chapter 4); 3)

Provide spatio-temporal estirnates of spring melt in the North Water
Polynya (Chapter 5); and 6 ) Facilitate the development of strategic
marine navigation information fiom time series microwave scattering. In
this chapter 1 have described the rationale, constraints and objectives for

this study.

In Chapter 2, I present a review of salient literature pertaining to the
topics under investigation. Specifically, the discussion includes a
seasonal description of the physical, thermal, electrical, mechanical and
microwave scattering characteristics of first year sea ice in the Canadian
Arctic Archipelago.
Chapter 3 describes the methodology (both in situ and remote sensing
methods) used to examine the seasonal evolution of sea ice
thermodynamics. It consists of a description of the field observation
program and an intra and inter-mua1 investigation of time series sea ice
thermodynamic - microwave scattering data collected h m the

Collaborative-Interdisciplinary Cryospheric Experiment(s) (C-ICE) and
the North Water Polynya (NOW) Experiment. In situ data are utilized
within empirically based models to document and speci@ the range of

geophysical conditions giving rise to the observed temporal pattern in
microwave scattering. Aspects of this chapter have contributed to the
following publications;
Barber, D G , JJ. Yackel, R. Wolfe and W. Lumsden., 1998.
Estimating the Thermodynamic State of Snow Covered Sea
Ice using Time Series Synthetic Aperture Radar (Sa) data.
In fernational Society of Offshore and Polar Engineers. Vol
11%.50-54
Barber, DG., JJYackel and A 4 Hanesiak-, 2001.
Perspectives on Sea Ice, Radarsat-l and Arctic Chnate
Processes: A Review and Updute. Canadian Journal of
Remote Sensing. 2 7(1).

In Chapter 4, I investigate the utility of time series microwave
scattering data to provide sea ice information during the surnmer melt
season as this is a period with almost no representation in the literature.
This chapter has been published in two separate peer reviewed journal
articles.
Yackel, XJ, D. G. Barber and JM. Hanesiak. 2000. Melt
Ponds on Sea Ice in the Canadian Arctic Archipelago: Part
1. Variability in morphological and radiative properties.
Journal of Geophysical Research (Oceans). 1 O5(C9):
22,049-22,060Yackel, JJ. and D.G. Barber. 2000. Melt Ponds on Sea Ice
in the Canadian Arctic Archipelago: Part 2. On the use of
RADAMAT- I synthetic aperture radar for geophysical
inversion. Journal of Geophysical Research (Oceans).
I OS(C9): 22,061-22, O 70.

Chapter 5 utilizes the microwave scattering time series information to
provide spatio-temporal estimates of spring melt in North Water Polynya
(NOW'98) in north Baffin Bay as evidence of the utility of SAR in
determining the point of melt onset over fxst-year sea ice. This chapter
has been published in peer review literature.

Yackel, JJ., D. G. Barber, and T.N. Papakyriakou., 2001. O n
the Estimation ofSpring MeZt in the North Wuteï Polynya
(1VOW) using RADARSAT-I SAR. Atmosphere-Ocean (?O
appear in the NO W specid issue). (Accepted Jme '00).
Chapter 6 presents the results fi-om an application-oriented study
conducted from opportunistic sampling to address issues conceming the

timing, magnitude and rate of sea ice ablation as they pertain to the
Arctic Ice Regime Shipping System (AIRSS). Aspects of this chapter
have contributed to a government report.

Barber, DG., JJ: Yackel and LM Hanesiak. 1999. Sea ice
Decay for Marine Navigation. Final Report. Transport
Canada Publication, pp. 162.
Chapter 7 is üsed to summarize the salient conclusions of this research
and to suggest a direction for research work needed to answer questions
raised in each of the chapters.

CZMPTER 2:

2.1.

Nature of the Problem

Introduction

Snow covered sea ice participates in the key large-scale processes of the
Earth's climate system, the absorption and emission of radiant energy, and
the poleward flux of heat (Carsey et al., 1992). It is appropriately considered
a volume interface between an overlying atmosphere and an underlying

hydrosphere. This boundary operates as a complex and highly coupied
system whereby the thermodynamic properties of the system are affected by
atmospheric and hydrospheric forcing at al1 spatial and temporal scales
throughout the annual cycle.
The thermodynamic properties of this system in tum affect the

mechanical, electrical and microwave scattering characteristics of the
volume. Physical properties include the microstructure (crystalline structures

and inclusion morphology and quantities), mesostructure (density, salinity
and thickness) and macrostructure (ice type, surface roughness, kinematics
and spatial distribution). Engineering properties include the thermal,
electrical (complex dielectric constant) and mechanical (eg. ice strength,
elasticity and fiction) characteristics of the snow and ice. The salient issues

concerning the seasonal thermodynamic properties and processes of this
system are now described.

2.2. Sea Ice Thermodynamic Processes
2.2.1. Introduction
First-year sea ice (Fm) is considered a multiphasic alloy consisting of a
mixture of ice, liquid brine, air, and at temperatures below -8.2OC, solid
crystals of salt. Both the salinity and freezing rate of the seawater initially
determine the relative proportion of these constituents. Generally speaking,

an increase in both the salinity and fieezing rate of seawater yields higher
volumes of brine and air within the sea ice. The volume of air increases once
brine is extmded fkom the sea ice during fieeze-up and f?om brine drainage
processes during sumerthne sea ice ablation. After initial formation, the
relative proportion of these constituents is controlled by the thermodynamic
structure within the snowhea ice volume (Weeks and Ackley, 1986). The
phase diagram (Figure 2. l), originally developed by Assur (1958) illustrates
the thermodynamic control on the phase relationships of ice in solid phase,
brine, and solid salts.
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Figure 2.1 Phase diagram of sea ice showing the relationships between ice in
solid phase, brine and solid salts (originally after Assur, 1958).

2.2.2.

Seasonal Characteristics

To conceptualize the fundamental thermodynamic processes operating

within the OSA, researchers have begun to use a categorical h e w o r k for
describing their average condition. Livingstone et al., (1987) were the first to
suggest such a set of seasonal regimes based on the principal processes
operating within the snow/sea ice system. These are Freeze-up, Winter,
Early Melt, Melt Onset, and Advanced Melt. Others have adopted this
structure because

of

its

unique

ability to

assess

the

seasonal

ïnterrelationships between the physical, thermal, electrical, and microwave

scattering characteristics of snow covered sea ice (e-g., Onstott, 1992;
Barber et al., 1995a). These thermodynamic regimes are illustrated along

with the available shortwave energy in Figure 2.2. The physical, thermal and
mechanical properties of f i s t year sea ice are now reviewed within the
context of their control on the electrical and microwave scattering
characteristics.

2.2.2*1,

Physical Properties and Processes

Although the Freeze-Up and Winter themodynamic seasons are not the
primary focus of this research, understanding the thermo-physical nature of
sea ice during these seasons is essential for understanding themodynamic
processes discussed in later seasons.

Seawater has an average salinity concentration of approximately 32 parts
per thousand (ppt). However, the temperature of the maximum density of
seawater for salinities greater than 24.7 ppt is less than the freezing point.
This creates an unstable vertical density distribution that causes convective

mixing to occur until this mixed layer reaches the freezing point (Weeks and
Lee, 1958). This convective layer can range ftom 10 to 40 meters @oronin

and Kheisin, 1975). New ice begins with the appearance of frazil, slush or
columnar ice crystals near the top of the water column where heat loss is
greatest. Frazil and slush ice are initial ice formations typical of fi-eezing
under windy conditions. Significant wind action during fkeezing can
influence the structure of the ice cover. Wind action in leads can cause frazil
to accumulate downwind in bands or to build up in mound-like formations.
As fiazil platelets and needles continue to form, they float to the surface
and form an unconsolidated mixture of crystals and seawater called grease
ice. With continued fieezing, the ftazil crystals begin to coalesce into a
consolidated, dark, elastic-like ice cover called nilas. This thin ice cover
allows for secondary ice growth, called congelation ice, to occur.

Congelation growth occurs fiom the fkeezing of seawater directly to the

bottom of the existing ice sheet as the result of heat conduction upward
through the overlying ice (Weeks and Ackley, 1986). The final crystal
structure that develops contains vertically elongated columnar crystals
aligned parallel to the direction of heat flow (Figure 2.2). Typically the
crystal axis (c-mis) is found orthogonal to the heat flow, however, several
studies have shown that preferred c-axis a l i m e n t to be coincident with the
ocean current motion at the ice-water interface during columnar crystal
growth.
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Adapted fiom Tucker et al., 1992.

Figure 2.3. Idealized dendrite and groove structure of a single columnar sea
ice crystal. Residual b&e is trapped in grooves between dendrites (plates),
which remain essentially salt fiee.

Within each grain, parallel layers of brine inclusions within the grooves
separate pure ice plates between each plate. The spacing between plates
ranges fkom a few tenths to about 1 mm, and is largely a fùnction of the
growth rate (Lofgren and Weeks, 1969; Nakawo and Sinha, 1984). Weeks
and Ackiey (1986) found the plate spacing to be inversely proportional to
the square root of the growth rate. Columnar and congelation ice constitute

the vast majority (- 75 to 95% by volume) of most first-year sea ice, while
fiazil ice accounts for the remaining 5 to 25 % (Weeks and Gow, 1980;
Tucker et al., 1987). Maykut (1978) showed that the first 30 cm of ice
growth is the most significant in reducing the overall heat flux fkom the
ocean to the atmosphere.

The process of brine drainage begins immediately after entrapment. The
dominant mechanisms for brine loss are gravity drainage and brine
expulsion. Brine expulsion results fkom pressure increases in the brine
pockets within fkazil ice during freezing. %le

most brine expulsion is

expected to drain downward into the warmer underlying ice, brine is also
expelled upward ont0 the surface of thin ice resulting in formations called
'fiost flowers' (Martin, 1979; Hollinger et al., 1984). Drinkwater and
Crocker (1988) report that capillary effects or the 'wicking up' of brine
along the vapor pressure gradient supports these highly saline structures.

The major desalination mechanism of a growing ice sheet is gravity
drainage. This process has been studied extensively by a number of
researchers (e.g., Weeks and Lee, 1962; Untersteiner, 1964; Lake and Lewis,
1970; Wakatsuchi, 1974; Eide and Martin, 1975; Martin, 1979; Niedrauer

and Martin, 1979; Wakatsuchi and Saito, 1985). Gravity drainage is related
to the temperature structure of the ice sheet. Since the coldest temperatures
of the ice sheet are found near the ice-atrnosphere interface, the brine found

there will be colder and denser and will tend to drain downward. This effect
is enhanced by an increase in permeability (decrease in density) at lower
depths.
Brine expulsion and drainage to the bottom of the ice sheet is a
significant microscale process that has macroscale ramifications. This
process creates a convective overtuniing in the seawater beneath sea ice, and

in certain shelf regions is responsible for the creation of 'deep water' f?om
the sinking of water mass along the continental slope. This process is termed
therrnohaline circulation and current theory suggests that the substantial flux
of brine to the ocean during the intial fkeeze-up and growth season is a
fundamental process that drives and maintains regional and global scale

circulation of the world' s oceans (Aagaard et al., 198 1).
As the winter solstice approaches and temperatures decline rapidly, the
b u k salinity of the ice sheet decreases as it thickens and ages. The vertical
profile of ice salinity for very young sea ice is highly 'c-shaped' (Cox and
Weeks, 1974) and gradually straightens as the ice thickens and ages. This
effect is demonstrated by the idealized profiles found in growing sea ice in
Figure 2.4.
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Figure 2.4. Idealized salinity profiles for growing first-year ice sea ice. The
transition fiom A to D represents several growth stages of first year sea ice
fiom 10 to 100 cm.

During this season, fkt-year sea ice types range in thickness fiom 30 to

- 200 cm. The season lasts from December to at least the end of April.

As

the ice sheet grows, it thermodynamically separates the colder atrnosphere

from the oceanic heat flux. Total snow cover increases throughout the
Winter season reaching accumulations from 5 cm to over 1.0 m. Under
winter conditions we c m consider the snow to be uisulating the sea ice fi-om
the cold atmosphere. This process l h j t sthe growth of sea ice to within the 1

to 2 m thickness range (depending of course on the surface temperature and
snow thickness). Temperature gradient processes dominate grain growth

within the snow cover, particularly in the basal layer of the snow cover
where the initial formation of basal layer kinetic growth grains occur.
The increase in snow deposition on sea ice during winter signals the
beginning of several important themodynamic processes that occur over a

range of spatial and! temporal scales. The quantity and timing of snow
deposition has significant consequences on the equilibrium thermodynamics
of the volume and o n the rate of sea ice accretion and ablation (Brown and
Cote, 1992). Snow has a significantly lower thermal conductivity (ics

E

0.40

W-m-1-C-1)versus that of sea ice (ici z 2.1 ~ * m - 1 C - l )The
. lower thermal
conductivity results fkom the higher fiactional volume of air in snow relative
to sea ice (i.e. lower density). This produces a steep temperature gradient in
the snow and a srnaller gradient in the sea ice.
A popular physically based thermodynamic model has been effectively
utilized (e.g., Maykut, 1978; Nakawo and Sinha, 1981; Cox and Weeks,
1988) during the winter season when the snow is uniformly dense (> 0.5
gm.cm"),

dsl and homogeneous throughout.

The model assumes constant

thermal conductivity's within the snow and sea ice volumes and does not
consider thermal complexities associated with brine in the basal layer of the
snow volume. The thermal conductivity of the brine wetted snow condition

has been physically modeled by Crocker (1984) and evaluated under a
variety of conditions (Papakyriakou, 1999). The snow/sea ice interface
temperature (Tdi)is computed as [2.1].

Temperature gradients within the snow volume (G,) and ice volume (Gi) can
be approximated as [2.2] and [2.3].

Where, k, and ki are the thermal conductivities of snow and sea ice; Tm,Ta

and T,, are the temperatures of the melting point of sea ice (-1.8OC), air
temperature and the snowlice interface temperature (OC), respectively, and hi

and h, are the thickness of the sea ice and snow (m).

Mean daily ice temperature minimums are found at the snow/ice interface
while the diurnal temperature range in the snow and sea ice is, on average,
relatively small. Variability in the physical properties and temperature
gradients are largely attributable to atmospheric forcing events. Such events
include the advection of w

m air masses over the region due to a northward

shift in the cyclonic storm track (LeDrew, 1990). These systerns are
typically accompanied by an increase in low-level cloud foms, leading to an
increase in the atmosphere to surface longwave radiation flux. This season
ends when liquid water is detected in measurable quantities within the snow
cover.

During the early melt regime there is a marked increase in the diurnal
temperature range within the snow and upper portions of the ice volume
once solar irradiance becomes a significant component of the surface energy
balance. It marks a transition period that starts with the beginning of snow
metamorphism and ends when liquid water is continuously present in the
snow (Livingstone et al., 1987; Barber, 1993). The high surface albedo of
the snow cover (>85%)

causes scattering (reflection) to dorninate the

shortwave exchange at the surface of the snow.
However, the diurnal cycling of shortwave radiation establishes a diurnal
temperature wave within the snow and upper portion of the ice volume. The
small diurnal surplus of heat to the surface is transmitted across the snow/air
interface and is absorbed within the upper layers of the snow (Oke, 1987).
This penetration creates a sub-surface temperature maximum during the day
because radiative heat transfer processes dorninate over heat conduction
processes (Schwerdtfeger, 1963). The radiative input (both shortwave and
longwave) to the snow cover is absorbed in general accord with Beer's Law
[2.4], which states that the amount of shortwave energy reaching any depth
(2)

follows an exponential curve. The decay of the shortwave flux with

distance depends on the transmissivity of the snow and ice volume
(extinction coefficient), which in turn is a fùnction of depth, size and
distribution of volume inhomogeneities.

Where,

KL,

is the shortwave radiation incident at depth

(2); K&

is the

shortwave radiation incident at the snow surface; e is the base of the natural
logarithm; and a is the extinction coefficient (m-l)
Field observations have shown that Beer's Law underestimates
shortwave transmission in snow and sea ice (Grenfell, 1979), suggesting that
the expression is not appropriate for transmission of wavelengths within
non-homogeneous mediums. Radiant energy also provides for development
of ice lenses and ice layers within the snow cover (Miller, 1981). These lens
and layers can subsequently alter the transmission characteristics of the
volume.
The most significant aspect of the early melt penod to snow
thermodynamics is rapid changes to the geophysics of the snow volume.
Snow metamorphism processes have been thoroughly investigated during
this season (Mellor, 1977; Langham, 1981; Colbeck, 1982; Crocker, 1984;
Barber, 1993; Barber et al., 1995a). Under strong temperature gradients,
snow metamorphism is dorninated by kinetic grain growth processes
(Colbeck, 1982). This process is most pronounced in the lowest layers of the
snow (basal layer) where the temperature gradient transition fiom sea ice to
snow is most abrupt. Ice grains on the surface and snow grains lying next to
the ice surface sublimate and the resulting vapour travels along the vapour
pressure gradient upwards toward the snow/air interface (Colbeck, 1971).
Kinetic processes cause metamorphosis £koma faceted hexagonal snow flake
with inter crystal pore spaces consisting primarily of air to a more rounded

grain state (Colbeck, 1982). These processes can significantly alter the
density structure of the snow.

2*2.2.1.4.

Melt Omet

Melt onset begins once water in liquid phase occurs throughout the
diumal cycle (usually at bulk percentages of about 2 percent water by
volume) and the ice surface becomes damp at the snow-ice interface.
Pendular (water held in the interstices of the snow cover) and funicular
(grain bonds break and gravity drainage of liquid water occurs) are tems
used to describe how the water is held and distributed within the snow
(Colbeck, 1971; Denoth, 1980; Colbeck, 1982). The pendular regime occurs
when air occupies continuous paths throughout the pore space and the
funicular regime begins when liquid water occupies these pathways. This
transition occurs at approximately 7 percent water by volume (Barber et al.,
1995a). In dry snow, grain growth occurs slowly, but with the addition of

small amounts of water (2-5 percent water by volume) grain growth
increases markedly (Colbeck, 1982).
Once the surface temperature increases and the thermodynamic regime
begins to oscillate there is a tendency for a different metamorphic process to
dominate. Equitemperature metamorphosis occurs when the temperature
gradient is relatively equal over the given volume of snow. A positive
feedback mechanism is established between the enhanced thermal diffusivity

and equi-temperature metamorphosis within the snow volume. Snow
ablation accelerates until liquid water becomes prevalent in the snow cover
(Colbeck, 1973; Langharn, 1981; Colbeck, 1982). At this point, latent heat

processes control thermodynamics within the snow cover and upper ice
volume (Langharn, 1981; Oke, 1987). Snow grains enlarge through
polymorphic aggregation causing a marked decrease in the surface albedo.
This feedback sustains and enhances snow ablation during this period
(Colbeck, 1982; Maykut and Perovich, 1987). An increased conductive flux
fiorn the snow surface establishes a positive temperature gradient within the
snow cover and upper portion of the ice such that mean daily ice temperature
minimums can often be found at depths well below the ice surface (not
illustrated in Figure 2.2). A negative gradient still exists in the lower half of
the ice volume with the b u k temperature of the ice volume having increased
significantly.

2.2.2.1.5.

Advanced Melt

During advanced melt the snow cover is first saturated throughout its

volume and then melts rapidly. During this period liquid is drained fiom the
saturated snow resulting in a gradient of water volume .

~ a surface
i ~

minimum and basal maximum. The bulk salinity of the basal snow layer
decreases quickly (Tucker et al., 1987). There is a preferential snow melt
process whereby shallower inter drift patches melt first. This feedback
process operates because the shallower snow covers develop a greater
proportion of large snow grains in the basal layer created during the winter
and early melt season temperature gradient metamorphosis (Le. thinner snow

covers result in steeper temperature gradients [2.2] and more grain growth)
(Langham, 1981; Colbeck, 1982; Barber and Nghiem, 1999). Tightly packed
grain clusters occur after the liquid has drained. Grain clusters under these

conditions are typically two to four crystal arrangements (Langham, 1981;
Colbeck, 1982) but can form aggregates of several hundred crystals
(Colbeck, 1982).
The ice surface undergoes melting, ofien in a progressive diurnal fashion.
Melt ponds form when the melting state of the snowhce system is reached

and a portion of the snow and upper sea ice surface melt water collects in the
lower lying regions of the surface. Ponding on the ice surface will occur so
long as drainage systems within the sea ice allow less surface drainage than
is created by new fkeshwater inputs fkom the melt of surrounding snow (Holt

and Digby, 1985). Seasonal melt pond surfaces have been found to range
fiom zero percent in mid-June to as high as 80 percent (Langleben, 1971;
Barber and Yackel, 1999) in July before reducing, through drainage
mechanisms, to near zero by rnid-August (Holt and Digby, 1985; Carsey,
1985; Fetterer and Untersteiner, 1998). Results show that the size and
percent cover of melt pond surfaces vary according to; the type of sea ice;
the timing of consolidation; proximiv to land, and the pattern of snow
distribution prior to melt (Holt and Digby, 1985; Jefferies et al., 1997;
Barber and Yackel, 1999).
Brine drainage occurs primarily through brine drainage channels
(Bennington, 1963). Brine channels generally take on the form of a tree-like

structure within the ice volume and are best described as vertical tubes,
centimeters to tens of centirneters long created by the interconnection of
brine pockets (Lake and Lewis, 1970) (Figure 2.5).

Adapted fkom Vant et al., 1978
Figure 2.5. Schematic of snow covered flrst-year sea ice showing the relative
distributions of snow, fiazil ice, columnar ice, inter-crystalline brine
inclusions and macroscale brine drainage channels.
The development of drainage networks begins primarily throwgh seal

holes, cracks, and leads. Shortwave energy is found to be a significmt factor

in subice ablation through open leads, cracks and holes (Maykut and
Perovich, 1987). However, these features are highly variable in bo-th space
and time. Mechanical and thermodynarnic ablation can also be attnbuted to
the fkeshwater runoff and flushing of snow melt through the sea ice (Moritz
and Perovich, 1996). Dynamic processes play a large role in breakup and
can either retard or delay the timing of a purely 'thermodynamkally' driven
breakup. Once the ice warms to an isothermal state and the brine drainage
networks are filly coupled rapid drainage can occur rapidly, often within
hours (Carsey, 1985). It also appears that melt ponds on sea ice are generally
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fiesh water at the beginning of the melt period. Once the ice has fully
drained (Le., drainage networks are fully dilated) then melt ponds can once
again form but they are generally saline. Once the ice is sufficiently porous
the fieeboard of the ocean surface can be found above the level of the
original mek pond, thereby creating saline surface ponds (Holt and Digby,
1985).

Thermal Properties and Processes
Sea ice thermodynamics c m be defined as the study of energy flow
through the sea ice volume and its interfaces (snow/atmosphere and ocean).
The First Law of Thermodynamics (Conservation) states that energy must
always be conserved. Relationships between the physical (micro, mes0 and
macrostructure) and thermal (specific heat, density - also a mesoscale
physical property - thermal conductivity and thermal difksivity) properties
of sea ice are governed by this law.
These properties act to introduce competing effects into the climate
system. One effect is that the snow cover acts as an insulator in winter,
keeping the sea ice warmer and thinner than if it were not present.
Conversely, the snow layer acts to insulate the sea ice fiom the atmosphere

in summer, keeping it colder and thicker than if it were not present. An even
more dominating effect occurs due to the high albedo of snow compared to
sea ice or the open ocean. The addition of snow increases the reflectivity of
the surface and thus acts to cool the surface and thicken the sea ice (Ledley,
1993). It is necessary that we describe the thermal properties of snow
covered sea ice in association with its physical properties, since the study

and practical application of sea ice thermodynamics incorporates the
simultaneous understanding and integration of both.

Our knowledge of the thermal characteristics of snow covered sea ice is
in a fairly developed state. A classic study on this subject came f?om

Malmgren (1927), but was expanded (Anderson, 1960; Schwerdtfeger, 1963;
Ono, 1965 and 1968) and thoroughly summarized (Schwarz and Weeks,
1977; Yen, 1981; Weeks and Ackley, 1986; Fukusako, 1990; Ledley, 1991)

in later years. The themal properties of snow and sea ice particularly refer
to

the

parameters

in

the

heat

conduction (diffusion)

equation,

mathematically expressed as [2.5].

a? = [ k a t per unit area] = pCp?c-AT
e
[escap time]
d
Where, p is the density in kg-m-3,C, is the specific heat capacity in J - ~ ~ - ' * K 1

, d is the diffusion distance in m, A T = the change in temperature in "K, and

K

is the thermal diffusivity in rn2. s-1 .
2.2.2.2.1.

Thermal Dzffusivity

Thennal diffusivity is the constant in the heat conduction equation [2.5] that
describes the rate at which heat is conducted through snow or sea ice volume
in m 2 d . It is related to the thermal conductivity (k), specific heat capacity
(C,),

and density @) through [2.6].

Where k is the thermal conductivity in ~-rn-'X'-s",p is the density in kg-m-3
and C'

= the

specific heat capacity in J - ~ ~ - ' = K - '

Note that the thermal diffusivity (K) is directly proportional to the thermal
conductivity (k) in that as the snow or sea ice becomes more conductive to
thermal energy, the rate at which that energy is conducted increases.
However, the temperature dependence of the thermal difisivity is more than
the temperature dependence of the three parameters that comprise it in that
as temperature increases, the themal conductivity (k) decreases while both
the density @) and the specific heat capacity (C,)increase. Heat flow
through snow and sea ice is complicated by the presence of brine. Enclosed
brine pockets act to retard temperature change through the release and
absorption of latent heat by the fieezing/melting of the ice that surrounds the
brine solution (as is the case with sea ice) or is surrounded by the brine (as is

the case with saline snow). Ono (1968) calculated the variation in thermal
diffbsivity (K)in the temperature range O to -8OC and the salinity range O to

12%. Cornparisons between observed and calculated values of the thermal
diffbivity (Weller, 1968; Ono, 1968) are in rough agreement due to
differences in accounting for the effect of direct radiation on determining the
sub-surface temperatures within the snow and sea ice (Weller and
Schwerdtfeger, 1967).

2.2.2.2.2

Speczjk Heat Capacity

Specific heat capacity refers to the amount of heat required to change a

given quantity of snow or sea ice by a given temperature. It primarily
depends upon the amount of water changing state during a temperature
change as well as on the specific heats of pure water, ice, brine, and solid

salts. Snow has a lower specific heat capacity and lower volumetric heat of
fusion than sea ice (Ono, 1967), primarily because brine (salt), which has a

high heat capacity, is found in lesser quantities in the snow until the early
melt season (Barber et al., 1995b). This causes the snow to cool, warrn and
melt more easily than sea ice.
The pertinent equations for the specific heat capacity for snow and sea

ice have been denved (Schwerdtfeger, 1963; Ono, 1967), validated (Dixit
and Pounder, 1975) and utilized within diagnostic models (Papakyriakou,

1999). Schwerdtfeger (1963) and Ono (1967) provide calculated values of
the specific heat in the salinity and temperature ranges of O to IO%, -2OC to -

23OC. The agreement between the studies was very good (within 4.5 %),

with the experimental value comrnonly being slightly larger than the
theoretical. The amount of heat energy required to change a quantity of
snow, at a given salinity concentration, to a new temperature is illustrated in
Figure 2.6. A greater amount of heat energy is required to change the
temperature of a quantity of snow for snow covers with higher bulk
salinities. However, the amount of additional heat required to change the
temperature becomes negligible at temperatures less than - 2 ' ~ regardless
~
of
salinity.

O
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-5

Temperature OC
Figure 2.6. Bulk heat capacity of snow at selected bulk snow salinities

Thermal conductivity is defined as the quantity of heat flowing per unit
area of snow or sea ice per unit t h e . It is a measure of the ability of snow or
sea ice to conduct heat and is dependent on the geometric arrangement of
ice, brine, air and solid crystals of salt (at temperatures less than -8.Z°C), as
well as their relative volumes and conductivities. Anderson (1958, 1960)
calculated the thermal conductivity for several different geometries of ice

and brine. These tests showed that for parallel layers of brine and ice,
conductivity measured parallel to the layers and parallel to the axis of brine
pockets (derived fiom thin sections) yielded similar results. This study did
not consider the presence of gas in the sea ice but was later included in the
calculations by Schwerdtfeger (1963) and Ono (1968). The slightly more
realistic mode1 produced by Ono (1968) considers air bubbles to be

uniformly dispersed in the ice and brine, with the brine being arranged in
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layers orientated parallel to the direction of heat flow. Calculations of

thermal conductivity by Schwerdtfeger (1963) and Ono (1968) are limited to
a minimum temperature of -8°C since the thermal conductivities of various
hydrated solid salts were not available at that time. This is not a major
concern because at temperatures near -8OC, the thermal conductivity of airfkee sea ice, which rarely would have a salinity of more than IO%, is within
roughly 1% of the thermal conductivity of air-free pure ice with the
difference decreasing as the temperature drops (Schwartz and Weeks, 1977).
Several authors (Schwerdtfeger, 1963; Lewis, 1967; Weller, 1968) have
made cornparisons between the calculated values of thermal conductivity
and values measured fkom natural sea ice. Good agreement was found
between each study. Typical values for k t - y e a r sea ice during the cold

winter season fa11 within the range of 2.05 to 2.15 .T-rn-'K1 (Weller, 1968).
Pitman and Zuckeman

(1967) modeled the

effective thermal

conductivity of snow based on snow density [2.7]. The mode1 is considered
valid over the density range 0.1 gm*cm-3to 0.6 gm*cm" at an average bulk
snow temperature of -5°C. For bulk snow temperatures between -5 and 27OC, an approximate solution is to subtract 0.0036

w * ~ - ~ £kom
- c - ' the

result obtained in [2.7].

Where, p is the snow density in grn-crn", and Ksis the thermal conductivity

w.~-'.c-~.
A salient result from studies on sea ice thermal conductivity is that only

rarely is the volume of gas entrapped in the sea ice measured precisely
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enough to allow precise cornparisons between theoretical and observed
values.

AIthough most often though of as a physical property of snow covered
sea ice, density plays an extremely important role in snow and sea ice
thermodynarnics. Density is a measure of the mass of snow or sea ice per

unit volume and plays a direct role in denning the thermal diffüsivity and
conductivity within the volume. Values for the theoretical density of gas-fiee
sea ice can be found in Malmgren (1927) and Anderson (1960). The gas
volume of sea ice c m be calculated when the temperature, density and
salinity of the ice are known (Cox and Weeks, 1983). Weeks and Lee (1958)
report first-year sea ice densities over the range from O . 85 to 0.965 gm-cm"
however the bulk of £ïrst-year ice surface densities fa11 within the range of
0.91 to 0.92 gm-cm-3.Aeolian processes can play a significant role in
defining the density of snow due to snow compactiom. Density of snow
ranges from fkeshly fallen snow (-0.05 gm-cm'3) to very. dense wind packed
crusted snow (-0.5 gm-cm").

2.2.2.2.5.

Latent Heat

Although not a true thermal property, latent h e a ~is a fundamental
therrnodynamic energy exchange process operating within this system.
Latent heat is defined as the heat released or absorbed per unit mass of snow
or sea ice during phase change. In snow and sea ice, heat input and output

are continuous processes associated with a continuous change in
temperature. Nevertheless, the amount of pure ice formed fiom a unit mass
of sea ice at the fieezing temperature can be ascertained and the heat
associated with this ice calculated. Latent heat values for sea ice salinities of
up to 8% are calculated by Schwerdtfeger (1963). Values of heat required to

completely melt isolated specimens of sea ice can also be found in
Schwerdtfeger (1963) and Ono (1968). In addition, calculated values of the

amount of heat required to change the temperature of 1 gm of sea ice f?om
one arbitrary temperature to another is provided by Untersteiner (1964) and
On0 (1968).

2.2.2.3.

Mechanical Properties and Processes

As is evidenced by the preceding description, sea ice is a complicated
material in terms of its physical and electrical properties. Not surprishg
then, is the fact that these complexities carry over to the sea ice mechanical
properties. Its elasticity parameters are functions of temperature, salinity,
brhe volume, crystal size, and crystal orientation. Brine inclusions are
critically important in detennining mechanical properties such as ice

strength. Planes of failure in frst-year ice crystals coincide with planes of
brine and salt concentration, which in turn coincide with structures of ice
grains (e.g., fhzil versus columnar alignments). Brine and salt inclusions
reduce the area of bonding between ice plates causing inter-plate boundaries
to be zones of weakness (Schwarz and Weeks, 1977). Coincident with the
brine drainage process in first-year ice are changes in entrapped air volume.

Brine expulsion and drainage results in vacant pores and cavities in the ice

sheet. As the ice sheet ages and thickens the number of air fiIled pores
increase substantially, thereby innuencing ice density and strength.
The thiclaiess of sea ice is extremely variable on a multitude of spatial
and temporal scales and is a major factor in determining the overall strength

of first-year sea ice. Compressive strength, growth rate, surface temperature
and salinity are al1 dependent on ice thickness (Thorndike et al, 1975).
Parameters such as temperature, salinity and density have important roles in
ice strength, but the thickness of sea ice ultimately determines the efficiency
or feasibility of an icebreaking or navigational operation.
There are two primary processes affecting the thickness of sea ice: i)
thermodynarnic and ii) mechanical.

Thermodynarnic processes

are

responsible for determining mean regional ice thickness. Sea ice thickness
can be thought of as an indicator of thermodynamic equilibrium between ice
accretion and ice ablation. Regional climatic conditions determine this
equilibrium and therefore determine mean ice thickness. Mechanical
processes determine the extremes of ice thickness, creating features such as
leads, pressure ridges and rubble fields. Pressure ridging affects sea ice
thickness and is most prevalent wherever atmospheric or oceanic forcing
drives sea ice up against landmasses or landfast ice masses. The Canadian
Archipelago is a prime example of such a region. In the Eurasian Seas, the
Arctic Drift Stream moves ice away from coastlines into the central Arctic
Basin. Consequently, pressure ridging is minimal (LeSchack, 1980). The
thickness distribution of an ice pack strongly determines ice strength. If
open water and thin ice are present in an area of thick ice, the compressive
strength will be much lower than if al1 the ice is uniformly thick.
The strength of sea ice may be d e h e d as the stress at which eacture
occurs, or it may h p l y the condition at which the matenal is no longer able

to sustain the applied stress, but is in a state of yield (Gold, 1968).
Therefore the terms 'strength' or 'stress' are used interchangeably in this
dissertation. The properties of the ice and the nature of the stress conditions
dete-e

the type of failure. In some circumstances ice may undergo

plastic deformation, in others it may experience brittle failure. Ice strength
has numerous aspects based both on sea ice properties (ice type,
temperature, salinity, brine volume, porosity, grain structure and thickness)
and the dominant strength type (compressive, tensile, flexural or shear).

We note here that temperature has an inverse linear relationship with ice

strength (sea ice strength increases as temperature decreases) while salinity
has a non-linear effect. The influence of temperature and salinity can be
converted into a single function - brine volume. Cox and Weeks (1988)
found that although temperature and salinity profiles are strong functions of

the initial fieezing date, small changes in the brine volume profiles could be
caused by small variations in the therrnodynarnics of the volume. This is
more filly explained in the preceding section where we showed the
relationship of snow thermodynamics on the snow/sea ice interface
dielectrics. In addition, factors such as strain rate and load direction also
determine ice strength. Assur (1958) developed a theoretical model Figure
2.81 for sea ice structure and related it to sea ice strength. His model

assumed that the reduction i
n the strength of sea ice is proportional to the
reduction in ice volume due to the existence of rows of brine cylinders in the
ice. The strength for ice with this structure is:

Where, s and so
respectively;

=

the ultirnate tensile strengths with and without brine,

is equal to g/go7with g being the average length and go the

average separation of brine pockets along the growth axis, respectively; Vb
is the brine volume; a0 is the average platelet thickness; and bo is the
average brine cylinder separation.
As revealed by the above equation, the strength of sea ice decreases as the
brine content increases. Cox and Weeks (1988) derived empirical formulae

[2.9. to 2.124 for the various stresses in terms of its brine volume, Vbr7
based on field data obtained from sites scattered throughout the Arctic
(Haykin et al., 1994).

For horizontal tensile stress tests:

TS = 0.8 16 - 0.0689 6

For vertical tensile stress tests:

TS = 1.54 - 0.0872JG

[2.1 O]

For shear stress tests:

SS = 1.68 - 0.118,/G

[2.11]

For fiexural stress tests:

FS = 0.959 - 0 . 0 6 0 8 6

[2.12]

~2.91

Where, strength is in megapascals (Mpa) and brine volume, VbY is in parts
per thousand (ppt).

The strength of sea ice can be classified according to a variety of applied
stresses. Stress applied to sea ice can be either compressive (horizontal or
vertical), tensile (horizontal or vertical), shear, or flexural stress. For any

kind of deformation one c m decompose the stresses applied to the ice into
pure tensile stress (Figure 2.7a) by an ice cylinder, pure shear stress (Figure

2.7b) by an ice block, and pure compression or dilatation (Figure 2 . 7 ~ by
) a
piece of ice immersed in a fluid.

Adapted fiom Haykin et al., 1994
Figure 2.7. Conceptual schematic of pure tensile stress by an ice cylinder
(a), pure shear stress by an ice block (b), and pure compression or dilatation

by a piece of ice immersed in a fluid (c).
The relationship between strain,

ev,

numerically related as [2.13 to 2.1 61.

and stress,^,, for the three cases are

Where, &is Young's modulus of ice; p is the shear modulus or rigidity of
ice; kis the b ~ &modulus of ice; AV/V~S
the fiactional decrease in volume; p
is the hydrostatic pressure; and upis Poisson's ratio.

The salient issues conceming the Compressive, Tensile, Flexural and
Shear Strength of sea ice are described as they relate to the objectives of this
thesis.
Compressive seenah is important when dealing with areas of thick fust-

year sea ice. In this case, flexural break-up is unlikely to be the dominant
failure mechanism. Early compression tests on cylinders of sea ice resulted
in vertical strengths of 76x105 to 120x105 ~ * m - fiom
2
-5 to -160C

respectively. Horizontal strengths across the sarne temperature range ran

fiorn 21x105 to 42x105 ~ * m - (Butkovich,
2
1956, 1959). Tests by Schwarz
(197 1) on sea ice from the Baltic Sea produced conflicting results. This work

reported horizontal compressive strengths to be 20% higher than vertical
compressive strength. It is argued that ice structure, deformation direction

and strain conditions need to be m e r examined in order to address this
discrepancy.

Observations by Poplin and Wang (1994) on both rafted and landfast ice
also revealed a discrepancy between horizontal and vertical loading and
strength. With vertical loading, landfast ice had a strength of 8.32 MPa
cornpared to 3.28 M P a for rafied ice. Horizontally loaded samples of rafied
and landfast ice had average strengths of 1.3 and 0.7 MPa, respectively. It
should be noted that 1 M P a is equal to 100,000 Nem-2. The large difference

in vertical mean strengths between these two ice types is attributed to their
different crystal structures. A strong fabric of columnar ire crystals
characterizes landfast ice with their long axes.oriented parallel to the loading
direction. Conversely, half of the rafied ice samples had a weaker fabric that
contained granular and mixed grain orientations.
Models that simulate compression of an ice sample with random crystal
orientation often result in a re-arrangement of crystal C-axes around the
compression axis (Azuma and Higashi, 1985). Conversely tension has been
found to rotate C-axes away £iom the t e n d e axis (Fujita et al, 1987). In
mode1 simulations, this crystal re-orientation can have the eEect of
hardening and stiffening ice in direct proportion to the corresponding stress.

In reality this non-deforming stage is never reached. Recrystallization occurs
whereby a recrystallization fabric is developed after which the rate of
deformation is higher than strain hardened or randornly oriented ice.
Intemal rotation is commonly used as the term to describe the rotation of Caxes due to strain. External rotation refers to the rotation of C-axes
associated with bulk deformation. In each case, the bulk straiii and the type
of deformation can be used to calculate the amount of crystal rotation (Van
der Veen and Whillans, 1994).
Modeling experbents on deformation of polycrystalline ice by Van der
Veen and Whillans (1994) show that the rate of deforrnation of
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polycrystalline ice decreases with time after stress is applied. It is proposed
that the formation of a crystal orientation fabric is the prirnary mechanism
for this behavior. Hardening of the ice sheet results fiom the creation of this

fabric in which ice crystal C-axes are rotated toward unfavorable
orientations. At this point the ice becomes brittle and the rate of deformation
increases rapidly.
The compressive strength is very dependent on the rate of loading

(Figure 2.8).

At low strain rates, creep properties of ice dominate its

response while there is a rapid increase in ice strength with increasing strain
rate (Poplin and Wang, 1994; Timco and O'Brien, 1994; and Timco and
Frederking, 1990). At higher rates however, ice behaves as a brittle material
rather than a ductile material.
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Adapted fkom Timco and O'Brien, 1994
Figure 2.8. Cornparison of the compressive strength (dotted lines) and
flexural strength (solid Iine) during an average winter in the Beaufort Sea.
Note that the compressive strength is highly strain rate dependent.
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The air volume of sea ice also has an important innuence on compressive
strength. This is especially tnie of multi-year ice where brine volumes are
low and where gas volumes can account for a major portion of the total ice
porosity. The gas volume of sea ice can be calculated when the temperature,
density and s a l m of the ice are known (Cox and Weeks, 1983). The
compressive strength of sea ice is also a function of brine volume. Since
brine volume is closely related to ice temperature through phase equilibnum
and thermal expansion contraction and brine expulsion, compressive

strength can also be related to ice temperature. Timco and Frederking (1990)
extended their flexurd strength mode1 to predict the uniaxial compressive
strength of an ice sheet.

They used air temperature and ice thickness

measurements to derive relationships for ice temperature, salinity and
density. From ice density they attempt to determine total porosity (brine
porosity plus air porosity) and then relate it to compressive strength.
Tensile s t r e n ~ hof sea ice shows large differences depending on the load

direction. Based on laboratory study, Dykins (1 969) concluded that neither
the crystal grain size nor the spacing of platelets (smallest elements of ice
crystals) have much influence on the tensile strength. He also found the
orientation of the crystal grain structure, in relation to the stress field, has a
significant influence. That is, the vertical tensile strength is two to three
times greater than the horizontal one.
Tensile strength is also found to increase rapidly with the loading rate to
a maximum and then decreases to relatively constant value (Richter-Menge
and Jones, 1993). This is similar to compressive strength, except that the
maximum occurs at higher initial rates of loading. Limited studies on the
effect of stress rate on tensile strength suggest that tensile strength is not

aEected by stress rates up to 1.8~105
Ne m-2 (Hawkes and Mellor, 1972). At
stress rates above this level, tensile strength rapidly declines by about 50%

of the initial value (Dykins, 1969). Richter-Mense and Jones (1993) found
the failure strain decreased when the loading rate increased fkom 10-5 to 103 N. m-2. They suggested that the stress concentrators such as brine pockets

and air bubbles become much more effective failure points at higher stress

levels.

FZauraZ shen*

of sea ice is undoubtedly the most important strength

property fiom a ship navigation perspective. Ice failure through flexure is
the most Likely outcome of ship-ice interaction in thin first-year ice.
Flexural strength of sea ice depends on a large nurnber of parameters
including ice temperature, grain structure, salinity, load direction, type of
test and beam size. Investigations into the flexural strength of sea ice have
resulted in a range of estimates from 0.1 MPa to 1.5 MPa. This reflects the
variability of sea ice physical properties on which flexural strength depends.

The flexural strength of ice is not a basic material property. The test for
flexural strength creates non-uniform stress fields in the ice and assumptions
are required about the material behavior in order to interpret the test results
(Timco and O'Brien, 1994). Weeks and Anderson (1958) found that firstyear sea ice does not indicate large differences in strength between pull-up
and push-down tests. Unlike compressive stren,d that is highly strain rate
dependent, strength tests do not indicate a significant variation of flexural
strength with strain rate. Timco and O'Brien (1994) gathered empirically
determined strength test results fiom several studies to develop a flexural
relation based on temperature induced brine changes as in [2.17]:

Where,

a-

is the flexural strength in MPa and Vb is the brine volume

fkaction. Their value of 1.76 MPa for zero b

~ volume
e
is in excellent

agreement with the average value (1.73 MPa) measured for fieshwater ice.
Figure 2.9 illustrates the variation of the flexural strength of sea ice
throughout the winter in the Beaufort Sea.
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Adapted fkom Timco and O'Brien, 1994
Figure 2.9. Flexural strength versus time of year (October to May) for
Beaufort Sea ice sheets for both an average and an extreme winter.
Flexural strength is quite low in the early winter when the ice is thin (and

highly saline) and the temperatures are still relatively w m . As the winter
progresses, the ice gets thicker and colder and the strength increases. Peak
strength values are, on average, 0.6 to 0.7 MPa. In the spring, the air
temperature rises and the strength decreases.

Few shear s e e n a h tests have been carried out on sea ice. It is a difficult
parameter to measure accurately, but tests conclude that shear strength of sea
ice is in a similar range to flexural and tensile strengths and that it responds
to brine volume in a similar manner (Cox and Weeks, 1988). In addition,
shear strength is not significantly affected by different crystal orientations.

This section has served to illustrate the mechanical properties and
processes of importance in modeling ice strength. The microscale physical
properties (e-g., grains size, shape, and inclusion fractions) and the
thermodynarnics of the volume are the primary characteristics of concern.
The basic ice strength parameters (Compressive, Tensile, Flexural and
Shear) have been described. The volume of brine and the intercrystalline
arrangements of the ice grain microstructure directly affect each of these
measures. Models that relate the brine volume to temperature can also be
used to create estimates of each of the ice strength parameters. The
preceding sections have illustrated the interrelationship between the
thermophysical and mechanical properties of sea ice.
2.2.2.4.

Electricai Properties

2.2.2.4.1

Introduction

The dielectric constant is the physical measure that allows us to
investigate a relationship between the thermodynamic and electromagnetic
scattering properties of snow covered sea ice. The dielectnc properties are
important within the context of an electro-thermal-physical relationship
because they defme the 'electro' portion of the model. The dielectric
properties define the electncal conductivity of the material relative to the

wavelength and polarkation of incident electromagnetic (EM) energy. The
dielectric properties of sea ice have been thoroughly investigated vant et
al., 1974 and 1978; Tuin at al., 1984; S t o g r p and Desargeant, 1985;
Hallikainen, et al., 1986; Ulaby et al., 1986; Hallikainen and Winebremer,

1992; Shokr, 1998; to name a few). The complex dielectric constant is
expressed as [2.18].

Where j is a complex number;

E'

is the dielectric permittivity of a material,

and E" is the dielectric loss of a material.
The dielectric material in our case refers to either snow or sea ice.
Qualitatively speaking, the perrnittivitj

(E')

represents the ability of a

dielectric to permit the incident electromagnetic energy across the interface
(higher perrnittivity means less penetrated energy, or equivalently more
reflected and vice versa). The loss (E"), represents the ability of the matenal
or dynarnic
to dissipate the penetrated energy through motion of ~ e charges
e

behavior of oscillating molecules. The dissipation is usually manifested in
the f o m of energy absorption of scattering within the dielectric. Since snow

and sea ice are heterogeneous material that include water in different phases
(liquid or ice), salts (solid or in brine solution) and gases, a dielectric mixing
mode1 is required to compute the dielectric constant of snow and sea ice
(Ulaby et al., 1986). Each of these components has a characteristic dielectric
constant at rnicrowave fiequencies and is found in vastly different sizes,
shapes, volumes and surface distributions (Ulaby et al., 1986).

When the snow cover is considered dry (composed solely of ice grains
and air), brine is treated as an 'inclusion dielectric' with a dry snow 'host
dielectric' and is modeled using a mixture model following the approach
used by Matzler, 1987 and Drinkwater and Crocker, 1988. In this case, small
brine pockets are found to exist within the interstices of snow grains. The
complex dielectric constant of brine is computed based on models of the
Debye f o m (ülaby et al., 1986), while the complex dielectric constant of the
dry snow matrïx is computed using an empirical model developed by
Hallikainen et al. 1986. When small amounts of liquid water develop within
the snow volume the dielectric properties change significantly and are
modeled using empirical formulae developed by Tiuri et al. (1984). In this
case, water is considered as an 'inclusion dielectric' within a dry snow 'host
dielectric'. Mathematical expressions for these models c m be found
elsewhere (eg. Ulaby et al., 1986; Hallikainen and Winebrenner, 1992).
Although there is only a small quantity of brine present in sea ice, its
large dielectric constant ( ~ * = 7 0+j34) in the C to X band fkequency range
(5.3 to 9.25 GHz) has a significant influence on the resulting dielectric
properties of the ice-brine mixture (Stogryn and Desargeant, 1985).
Modeling the dielectric constant of snow covered sea ice requires that we
consider the relative proportions of brine within the mixture and the
proportion of salts within the brine. With increasing negative temperatures
the proportion of salts within the brine mixture increases according to the
phase diagram in (Figure 2.1). Various aspects of these phase relationships
can be approximated using polynomial equations. The equations required to
convert between the salinity of the b r h e (Sb) and temperature [2.19 to 2.2 11
following Assur (1960) and the volume of b

~ (Vb)
e following Frankenstein

and Garner (1967) as a function of salinity ( S ) and temperature ( T ) [2.22 to
2-25] are presented.

These dielectric mixture models have been utilized in a diagnostic

manner (Barber, 1993) to summarize the salient mechanisms responsible for
affecting the range and magnitude of the complex dielectric constant with
each of the previously mentioned themodynamic regimes. Recent
developments in dielectric mixture modeling attempt to characterize the bulk
electromagnetic behavior using models that incorporate scattering effects
within the volume (Golden, 1995; 1997). Other approaches attempt to
account for thermodynamic cycling effects (Nghiem et al., 1996). However,
the salient results fiom the sensitivity analyses (Barber, 1993) are presented

with each of the themodynamic regimes using the aforementioned dielectnc
mixture models.
2.2.2.4.2

Seasonal Descriptions

Freeze-up

The dielectric constant (made up of permittivity and loss) of sea ice
during this period is highly variable due to spatial and temporal variations in
the fieezing rate, initial salinity of seawater and the mechanical environment
present during formation. Salinity has a linear effect on both permittivity and
loss when the temperature and density of sea ice are held constant. The
pemiittivity and loss increase as salinity increases. There are curvilinear
relationships between ice temperature and both permittivity and loss as a
direct result of the effect of temperature on brine volume. As the ice
temperature decreases and the ice thickens, the permittivity and loss
decrease rapidly. Frost flowers (described in the previous section) are
unique, highly saline (anywhere fkom 40 to 100 ppt) ice formations. As a
result,

they

have

an

extremely

high

dielectric

constant,

and

electromagnetically can indicate new ice formations.

The vertical variability of the permittivity and loss within a dry snow
cover in winter is a fùnction of the vertical distribution of snow salinity and
density. Profiles exhibit only a slight change in perrnittivity and loss with
vertical changes in salinity and density due to their counteracting effects. In
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the basal layer of the snow, density is low (decreases E*) and salinity is high

(increases E*). In the upper layers of the snow, density is high (increases E*)

and salinity is low (decreases E*). The result of these contributing effects is
to produce a buk permittivity and loss in snow that is lower than the sea ice
(-

E*

= 1.8 + j0.1 versus -3.5

+jO.l j. The permittivity of this dry snow cover

is sufnciently low that it becomes transparent to microwave energy (at 5.3

GHz).
A simple one-dimensional thermodynamic sea ice mode1 valid under

winter conditions [2.1], realistically estirnates the snowkea ice interface
temperature if various parameters of the snowkea ice system are known,
including snow depth. As a result, the snow cover has been f o n d to impart
an indirect effect on the dielectric permittivity and loss of the sea ice surface
by governing the temperature at the snowhea ice interface. Pennittivity (E")
(Figure 2.10) and loss (E") (Figure 2.1 1) at the sea ice surface are shown to
be a fimction of air temperature (Ta) and snow depth (Da (Barber, 1993).

Mode1 constants include the sea ice surface salinity (10 ppt), sea ice depth
(100 cm), snow density (350 kg-m3), and electromagnetic fkequency (5

GHz).
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Figure 2.10. Change in perrnittivity (E') at the sea ice surface as a function of
air temperature and snow thickness.
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Figure 2.1 1. Change in loss

(E")

temperature and snow thickness.

at the sea ice surface as a function of air

These llustrations demonstrate that the permittivity and loss increase as
the snow thickness and air temperature increase. However, they increase
most rapidly over the O to 10 cm snow thickness range for warrner
temperatures. This illustrates the significant insulating effect of even a thh
snow cover on affecting the snow/ice interface temperature, brine volume
and overall dielectnc constant. This approach has been exarnined as a
method for extracting snow thickness information fkom EM scattering over
snow covered fist-year sea ice parber and Nghiem, 1999). Modeling
efforts along similar lines have also identified the temperature dependence
of brine volume on the complex dielectric constant

(E*)

of the brine-snow

mixture. A rapid decrease in the permittivity and loss takes place when the
bulk snow temperature decreases fiom -3'C to -7OC. Higher absolute values

of both the permittivity and loss were obsewed for increasing snow densities
due to larger brine and ice volumes relative to air volumes (Barber, 1993).

This is because brine
-3.17

(E* = -70

+ j34

at a temperature of O°C and ice (E* =

+ j0.005)to exert a larger control compared to air (E*

=

1) on both the

permittivity and Ioss within the dielectric mixture model.

The thermodynamic effect of snow on the dielectric properties of the
snow/sea ice system becomes even more relevant during the early rnelt
season. Often, temperatures c m rise to levels that substantially increase
brine volumes with the basal layer of the snow cover such that they
dominate the dielectrics of the system. Perrnittivity and loss are a function of

snow salinity and temperature (when snow density and the electrornagnetic

fkequency are held constant). Both the permittivity and loss increase linearly
with increasing salinity, especially at warmer temperatures (Figure 2.12).
The slope of the relationship is larger for the warmer temperature due to the
increase in b

~ volume
e
and its dominant effect on increasing the

permittivity and loss of the volume.
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Figure 2.12. Modeled permittivity (&A,
snow sali*

) and loss

(
E
;
,

) as a function of

and snow temperatures of -4, -12 and -20°C. Snow density

was set at 300 kg&

and frequency at 5.3 GHz.

The presence of water in liquid phase within the snow cover also
significantly affects the dielectric properties of the snow/sea ice system

during t h i s tirne. This is due to the extremely high dielectric constant of
water

(E*

= 65.81

+ j36.52).

The effect of water volume on the permittivity

has been s h o w to be a function of both snow density and electromagnetic

fiequency (Figure 2.13). Although the dielectric loss is water volume
dependent, the density of the snow cover is found to be negligible.
3 -5
Frequency = 5.3 GHz

1

Water Volume (%/ 100)

After Barber, 1993
Figure 2.13. Bulk dielectric permïttivity (E') of snow as a function of water
volume and snow density

During the melt onset season the electrical properties of the snow/sea ice
system are typically dominated by the volume fraction of liquid water within
the vertical dimension of the snow cover. This is especially tme when water
is still held within interstices of the snow grains (pendular regirne). When
water begins to fieeIy drain to lower depths within the snow cover, a steep
water gradient develops with the highest concentrations at the bottom and
the lowest ones found near the top. D i m a l fluctuations in air temperature

around the fieezing mark (typically above O°C during the day and below O°C
during the night and early morning hours) produce variable water volume
gradients with the snow cover. This pattern yields a diurnally variable
dielectric volume, which dictates the diurnal pattern of microwave
backscatter. The effect of diumally variable water volumes on the dielectric
permittivity and loss is illustrated in Figure 2.14.

M e r Barber, 1997

Figure 2.14. Modeled bulk snow permittivity

(E')

and loss

(E")

for a typical

diurnal cycle during the melt onset period. Values for temperature and
wetness were approxirnated fiom field observations typical of this period.
Salinity was held constant at O ppt and snow density at 250 kg*m-3.

Advanced Melt

This period begins when the snow cover becomes saturated throughout
and the positive feedback process taking place between snow grain
metamorphism and the increase in the thermal diffusivity reaches a highenergy state. In fact, the feedback process reaches an energy level such that
the chance of removing enough latent heat energy fiom the system to return
it to a previous themodynarnic regime is nearly impossible. The
development of melt ponds on the surface dominates the dielectrics of the
snowkea ice system. Melt ponds are freshwater formations that typically
have a temperature of roughly O.S°C. Their dielectric constant is high (E*

=

65.8 1 + j36.52) compared to the relatively low dielectric constant of the
interspersed snow (drained ice) patches (E* ranges fYom 1.99 + j0.23 to 2.61
tj0.57) (Hallikennen and Whebremer, 1992). The dielectrics of this surface

change dramatically if the melt ponds are wind roughened. Wind roughening
of the ponds creates a much rougher interface thereby causing microwave
scattering to increase.

In summary, the complex dielectric constant is the key to establishing a
physical link between the thennodynamic and microwave scattering
characteristics of the snowhea ice system. The phase diagram (Figure 2.1)
provides the basic constituent proportions as a h c t i o n of temperature.
Polynomial models derived fiom this phase diagram can be used to calculate
the b h e volume within the snow or sea ice. These values can then be used

within dielectric mixture models to compute the effective complex dielectric
constant of the snowhea ice system at various thermodynamic States.

2.2.2.5.

Microwave Scattering

2.2.2.5.1.

Introduction

The elucidation of an electro-thermo-physical relationship involves
relating the thermophysical, electrical, and electromagnetic scattering
characteristics of a seasonally evolving snow covered sea ice volume. As
earlier stated, the dielectric properties define the electrical conductivity of
the snow and sea ice relative to the wavelength and polarization of incident
electrornagnetic energy. Microwave scattering fkom synthetic aperture radar

(SAR) is strongly linked to the dielectric properties of the material and the
dielectric and geometric characteristics of the impurities (inclusions) that
modulate the penetrated electromagnetic energy either through scattering or
absorption or both (Ulaby et al., 1986).
2.2.2.5.2.

Temporal Evolution of oO

The temporal evolution of the microwave backscatter coefficient

(GO)

fiom SAR has shown to contain a significant amount of information
regarding the thermodynamic characteristics of a seasonally evolving sea ice
volume (Grenfell and Lohanick, 1985; Onstott, 1992; Winebrenner et al.,
1994; Barber et al. 1995; Comiso and Kwok 1996). The principal coupling
in this relationship for smooth thick FYI reveals that as the temperature of
the snow and ice volume increases there is an associated increase in brine
volume. The hcrease in brine volume causes an increase in the cornplex

dielectric constant (E*)of the near sea ice surface that is then detected as an
increase in oO.
Although smooth landfast first-year sea ice in the Canadian Archipelago
makes up a relatively small proportion of the Northern Hemisphere ice
cover, its unique chernical composition and spatial characteristics make it
worthy of investigation fiom SAR. Firstly, the ice is landfast, making time
series monitoring of the same snow and ice volume possible. Temporal
relationships between o0 and sea ice therrnodynamic properties can be
investigated. Secondly, FYI is highly saline enabling substantial quantities
brïne to be wicked into the basal snow layer during the early stages of sea
ice accretion (Martin, 1979). As described earlier, snow grains grow
substantially during winter and spring fiom temperature gradient induced
metamorphic processes parber et al., 1995). These larger brine-wetted
grains have been found to dominate the scattering cross-section when the
bulk temperature of the volume warms (Barber and Nghiem, 1999).

The transition to spring is most clearly recognized over smooth thick
FYI. Winter FYI has a low dielectric constant (E*) and the smooth specular
reflecting surface m e r enhances low magnitude scattering. Thick FYI (>

1.5 m) acts to minimize the thermodynamic influence of the ocean heat flux
on altering the dielectric properties of the near snowkea ice interface. These
factors maximize the difference in scattering magnitude between winter and
spring conditions. Once melt ponds have formed scattering fkom this surface
is found to be highly dynamic and has been shown to be related to pond

fraction and surface wind speed (Barber and Yackel, 1999). Scattering f?om
melt ponds significantly increases the total backscatter when the ponds are
wind roughened. Snow patches contribute a lower volume scattering

component to oO.Under calm conditions, backscatter is low due to specular
reflection often resembling that of smooth FYI.
The seasonal evolution pattern of oo and associated scattering
mechanisms over most other types of sea ice, including multiyear sea ice
(MX) and Arctic ocean pack ice are much different than those described

here. The mechanisms responsible for scattering over these ice types have
been thoroughly discussed elsewhere (e-g., Ulaby et al., 1986; Onstott, 1992;
Winebremer et d.,1994; Barber et al., 1995; Jefferies et al., 1997).
The evolution of o0fer first-year ice during the Freeze-up period (Figure

2.15) is highly variable. The presence or absence of ice (in the presence of
wind), strongly dictates the surface roughness and dielectric constant. Young

ice forms can have a high o0 if fiost flowers are present on the surface, or
relatively low o0if grease ice or nilas exist (reduces wind roughening).
During the Winter and Early Melt seasons, o0 is low and stable. o0 is
dominated by a combination of basal snow layer volume scattering and ice
surface scattering. o0 exhibits periodic oscillations according to changes in
the atmospheric heat flux. oOincreases during the Melt Onset (Pendular)
regime due to increase in both snow volume and snow surface scattering
fkom increases in water in liquid phase within the snow cover (due to its

high dielectric constant). The decrease in o0during the Funicular regime is

caused by a significant reduction in b

~ within
e the basal layer of the snow

cover and a reduction in liquid water in the upper portions of the snow.
These processes Lead to a reduction of both surface and volume scattering
with the snow cover.

In the Advanced Melt season, o0 increases throughout the Ponding
penod due to the increasing fiaction of surface water (due to its high

dielectric constant). a0 decreases during the Drainage perïod due to the
increasing fiaction of residual snow and drained ice surfaces (due to their
lower dielectnc constant).
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Figure 2.15. Phenomenological summary of the seasonal evolution of o0
fkom the ERS-1 SAR for thick first year and multi-year sea ice over the
seasonal penods spanning the annual sea ice cycle.

In this Chapter 1 have reviewed the salient literature regarding the
thermophysical, mechanical and electrical properties and processes of both
snow and sea ice within several seasonal regimes that span the annual cycle.
The thermodynamic nature of the volume is govemed by microscale
(physical and thermal properties) and mesoscale (atrnospherîc and

hydrospheric forcing) processes. Micro to global scale ramifications for
several of these processes were highlighted.
We c m utilize a thermodynamic model, in combination with the
empirical relationships between brine volume and ice strength to illustrate
the average annual strength (tensile, shear and flexure) of landfast fkst-year
sea ice. The following steps are required:
1) ModeIs developed by Cox and Weeks (1974), and confirmed by Timco

and Frederking (1990) [2.26 and 2.271 can be used to relate the average
salinity (S in ppt) of an ice sheet to its thickness:

S = 13.4 -17.4h

for h 5 0.34 meters

S = 8.0 - l.62h

for h ~0.34
meters

2) A one dimensional thermodynamic sea ice model (Nakawo and Sinha,
1981) which approximates the temperature profiles of both the snow and sea
ice volume as linear functions of their respective thermal conductivities
pquations 2.1 to 2.31 provides a means of determining the snow/sea ice
interface temperature. If we assume an average snow thickness on f ~ syear
t
sea ice we can model the average snowhce interface temperature.
3) We then relate the interface temperature to the brine volume of the ice

surface using the empirical models that fit polynomials to the sea ice phase
diagram [Equations 2.22 to 2.251.

4) Finally the various mechanical strength measures are modeled using
pquations 2.9 to 2.121. Modelling these over the annual cycle for landfast
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first year sea ice (Figures 2.8 and 2.9) illustrates the seasonal nature and

relative magnitude of each of the ice strength parameters of interest.
This chapter has reviewed the salient literature pertaining to the
relationship between the physical, thermal, mechanical, dielectrïc and
microwave scattering properties of snow covered landfast sea ice throughout
the annual cycle. In the next chapter, 1 evaluate the theory and models
described here using data collected fiom C-ICE 1997.

CHAPTER 3: Evaluating Linkages between Sea Ice
Thermodynamics, Sea Ice Strength and
Micro wnve Scattering

3.1. Introduction
As evidenced in the preceding chapter, the physical, electrical,
mechanical and microwave scattering characteristics of snow covered FYI
continuously evolve fiom fa11 fieeze-up until summer break-up as a result of
changing atmospheric and hydrospheric forcing throughout the year. The
physical properties of the snowhce system include the microstructure
(crystalline

structures and

inclusion

morphology

and

quantities),

mesostructure (density, salinity and thickness) and macrostructure (ice type,
surface roughness, bernatics and spatial distribution). The constituent
components of sea ice (ice, liquid brine and solid salts) are govemed by the
thermodynamic structure within the snow and sea ice volume according to

the phase relationships fkom Weeks and Ackley (1986). Sea ice rnicrowave
scattering and engineering properties include the thermal (thermal
conductivity, thermal diffusivity and heat capacity), electromagnetic
(complex dielectric constant

(E*)),

mechanical (strength, elasticity,

plasticity, stress-strain rate behavior and f?acture modes) and the fiction and
adhesion characteristics of the snow and sea ice,
The thermal changes in sea ice are govemed primarily by air temperature

and snow thickness. It influences the brine pocket geometry (dimensions and
spacing), the bullc salinity of the ice cover, and the ice thickness; at
microscale, mesoscale and macroscale levels respectively. These three
factors determine the initial mechanical properties of the ice. Qualitatively
speaking, the initial fieezing rate establishes the bulk salinity of the ice
subsurface layer. The faster the fieezing rate the higher the salinity. Brine
pocket shape and distribution, along with crystalline structure, are also
affected by the freezing rate. Fast fkeezing rates produce small crystals with

highly convoluted boundaries and small spacing between brine pockets.
These characteristics translate into relatively weak mechanical properties.
On the other hand, slow fieezing rates result in larger crystals with larger
brine pocket spacing, which is translated into relatively strong mechanical
properties. Brine drains throughout the ice formation process, resulting in
stronger mechanical behavior.
The dielectric properties defme the electrical conductivity of the snow
and sea ice relative to the wavelength and polarization of incident

electromagnetic energy. Microwave scattering from synthetic aperture radar

(SAR) is strongly linked to the dielectric properties of the material and the
dielectric and geometric characteristics of the impurities (inclusions) which
modulate the penetrated electromagnetic radiation either through scattering
or absorption or both (Ulaby et al., 1986). In the case of saline FY sea ice,
the liquid brine entrapped between ice crystals is the principal inclusion.

Brine volume is a fùnction of bulk ice temperature and salinity, and strongly
dictates the dielectric properties and various mechanical properties of sea

ice. Temperature has a linear effect on ice strength while salinity has a nonlinear effect (Cox and Weeks, 1988).
Previous research has indicated that microwave scattering fkom SAR can
provide information pertaining to the thermodynamic characteristics of sea
ice. The principal coupling in this relationship reveals that as the
temperature of the snowhce volume increases there is an associated increase

in brine volume. The high dielectric constant of brine causes a
corresponding increase in the complex dielectric constant

(E*)

of the near

surface volume, which is then detected as a change in the rnicrowave
(Barber et al., 1994; Winebrenner et al., 1994).
scattering coefficient (oO)
This relationship occurs as a result of a therrnodynamic mechanism that
enables a significant volume of salinity, in the form of liquid brine, to be
either expelled or transferred into the basal snow layer (Martin, 1979). Brine
is 'wicked' into the lower regions of the snow pack by capillary effects
along the vapor pressure gradient via basal layer snow grains and fiost
flowers and effectively coats the larger grains found there (Drinkwater and
Crocker, 1988). These large brine coated scattering centers have been found
to dorninate the overall scattering to o0 (Barber and Nghiem, 1999) under
very specific conditions.
Coincident with an increase in ice temperature and bnne volume is the
reduction of ice strength since brine reduces the fiactional component of ice.
Once brine volumes exceed about £ive percent by volume, brine pockets
align linearly along the boundaries of columnar ice grains (Martin, 1979;
Weeks and Ackley, 1986; Cox and Weeks, 1988). These pockets join to reestablish brine drainage channels in the upper region of the sea ice (Martin,
1979). Freshwater runoff fiom the melting snow pack can increase the size

of drainage channels and enhance the brine drainage mechanism. Once the
sea ice warms to an isothermal state, brine drainage networks fülly establish
themselves enabling rapid drainage of the surface (Carsey, 1985). This
causes the strength of sea ice to deteriorate rapidly. Breakup of the ice sheet
usually follows at some point beyond the establishment of these drainage
networks and formation of surface melt ponds (Barber et al., 1998). These
observations have led to the notion that tirne series SAR can be used to
exploit this thermodynamic-dielectric-microwavescattering link and thereby
find utility in sea ice ablation estimation.

3.2 Methods
3.2.1 Collaborative-Interdisciplinary Cryospheric Experiment

The Collaborative Interdisciplinary Cryospheric Experiment (C-ICE) is a
multi-year field experiment that incorporates many individual projects, each
with autonomous goals and objectives. The science conducted has directly
evolved fkom research relating to four general themes: i) sea ice energy
balance; ii) numerical modelling of atmospheric processes; iii) remote
sensing of snow covered sea ice; and iv) ecosystem studies (LeDrew and
Barber, 1994). The C-ICE field program is an extension of the Seasonal Sea
Ice Monitoring and Modeling Site (SIMMS) experiments, which occurred
between 1990 and 1995. In 1998, the C-ICE field program was extended
into the North Water region to investigate processes between sea ice and
microclimate within the North Water Polynya (NOW).
The C-ICE field program provides the surface data required to develop

an understanding of the process linkages operating in an environment typical

of sea ice conditions in the Canadian Arctic Archipelago. Data used in this
dissertation were collected ~ o m
the 1993, 1994 and 1995 SIMMS
experiments, and fkom the 1997 C-ICE and 1998 NOW experiments. In what
follows 1briefly describe the physicd setting and primary datasets collected

during each of the field experiments.

The 1993, 1994 and 1995 field sites were situated southwest of
Cornwallis Island on FYI. The camp locations were chosen so as to readily
access a variety of sea ice types. A typical SIMMS and C-ICE field camp
site is illustrated in Figure 3.1.

Figure 3.1. Photograph of the C-ICE797field camp on smooth FYI in
Wellington Channel, Nunavut.

For each of the field seasons, physical property sampling was conducted on

a variety of sea ice types that were considered representative of sea ice

distributions in the Canadian Arctic Archipelago. The locations of the 1993,
1994, 1995 and 1997 field sites are illustrated in Figure 3.2.

C-ICE 1997 consisted of two separate intensive field programs each
lasting three weeks. The first intensive progran (April 24 to May 10)
consisted of an ice camp located at 75°05f.929~x 92°58f.022W in
Wellington Channel. The camp was approximately 75 km NE of Resolute

Bay, Nunavut and was situated 1 km south of a distinct C-shaped
consolidation ndge (nuuiing from Cornwallis to Devon Island) on thin (5 to
15 cm) snow covered smooth thick kst-year ice (FYI). The nearest land
mass was approximately 16 km to the west (Cornwallis Island). Rubble ice,
located just 1 km north of camp, varied fkom 1 to 4 m in size while snow
depths ranged f?om 10 to 100 cm.
The second intensive program (June 24 to July 11) consisted of a land

based camp located on the east coast of Cornwallis Island at Read Bay
(7S003'.073N x 93O33'.193W).

Much of the field work took place at a

second smaller ice camp situated approximately 3 km ESE of the land camp
on a triangular patch of thin snow covered thick smooth FYI. The Read Bay
location provided a suitable landing strip for twin otter aircraft and acted as

an ideal launching pad for fieldwork conducted by helicopter in Wellington
Channel.

Figure 3.2. Site diagram of the SIMMS 1993, 1994, 1995 and C-ICE'97

field locations near Resolute Bay, Nunavut.
3.2.2.

Sampling and Analysis Design

Data used to investigate linkages between microwave scattering fkom a

SAR and sea ice thermodynamics were collected during the C-ICE 1997 and
the 1993, 1994 and 1995 SIMMS expenments. The thermodynarnicmicrowave scattering relationship for sea ice types cornmonly found in the

Canadian Arctic Archipelago is evaluated. The analysis focuses on landfast
sea ice types only because the contributions of surface-SAR geometry
towards the total microwave backscatter can be held constant (Le. the ice
does not move thus the time series is of the same surface). The investigation
was limited to smooth first year (FY-smooth), first year mbble (FY-mbble)

and multiyear (MY) sea ice. Smooth FY ice is characterized by a smooth ice

surface and very little topographic relief- The average winter scattering at

5.3 GHz fkom this ice type is low (typically o0is < -15 dB). Rubble FY ice
is characterized by numerous upturned fragments o f ice ranging fiom 50 cm
to tens of meters high interspersed within a matrix of smooth FY ice.

Mdtiyear sea ice is ice that has s w i v e d at least one melt season and c m be
readily detected in the field and in SAR irnagery fiom its characteristic
hummock structure, large rounded floe appearance and high winter
backscatter. The following descriptions pertain to sampling techniques
employed during each of field seasons.
3.2.2.1. Validation and Test Site Sampling

3.2.2.1.1.

Bulk Physical Properties

Sea ice temperature data were collected fiom FY, MY and FY-Rubble ice
sites during the 1993, 1994, 1995 field seasons and from FYI during the
1997 field season. The ice temperatures were measured in vertical profile
fiom the snow/ice interface to a depth of either 100 or 120 cm at intervals
weighted more closely to the ice surface (the most thermodynamically active
region of the volume). In al1 cases, the ice was thicker than the length of the
ice temperature measurement apparatus. The measurement apparatus
consisted of a series of 24 AWG, Type-T thermocouples imbedded into a
pre-cut groove within either a wood or PVC dowel. The diarneter of dowel
corresponded to the ice auger diameter used in the field. The top of the
dowel was set flush with the snowhce interface and wire leads were buried
beneath the snow to minimize solar loading. This was followed by the
carefil back filling of snow (typically using the original cohesive block of

removed snow) above the dowel location in an attempt to re-establish the
original stratified nature of the snow volume. Air temperature was measured
within shaded and ventilated shields using AWG thermocouple sensors
(Type T) at an accuracy o f f 0.3'C. Wind velocity was measured with either

an RM Young (k 0.4 m/s) or Met-One (k 0.45 m/s) wind monitor. All data
were recorded with a Campbell Scientific 21X or LiCOR-1000 data logger
at intervals of either 15 or 60 minutes depending on the data logger used.
Table 3.1 lists the measurement location and thermocouple depths for al1
sites.
Table 3.1. Geographical location and thermocouple position for the 1993,
1994, 1995 and 1997 FY-smooth, MY and FY-rubble ice temperature profile
sites. Note that the number of thermocouples is dictated by the channel
capacity of the data logger used in that particular year.
Year

FY-smooth

A winter @ay

MY

N-rubble

Thermocouple
position in c h below
ice surface

122) and spring @ay 178) season salinity profile was

obtained from an average of three 24 cm length ice cores extracted fkom the

thick smooth FYI site during C-ICE 1997. The extracted ice cores were
limited to this length due to machinery and storage constraints. The ice cores
were transported fkom the field by aircraft to Resolute Bay where they were
stored in a cold room at -12°C. Measurements were performed two days
Iater in a 'cold' chamber at approximately -12OC. Air temperature at the time
of core extraction was -12"C, however it should be noted that the ice
temperature was not controlled during transportation to Resolute Bay. The
cores were used to prepare thin sections for crystalline structure and to
measure the vertical distribution of physical ice properties, including
temperature, salinity and density. Al1 measurements were made at 2 cm
intervals. Detailed descriptions of these methods are available in Shokr and
Sinha (1995). Salinity profiles were constnicted fkom a least squares cubic
spline fit to the observations. The salinity profile Eom 24 to 120 cm below
the ice surface was constructed fkom an empirically based estimation of
salinitj as a function of sea ice thickness and temperature (Cox and Weeks,
1974 and Timco and Frederking, 1990). Brine volume, as a function of sea
ice salinity and temperature, has been empirically determined for specific ice
temperatue ranges r2.23 to 2.251 by Frankenstein and Garner (1967).
3.2.2.1.2.

Synthetic Aperture Radar

SAR data used in this analysis were acquired fkom the first and second

Earth Resources Satellites (ERS-1 and 2). ERS-1 and 2 have a Sunsynchronous, circular, near polar orbit with a 35-day repeat cycle. They
image the earth at a fixed 23' incidence angle (mid-swath) and transmit and
receive vertically polarized (VV) electromagnetic energy at a fi-equency of
5.3 GHz (C-Band). Direct cornparisons were made between ERS- 1 o0 and

ERS-2 a0 throughout the analysis. A time series of low resolution (4 look,

1OOm pixel spacing), geocoded calibrated image products was obtained fiom
the Alaska SAR Facility (ASF). Calibration of the image data to a relative

was performed according to Olmsted (1993) for
backscatter coefficient (oO)
1993 to 1995 ERS-1 data ushg ASF-generated equations for 1997 ERS-2

data. For each ground sampling location, a 7 x 7 pixel window was used in
computing an average relative o0centered at the sampling location.

3.3. Results and Discussion
3.3.1. Tirne Series Analysis
Linear regression plots of coincident air temperature and ice surface
temperature versus ERS- 1 crO for FY-smooth, FY-nibble and MY sea ice
types are presented in Figure 3.3.
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Figure 3.3. Simple Iinear regression plots of the ERS4 S M scattering
coefficient (oO)versus FY ice surface temperature and air temperature for

FY, MY and Rubble ice *es

fÎom SIMMS 1993 to 1995. Note that Rubble

ice was not instrumented for ice temperature.

Each of general linear models showed evidence for a statistically significant
linear relationship (except for 1993 and 1995 FY-mbble a0 vs Tir) as
evident in dope T values significant at the 95% confidence level (Table 3.2).
Table 3.2. General linear slope coefficients, R
' and slope T and p values for
the various ERS-1 oo-ice temperature models as described in the text.
Models that do not show evidence for a general linear relation are in bold.
SIope

R'

Slope T

Critical

T

Slope p
value

1993 FY-smooth o vs FY Tic,
1993 FY-smooth a vs Ti,
1993 M Y <r vs MY Tic,
1993 MY o vs T,,
1993 FY-rubble o vs Tg,
1994 FY-smooth o vs FY Tke
1994 FY-smooth s vs Tg,
1994 MY a vs MY Tic,
1994 MY a vs T,,
1994 FY-rubble o vs Tg,
1995 FY-smooth vs FY Tic,
1995 FY-smooth a vs T,,
1995 MY a vs M Y Tic,
1995 MY a vs Tai,
1995 FY-rubbleo vs TG,

Results depict positive relationships for both ice surface temperature and air
temperature versus o0 for FY-smooth ice. Ice surface temperature accounts
for more of the explained variance in o0than air temperature for each of the
three years ( ~ =20.74 versus 0.72; 0.70 versus 0.65; and 0.84 versus 0.70

for 1993, 1994 and 1995, respectively).

The results for smooth FY ice are consistent with recent findings. Barber
et al. (1994) initially found a statistical relationship between the seasonal
evolution of 0"and surface temperature (T,) and suggested that Tscould be
responsible for changing the dielectric properties due to an increase in brine
volume within the system. Barber and Thomas (1998) showed FY o0 to
oscillate during winter in response to atmospheric and ocean heat flux
variations. They suggest that this response is related to the effect of heat
f l u e s on the dielectrics of the fïrst year ice surface in winter followed by
atmospheric heat flux effects on the basal snow layer d d g the warmer part
of the winter season. 1 expect a difference between the effect of air
temperature and ice surface temperature on o0since the insulating effect of a
snow cover can cause changes to the dielectrics even when atmosphenc
temperatures are low (Barber, 1997). Once water begins to freely drain
through the snow pack during the melt onset season (air temperatures near

O°C), brine volumes in the basal snow layer are reduced to near zero (Barber
et al., 1995a) thereby elirninating any brine related influence on the
dieiecmcs of the system.
Air temperature is found to have a statistically significant linear
relationship with o0over FY-mbble ice for only one of the three years ( ~ =2
0.1 1, 0.63 and 0.28 for 1993, 1994 and 1995, respectively). This weak
statistical relationship can be attributed to the disproportionate amount of
upturned ice fragments within the FY ice matrix. We speculate that these
irregular surfaces contribute significant surface scattering to o0 such that it
dominates the overall scattering during the winter and early melt seasons.

This dominant surface scattering mechanism effectively masks the subtler
temperature-brine induced effects that alter the basal snow layer dielectrics.

This characteristic makes FY-rubble ice types unreliable for exploiting a
thermodynamic-dielecuric-microwavescattering relationship. FY-rubble ice
was not instrumented for ice surface temperature measurement and therefore
cannot be assessed for a relationship with oO.
Weaker and less consistent negative relationships are observed for o0
versus MY ice. Results are inconclusive as to whether ice surface
temperature or air temperature explains more of the variance in o0 ( ~ =2

0.95 versus 0.65; 0.58 versus 0.54; and 0.38 versus 0.49 for 1993, 1994 and
1995, respectively). The strong MY ao-ice surface temperature relationship
found during the 1993 season can be explained in part by the small sarnple
size (7 dates). Within MY sea ice, o0 is high and very stable into the early
melt season because the bubble structure within the surface hummock layer
dominates the scattering (Livingstone et al., 1987; Onstott, 1992; Barber et
al., 1994; Winebrenner et al., 1994). Both the upper ice volume and basal
snow layer are brine free due to drainage processes fiom the previous
summer. Thomas and Barber (1998) showed a strong interdependence of o0
with snow volume temperature. The results confirm this observation. MY
ice o0shows very little response to increasing air or ice surface temperatures

at less than -5°C. At temperatures near freezing and warmer, simple linear
regression models consistently overestimate oO,emphasizing the lack of
association with temperature measures during the winter and early melt
periods. In addition, residual analysis indicates that 3 of the 6 MY models
failed to meet an important assumption goveniing the use of general linear
models; narnely a random distribution of error terms around the mean.

To assess the inter-annual variability of this thermodynarnicdielectric-microwave scattering relationship we M e r investigated data

fkom the 1993, 1994 and 1995 FY ice sites. ERS-1 a" and ice temperature
plots (Figure 3.4 to 3.6) depict models constructed fiom coincident
instantaneous points in tirne as prescribed by the ERS-1 overpass times.

Snow
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Figure 3.4. Tirne series plot of the snow/ice temperature profile at selected
dates (top) and the modeled ERS-1 SAR scattering coefficient (GO) (bottom)

f?om 1993 SIMMS.
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Figure 3.6. Tirne series plot of the snowhce temperature profile at selected
dates (top) and the modeled ERS-1 SAR scattering coefficient (GO) (bottom)

fi-om 1995 SIMMS.

The plots are modeled using a least squares cubic spline fit fiom al1 possible
thennocouple locations within the ice temperature apparatus (Table 3.1). A
spline is a set of third degree polynomial segments spliced together such that
the resulting c u v e is continuous and more representative of the continuously
evolving physical process being modeled.
The 1993, 1994 and 1995 tirne series plots indicate that significant
wanning of the ice volume had occurred by the beginning of the Advanced

Melt regime (Figures 3.4 to 3.6). A positive ice temperature gradient is
observed within the upper 70 cm of the volume during the 1993 (Figure 3.4)

and 1995 (Figure 3.6) seasons. The entire ice temperature profile exhibited a
positive temperature gradient during the beginning of the 1995 Advanced
Melt regime (Figure 3.5). The rapid 1993 gradient transition was associated
with an atypical yet significant rain event p a y s 162 and 163) that led to the
complete ablation of the snow cover and transition to full melt pond
conditions by Day 171. The 1994 transition can also be explained by an
atypically early yet significant rain event (Days 146 and 147) that led to a
saturated snow cover and a slow transition to full melt pond conditions.
These conditions were maintained, in part, by a prolonged period of daily

maximum air temperatures that ranged f?om -l°C @ay 142) to 4OC @ay
165). There were no spring period rain events during the 1995 season,
however, the thermodynamic transition fkom Melt Onset to Advanced Melt
occurred rapidly (between Days 146 and 168) due to above average air
temperatures.

3.3.2,

Ice Strength Estamation

My second objective examines the relationship of the sea ice
thermodynamic-microwave scattering linkage to ice strength estimation. Ice
temperature, ice brine volume, flexural ice strength and microwave
scattering (oO)measurement% over FY sea ice are presented (Figure 3.7)
nom C-ICE397.I selected eight points along the modeled time senes of o0
for the purpose of assessing the therrnodynamic and ice strength nature of
the ice volume at various scattering transition stages. Note that the o0 and
thermodynamic plots depicc coïncident instantaneous points in time as
prescribed by the ERS-2 overpass times whereas brine volume and flexural
ice strength plots represent modeled daily average values. 1 selected to
mode1 the flexural strength fkom a host of strength measures because it is
likely that flexural stress will be the mode of mechanical failure when the
sea ice has decayed thermodynarnically. All plots are modeled using a least
squares cubic spline fit fiom al1 possible data points (14 thermocouple
locations within the ice temperature measurement apparatus for ice
temperature, brine volume and ice strength) (Table 3.1).

A steep negative temperature gradient is observed within the ice volume
on Day 118 (Figure 3.8). The magnitude and slope of this temperature
profile is characteristic of winter sea ice. Using the previously described
equations for brine volume and flexural ice strength 1 computed a low bulk
ice brine volume (- 50 ppt) (Figure 3.7B) and a large bulk flexural ice
strength measure (- 0.55 MPa) (Figure 3.7C). oOis observed at -19.4 dB,
characteristically low for this season (Figure 3.7D). Observations made on
Days 129, 150, 158, 164 and 169 demonstrate a gradua1 progression in ice
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Figure 3.7.

Time series schematic illustrating the CO-seasonalmodeled

relationship between sea ice temperature (A); bulk ice brine volumes @);
flexural ice strength (assuming a constant strain rate) (C); and the
microwave scattering coefficient (0")
@) fiom ERS-2 SAR at C - W .

surface temperature fiorn -9.4OC to -3.2OC. 1 computed an increase in brine
volume at this interface from 70 ppt to 185 ppt over this period. Although
the time series plot of o0 indicates significant changes occurring to the

dielectrïcs of the surface the thermodynamic transition within the ice volume
accomplishes little toward increasing the b u k ice brine volume. Ice strength,
at a depth of 10 cm, decreases by approximately a factor of two over this
time span (- 0.49 MPa to

- 0.23 m a ) .

The ice volume experienced a rapid increase in temperature within the
upper 100 cm fkom Day 169 to Day 175. This is evident fkom the time series

of selected ice depth measurements fkom the C-ICE'97 FY ice site (Figures
3.7A and 3 A). This rapid temperature gradient transition occurred once the
average daily ambient air temperature reached O°C @ay 171). Brine volume
is obsewed to significantly increase (Figure 3.7B) while ice strength is
found to significantly diminish (Figure 3.7C) within this upper region. The
time series position of o0 (-14.0 dB) on Day 169 corresponds to the initial
stages of the ponding penod while Day 175 depicts full melt pond
conditions within the Advanced Melt regime.

Ambient Air

Day of Year

Figure 3.8. Daily average time series of selected ice temperatures (in cm
below the snowhce interface) fiom the FY-smooth ice site during C-ICE'97Visual observations made during a helicopter survey on Day 176 revealed
melt pond development over much of the region (- 20 to 30% of the
surface). Surface wind speed at the time of the ERS-2 overpass (22:09 CST
on Day 169) was measured at 6.2 mes-'. 1 suspect that this strong surface
wind may have significantly increased the surface roughness of al1 small

melt ponds that may have existed on Day 169. This scenario would have
provided a large surface scattering term towards o0 (Corniso and Kwok,
1996; Barber and Yackel, 1999). On Day 175 1 observed a G O of - 13.9 dB at
22:20 CST. Winds were relatively light at 1.2 m-s-' suggesting that wind

induced surface roughness contributions to surface scattering was small.
By Day 183 I observed the ablation of the upper 57 cm of ice. The ice
temperature dowel was found completely submersed in the early stages of a
fieshwater melt pond. However, the dowel remained W

y fkozen into the

ice below this depth. Visual observations and pull tests confimi that a tight
seal existed between the dowel and ice. We believe this dowel location (now
found within a melt pond) to be representative of the average
thermodynamic state of the ice within the region since the regional fiactional
melt pond coverage was estimated between 60 and 70 percent by this date.
The coldest portion of the volume was found to decrease gradually fiom a
depth of 18 to 100 cm over Days 129 to Day 175. The bulk of the remaining
ice volume reveals temperatures above the freezing point of sea ice (- 1.8OC) since the volume is now prirnarily constructed of ice crystals and air
(following the significant drainage of brine). These temperatures produce
extremely hi& brine volumes (fkom 200 to 700 ppt) and extremely weak ice

(maximum flexural ice strength is less than 0.17 MPa). A reduction in
scattering is observed on this date (-15.8 dB at 13 :14 CST). The wind speed
was negligible at 0.9 d s . The light winds would result in relatively smooth
melt pond surfaces so we would expect minimal surface scattering
contributions to o0 (Barber and Yackel, 1999). The dowel began to tilt in
position by Day 186 and a strong pull dislodged it £tom the ice on Day 187.

Our measured and modeled results reveal a significant warming of the ice
volume and substantial reduction in FY ice strength to be associated with a
minimum in o0 following the funicular stage of the Melt Onset regime

(between Days 169 and 175). We visually observed this penod of ice
strength reduction to coincide with the initial stages of meIt pond formation.
This result is significant because the ice sheet did not break-up until between
Days 209 and 213. Ice break-up was observed fiom SAR imagery by the
Canadian Ice Service (CIS). The ice in the southern portion of Wellington
Channel fiactured on Day 195. The mid-section of the Channel fi-actured on
Day 213 and was clear of ice by Day 220.
3.4.

Conclusions

The objective of this chapter was to evaluate the thermodynarnicdielectric-microwave s c a t t e ~ grelationship over a variety of sea ice types
using simple linear regression analysis. Results demonstrate a temperature
dependent relationship exists for FY-smooth ice types. FY ice surface
temperature was found to consistently explain more of the seasonal variation
in GO than air temperature. The principal coupling in this reveals that as the

temperature of the snowhce volume increases there is an associated increase

in brine volume. This causes a corresponding increase in the cornplex
dielectric constant

(E*)

of the near surface volume which then causes a

change in the rnicrowave scattering coefficient (oO).
The difference between
the effect of air temperature and ice surface temperature on o0appears to be

an indirect result of the insulating effect of a snow cover over sea ice since
changes to basal snow and ice surface dielectrics c m occur even when

atmospheric temperatures are sub zero. FY-rubble ice was found to have a

weak statistical relationship with oO.1 suggest that the disproportionate
arnount of uptumed ice fi-agments within the smooth FY ice matrix
contributes a significant surface scattering term to o0such that it dominates
the overall scattering during the winter and early melt seasons. MY ice also
showed weak and less consistent relationships with aO.The analysis was
inconclusive as to whether air or ice surface temperature was a better
predictor variable for the observed change in GO. The bubble structure within
the surface hummock layer (large volume scattering term) and lack of brine

within the snow and upper ice layers are viewed as the primary factors that
cause MY o0to show a strong interdependence with temperature measures
during the winter and early melt seasons.

A second objective of this chapter was to examine the relationship of this
linkage to ice strength using empirically derived models. Measured and
modeled results showed a significant warming of the ice volume and
substantial reduction in FY ice strength to be associated with a minimum in

o0 following the funicular stage of the Melt Onset regime (between Days
169 and 175). Fields observations confirm that a rapid temperature gradient
transition occurred within the upper half of the ice volume once daily air
temperatures reached 0°C.This period of rapid ice strength reduction was
found to coincide with the initial stages of melt pond formation. This
reduction in ice strength occurred approximately one month before the
observed ice break-up (Canadian Ice Service, AES).
The results fkom this analysis suggest that the snowhce temperature
profile c m be viewed as an integrator of the near sea ice surface energy
balance which in turn controls the thermodynamic, dielectric (brine volume),

mechanicd and microwave scattering characteristics of the system.
Thermodynamic processes operating across the ocean-sea ice-atmosphere
interface drive the evolution of each of these components a s a direct result of
the role temperature has on determining brine volume near the snow/ice
interface. This theory can be viewed as an advancement in our
understanding of sea ice thermodynamic-microwave scattering relationships
and is used here as the foundation for the developrne-nt of an 'ElectroThermophysical' mode1 for snow covered FY sea ice. The significance of
this work towards remotely estimating the thermodynamic state of sea ice is

noted in that an improved understanding of this thermodynamic-microwave
scattering relationship will lead to directly linking microwave remote
sensing to climate state variables. These measures could then be used in
combination with numerical process models as a means o f understanding the
complex processes operating across the ocean-sea ice-a-sphere

interface.

In this chapter, 1 provided an empirical evaluatimn of the linkages
between the thenno-physical (sea ice temperature, salinity, brine volume),
mechanical and microwave scattering characteristics of snow covered
landfast est-year sea ice. The results of this chapter suggest that time series

SAR has significant potential to provide information o n the seasonally
evolving mechanical properties. In the next chapter, 1evaluate the utility of

SAR to provide specific information pertaining to the physical and radiative
properties of the sea ice surface during the summer melt season.

CTMPTER 4: Extracting Summer Sea Ice Information
from SAR

4.1.

Introduction

A clirnatologically significant feature of the OSA interface is the annual
formation of melt ponds on sea ice. Melt ponds drarnatically alter the
radiative properties at the surface because their albedo is significantly lower
than snow and al1 other surface types. Because of their low albedo, rnelt
ponds play a significant role in the shortwave radiation exchange at the
surface (Maykut and Perovich, 1987) and are an important yet poorly
defïned parameter in thermodynamic sea ice models (e.g., Ebert and Curry,

1993; Flato and Brown, 1996). Their size, distribution, and evolution have
been shown to relate to the type of sea ice over which they form, proximity
to land and to rates of atmospheric and/or oceanic forcing (Holt and Digby,

1985; Perovich and Tucker, 1997; Jefferies et al., 1997; Barber and Yackel,

1999). Melt ponds are also of operational interest to the polar marine

navigation community because their presence is commonly associated with
mechanical weakening of the sea ice (Bilello, 1980).
Melt ponds form when the ice and overlying snow melt during the
transition fkom spring to summer. Melt water collects in the lower lying
regions of the surface. On FYI, these regions occur between snowdrifts
formed during winter, i.e., thin snow cover regions form melt ponds first
because of an enhanced ice-albedo feedback. Ponding on the ice surface will
occur as long as melt water input exceeds the amount of water draining off
and through the ice (Holt and Digby, 1985).
Previous descriptions of the geophysical and radiative properties of melt
ponds on sea ice have built the foundation for our current understanding of
summer sea ice (e.g., Grenfell and Maykut, 1977; Grenfell and Perovich,
1984; Maykut and Perovich, 1987; Morassutti and LeDrew, 1995). Early
studies identified parameters (e-g., melt pond fiaction, runoff fiaction, solar
radiation absorbed directly by the pond water, reflection fiom the underlying
ice and melt pond transmissivity as a function of depth) requiring M e r
refinement for use in thermodynamic sea ice models (e.g., Shine and
Henderson-Sellers, 1985; Ebert and Curry, 1993; Flato and Brown, 1996).
Melt pond surface coverage is highly variable and has been found to range
from zero percent in mid-June to as high as 80% (Langleben, 197 1) or 90%
(Onstott and

Gogineni,

1985) before reducing, through drainage

mechanisms, to near zero in July and August Fetterer and Untersteiner,
1998). Fetterer and Untersteiner (1998) found local pond variability greatest
at the beginning of the pond season (5 to 50% depending on ice typej and
the evolution of pond fractions to Vary according to ice type.

Other efforts have utilized remote sensing to examine the variability of
melt pond structures on sea ice. Holt and Digby (1985) provided a thorough
description of melt season processes on both FYI and MY1 using a
combination of surface measurements, aircraft radar, photographie and
satellite data. Observations of melt ponds on MY1 were made using
helicopter photography by Perovich and Tucker (1997). This study found
considerable variability in the fractional coverage of rnelt ponds on scales <
1 km2. Jefferies et al., (1997) used ERS-1 Synthetic Aperture Radar (SAR)
to estimate the fiactional coverage of melt ponds on MYI, although they did
not treat for the effects of wind-roughened ponds. El Naggar et al., (1998)
found helicopter based line scan camera estimates of the fiactional coverage
of melt-water ponds on shore fast ice in the Northeast Water Polynya to
compare extremely well to Special Sensor Microwave Imager (SSMII)
derived rnean ice concentrations.
Several other studies have provided rernotely sensed estimates of the
integrated surface albedo at various stages of melt pond coverage. Langleben
(1971) suggested a decrease in albedo as a function of the degree of

puddling in the Beaufort Sea. Measurements ranged between 0.6 (0% pond
cover) and 0.3 (70% pond cover). Lindsay and Rothrock (1993; 1994) found
rnean monthly Arctic Basin albedos to range fkom 0.76 in A p d to 0.47 in
August, 1989. Robinson et al., (1986; 1992) used DMSP data to produce
albedo maps of the Arctic basin. Robinson et al., (1986) calculated a net
albedo of 0.53 for the central Arctic, corroborating earlier estimates. De

Abreu et al. (1994) compared in situ albedo to AVHRR-derived albedo over

FM showing that the two agreed favourably (within f5%) when accounting
for atmospheric attenuation, viewing geometry, and spectral response of the
sensor. Tucker et al., (1999) summarized the findings of Perovich and

Tucker (1997) and illustrated the seasonal variability in melt pond albedo by
citing an example where the albedo of refkozen ponds with a fkesh snowfall
was

- 0.8. Derksen et al., (1996) found pond development on Fm in the

Canadian Archipelago did not correlate well with air temperature using IR
Magery fiom a tethered balloon. Barber and Yackel (1999) formalized a
statistical relationship between microwave backscatter (oO)and surface
albedo (a)for landfast FYI under windy conditions (2-3 m s-').
Detection of melt pond formation using microwave remote sensing has
been examined by numerous other researchers (e.g., Grenfell and Lohanick,
1985; Onstott and Gogineni, 1985; Onstott et al., 1987; Winebrenner et al.,
1994; Comiso and Kwok, 1996). A salient result eom nearly al1 of the

studies was the unique ability of microwave instruments to detect the
increase of liquid water in the snow cover d h g a period when the
predominantly cloudy sumrner season limits the use of optical and thermal

IR eequencies. Holt and Digby (1985) used airbome radar to detect changes
in the amount of surface water and the development of topography
surrounding drainage features on FM. Winebremer et al. (1 994) showed
that melt onset from snow covered multiyear sea ice was clearly detectable
fkom ERS-1 SAR. Comiso and Kwok (1996) found passive and active
microwave fkequencies sensitive to pond fraction but were cautious about
the ability of SAR to estimate percent cover of melt ponds because of the
complexities introduced when ponds are subjected to wind roughening.
Jefferies et al. (1997) derive an equation for the expected microwave
backscatter of a mixed pixel consisting of melt pond and ice but did not treat
wind-roughened ponds. Barber and Yackel (1999) provided an analytical
description

of

the

physical,

radiative

and

microwave

scattering

characteristics of melt pond on first-year and multiyear sea ice using a

combination of in situ observations, aeriai videography, and ERS- 1 SAR.

They found that tirne series scattering could be used to obtaui an estimate of
melt onset formation and had utility in detecting subtle details of the
thermodynamic transition of sea ice fiom accretion through ablation. A
statistical relationship was formalized between microwave backscatter and
surface dbedo for landfast FYI having surface wind velocities between 2

and 3 m s-' .
These fïndings illustrate the variability in morphological and radiative
properties of melt ponds on Arctic sea ice. They also serve to highlight the
actuality that the majority of melt pond studies have taken place outside the
Canadian Archipelago and on sea ice other than first-year (i.e., Arctic Ocean
pack ice and/or MYI). As bnefly mentioned in the previous chapter, an
advantage to studying FYI in the Canadian Archipelago is that the majority
of ice is landfast, accreting and ablating annually in a fixed location. The
significance of this characteristic is twofold. Firstly, the study of landfast ice
means that we can attribute the accretion and ablation of a particular volume
of sea ice largely to thermodynamic processes and not to heat exchange
involved with sea ice kinematics. QuantiQing the contribution of under-ice
ablation to sea ice kinematics is significantly more diEcult (Rothrock et al.,
1999). Secondly, it permits us to monitor the same region of sea ice on an
interannual basis. A sufficient temporal record cm be used to detect andor
corroborate regional trends and rates of sea ice ablation @oth thickness and
extent) recently shown to be occurring in the Arctic as a whole (e-g.,
Parkinson et al., 1999; Rothrock et al., 1999).
This chapter continues the examination of the morphological and radiative
characteristics of melt ponds fiom a FYI melt season surface using in situ,
aerial video and microwave remote sensing data collected in the Canadian

Archipelago. The chapter begins by describing in situ measured physical and
radiative properties of the melt ponded FYI surface, followed by a
discussion of a classification technique used to separate a continuous analog

of aircrafi digital video data into discrete surface cover types. The
classification results are then used to (1) describe and illustrate the spatial
variability of surface cover types over the study region, (2) illustrate the
variable morphology of melt pond features, and (3) derive an estimate of the
integrated shortwave albedo of the surface at a particular stage of melt pond
evolution. 1 then examine this series of coincident in situ physical, radiative,
and aerial video data with satellite based rnicrowave scattering data fiom

RADARSAT-1 SAR. 1 assess the utility of the RADARSAT-1 SAR to
detect the formation of melt ponds on FYI and to estirnate the £kactional
coverage of melt ponds and integrated albedo over this surface. The seasonal
evolution pattern of o0 and associated scattering mechanisms over most
other types of sea ice, including MY1 and Arctic Ocean pack ice are much
different than the those described here. The mechanisms responsible for
scattering over these ice types have been thoroughly discussed elsewhere
(e.g., Ulaby et al., 1986; Onstott, 1992; Winebrenner et al., 1994; Barber et
al., 1995; Jefferies et al., 1997).

4.2. Methods
Data used in this investigation were collected fkom several FY sea ice
surfaces as part of C-ICE 1997. The C-ICE program collected intensive
snow and sea ice thermodynamic, physical and radiative property, aerial
video and synthetic aperture radar (SAR) data fiom Julian Day 175 (JD175;
June 24) to JD193 (July 12), 1997. The study region was located in

Wellington Channel (75%, 93'W),

- 65 km northeast of Resolute Bay,

Nunavut (Figure 4.1).

Figure 4.1. Map of field site locations in Wellington Channel and Lancaster
Sound, Nunavut during C-ICE'97. Sites A and B are thinly snow covered
(0.05 to 0.2 m),extremely smooth first-year sea ice; sites C and E are thinly
snow covered, smooth first-year sea ice. Site D is a mixture of

- 40% first-

year and 60% second year andor multiyear sea ice, overlain by a thick snow
cover (0.25 to 0.7 m).

Site Description
Upon arriva1 to the study region (JD175), snow conditions were in the
mid-stages of melt with snow depths ranging fiom 0.05 to 0.20 m. By the
end of the experiment (JD193) full melt pond development (- 65 to 75%
coverage) with the initial stages of pond drainage was observed over much
of the region. Ice types within Wellington Channel and Lancaster Sound
were generally FYI (1.7 to 2.0 m thick). Snow depths ranged fiom 0.10 to
0.60 m, with deeper drifted snow in rougher ice (Le., near pressure ridges).

A distinct boundary running east to west separated smooth FYI (to the
south) and rougher ice (to the noah) (see north of A, Figure 4.1). 1 define
rough FYI, in this case, to consist of uptumed fkagments and/or older ice
fonns (i.e., second year or MYI) within a £kt-year ice background. This
definition is analogous to that of Rubble-FY ice described in the previous
chapter.

4.2.2.

Physical and Radiative Properties

Generally speaking, snow and melt pond physical property measurements
were made coincident with radiative property measurements throughout the
field observation period. Melt pond depth was measured using a graduated
d e r (+ 1 cm). Air bubble densities beneath the ice of the melt ponds
structures were observed and qualitatively docurnented. Snow physical
property measurements (density, wetness, salinity, and depth) were acquired
throughout but were discontinued beyond JD 180 (June 29) due to either the
disappearance of snow or development of layers impenetrable to the
sampling equipment. Snow density and salinity were collected in 2 cm
vertical layers with a density sampler (2 x 3 cm) and salinities measured

with a refiactometer once the sarnples melted and warmed to room
temperature (accurate to within 0.5 ppt). M e n conditions permitted, snow
wetness (between 1% - 10% Wv) was measured in 2 cm layers with a
capacitance plate (precise to within 0.5%). Snow grain measurements (size
and shape) were obtained episodically.
Broadband dbedo measurements were made using a Middleton EP16
pyrano-albedometer. This sensor measures the incident and reflected
hemisphenc shortwave flux in the 300-to 3000 n m portion of the spectnim.
Measurement accuracy is factory calibrated to within 1.6%. The instrument
was mounted and levelled on a metallic conduit (1.66 m in length) and
placed on a tripod approximately 1 m above the surface. To minimize the
effects of cloud contamination towards biasing the results, al1 in situ
measurernents were made under clear skies unless othenvise stated.
Once melt ponds formed, location-consistent and feature-driven albedo
sampling was conducted. Surface albedo measurements were made along a 1
km long linear transect (aligned E-W) at the FYI ice camp (Site B, Figure
4.1). These measurements were collected to assess the spatial variability in

albedo over local scales and to validate the integrated albedo classification

of the surface fiom aerial videography (section 2.3). Albedo was also
measured along the aircraft transects for surface validation over a portion
(150 m to 300 m) of the fûli transect distance (Hanesiak et al., 200 1).

Sea ice temperature data were collected from JD 115 to JD 183 at a
smooth FYI site in Wellington Channel (see Site A). Ice temperatures were
measured vertically at intervals fiom the snowhce interface to a depth of 1.2

m. The measurement intervals were higher in the uppermost ice layers, the
most thermodynamically active region of the volume. The measurement
apparatus consisted of a series of 24 AWG Type-T thermocouples (accuracy

f 0.3"C) imbedded in a groove in a wooden dowel. This groove was then
sealed with high thermal conductivity epoxy. The diameter of the dowel (2
inches) corresponded to the ice auger diameter used for installation (JD
116). The top of the dowel was set flush with the snow/ice interface and wire
leads were buried beneath the snow to minimize solar heating. This was
followed by careful back filling of snow (typically using the original
cohesive block of snow) above the dowel location in an attempt to reestablish the original stratified nature of the snow volume. Equilibrium in
the temperature gradient was re-established 8 hours after disturbing the

system. The measurement apparatus was significantly shorter (1.2 m) than
the thickness of the ice (- 1.85 m); consequently, a temperature profile was
not collected through the entire sea ice volume.

Wind velocity was measured at Sites A and E during the early melt pond
season (JD 177 to 19 1) using an RM Young anemometer (accuracy

+ 0-4 m

s"). Wind velocity was measured at a height of 2.5 and 1.5 meters above the
snow surface for sites A and E, respectively. Air temperature was measured
throughout the field experiment at Site A using a Campbell CS500
temperature and relative humidity probe housed within a Stevenson screentype enclosure to an accuracy f 0.3' C. Al1 data were recorded using a
Campbell Scientific 21X or LiCOR-1000 data logger at intervals of either 15
or 60 minutes, depending on memory availability.

Aerial Video Surveys
The initial stages of melt pond development were observed during an
aerial survey of Wellington Channel on JD 177. In situ physical and
radiative property measurements of the surface cover types were made

concurrent with aerial surveys on JD 181 and JD 184 (Figure 4.2). Transects
1 to 6 were flown on JD 181, while the remainder (transects 7 to 17) were

flown on JD 184. The aerial surveys involved the use of a Hi-8 video camera
mounted in the noor of a de Havilland Twin Otter aircraft. This apparatus
allowed for 'near-to-vertical' exposure of the sea ice surface beneath the
survey platform. Transects were flown at 5 ' latitude increments north fiom
Lancaster Sound (transect # 1, 74" 1 S N ) through Wellington Channel
(transect #17, 75' 35'N).

Surveys were flown at an altitude of - 2000 feet (-

666 meters) at a speed of -100 knots. Positional information was logged
directly to a data iogger fiom the onboard Global Positioning System (GPS).
Aircrafi GPS (+/- 100 m) readings were taken at the beginning and end
points of the transects and at notable features along each transect.
Shadow contamination of the video data was minimal since clear skies
prevailed on both survey dates and because the surveys were conducted

during peak daylight hours (solar zenith angle near 52O). The most
significant errors include: (1) unstable aircraft flight (roll, altitude and
latitudinal drift), ( 2 ) GPS error, and (3) assignment of surface cover type
albedo (using ground measurements) fiom a single albedo value.
QuantiQing these errors is difficult, however, albedo magnitudes are
expected to be accurate within f5%
(Hanesiak et al., 2001).

based on helicopter validation

Figure 4.2. RADATSAT-1 ScanSAR image fiom January 26, 1997 showing
aerial survey flight transects. Transects 1 to 6 were flown on June 30, 1997,
while transects 7 to 17 were flown on July 3, 1997.
The video data were digitized into a microcornputer using an automated
software routine that separates the continuous analog flight record into
adjacent 8-bit (320 by 240 pixels) frames. The fiame spacing was derived

fiom aircraft speed, flight time and flight distance. Prior to the aenal survey
flights, an orange colored tarpaulin was placed on the sea ice surface dong
several of the planned flight transects. This allowed video capture of the

tarpaulin fiom our known flight altitude (2000 R) so that 1 could spatially
calibrate the data (Figure 4.3). 1 computed the average spatial resolution of a
video pixel (- 16.56 m2),the video frame dimensions on the ground (1.06

km wide x 1.2 km long), and the area of a video kame (- 1.27 km2).

Figure 4.3. Example video fiame illustrating a tarpaulin used to calibrate the
video data for scale.

A procedure was then developed to standardize the radiometry between
image fiames. Radiometry varied because of different surface albedo and
cloud cover conditions. The mean grey level for each fiame of video as well

as the mean grey level value for each flight transect was calculated. An
overall mean grey level value was also computed fkom the means of the 17
flight transects. Each video frame was then standardized to the overall mean.

The data were then subjected to 'particle analysis' using image-processing
software. The images were segmented into the 'particle' (light and dark
colored melt ponds) and the 'background' (snow and saturated snow

patches). Various morphological statistics on melt ponds were derived (e-g.,
the number of melt ponds per video frame, mean pond area, perirneter length

and major and minor axis of a best-fit ellipse around an individual melt
pond). A best-fit ellipse is an ellipse that encloses a 'particle' (melt pond)
but has a width and length that are minimized.

Synthetic Aperture Radar
RADARSAT-1 SAR data used in this analysis were acquired fkom both
the Alaska SAR Facility (ASF) and from the Application Development and
Research Opportunity (ADRO) program processed at the Central Data
Processing Facility (CDPF) in Gatineau, Quebec. RADARSAT-1 has a sunsynchronous, circular, near polar orbit with a 24-day repeat cycle. In
standard bearn mode, RADARSAT- 1 can image the surface fkom a variety
of incidence angles (19 to 4 9 O off nadir) by transmitting and receiving
horizontally polarized (IilH) electromagnetic energy at a fiequency of 5.3

GHz (C-Band).Local RADARSAT-1 overpass times were approximately
1830 Central Daylight Savkgs Time (CDST) (ascending pass) and 0830

CDST (descending pass).
1 acquired a low-resolution (100 meter pixel spacing) standard bearn

product fiom ASF and a hi&-resolution (12.5 meter pixel spacing) standard
beam product through ADRO. SAR data were acquired fkom a variety of
standard beam incidence angles (1 through 7) since 1 wanted to maximize
the amount of SAR data collected. The various incidence angle products
result fkom orbital tracts that Vary but repeat on a 24-day cycle. The nearpolar orbital tract of the satellite means that regions north or south of 70'
latitude can be imaged an average of 8 to 11 times per week fiom a

combination of ascending and descending passes. A tering the imaging angle
of the SAR allow imaging o f the same spatial area.

Table 4.1. RADARSAT- 1 sensor characteristics
-

-

I

Frequency

5.3 GHz

RF Band Width

11.6, 17.3 or 30-0 MHz

Band Name

C Band

Wavelength

56 mm

1 Incidence Angle
Ground Resolution

1 Swath Width
1 ~oiarisation

1

10 - 5 9 deg

1

I

10 - 100 metres

l
l

I
I

50 - 500 km

HH

Table 4.2. ARADARSAT-limaging mode and beam position information

I

1

Beam
Mode

1

1 Fine
i

Beam
Position

Incidence
anpie O

Nominal
Resolution

(ml

Nominal
No. of
Looks

Nominal Area (km)

ScanSAR
Narrow

ScanSAR
Wide
Extended
mgh

Extended
Low

The ASF data were ordered well in advance of the field program so as to
cover the same geographic region fkom winter through summer conditions.
The ADRO product provided us with the opportunity to acquire a greater
nurnber of images during the melt pond season. The spatial resolution of the

ADRO product was similar in size to the melt pond features thus allowing
investigation of SAR backscatter - melt pond morphology relationships.
Radiometric calibration of the image data to a relative backscatter
coefficient (oO)was performed according to ASF calibration equations.
Backscatter statistics were derived using an 'in-house' designed s o k e
package. For the ASF product, a 5 x 5-pixel window was used to compute an
average relative oO.The high resolution ADRO product required a 40 x 40
pixel window to maintain an aerially comparable sample size to that of the
low resolution ASF product (- 250,000 m2).The window sizes were chosen
so as to provide statistically large samples (25 pixels from the ASF sample)
yet maintain sampling within a homogeneous region of smooth FYI. This
was qualitatively (visually fiom texture) and quantitatively determined (fiom
low standard deviation of oO).

Earlier in this chapter, I described a classification procedure that
identified surface cover types f?om aircraft video data during the melt pond
season. Spatial calibration of the data revealed that the surface area of a
single fiame of video was

- 1.27 b2,
approxhnately five times the size of

the SAR window area. Positional information fkom both the aircraft GPS
and spatially calibrated SAR image products allowed capture of spatially
concurrent regions within both the SAR and video data.

4.3. Results and Discussion

4.3.1.

Video classification and in situ measuements

An unsupewised cluster analysis of the digital video data identified four
distinct surface cover types; snow, saturated snow, light and dark colored
melt ponds. In situ observations indicate that the physical and radiative
properties with these cover types varied greatly. Snow depths ranged from
0.03 to 0.22 m while saturated snow depths ranged fkom 0.005 to 0.02 m.
Light and dark melt ponds were discnminated based upon in situ spectral
albedo measurements and fkom qualitative observations of bubble density
found within the sea ice beneath the pond (Hanesiak et al., 200 1). In situ
observations and spectral radiometer data showed that higher bubble
densities were associated with a greater arnount of scattering in the optical
portion of the spectrum. This resulted in lighter colored melt ponds. Lower
bubble densities corresponded to reduced optical scattering and appeared as
darker colored melt ponds (Hanesiak et al., 200 1).

The depth of light colored melt ponds varied between 0.02 and 0.1 rn,
while the depth of dark colored ponds varied between of 0.1 m and 0.23 m.

The mean integrated shortwave albedo (300 - 3000 nrn) values for each of

the four cover types were derived fcom a minimum of 20 measurements per
surface type and averaged to: snow patches (0.70f0.05); saturated snow
(0.40M.05); Light melt ponds (0.35k0.02) and dark melt ponds (0.23k0.02).

These values are in good agreement with albedo estimates h m similar
surface cover types reported in the literature (e.g., De Abreu et al., 1994;
Barber and Yackel, 1999).

4.3.2.

Fractional cover of surface types

A selection of aenal survey transects (5, 6, 8 and 10) show considerable

variation in the fiactional coverage of their surface types across Wellington
Channel (Figure 4.4). Note that each point in the profiles represents a single
fiame of video data. There was no observable trend in the fiactional cover of

any one surface type among the transects. Snow fractions consistently made
up the largest proportion of the surface (ranging between 53 and 63%)
indicating that our aerial surveys captured the early stages of melt pond
development. The next most abundant cover type was saturated snow (20 to
40%), foliowed by light colored ponds (8 to 18%) and dark colored pond (O

to 8%).

1

---- Snow

Light Melt ponds

1

Flight Direction
Figure 4.4. Fractional coverages of snow, saturated snow, light and dark
melt ponds derived fiom the aerial survey video data for flight transects 5,6,
8 and 10. Locations and flight directions are denoted in Figure 4.2.

A distinct increase in fractional coverage of ponds (both light and dark
colored) was obsewed over the smoothest FYI within our study region
(transects 7 to 10) between s w e y dates (separated by the solid vertical line,
Figure 4.5).

Snow
+Mixture
+L Pond
*D Pond

O 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Transect #
Figure 4.5. Fractional coverages of snow, saturated snow, light and dark
melt ponds derived fi-om the aerial survey video data by flight survey
transect number. Transects to the ieft of the solid vertical transect represent
flight transects surveyed on June 30, 1997, while transects to the rïght
represented flight transects surveyed on July 3, 1997. Transects to the left of
the dashed vertical line represent flights over FYI and those to the right over

rough sea ice (see text for definition). The range of observations making up
each of the transect fiactional coverage averages is illustrated by the upper
and lower hash marks.

This combined increase in total melt pond &action can be directly
accounted for by a reduction in the fiactional coverage of saturated snow.
The fkactional coverage of snow patches remained relatively constant
between survey dates. Melt pond (light and dark) area increased by 10.3%
between survey dates. E t is interesthg to note the Larger fiactions of light
colored ponds over the smoothest FYI (transects 7-10). These pond fkactions
tended to be 5 to 7% larger in area than the ponds found in the rougher ice
region north of site A (transects 11-17). 1 attribute this result to the
accelerated rate of melt pond development occurring on the smooth F M

with very thin snow covers. Dark colored melt ponds fiom the smoothest

FYI (transects 7-10) had similar fiactional coverages to those in rougher ice
(transects 11- 17). In addition, the reduced ratio of light to dark colored
ponds indicates that increased snow depths within the rougher ice regions
likely provided deeper forming and darker colored ponds. These pond
fractions can be directly compared since they were derived fkom video
observations made on the same day (JD 184). 1 observed an increase in the
fiactional coverage of snow (fiom 55 to 65%) for transects flown over
predominantly rough FYI (transects 11-17) as compared to our FM types.
The increase in snow fiactions is likely partially attributable to the more
northerly latitude.

Morphological Characteristics
The morphological properties of melt ponds on smooth FYI (transects 710) and rough sea ice (transects 11- 17) were analyzed. Regions of higher
pond density tended to correspond to rougher ice forms within the study area

(transects 1 1-17). Pond density is defhed here as the number of discrete
melt ponds per unit area (Le., video fiame).
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Figure 4.6. Aerial video fiame (top), image processed fiame (bottom) and
morphological statistics (side) of melt ponds on rough ice in a region of high
melt pond density along flight line 14. Fractional coverage of snow patches,
saturated snow, light and dark melt ponds and integrated albedo of the fiame
is indicated (inset). Morphological statistics on area, perimeter length, major

and minor axis of a best-fit ellipse and the number of melt ponds in the

fiame (cases) were calculated. The area of the fiame is

- 1.27 km2. The

flight direction is also indicated (top).
Characteristic regions of high pond density were extracted fiom the
central portions of Transect 14 and 15 (Figures 4.6 and 4.7, respectively).

The distribution of pond sizes was highly skewed with a significantly greater
number of small ponds compared to large ponds. Although the mean pond
area values were substantially inflated fiom several extremely large melt
ponds, their contribution to the overall aerial coverage of ponds is
noteworthy. Pond shape tended to be oval (major to minor axis ratio

-

- 2 to

1; and area to perimeter length ratios also approxirnately 2 to 1).

Characteristic regions of low melt pond density were extracted from
Transects 8 and 9 (Figures 4.8 and 4.9, respectively). Larger area to
perimeter length ratios (- 3 to 1) relative to those in high pond density
regions, indicate that the pond shape complexity decreases within regions of
low pond concentration. Pond size was twice that of high pond density
regions. 1 attribute this result to the highly inter-comective nature of melt
ponds in regions of low pond density (see Figures 8 and 9), and to pond
evolution when video captured. These inter-comected ponds are expressed
as an elongated pattern of ponds and snow patches with a preferred NE -

SW orientation (Figures 4.8 and 4.9). Aerial video data revealed that this
pattern was extremely cornmon for the smoothest F M (transects 8, 9 and 10)
and had a tendency to dissipate towards both shorelines (Cornwallis and
Devon Islands). Note that the major axis of a best-fit ellipse around this melt
pond pattern is orthogonal to the prevailing surface wind direction for this

region (NNW). Wind generated, cyclic snowdrift patterns were observed and
modelled fi-orn a similar surface type (Iacozza and Barber, 1999).
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Figure 4.7. Aerial video fiame (top), image processed fkme (bottom) and
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20'

morphological statistics (side) of melt ponds on rough ice in a region of high
melt pond density dong flight line 15. Fractional coverage of snow patches,
saturated snow, light and dark melt ponds and integrated albedo of the fiame

is indicated (inset). Morphological statistics on area, perirneter length, major

and minor axis of a best-fit ellipse and the nurnber of melt ponds in the
fiame (cases) were calculated. The area of the fiame is

Bight direction is also indicated (top).
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Figure 4.8. Aerial video fiame (top), image processed frame - including the
major and minor axis of an elongated melt pond pattern (bottom) and
morphological statistics (side) of melt ponds on rough ice in a region of low
melt pond density along flight line 8. Fractional coverage of snow patches,
saturated snow, light and dark melt ponds and integrated albedo of the fiame
is indicated (inset). Morphological statistics on area, perimeter length, major
and minor axis of a best-fit ellipse and the number of melt ponds in the

fiame (cases) were calculated. The area of the frame is
flight direction is also indicated (top).
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Figure 4.9. Aerial video frame - showing an exarnple of a pressure crack
and melt ponds on rough ice in a region of low melt pond density along
flight line 9. Fractional coverage of snow patches, saturated snow, light and

dark melt ponds and integrated albedo of the fiame is indicated (inset).
Morphological statistics on area, perimeter length, major and minor axis of a

best-fit ellipse and the number of melt ponds in the fiame (cases) were
calculated. The area of the fiame is

- 1.27 km2. The flight direction is also

indicated (top).

4.3.4.

Integrated Shortwave Albedo

Fractional coverages of snow, saturated snow, light and dark colored melt
ponds were obtained fiom the digital aerial video data (e.g., Figures 4.4 and

4.5). Albedo transects were subsequently compiled by Iinearly multiplying
the fiactional surface coverage with its in situ measured albedo (Figure
4.10). Area-integrated albedos are found to be quite variable across
individual transects but have transect averages that are quite sirnilar.
Although slightly higher, albedos over the rough ice type were statistically
indistinguishable fiom the FM ice forms (not shown here).
Scatterplots reveal that the integrated shortwave albedo (a)of the surface
is strongly dictated by the fiactional cover of snow on the surface (R2 =
0.87) (Figure 4.11). A moderate negative relationship exists between a and

the fiactional cover of light melt ponds

=

0.54), while a very weak

relationship (RZ = 0.19) was found between a and saturated snow. 1 found
no relationship between a and the presence of dark melt ponds (R' = 0.07).
Al1 relationships are independent of the fractional coverage of remaining

surface types. However, 1 recognize that the contributing fiaction of
remaining cover types will affect the overall albedo measured fiom this
surface. The example illustrated in Figure 4.1 1 (transect 8) was comprised of

56% snow, 25% saturated snow, 16% light melt pond and 3% dark melt
pond.
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Line 6

Mean = 0.555 St. Dev. = 0.0 12

Line 8

Mean = 0.549 St. Dev. = 0.017

Line 10

Mean = 0.548 St. Dev. = 0.012

1

1

0.45 1

Flight Direction

I

Figure 4.10. Derived surface albedo profiles for flight transects 5, 6 , 8 and
10. Surface albedos were derived by multiplying the in situ measured

surface cover albedo values to the fractional coverage of each surface cover

type using a proportional area-weighting factor.
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Figure 4.1 1. Scatterplots and best-fit lines illustrating spatially coincident

derived surface albedo and fiactional cover of surface types observed for
flight line 8.

Temporal evolution of o0
Microwave backscatter fkom a satellite-based SAR is a function of the
dielectric properties of the matenal and sensor polarization and incidence
angle (UIaby et al., 1986). Pnor to the launch of RADARSAT-1, earth
orbiting SAR-equipped satellites (e-g. ERS-1 & 2 and ERS-1) were
designed with a fixed imaging angle geometry. This meant that an observed
change in o0 could be almost entirely attributed to changes in the dielectric
properties of the surface material and not to imaging angle. The
RADARSAT-1 S A R in standprd node offers imaging fkom a variety of
incidence angles. The benefit of using a sensor with such a feature cornes
tkom the ability to increase the imaging eequency (i.e., temporal resolution)
of a stationary target using one of seven standard beam modes. This means
that we now must consider two factors that determine oO;(1) dielectric
properties of the surface andlor volume and (2) incidence angle of the SAR
illumination

beam.

Therefore,

to

quanti@

the

contribution

of

thermodynamically driven changes to oO,we are required to control for
incidence angle effects.
A procedure was developed to quanti@ changes in o0 independent of
incidence angle. In short, the statistical technique standardizes a seasonally
evolving sea ice oOtirne series to winter o0 conditions. This approach is
appropriate only when the observed change in o0 is solely fkom surface
scattering as a function of changing SAR incidence angle and not
geophysical andor dielectric changes to the surface andor volume. 1 have
attempted to satisQ this assumption by fitting second-order polynomial

models to the winter (JD 105 to 123) o0 values fiom sites A, B, C and D
using standard beam modes 1 , 2 , 3 , 6 and 7 (Figure 4.12).

Frequency: 5.3 GHz
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Figure 4.12. RADARSAT-1 backscatter coefficient (oO)
as a function of
incidence angle (8) during the winter season. Second-order polynomial
models explain in excess of 98% of the variability in o0for al1 cases. A, B
and C are thinly snow covered smooth FYI sites while and D is a thickly
snow covered rough ice type.
Surface observations indicate that the mean daily air temperame at Site A

did not exceed -2 1°C over this period. This means that changes to the bulk

dielectric properties of this system should be negligible over Uiis time

period. A. scattering change fkom whter conditions (AG',)

was computed by

subtracting the seasonally observed <rO at a given incidence angle (8) fiom

the o0value of the winter model at the correspondhg 8.The expression is
described as:

Where, AoO, is the change in backscatter fiom winter conditions
~ the
~ , backscatter at a given 8 fkom the winter
(nomalized for 8); c ' ~ is

is the seasonally observed backscatter at a given 0.
model and oO(el

Since incidence angle varies within a single standard beam mode (i.e.,
Standard beam 2 ranges fkom 24.2' to 31.2'), linear interpolation was
employed to identify the exact SAR incidence angle (+ 1') at each of the
four sites (A, B, C, and D). These incidence angle values were used to
construct a unique and accurate winter backscatter mode1 for each site (A, B,

C and D). Each mode1 explains in excess of 98% (R~)
of the variability in oO.
Microwave backscatter statistics were compiled fi-om each site during the
winter to summer transition. Scattering was characteristically low over FYI
types during the e n t e r season (See 'Winter' box in Figures 4.13 to 4.15).
However, the winter pattern does fluctuate. This winter oscillation
phenornenon was described in chapter 2. In summary, Barber and Thomas,

(1998) showed that the advection of a stratus cloud layer can result in a
longwave flux sufficient to increase brine volumes within the basal snow
layer over thin snow covered FYI. Two winter period anomalies, both
occurring on JD 126 (diurnally acquired scenes), are illustrated as points 1

and 2 on Figures 2-4.1 suspect that the rapid change in scattering between
these two acquisitions was caused by a strong thermodynamic forcing event
between the two S A .observation periods.

Figure 4.13. Time series (cubic spline fit) of microwave scattering change
(AG") from winter conditions observed at Site A. Dashed boxes enclose the

observed scattering during the 'winter', 'transitional' and 'summer' melt
seasons as described in the text. Points 1-4 are also described in the text.

Julian Day
Figure 4.14. Time series (cubic spline fit) of microwave scattering change

( A d ) fiom winter conditions observed at Site B. Dashed boxes enclose the
observed scattering during the 'winter', 'transitional' and 'summer' melt
seasons as described in the text. Points 1-4 are also described in the text.
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Figure 4.15. Time series (cubic spline fit) of microwave scattering change
(AoO)fiom winter conditions observed at Site C. Dashed boxes enclose the
observed scattering during the 'winter', 'transitional' and 'sumrner' melt
seasons as described in the text. Points 1-4 are also described in the text.
At point 1, I observed an atmospheric cooling event pnor to this SAR

acquisition (descending, early rnorning

- 0830

local). Air temperature

decreased from -13.g°C at 1600 CDST on JD 125 to -20.3'C at 0630 CDST
on JD 126. Air temperature had only increased slightly to -19.2OC at the
time of the descending overpass. At these temperatures, 1 would expect brine

volumes within the basal snow and upper ice surface layers to be relatively
low. This would lead to a reduction in the dielectric constant and scattering.
The cooling event was followed by an atmospheric warming event that
peaked (-12.g°C) near the ascending overpass (-1 8 15 CDST, JD 126).
Winter scattering was at a maximum at this time (point 2). 1 observed the
advection of a multi-layer cloud deck (8/10th)only hours pnor that may have
contributed an enhanced longwave flux (Yackel et al., 1997). Under these

types of temperature gradient shifts one could expect an increase in both
snow basal layer brine volume and grain growth to occur. Large depth hoar
grains, when brine wetted, become significant scattering centres and can
increase scattering by up to 5 dB over this ice type (Barber and Nghiem,

1999).
At the rough FY ice site @ - Figure 4-16), scattering remains hi& and

relatively stable during the winter season. Note that anomaly points 1 and 2
were not observed at this site. This is most likely because any thermally
dependent change in scattering, such as that attributed to the basal snow
layer at sites A, B and C, is masked by the larger volume scattering
component occumng fiom the MYE component of the ice matrix.
The transition from winter to sumrner (see 'Transitional' box in Figures
4.13 to 4.16) is denoted by a rapid increase in o0 for smooth FYI types
(Sites A, B and C) and by a rapid decrease in o0at Our rough ice site (Site

D). The increase in scattering observed at Site A durhg the transitional
season was associated with an increase in ice volume temperature fkom
7OC on JD 143 to

-

4OC

-

-

by JD 165 (Figure 4.17). One could infer that the

daily average snow temperature profile was slightly warmer than the ice
volume profile (although it was not measured over the 'Transitional'
season).

Julian Day
Figure 4.16. T h e series (cubic spline fit) of microwave scattering change
(Ac0) fkom winter conditions observed at Site D. Dashed boxes enclose the
observed scattering during the 'winter ', 'transitional' and 'summer' melt
seasons as described in the text. Points 3 and 4 are also described in the text.

D b g the 'Transitional' season there are two mechanisms which are
likely causes for the observed change in o0at Sites A, B and C . At relatively
low water volumes (1 to 3 %) the large wet snow grains in the basal layer
contribute a significant volume scattering term to oO.As the water in liquid
phase continues to increase (but is maintained within the pendular regime)

the snow surface contributes a surface scattering tem to o0 (Drhkwater,
1989; Livingstone and Drinkwater, 1991; Barber et al., 1995). A distinct dip

in o0 at the first-year ice site corresponds with the transition fiom the
pendular to funicular snow regimes. This transition marks the reduction of
brine within the basal layer to near zero, an increase in the water in liquid
phase at the base of the snow cover and a reduction of water in fiquid phase

in the top parts of the snow volume (as the surface begins to drain). These
processes lead to a reduction of both the volume scattering and snow surface
scattering hypothesized to dominate the pendular regime conditions (Barber
et al., 1995a).
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Figure 4.17. Daily average of selected vertical ice temperatures profiles f?om
Site A. JD 121 and 130 conrespond to the winter season; JD 143 and 165
correspond to the beginning and end of the transitional season; and JD 181
corresponds to the early stages of melt pond development during the summer
season.

The decrease in crO at the rough ice site (Site D) follows the termination of
the 'transitional' season as the water in liquid phase continues to increase

towards complete snow ablation. The mechanism responsible for this
decrease is the absorption of microwave energy by liquid water within the
snow cover.

During the summer melt season, o0 for smooth FYI types is higher
compared to winter (see 'Summer' box in Figures 4.13 to 4.15) and is highly
variable. The highest melt pond season scattering observation (Point 3)
coincides with our largest measured wind velocity (6.7 m s-'). At these wind
speeds, 1 would expect significant surface roughening of the ponds to
increase Bragg scattering and the overall aO. The lowest scattering
observation (Point 4) coincides with our lightest measured wind velocity
(1.5 m

8).
At low wind speeds, increased specular reflection fi-om the melt

ponds contributes to low surface scattering. It is noted that FM with
approximately 30 percent melt ponds coverage, roughened by winds at

- 1.5

m s" has an backscatter signature equivalent to that of smooth FYI during
winter (Points 4 in 'Winter' box, Figures 4.13 to 4.15). This is an important
point for consideration because it requires that we place a particular
scattering observation within the appropnate 'thermodynamic-scattering
season'. Otherwise, one runs the risk misinterpreting the physical conditions
giving rise to the scattering observation.
Scattering results from this study should be interpreted within context of
the acquired data set. There are numerous combinations of geophysical and

SAR parameters that could give rise to a wide range of backscatter
signatures during this surface state. Further work is needed to speciQ the

range of surface conditions (e-g., melt pond fiaction and orientation, surface
wind speed and direction, surface roughness, changing dielectric properties
of al1 surface cover types) and SAR parameters (e.g., azimuth, incidence
angle, polarization, fkequency) under which such relationships would exist. 1

am only able to comment on the contribution of a few of these factors (i.e.,
melt pond fi-action and surface wind velocity) on the time series patterns and
geophysical estimates. These relationships will be discussion in the
following section.
1 did not investigate the effect of ascending versus descending passes on

the thne series evolution pattern of backscatter due the limited nurnber of
images acquired fkom each (9-10 from descending mode and 16-18 fkom
ascending mode). The predominately windy ascending aftemoon passes
would bias the time series towards higher oO.lnterpretation of descending
(early moming) acquisitions is also difficult due to changing surface
conditions. For exarnple, melt ponds surfaces were often observed to have a

thin fkeshwater ice lens during several of the colder momings. This scenario
would significantly reduce the effect of wind on scattering.

4.3.6.

Estirnating geophysical parameters

In traditional fonvard scattering models, geophysical data are described
by mathematical functions that are used to predict the associated
electromagnetic interactions with earth surfaces. A precursor to this
approach is often that of geophysical inversion. In this approach an
empirical relationship is sought which explains the obsemed statistical
variation in the electromagnetic response of the surface. In what follows 1
investigate the utility of RADARSAT-1 SAR to estimate surface wind

speed, pond fiaction and albedo over smooth FYI during the melt pond
season from geophysical inversion.
4.3- 6'1,

Melt Pond Morphology

An elongated melt pond morphology pattern was identified from aerïal
video data acquired during field observations. The pattern was found to
occur in a NE - SW orientation. Visual observations revealed that this
pattern was extremely common for the smoothest FYI and had a tendency to
dissipate towards both shorelines (Cornwallis and Devon Islands). 1 noted
that the major axis of a best-fit ellipse around this melt pond pattern aligned

orthogonally to the prevailing surface wind direction for this region 0.

Wind generated, cyclic snowdrifk patterns were also observed and rnodelled

fiom a similar surface m e (Iacozza and Barber, 1998).
The elongated nature and orientation of melt ponds becomes important
when considerîng wind-generated surface roughness contributions to
rnicrowave backscatter. For instance, if the major axis of the ponds were
aligned parallel to the surface wind direction, larger fetch lengths would
result. This scenario would facilitate a significantly rougher interface and
cause higher backscatter than if the wind was fiom an orthogonal direction.
Srnall amplitude capillary waves are not fetch limited but produce a
sufficiently rough interface so as to increase scattering. These elongated melt
pond features were qualitatively examined by compiling a o0profile (- 1.8

km), along the major and minor axes of a melt pond region containing these
structures (see inscribed lines - Figure 4.8).

The profile was compiled fkom a single pixel width of high resolution
standard beam imagery spatially coincident with transect 9 (Figure 4.18).
Backscatter profiles were smoothed using a 1 x 5 pixel ninning average. The
filter removed much of the varïability in o0 caused by increased image
speckle.

-
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Figure 4.18. Srnoothed cross-sectional RADARSAT-1 o0profiles along the
minor and major axes of a best fit ellipse for the elongated melt pond pattern
described in the text.
Morphology results reveal that the mean area of a melt pond in this region
(- 100 m2) was comparable to the area of a high resolution RADARSAT-1

SAR pixel (156.25 m - 12Sm x 12.5m). The mean major and minor axis
lengths of melt ponds were

- 10 m and - 4 m, also comparable to the length

and width of a SAR pixel. Scattering profiles reveal a higher frequencyAow
amplitude cyclic pattern along the minor axis (solid line) compared to a

longer wavelengthhigher amplitude cyclic pattern exhibited along the major
axis (dashed line - Figure 4.8). The o0profile along the minor axis bisected

snow and melt pond features with greater fiequency compared to the o0
profile parallel to the major axis. In the latter case, the profile line remains
over a homogeneous surface type (Le., either melt pond or snow patch) for
greater distances. This results in a a0profile with a larger variance (hi&

o0

for surface scattering ponds and low o0 for low volume scattering snow
patches) compared to the o0profile constructed along the minor axis. The
surface winds were fiom the NNW at 5.3 m s-' during this particular

RADARSAT-1 overpass and orthogonal to the major axis - suggesting that
wind direction may play only a minor role in speciSring o0when speeds are
sufficiently high.

4-3.6.2.

Surface Wind Speed

Earlier I identified considerable variability in RADARSAT- 1 oO during
the melt pond season (see 'Summer' box in Figure 4.13 to 4.16). A multiple
linear regression analysis indicates that 90.3% of the variance in

RADARSAT-I o0 during the melt pond season can be explained by SAR
incidence angle (8) and surface wind speed at a statistical significance level
of a = 0.05 (Figure 4.19). Autocorrelation was not apparent in the residuals
indicating that a linear mode1 was appropriate. The addition of wind speed to
the analysis explained an additional 20% of the variance in o0as opposed to

using O as a single explanatory variable.

Figure 4.19. RADARSAT-1 o0 plotted (y-ais) as a function of incidence
angle (8) and surface wind velocity (m s-') (x-axis) during the melt pond
season. Mode1 equation and explained variance (R~)
are indicated.
This multivariate relationship is then used in a sensitivity analysis to
illustrate the linear effect of incidence angle on a0 under a variety of wind
conditions (Figure 4.20). The diagnostic mode1 suggest that a 1 m s-' surface
wind will increase o0by

o0by

- 1.5 dB, while a 5 m s-' surface wind will increase

- 7.3 dB at any given 9 for melt ponds fiactions between 13 and 34%.
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Figure 4.20. Modelled RADARSAT-1 a0over smooth FYI during full melt
pond development as a h c t i o n of incidence angle and surface wind
velocities using the multivariate relationship illustrated in Figure 4.19.
4.3.6.3.

Pond Fraction and Surface AIbedo

Analysis results reveal a significant positive linear relationship between

a0 and the fiactional coverage of melt ponds (both light and dark) (R2 =
0.80) under windy conditions (- 5.3 rn s-') (Figure 4.21). 1 found a
significant positive linear relationship between o0 and the fiactional
= 0.47) under slightly
coverage of melt ponds (both light and dark) ( R ~

weaker wind conditions (- 3.2 rn s-'). Pond fiactions c m be estimated at

these wind velocities but with less precision. The absolute range in
scattering was higher at this lower wind speed (- 3.2 m s-') compared to the

higher wind speed (- 5.3 m s-') because of the increase in diffuse scattering
that results as SAR incidence angles approach nadir (i-e., S2 versus S5). At
shallower incidence angles (e.g., S5 to S7), specular reflection becomes the
prevalent scattering mechanism. A statistically insignificant relationship
between o0and the fkactional coverage of melt ponds (both light and dark)

(R2= 0.01) was observed under light wind conditions (- 1.5 rn s-') (Figure
4.2 1).

I observed a very strong negative relationship between o0 and surface
albedo (a) (R*= 0.9 1) for windy conditions (5.3 rn s-') (Figure 4.22). Earlier
fhdings suggested that the fiactional component of snow on the surface
strongly dictated the overall albedo of the surface. However, it appears that
fkactional cover of melt ponds, when sufficiently wind roughened (>5 rn a'),
dominates a o0 - a relationship. I found that

GO

is more closely related to a

second order derivative (integrated albedo) than to a first order derivative
(pond fkaction) under strong wind conditions. The latter results from the
integration of al1 surface cover types (snow, saturated snow, light and dark
colored melt ponds), whereas, the former is an estimate of melt pond
fkaction only (c35% of the total surface area).
A weaker, yet significant negative relationship (p= 0.79) was found for

o0and a at wind speeds near - 3.2 m s-'. At low wind speeds (- 1.5 m s-') a
very weak positive relationship (RZ = 0.19) between o0and a was observed.
Under these conditions 1 was unable to estimate pond fiactions, since
scattering fiom ponds and snow surfaces is approximately equal. Based on
these results, 1 would estimate scattering fiom ponded surfaces and snow
patches to be approximately equal when the surface wind velocity is
between 1.7 and 2.0 m 8'.
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Figure 4.21. Cornparison of spatially and temporally coincident melt pond
fraction (light and dark) and RADARSAT-1 o0for srnooth first-year sea ice
under windy conditions. Best fit linear relationship, explained variance (R2),
line nurnber, wind velocity, RADARSAT-1 p a s , date and beam mode are
indicated. Note that scale differences on the independent x-axes (scattering
coefficient) result fiom changes in backscatter magnitude as a function of
SAR incidence angle.
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Figure 4.22. Cornparison of spatially and temporally coincident surface
albedo and RADARSAT-1 o0for smooth first-year sea ice under a variety of
wind conditions. Best fit linear relationship, explained variance (R'), line
nurnber, wind velocity, RADARSAT-1 pass, date and beam mode are

indicated. . Note that scales differences on the independent axes (scattering
coefficient) result fiom changes in backscatter magnitude as a function of

SAR incidence angle.

Although 1 did not acquire RADARSAT data coïncident with calm
conditions (wind speed < 0.5 rn s") I would expect that our ability to extract
information on both pond fraction and surface albedo would improve. This
is because the snow now has a larger scattering contribution to o0than the
specular reflecting ponds, thereby re-establishing a positive relationship
between a and oa (Barber and Yackel, 1999). The exact relationship
between pond size, pond fiactional coverage and scattering appear to be
relationships that could be modelled given sufficient in situ observations
(Le. coincident scatterorneter and ice and snow physical property
measurements).

4.4.

Conclusions

In this chapter, 1 have described a semi-automated procedure that
spectrally classified (cluster analysis) a variety of FM melt season surface
types fiom digital aerial videography. The classification resulted in four
distinct surface cover types; snow, saturated snow, light and dark colored
melt ponds. Profiles of fiactional cover and integrated surface albedo (using

in situ measurements and a linear weighting factor) were illustrated for a
select number of survey transects. 1 then described the morphological and
radiative patterns and characteristics of melt ponds on landfast FYI.

An examination of the relationship between each of the cover types on
smooth FYI indicates that the percentage cover of snow largely dictates the
surface albedo. This is not a surprising result considering snow has the
highest albedo of the surface cover types considered (- 0.70) and made up
the largest percentage cover of any surface type (53 - 63%). An analysis of

combined fkactional coverage of light and dark melt ponds between the two
survey dates (JD 181 and 184) revealed an aerial increase in rnelt ponds of
-10.3% over the smoothest FYI within our study region. Statistics on melt

pond area, perimeter length, and major and minor axes of the best-fit ellipse
were computed to illustrate morphology differences as a h c t i o n of melt
pond density and underlying ice type. Pond sizes were found to be similar in
size within regions of low melt pond density. In areas of high rnelt pond
density, pond sizes were highly variable but, on average, were nearly twice
as large as those found in areas of low pond density. This difference was
attributed to their inter-connected distribution. 1 also detected an elongated
morphology pattern over the smoothest ice within our study. The pattern had
a major a i s aligned orthogonal to the prevailing winter wind direction for
this region. This result established credence for an association between the
melt pond morphology and the near surface turbulent boundary layer over
this ice m e .
The analysis results presented here highlight the stochastic nature of melt
ponds on FYI during the meit season. In doing so they serve to emphasize
the importance of detecting the presence, size and evolution of these
features.
A procedure was developed for modelling the seasonal evolution of o0

fiom RADARSAT- 1, independent of incidence angle. The statistical
technique standardizes the tirne series o0to winter o0conditions such that a
scattering change (AoO,) results. 1 found that the seasonal evolution in o0
could be used to obtain an unambiguous measure of rnelt pond development
due to a distinct increase in scattering over FYI and by a decrease in
scattering over rough ice. Oscillations and magnitude variations in o0

thereafter were found to be a function of wind-induced surface roughening
of melt pond surfaces and/or changes in their fiactional coverage.
1 then evaluated the utility of RADARSAT-1 for estirnating various
geophysical parameters during the melt pond season. Backscatter profiles
compiled fkom high resolution RADARSAT-1 imagery along the major and
minor axes of these features revealed a higher £kequency/smaller amplitude

o0pattern across the minor axis compared to the o0pattem exhibited along
the major axis during windy conditions (- 5.3 rn 8 ) . This pattern was
explained by the higher spatial fiequency of altemating snow (low
backscatter) and wind roughened ponds (high backscatter) found along the
minor axis profile compared to the major axis.

1 found a significant positive linear relationship between o0 and the
fiactional coverage of melt ponds @oui light and dark) (R2 = 0.80) under
strong wind conditions, a weaker positive relationship for moderate wind
speeds (R2 = 0.47), and no relationship for light wind speeds (R2= 0.01).
Under these conditions I was unable to estimate pond fractions, since
scattering from ponds and snow surfaces are approximately equal. These
relationships were observed for melt pond fiactions between 13 and 34%. I
suggested scattering fkom ponded surfaces and snow patches would be
approximately equal when the surface wind velocity falls within the range of

1.7 and 2.0 m s-'.
1 investigated the relationship between coincident surface wind velocity
and o0 acquired f?om a variety of SAR incidence angles. 1 found that
incidence angle and surface wind speed could explain a significant
percentage of the variation in oO.1 then specified the range of wind speed
conditions for which a scattering-albedo relationship would hold. Results

fkom an examination of spatially and temporally coincident estimates of o0

and integrated surface albedo (cc) during windy conditions (-5.3 rn s-')
reveal a strong negative relationship (R2= 0.91). A slightly weaker
relationship was observed for slightly less windy conditions (- 3.2 m s-') and
a very weak positive relationship was found for low wind speed conditions
(- 1.5 m s-'1.

Geophysical inversion approaches are required if we are to bridge the gap
between scientSc research and operational use. Based on these resuIts 1
conclude that microwave scattering fiorn RADARSAT-1 holds considerable
promise as a means of assessing melt pond fiaction and the seasonally
changing albedo on landfast fïrst-year sea ice. Further work is needed to
speciw the range of surface conditions (melt pond fiaction and orientation,
surface wind speed and direction, pond wave height, surface roughness) and

SAR parameters (azimuth, incidence angle, polarization, fiequency) under
which such relationships would exist. Future work is also required to specify
the range and fiactional combinations of surface conditions and SAR
parameters that give nse to similar oO.

In this chapter, 1have evaluated the utility the SAR to providing specific
information pertaining to the physical and radiative properties of summer
sea ice. This information is required if we are to understand the dynamic
nature of SAR signatures during the sumrner season. In the next chapter, 1
extend the understanding of the seasonal evolution of SAR (fiom a point
location) described thus far to provide spatio-temporal information on the
thermodynarnic transition rate over this ice type.

CR.LPTER 5: Examining S'patio-Temporal Variations in
Sea Ice Melt and Pond Onsetfrom SAR

5.1. Introduction
The North Water Polynya (NOW) is an area of anomalous open water
found in North Bafnn Bay that recurs annually in late winter. Heat exchange
through open water and new ice surfaces can be two orders of magnitude
greater than surrounding snow covered sea ice (Maykut,

1978).

Consequently, polynyas dominate regional heat budgets and significantly
influence salt flux to the oceans (Carmack, 1986) and heat flux to the
atmosphere in winter (Maykut, 1982). The NOW polynya is the Arctic's
largest recurring polynya and, as a result, dominates the regional scale heat
budget and significantly influences the overlying atmosphere (Steffen,

1986). Monitoring changes to the physical characteristics of the polynya
may also reflect larger scale variability or change occurring within the

climate system (Mysak and Huang, 1992).
Two generalized mechanisms act to form and maintain polynyas. These
mechanisms include: wind a d o r current dnveo divergence of ice (along a

coast, ice shelf, grounded ice berg or landfast ice structure) with the latent
heat of fusion, released fkom continual ice accretion, balancing heat loss to
the atmosphere and hence maintaining open water (i.e., latent heat polynya);

and impedance on the formation of ice through warm oceanic heat input
(Le., sensible heat poiynya) (Smith et al., 1990). Due to the polynyas
dependence on atmospheric and oceanic processes affecting its sea ice
cover; the significance of a polynya is strongly linked to the significance of
sea ice. Consequently, polynyas are thought to be sensitive indicators of
climatic change (Steffen, 1986). The contribution, timing and geographical
idluence of these mechanisms has been the focus of the majority of
observational studies (eg. Dunbar, 1981; Steffen and Ohmura, 1985; and
Smith et al., 1990) and modelling initiatives (eg. Pease, 1987; Mysak and
Huang, 1992; Darby et al., 1994).
Satellite remote sensing has proven usefül in investigations of the NOW.
Large quantities of oceanic heat and water vapor released Çom the polynya
produce significant cloud cover. This, together with polar darkness for
nearly half of the year, rnakes imaging in the visible wavelengths
problematic. Thexmal infiared (eg. Dey, 1980) and passive microwave
satellite data (eg. Zwally et al., 1985; Cavalieri and Martin, 1985; Corniso
and Gordon, 1996; Barber et al., 2000) have been effectively utilized but
interpretation of local scale processes is hindered by limited spatial
resolution (hundreds of meters to tens of kilometers). Synthetic Aperture
Radar (SAR) has a much greater spatial resolution (tens to hundreds of
meters); can acquire images through ubiquitous cloud cover and polar
darkness and is sensitive to changes in the physicai and therrnodynamic
properties of snow covered sea ice.

An annually consistent feature of the NOW is the position of the landfast
ice edge dong the Ellesmere and Greenland coasts (Dunbar, 1969).
Sufficiently protected fiom prevailing winds and ocean currents, thick firstyear sea ice @YI) accretes in bays, inlets and fiords on both the Greenland

and Ellesmere coasts. Because the sea ice is landfast, SAR can rnonitor a
spatially consistent volume throughout the annual cycle. Energy flow across
the OSA is a function of thermodynamic processes, which affect and in turn
are affected by the physical properties of the volume. This results in an
integrated system whereby hydrospheric and atmospheric forcings are linked
with changes in the geophysical, electrical and microwave scattering
characteristics of the volume. Estimating the timing and spatial pattern of
melt onset (MO) and pond onset (PO) fiom landfast ice could contribute
towards understanding the temporal and spatial patterns of formation and
maintenance mechanisms of the M W .
The ultirnate goal of this chapter is to extend the understanding of the
seasonal evolution of SAR (from a point location) described thus far to
provide spatio-temporal information on the thermodynamic transition rate
over snow covered first-year sea ice. Specifically, 1 examine the utiiity of
using t h e series SAR to estimate MO and PO over Iandfast sea ice that
surrounds the North Water and then examine potential factors that give rise
to the observed spatial and temporal patterns.

5.2. Methods
The sea ice camp sampling program for the 1998 NOW experiment
rnonitored the physical environment of the fast ice regions surrounding the
polynya. The basic requirement was the collection of a baseline data set that

was representative of the various microclimates of the region. The
fbndamental objective of the ice camp is the assessrnent of climate and
microclimate of fast ice regimes in Bafnn Bay to (1) determine the extent to
which components of the energy balance, atmospheric state and surface
properties Vary at locations outside of the polynya and (2) provide a
benchmark against which the degree of air mass modification within the
polynya may be assessed. The base camp was located on Cape Herschel, on
the eastem edge of Ellesmere Island, although sites were also distributed off
both the western coast of Greenland and the southeastern coast of Ellesmere
Island. The project was conducted between March 21Rand June 5", 1998,
durhg which time the seasonal evolution of geophysical properties, weather
variables, radiation balance and the oceanic heat £lux was monitored. Data
used in this investigation were coliected between Julian Day (JD) 21
(January 21) and JD 183 (July 2). The pertinent methods required to meet
our objectives follow; M e r details are referenced to published works.

Figure S. 1. Site map of the 1998 North Water Polynya and surrounding
region illustrating the base camp location.

5 -2.1- Temperature and Radiation Data
An automated microclimate station collected a hl1 suite of surface
radiation data and temperatures of the air, snow and sea ice volumes

between JD 89 and 156 over a

- 8 lan2 pan of smooth, thick FYI in Rosse

Bay, Ellesmere Island. Visual observations of the surface state were
acquired fiom five other FYI 'test' locations. The locations of these sites

(RB - Rosse Bay, RNB - Rensselaer Bay, GB - Goding Bay, CNS - Cape
Norton Shaw, EB - Eskirno Bluff and CI - Coburg Island) are illustrated in
Figure 5.2 and listed in Table 5.1. Air temperature data were also acquired
fkom the automated Meteorological Service of Canada (MSC) Arctic station
network fkom JD 60 to 151. Stations include; Grise Fiord, Carey Island,
Qaanaak, and Thule Air Base.

Figure 5.2. Distribution of landfast ice sampling locations on both the
Ellesmere and Greenland coasts bounding the North Water Polynya (see
Table 1 for geographical locations) and map (inset) showing examples of the
1 1 x 1 1 pixel window samples within homogeneous regions of FYI.

Table 5.1. Landfast ice site information fiom each of the sampling locations
identined in Figure 5.2.
'

Site
Name

Site Location

Unit

LatILong

Rosse

Bay
Renssel
aer Bay
Goding
Bay
Eskirno
Bluff
Cape
No*on

Shaw
Coburg

Island
El

E2
E3
E4
E5
E6

E7
E8
E9
EIO
GI
G2
G3
G4
G5

G6
G7

G8
G9

78O38'45.3'W
74O34'42.7'W
78O39'09.6"N
70°43'13,9"W
7P57'54. I V
76°19'28.1"W
7P28'06.6'N
7 7 3 1'41 -6"W
76%'15.11'N
78O 1 1'23.2'tW
75'5 1'30.Z1W
7824'1 1.3" W
79°45'07.5"N
73O18'45.6" W
79" 15'29.9'W
74O59'00.5"W
79OO8'27.0"N
76' 14'37.4" W
79°03'12.2"N
76O46'58.7"W
77O50'29.2"N
76O50'38.2"W
77039'0 1.m
77040'0 1.8"W
77016'39 . W
78O34'57.6'W
76"27'55.9"N
78O40'28.0"W
76O08'38.7"N
78O39'15.6"W
7694' 18.S1'N
8 197'40.3"W
7S052'57.6"N
70°10'43 .YW
77"43'29.3"N
70°46'21.1"W
77020'17.2'w
69'18'1 1.2'W
77°32'30.51'N
70°43'54.4" W
76O48'55.9"N
70°09' 14.2"W
76"55'13.5"N
70'5 l126.O"W
76O37*52.3"N
69O42'48.9" W
76'3 5'40.4'W
68O54'59.7" W
76°08'47.2'N
68'32'25.7"W

Samples per
Site

Images

pack

n

Date
of
MO
JD

81

65

151

161

42.2

3.1

0.0089

121

55

148

155

35.7

3.8

0.0002

121

67

141

164

46.5

4.5

-0.0357

121

66

143

172

38.6

6.1

-0.0463

121

62

142

154

43.3

4.9

-0.0132

121

61

147

163

46.6

4.4

-0.0623

121

49

153

162

43.6

3.1

0.01 14

121

61

152

161

36.5

3.1

-0.01 14

121

61

153

158

41.2

2.5

0.0 108

121

61

151

158

42.6

4.1

0.0347

121

64

143

154

40.0

3.8

-0.0325

121

64

141

153

48.7

7.1

0.0294

121

63

149

154

40.7

4.3

0.0135

121

59

147

155

48.2

4.3

0.0387

121

59

149

153

38.0

4.9

0.0359

121

55

147

157

36.0

4.6

0-0244

121

46

148

160

43-4

3.7

0.05

121

43

132

146

43.5

5.1

-0.0154

121

49

137

147

41.4

7.3

0.1373

121

46

128

147

39.7

3.1

0.0553

121

50

102

114

42.6

3-8

0.0982

121

43

101

115

40.8

4.3

O. 1O33

121

36

101

116

38.7

4.5

0.00 12

121

33

101

106

40.3

3.1

-0.0006

121

36

101

IO4

43.7

3.2

-0.0005

in Time
Series

Date
of
PO

Winter
Mean

JD

Winter
Std.

Winter
Trend

DN

Dev
DN

DN d-'

5 -2.2.

Synthetic Aperture Radar Data

RADARSAT-1 data used in this analysis include 67 images acquired in
ScanSAR mode (Wide A and B). Specifics regarding this satellite and sensor
were described in the preceding chapter. ScanSAR images (Wide A and B)
are comprised of a series of merged beams (Wide 1, 2, 3 and Standard
Beams 5 , 6 and 7) that are aggregated to produce a 460 km wide image
swath. Both ScanSAR modes have a near and far range incidence angle of

20' and 46.6' (Wide B) and 49.4' (Wide A), respectively. Because the
calibration parameter files used during processing were only estimates,
visual anomalies are occasionally evident in the imagery. This calibration
estirnate also prevents the calculation of a relative backscatter coefficient for
quantitative analysis. This 'uncalibrated' product has been traditionally used
for qualitative analysis; however, the 8-bit digital nurnber (DN) values are

used here in a quantitative sense. The data were acquired over the period JD
21 to 182 fiom the Canadian Ice Service (CIS), processed at the Central
Data Processing Facility (CDPF) in Gatineau, Quebec. A re-sampled, 8-bit
(100 m pixel spacing) product was obtained. Al1 imagery were acquired
between 2115 and 2245 (ascending) and 1130 and 1250 (descending) UTC.

5 -2.3.

Snow Thickness Measurements

Snow thickness measurernents were collected along two 100 m transects
at four of Ellesmere FM sites. These transects were conducted both paralle1
and perpendicular to the visible snowdrifi pattern at an interval of 1 meter

(200 samples). Measurements were made with a graduated snow probe to
the nearest cm. Summary statistics of these snow thickness measurements
are presented in Table 5.3. Other details regarding this sampling
methodology c m be found in Iacozza and Barber (1999). Al1 sites consisted
of thick FYI (> 1.5 m).
Snow thickness sampling was conducted as close to the date of MO as
possible (Table 5.3). The short tirne gap between snow thickness surveys
and a SAR detected date of MO does allow for the potential of additional
snow accumulation. However, investigation of our own precipitation records
at the Rosse Bay site (Table 5.1, Figure 5.2) and the MSC precipitation data
at Griese Fiord (76'25'N 82'54E - closest distributed site is E10) do not
indicate any significant accumulation near to the four site MO periods.
These two stations serve as the nearest precipitation estimates for the four
sites along the Ellesmere coastline. 1 elected not to investigate the Carey
Island (on the Greenland side of the polynya at 76'44N

73'10E)

precipitation record because of the vastly different synoptic conditions that
can arise longitudinally across the polynya.

Sarnple locations for both test and remote sites consisted of landfast,
smooth FYI along both the Ellesmere and Greenland coastlines. Remote
sites differ fiom test sites in that they do not include in situ observations
made of the surface state during the spring transition period. Al1 site
locations are bounded by 76' to 80% latitude and 68" to 82"W longitude.
From our ScanSAR imagery, an 11 x 1 1 pixel window (- 1.2 lan2) was
selected and geographically located for each site location (Figure 5.3). To

aid in the statistical accuracy of sampling, ScanSAR irnagery were geocoded
to latitude-longitude projection using PCI software. Spatial accuracy afier

geocoding was computed through analysis of the statistical fit to

+ 200 to

400 m. The mean and standard deviation of the 8-bit (256 grey level) DN

were extracted f h m the pixel windows. Standard deviations provided a
measure to test site homogeneity. The sampling accuracy was improved by
selecting homogeneous regions that were significantly larger than the 1.2

k . d window.

Figure 5.3. Illustrative winter season RADARSAT- 1 ScanSAR image
showing two of the Ellesmere sample site locations with sampling window
sizes (1 1x1 1 pixels).

5.2S. Analytical Methods
Melt Onset (MO) was identified by the fust 'sharp uptuni' in the trend
line fiorn the stable winter period (Figure 2.15). The second 'peak' in the
temporal evolution of SAR scattering is denoted as Pond Onset (PO). These

PO dates are viewed as a conservative estimate for the onset of melt pond
formation since this maximum in SAR scattering is largely attributable to
significant surface scattering as a function of both melt pond fiaction and
surface wind velocity (Barber and Yackel, 1999; Yackel and Barber, 2000).
A locally weighted least squares trend line was used to emphasize the

seasonal progression in the time series. A kriging interpolation routine was
used to statistically interpolate surfaces of MO and PO related measures.
Fuaher testing was conducted for the influence of site distance to open
water (polynya) on affecting MO. The distance fkom each sample site to the
landfast ice/polynya boundary was computed using statistical image
software. The average distance of site locations to this boundary was
examined over different time periods (1,2, 5, 10 and 30 days). Site distance
to the nearest landmass was also calculated to test for terrestrial influences
on MO.

A multivariate statistical analysis was conducted to assess the
contributions of local scale climate elements and SAR parameters on MO at
Rosse Bay, Ellesmere Island. 1 was unable to evaluate these parameters
beyond MO due to lack of observational data fiom the Rosse Bay test site. A
simple linear and a multivariate linear regression mode1 was used where the
partial multivariate regression coefficients were converted to a standardized
form. This standardized partial regression coefficient,

B',

allows direct

cornparison both within and arnong analysis results through hypothesis
testing (ie. both the sign and magnitude of the relationship c m be tested).

The significance of each P' was assessed by testing the hypothesis Ho: P' = O
at the 95% level against a Type 1 error (Sokal and Rohlf, 198 1).
For this analysis, the independent variables were separated into three
general categories: Temperature; Radiation; and RADARSAT-1 SAR

parameter (Table 5.2). This separation was required because of the limited
number of independent variables allowed based on the small size of the
dependent variable @N). SAR incidence angle was estimated by identiQing
the ScanSAR mode (A or B) and range direction (ascending or descending
pass). Linear interpolation was used to estimate the image-specific angle of
incidence for one 24-day RADARSAT-1 cycle. Error estimates for al1
incidence angle derivations are within

+ 2". For each of the variable sets,

four different time periods were evaluated: RADARSAT-1 coincident (15minute average p i o r to RADARSAT- 1 overpass); 3-hour average prior to

RADARSAT- 1 overpass; 6-hour average pnor to RADARSAT- 1 overpass;
and a daily average. For each of these tirne sets, analyses were conducted
between the four variables within the RADARSAT-1 pararneter category
(Table 2) and each of the variable combinations within the Temperature and
Radiation categories.
Table 5.2. Category, variables and time set allocations used in multivariate
statistical analyses.
Category

Variable

Time Set

Temperature

Air (Ta)
Snow Surface (Ts)
Ice Srrrface (Tsi)

Daily Average
RADARSAT coincident
3 hour avg prior to RSAT overpass
6 hour avg prior to RSAT overpass

Radiation

Net All Wave (Q*)
Net Shortwave (K*)
Net Longwave (L*)

Daily Average
RADARSAT coincident
3 hour avg pnor to RSAT overpass
6 hour avg pnor to RSAT overpass

RADARSAT parameter

Ascending only
Decending o d y
Combined passes
Incidence Angle (8)

Daily Average
RADARSAT coincident
3 hour avg prior to RSAT overpass
6 hour avg prior to RSAT overpass

5.3. Results and Discussion
5.3.1.

Factors affecting SAR detected Melt Onset

The factors influencing the timing of Melt Onset (MO) are addressed by
investigating the association between Local scale surface energy balance
variables and SAR parameters. Data from our test site at Rosse Bay indicate
that a SAR detected date of MO (vertical lines at - JD 151; Figure 5.4) was
associated with the approach of the daily average near-surface

air

temperature (T,,) toward melting, the beginning of a daily average surplus in

Q*, and a sharp decrease in the shortwave albedo (a)at the surface (Figure
5-4).

Contribution of temperature (air, snow surface and ice surface), radiation

(Q*, L*, and K*) and RADARSAT-1 parameters @ass and incidence angle)
to the observed variation in DN were statistically evaluated using both
general and multivariate statistical models. Within the general linear mode1
analyses, only Q* (Figure 5.5) and the downwelling longwave flux (L&)
were found to be statistically significant in explaining the variation in DN.
These relationships existed only for the descending (early morning)
RADARSAT-1 pass set.

Within the multivariate analyses, only temperature variable combinations
were found to be statistically significant (Figure 5.6). These models explain
between 30 and 55% of the variation in DN. Larger

B' coefficients

were

observed for the separated pass sets (ascending and descending) compared to
the combined pass set suggesting the relationships are sensitive to the
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Figure 5.4. Time series observations, with least squares cubic spline fit, of
selected surface temperature and radiation parameters measured at Rosse

Bay, Ellesmere Island over the seasonal period.

diunial acquisition times of RADARSAT-1. T,, and the daily average ice
surface temperature (Tsi), in combination, were found significant most
fiequently during the ascending (late aftemoon) pass set suggesting a closer
coupling of these variables during the warmer penod of the day. We can
expect significantly higher brine volumes near the ice surface during this
time, thereby having a larger influence on microwave s c a t t e ~ g .

Figure 5.5. Time series plots showing the association between the daily
average net all-wave radiation and RADARSAT-1 ScanSAR backscatter

(DN) at the Rosse Bay, Ellesmere Island site.
The daily time scale was the most significant of the time periods
evaluated. The effect of the delay in surface forcing on increasing
temperatures at depth is apparent when attempting to match times at shorter
scales. The negative

Br coefficients

for Tsi reflect this lag effect. SAR

incidence angle was found to be a significant explanatory variable for the
combined RADARSAT-1 coincident pass set only. This suggests the timing
of dielectric changes with RADARSAT-1 overpass time is a sensitive

mechanism for the obsewed scattering. The multivariate temperature
combinations highlight the direct coupling between air, snow and ice
temperatures on dictating the near snowhce interface brhe volume and
subsequent microwave scattering.

SAR estimates of Melt and Pond Onset
T h e series ScanSAR data were collected fiom smooth landfast FYI sites
(test and remote) within the northern extent of Baffin Bay. Time series DN

unambiguously identifies the transition fiom Winter to Melt Onset (MO),
fiom the exponential rise in DN. Pond Onset (PO) is denoted by a maximum

in DN. DN sharply increased between JD 139 and 15 1 at 6 smooth FYI test
sites; between JD 138 and 153 fiom 10 smooth FYI sites along the
Ellesmere coast, and between JD 92 and 15 1 from 9 smooth F M sites along
the west Greenland coast (Figures 5.7 to 5.9., respectively). Results from
these ice sites are described in sequence.

Ta in set Ta -Tsi
Ts in set Ts -Tsi

--

RSAT Coincidait

i si in set i si - ~ a *
1

I

1

Da ily Average

I

6-hour avg priar

RSAT Coincident

Daily Average

RX3T7

Standardized Partial Regession Coefficient (B 3
Figure 5.6. Multivariate analysis results illustrating the contribution of
temperature

variable

combinations

on

the

observed variance

in

RADARSAT-1 ScanSAR DN at Rosse Bay, Ellesmere Island. Time sets
allocations are listed in Table 5.2 and

P'

coefficients are explained in the

methods section. Relationships with an asterisk indicate the relationship
becomes non-significant if not included with SAR incidence angle (8).

5.3.2.1.

Test Sites

No trend in winter scattering was obsenred at any of the 6 FYI test sites
(Table 5.1). Winter oscillations were most evident at EB, CNS and to a
lesser extent CI (Figure 5.7). Radiometric imbalances may be at least partly
responsible for the oscillation pattern. This is most evident at EB where DN
values for 3 dates (JD 41, 65 and 89) exceed 50 pnor to JD 90. Closer
inspection of these dates reveals the anomalies occur on a 24-day cycle of

the ascending pass of RADARSAT-1 (south to north satellite track and
'right looking' SAR). EB has a shallow incidence angle of

- 41" on these

dates and was found directly east of a much larger region of higher
backscatter ice (ice cap region at EG3 and the rough ice near ERl)
indicating that imagery in this region may have contained radiometric
anomalies. The earliest MO dates were found at GB (JD 14l), CNS (JD 142)
and EB (JD 143) sites. The most southerly site, CI, did not experience MO
until JD 147. MO was detected on JD 151 and 148 for the two northerly sites
at RB and IWB, respectively.
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Figure 5.7. Time series observations, with least squares cubic spline fit, of

RADARSAT-1 ScanSAR Wide A and B 8-bit digital number @N) from 6
landfast f5rst-year sea ice test sites containing in situ observations of melt
onset and/or melt pond formation (see Figure 5.2 and Table 5.1 for

geographic locations). Vertical dashed lines denote the transition to MO and

PO. The JD of this transition is indicated next to the line. The number of
images cornprising each time series (eg. n=46) is also indicated.

In general, the time series pattern after MO can be described as spatially
heterogeneous. At RB, melt ponds were not observed in situ on JD 156
(camp personnel departure) but were clearly visible on JD 164 via a

helicopter survey. Melt ponds were observed in situ at RNB on JD 157, GB
on JD 161 and at CNS on J
D 168. These observations appear to contradict
our expected seasonal evolution of SAR backscatter for this ice type.

However, closer inspection of the t h e series revealed that snow scattering
stages (Pendular and Funicular, Figure 2.15) do take place but are subtle and
occur quickly (on the order of 7 to 13 days).
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Figure 5.8. Time series observations, with least squares cubic spline fit, of
RADARSAT-1 ScanSAR Wide A and B 8-bit digital number @N) from 10

landfast est-year sea ice remote site locations along the Ellesmere Island
coast (see Figure 5.2 and Table 5.1 for geographic locations). Vertical
dashed lines denote the transition to MO and PO. The JD of this transition is

-

*

indicated next to the line. The number of images comprising each time series
(eg. n=46) is also indicated.

DN time series patterns at the EB and CI concur with our expected
seasonal evolution of SAR backscatter. PO ranges fiom 7 (RNB)to 36 (EB)
days after MO. Melt ponds were observed in situ at CI on SD 168,
concurrent with the second 'peak' in the spline fit. At EB, melt ponds were
not observed in situ on JD 164, well in advance of the second significant
'peak' in the trend line. The large magnitude in DN (> 75) at the fust 'peak'
in the trend line and the delayed transition fkom MO to PO may be a result

of its extremely thick snow cover (> 60 cm). The snow cover, in this
instance, acts to insulate the sea ice surface fkom the warmer atmosphere and
cause a delay in formation of melt ponds after water becomes available in
liquid phase within the snow pack.

Julian Day

Figure 5.9. Thne series observations, with least squares cubic spline fit, of
RADARSAT-1 ScanSAR Wide A and B 8-bit digital number ON) fkom 9
landfast first-year sea ice remote site locations along the Greenland coastline
(see Figure 5.2 and Table 5.1 for geographic locations). Vertical dashed
lines denote the transition to MO and PO. The JD of this transition is
indicated next to the line. The nurnber of images comprising each time series

(eg. n=46) is also indicated.

5.3.2.2,

Ellesmere Sites

The temporal evolution of DN evaluated over 10 landfast FYE sites along
the Ellesmere coast again demonstrates its utility in detecting M O and PO

(Figure 5.8). In general, little variability in MO and PO dates was found
along this coastline. The most northerly sites (El to E4) were associated
with the latest MO and PO dates (JD 151 to 162). Sites in the central regions

of the study area (E5 and E6) show a somewhat earlier trend in M O (JD 143
and 14l), compared to more southerly sites, E7 to E 10 (JD 147 rto 149). PO
follows a similar pattern to that of MO occurrïng

5 @3, E7 and E9) to 12

(E6) days after MO

5.3.2.3.

Greenland Sites

The temporal evolution of DN from FM along the Greenland coast
reveals a much steeper latitudinal gradient, generally much earlier MO and
PO dates compared to sites on the Ellesmere coast and greater variability
between MO and PO (Figure 5.9). Winter oscillations occur, b a t are not as
apparent due to the shorter winter season. The rnost northerly site (G1) had a

MO date similar to RNB (JD 148) but a PO date that was

-5

days later.

Sites G2, G3 and G4 reveal MO between J
D 128 and 137 but have similar
PO dates (JD 146 and 147). Sites G5 through G9 have MO on either JD 10 1
or 102 but exhibit a south to north progression in PO date (JD 1 04 to 116).
PO dates ranged f?om 3 (G9) to 21 (G3) days after MO.
A 'step' increase in scattering was obsemed at G3 on or about JD 94. This

observation was likely a result of either a systematic regional increase in air

temperature or significant snowfall event(s) on or around this time. Either of
these scenarios would force a systematic increase in temperature at the
snowhea ice interface and cause subsequent increases in brine volume and
rnicrowave scattering. Time series imagery reveal the eastward expansion of
the polynya soon after the formation of the Kane Basin ice-bridge. As a
result, data fiom sites G2, G4, G5, G6 and G7 could only be acquired until

JD 154, 158, 154, 147 and 147, respectively. Beyond these dates the
presence of landfast sea ice (as opposed to calm ocean water) could not be
readily confïrmed due to a lack of image contrast.
5.3.2.4.

Spatial Patterns of Melt and Pond Onset

SAR detected MO and PO dates were interpolated to produce continuous

MO and PO surfaces over North Baffin Bay. The spatial patterns clearly
illustrate the earliest MO and PO dates in the most southerly regions of our

study area, along the Greenland coast (Figures 5.10 and 5.11). Generally
speaking, MO and PO date increase with increasing distance from this
region in a northwesterly direction.
The atmospheric contribution towards these spatial differences was
investigated by presenting the modeled late winter and early spnng air
temperature pattern over North Baffin Bay fiom the MSC and Rosse Bay
station data. The spatial pattern of 10-day averages fkom JD 80 to 160 reveal

a consistently warmer air temperature pattern dong the Greenland coast
compared to the Ellesmere coast (Figure 5.12). This pattern appears well
correlated with the spatial pattern of SAR detected MO and PO. The
similarities of these pattems indicate that the atmospheric contribution to a
warmer snow and sea ice volume likely plays a significant role in the timing

of MO and PO. Similarly, an 18-year pattern (1978-1996) of sea ice
accretion and ablation in the NOW closely follows these patterns M e r
indicating a strong atmosphere-surface coupling (Barber et al., 200 1).
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Figure 5.10. Surface plot illustrating the interpolated spatial pattern of SAR
detected Melt Onset (MO) date in the North Water region.

Figure 5.1 1. Surface plot illustrating the interpolated spatial pattern of SAR
detected Pond Onset (PO) date in the North Water region.

Also investigated was the effect of site distance to the polynya on
influencing a SAR detected date of MO and PO. Because of spatial and
temporal variability in the landfast ice edge, several time periods were
examined. A 10-day average distance to polynya, pnor to MO, was found to
explain a statistically significant component of the variation (1 5%). This 10day average was the most appropriate time length for capturing sensible heat

effects toward influencing MO. A simple linear mode1 was not significant
for PO.

Figure 5.12. Surface plots illustrating the near-surface air temperature
pattern in North Baffin Bay over equally spaced t h e intervals spanning the
Winter and Melt Omet seasons. Larger font numbers in italic (on Greenland)
represent the time interval specific isotherm. Small font negative numbers
represent the mean temperature for the warmest isotherm (white).
When analysis of the Ellesmere and Greenland sites was conducted
separately (including 'test' sites), the 10-day average distance explained
significantly more of the variation in MO (32%) for the Ellesmere sites. Site
distance to the polynya had no effect on MO for the Greenland only sites
(2%). This result suggests that the warmer near-surface atmosphere on the

Greenland coast appears sufficiently large-scale such that it acts to dominate
the regional energy balance. Thus, the effect of site distance to polynya (<

30 km) toward MO variations cannot be differentiated. The proximity of
FYI sites to the nearest landmass ciid not explain any significant variation in
MO (3%). When viewed as a whole, these results suggest that the
mechanisms contributing to MO and PO are predominately atmospherically
driven and are independent of local scale terrestrial andlor microclimate
processes.

5.3.2.5.

The Effecf of Snow Thickness on Mek and Pond Onset

Mean site snow thickness measured fkom the snow thickness surveys
ranged from 19 cm (Rosse Bay) to 43 cm (Eskirno Blum, while the SAR
detected MO to PO transition t h e ranged fiom 10 days (Rosse Bay) to 29
days (Eskimo Bluff) (Table 5.3). In what follows, 1describe the differences

in the temporal pattern of the SAR time series trend fiom each of the four
test sites as they relate to differences in snow thickness on FYI.
At the Rosse Bay site, the sharp uptum in the time series SAR trend line
denotes MO near to JD 151 (Figure 5.13). In situ observations revealed

- 40

% aerial coverage of melt ponds on JD 164. These pond observations

coincide only 3 days after the first 'peak' in the SAR trend line (JD 161).
The rapid 10-day transition fiom MO (Pendular) to PO conditions is not
evidenced by a domtuni in SAR scattering - expected to occur during the

MO (Funicular) regime (Figure 2.15). 1 hypothesize that the relatively thin
snow cover at this site (19 cm) enabled an enhanced sea ice-albedo feedback
to rapidly ablate the snow cover such that the MO (Funicular) stage was not
resolved in the trend line. The scale of the plot and the spacing andor lack
of image dates comprising the time series will contribute to the exact pattern
of the trend line.

Table 5.3. Site name, location and snow measurement information fkom 4
Ellesmere Island sites where snow thickness information was collected p r h
to MO.
site

Goding
Bay
Eskimo
Bluff
Cape

1 Site Location

1

Samples
per Site

Images
in
Time
Series

Date
of
SAR
MO

Date
of

SA.
PO

YD

m

151

161

Mean and
Date of
Std. Dev. of Snow
Snow
Sampling
Thickness
prior to
MO

JD

77'57'54.1"N
76'19'28.1"W
77'28'06.6'W
77'3 1'4 1.6"W
76'25' 1 5.1 'W

SAR detected MO fkom the second thickest snow cover site at Cape
Norton Shaw (22 cm) also does not reflect the decrease in rnicrowave
scattering expected to occur during the MO (Funicular) stage. MO was
detected on or about JD 142, with an aerial coverage of

- 50% melt ponds

observed in situ on JD 168 suggesting that the first 'peak' in the trend line

(JD161) coincides with PO.

I

Rosse Bay

Goding Bay

n=65

n=67

.-

-

Aerïal average of 40%
meh ponds observed in situ
on Day 164

m

m

/

Aerial cowrage of -30 %

meit ponds observed in situ
on Day 161

CapeNorton Shaw :
n=62

%

:

,

Eskimo Bluff
n=66

,
rn

There were no mIt ponds
obsened on Day 164

Aerial comage of -50 %
meh ponds observed in situ

I

Lm

m

Day of Year
Figure 5.13. Time series observations, with least squares cubic polynomials

(spline), of RADARSAT-1 ScanSAR Wide A and B 8-bit digital number

(DN) £iom four landfast first-year sea ice test sites having in situ
measurement of snow thickness prior to Melt Onset (MO). Vertical dashed
lines denote the transition to MO (left) and PO (right). The JD of this
transition is indicated next to the line. The number of images comprisiing
each tirne series (eg. n = 6 5 ) is also indicated.

Goding Bay had the third thickest snow cover at 29 cm. The SAR
detected MO date was

- JD 141 and an aerial coverage of - 30% melt ponds

were observed in situ on JD 161. The trend line in the SAR t h e series at
this site suggests a MO (funicular) stage occurring

- JD

150. In situ

observations of melt ponds (JD 161) are sufficiently close in time to the
second 'peak' in the SAR trend (JD 164) to suggest that the second 'peak' in
the trend line more accurately reflects melt pond formation than does the
first (- JD 150).

The test site at Eskimo Bluff had the thickest snow cover (43 cm). The

SAR detected MO date was

- JD 143 with in situ observations revealing no

rnelt ponds on JD 164. This observation occurred after the first 'peak' in the
trend line (- JD 155) but before the second 'peak' (- JD 179) thus
illustrating a distinct MO (Funicular) stage (Figure 2.15).
A scatterplot of the mean site snow thickness and SAR estimated MO to

PO transition time for the four sites is illustrated in Figure 5.14. A line of
best fit is included to emphasize the apparent trend of the relationship.
Although tirnited by the nurnber of sample points, the general pattern
suggests that the thickness of snow on FYI plays a significant role in
formation rate of melt ponds. It should be noted that it is unlikely that the
relationship depicted in Figure 5.14 is linear, since the sea ice

-

albedo

feedback has been modeled as a non-linear process, however, the lack of
data prevents use of another statistical fit.
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Figure 5.14. Scatterplot and line of best-fit illustrating the relationship
between in situ measured snow thickness pnor to Melt Onset (MO) and a

SAR derived transition time between MO and Pond Onset (PO).

5.4

Conclusion

In this chapter 1evaluated the factors contributing to the timing of a SAR
detected date of Melt Onset (MO) and Pond Onset (PO). In situ
measurements fkom a smooth FYI site at Rosse Bay, Ellesmere Island, show

MO was associated with a daily average near air temperature approaching
zero, the beginning of a daily average surplus in the net all-wave flux, and a
sharp decrease in the shortwave albedo at the surface. A general linear
mode1 demonstrated the net all-wave and the downwelling longwave flux
were most influential univariates in explaining the variability in DN pnor to

MO when estimated fkom early mornuig (coldest t h e in the diurnal cycle)
RADARSAT- 1 passes.
Relationships between microwave scattering and air, snow and ice surface
temperature measures proved sensitive to the diurnal acquisition times of

RADARSAT-1. Statistically significant temperature

-

MO relationships

were most ofien detected at the daily average t h e scale illustrating lag
effects between the air, snow and ice surface coupling. The results also
suggest that certain RADARSAT-1 passes (ascending versus descending)
are better suited for estimating components of the surface energy balance.

This result was attributed to diurnal changes in brine volume affecting the
dielectric properties near the snowhce interface.
1 also dernonstrated that the time series evolution of RADARSAT-1

ScanSAR data c m be used to approxirnate the date of MO and PO fiom
landfast FYI. A sharp rise in the locally weighted least squares trend line
was attnbuted to a rapid increase in the bulk dielectric properties near the
snow/sea ice interface causing an increase in microwave scattering. Spatial
analysis revealed a similar regional-scale air temperature pattern to that of
the MO and PO pattems. Earlier MO dates were observed in the
southeastem regions of the study area along the Greenland coast.
The distance of FYi sites to the landfast ice edge-polynya boundary had a
weak, but significant relationship on the timing of MO along the Ellesmere
coast. No relationship was found on the Greenland coast. The distance of
sample sites to the nearest landmass had no effect on MO. The similarities of
these patterns indicate that the atmosphere (via sensible-heat rnechanism)
plays a prominent role in the timing of MO and PO. The historical pattern of
sea ice accretion and ablation in the NOW (Barber et al., 2001) is closely

aligned to the patterns presented in this paper m e r substantiating a strong
atmosphere-surface coupling.
Results suggest that if the snow is sufficiently thick (- 40 cm or greater),
then the MO (Funicular) regime will be resolved in time series SAR as
evidenced by a downtuni in microwave backscatter. PO will be evidenced
by a subsequent rise in backscatter as a function of both increasing melt
pond fiaction and surface wind velocity. The results also suggest that the
more rapid snow metamorphic processes associated with thinner snow
covers (on the order of 20 cm or less) rnay be not be detected in time series

SAR as a downturn during the MO (Funicular). In summary, the results
suggest that estimates of snow thickness distributions may be infened over
thick, landfast FYI provided a sufficient number of SAR images are
acquired to resolve rapid snow metamorphic processes occurring during the
pendular to funicular transition. Future work is required to validate these
initial observations.
In this chapter, 1 have explored the utility of time series SAR to provide

spatio-temporal information on melt and pond onset over snow covered
landfast £kt-year sea ice that surround the North Water Polynya (NOW) in
North Baffin Bay. In the next chapter, 1 suggest how this information may

find utility in strategic ship navigation in the Canadian Archipelago during
the summer sea ice ablation period.

C W T E R 6:

On Facilitatng Strategic Marine
Nmigation Infornation from tirne
series SAR

6.1. Introduction
In Chapters 2 and 3 , 1 presented both theoretical and observational
evidence to suggest that time series rnicrowave scattering fiom SAR could
provide information on both the thermodynamic and mechanical state of
landfast first year sea ice. In Chapter 4, 1 illustrated how specific sea ice
thermodynamic Uiformation (ie. melt pond fraction, melt pond morphology,
surface albedo, and wind velocity) could be derived given that melt pond
formation could initially be detected. In Chapter 5 , I illustrated how specific
thermodynamic stages (ie. Melt Onset and Pond Onset) Vary in both space

and time as a function of both atmospheric forcing and snow cover
thickness. From a sea ice engineering perspective a significant opportunity
stemming fkom this research would be the estimation of sea ice strength
fkom a remote set of microwave interaction measurements. Efficient routing

of Arctic ice breaking vessels through decayed or decaying sea ice would be
a valued application to the Arctic marine navigation community. This
information could h d utility within the Arctic Ice Regime Shipping System

(AnzSS).

AIRSS was initiated by Transport Canada to enhance the safety and
efficiency of shipping operations in the Canadian Arctic. It characterizes the
relative risk that different ice conditions pose to the structure of a variety of
Canadian Coast Guard ships. Recent modifications to these regulations
involve a shifk fiom controlling access to different geographical areas of the
Arctic based on calendar dates (the Zone/Date System) to controlling access
based on actual ice conditions and how these conditions relate to the
structural strength of a particular ship (AIRSS system). The current World
Meteorological Organization (WMO) Sea-Ice Nomenclature d e f ~ t i o nfor
'Decayed Ice' is sea ice, which 'is (a) rnulti-year ice, (b) second-year ice, (c)
thick first-year ice, or (d) medium first-year ice, which has formed thaw
holes, or is rotten ice'. Current methods are limited to the use of SAR and
optical remote sensing data to specify 'ice' or 'no-ice' conditions. The decay
state of sea ice is currently estirnated fiom infiequent visual observations
made by airplane pilots, ice navigators onboard the ship, or fkom advance
flights made by an onboard helicopter. Each of these methods is either
extremely expensive andor ineff~cientin both space and time and, as such,
cannot be used for longer-term (days to weeks) ship navigation planning.
The overarching goal of this chapter is to provide some practical
guidance on how the theoretical information, generated in the preceding
chapters of this dissertation, c m be used in arctic marine navigation. 1 see it
as an important condition of my work that there is some form of conduit

between research and operations. In what follows 1 present four specific
objectives that synthesize the operational utility of my research. Within this
context 1 also discuss the potentid benefits and limitations fiom both a
research and operational perspective.
The objectives of this chapter are to present results from and discuss: (1)
a newly created SAR based methodology for compartmentalizing the annual
thermodynamic evolution of landfast first year sea ice into discrete SAR
scattering seasons, (2) a prelirninary analysis of thne senes SAR scattering
fi-om regions of operational interest to the Canadian Ice Service (CIS), (3) a
methodology for providing strategickactical marine navigation information
fiom time series SAR, and (4) a description of the influence of decaying ice
on ship performance using ship velocity data collected fiorn opportmistic
sampling. Since many of the methods are presented earlier in this thesis I
will simply present my results within each objective and discuss issues
pertaining to the evolution of the theory to each application. 1 conclude each
objective with a discussion of future directions.

6.2. Results and Discussion
6.2.1.

Objective I - SAR Classzjkation of Sea Ice Ablation States

Aspects of this thesis have contributed to a recently revised methodology
for compartrnentalizing the seasonal thermodynamic evolution of landfast
f i s t year sea ice into discrete SAR scattering seasons (Yackel et al., 2000).
To this point, the categorial structure used to describe the seasonal
thermodynamic regimes was based upon that frst described by Livingstone
et al., (1987) (Figure 2.2). An irnproved understanding of SAR - sea ice

therrnodynarnic relationships has led to the revised methodology for
compartrnentalizing the annual thermodynamic evolution of landfast first
year sea ice as presented in Figure 6.1. The new system has four distinct
differences fkom the previous system. The fkst being that the pendular and

funicular snow stages within the 'Melt Onset' regime are partitioned into
two distinct ablation states (2 and 3). The second partitions the ponding and
drainage periods of the 'Advanced Melt' regimes into ablation states 4 and
5. The third is the transfer of the 'Early Melt' regime to ablation state 1 and

the forth is the creation of ablation state 6 (not shown in Figure 6.1),
corresponding to rotten ice. Ablation 6 begins once the melt ponded sea ice
surface has completely drained. It should also be noted that three additional
years of snow and sea ice temperature data (C-ICE798through '00) have led
to the slight adjustment of the temperature profiles. These temperature
profiles typically reflect the progressivefy thinner snow covers obsewed in
recent years over the sampied smooth FYI types.
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6.2.2.

Objective 2 - Evaluating the classzj?cation methodology in CIS
Operutional Areas of Interest

The CIS has une of the most sophisticated operational ice information
systems in existence. The approach relies heavily on the visual analysis of

SAR images fkom RADARSAT- 1. However, interpretation becomes
challenging when visual cues such as tone and texture become inconsistent
during the late spring and surnmer seasons. Thus, additional information on
the decay state of ice fiom time series SAR information would assist in this
interpretation. The time series SAR results described to date in this thesis
have been collected during project specific field seasons, thus providing a
significant amount of time series of SAR data to analyze. CIS operations
typically rely upon a quantity of imagery less than that described in this
thesis. A preliminary analysis was conducted using archived RADARSAT- 1
ScanSAR Wide and Wide imagery at two locations in the Canadian Arctic
of specific operational interest to the CIS. Time series digital numbers (DN)
fkom geocoded ScanSAR Wide and Wide imagery were acquired fkom the
CIS archive at McDougall Sound and Admiralty Inlet for the 1998 and 1999
seasons (Figure 6.3). A ELQDARSAT-1 image swath in Wide mode has
similar resolution characteristics to that of ScanSAR but has a much smaller
swath range (- 120 - 170 km). At McDougall Sound, only 1998 image~y
were available, whereas, 1998 and 1999 irnagery (in both ScanSAR Wide

and Wide modes) were available for Adrniralty Met.
Both locations annually consist of smooth landfast FYI that either decays
in place or f?actures/breaks-up during ablation state 5 or 6 fiom either ocean

current, tidal and/or wind stresses. The DNs and associated locally weighted
Ieast squares fit (fiorn an 11 x 11 pixel window) for each site for the two

years are presented in Figure 6.4. Specific methods are fully described in
Chapter 5.

O CSA 1998

Figure 6.3. Site map depicting the Canadian Arctic Archipelago region and
the McDougall Sound (top image) and Adrniralty Inlet (bottom image) time
senes SAR sampling locations for both the 1998 and 1999 seasons.

McDougall Sound 1998

Julian Day

Julian Day

Admiraltv Inlet 1999

Julian Day

Julian Day

Figure 6.4. Time series plots of RADARSAT-1 ScanSAR Wide Digital
Number at McDougall Sound for 1998 (top left), ScanSAR Wide at
Admiralty Inlet for 1998 (top right), a combination of Wide and ScanSAR
Wide at Admiralty M e t for 1999, and Wide only at Admiralty Inlet for
1999. The data points presented are a combination of ascending and

descending passes. Note the logarithmic scale of the X-axis. The region
bounded by the k t vertical line (fkom the left) and the second line

represents the period fiom 'Melt Onset' (Ablation 2) to the start of
'Drainage' (Ablation 5). The region bounded by the second vertical line
(fkom the left) and the third line represents the period from 'Drainage'
(Ablation 5) to the earliest possible CIS/SAR obsemed break-up date. The
region bounded by the third vertical line (fiom the left) and the last line
( f b m the left) represents the period within which break-up occurred.

There are two important observations to be made fiom the plots. Firstly,
Ablation state 2 begins significantly earlier at both sites in 1998 compared to
1999 (- JD 142 to 145 versus JD 155 to 158), illustrating the intra-annual
variability in melt onset at these two locations. This could be a result fkom
(1) generally earlier atmospheric (spring) w a - n gin 1998, or (2) generally

thinner snow cover over the region in 1998, thereby causing brine induced
scattering near the snow-ice interface to occur earlier. Secondly, it is
interesting to note that a CIS SAR observed sea ice break-up closely
rnatched the transition fkom Ablation 5 to 6 in each of the four plots (Figure

6.4). This observation indicates that the sea ice has become mechanically
weak at this ablation state and substantiates the SAR/sea ice ablation state
premise of this chapter. It should also be noted that the plot of McDougall
Sound in 1998 reinforces the requirement for increased temporal resolution

in SAR acquisitions through the s p r i n g / s m e r period, otherwise, Ablation
state 3 (due to its short thermodynamic season) is likely not to be resolved.
In an operational environment such as that of the CIS, the primary
information available regarding atmospheric forcing and snow accumulation
cornes fkom the sporadic distribution of Arctic weather station data. The
atmospheric forcing contribution to two of the t h e series SAR patterns in
Figure 6.4 was analyzed by acquiring and plotting the Melting Degree Day

( M m ) data fiom the nearest Arctic weather station at Resolute Bay,
Nunavut. The CIS defines the accumulated MDDs for a day by the mean
daily temperature above O°C. It should be noted that this weather station is
substantially closer to the McDougall Sound location than the Admiralty
M e t location. The time series SAR and Resolute Bay MDD are plotted
together for the 1598 McDougall Sound and 1999 Admiralty Inlet locations
in Figures 6.5. and 6.6., respectively.
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Figure 6.5. Time series plots of RADARSAT-1 ScanSAR Wide at
McDougall Sound for 1998 (top left in Figure 6.4) and MDD at Resolute
Bay, Nunavut. The first, third and fifth vertical lines fkom the lefi represent
the beginning of Ablation 2, 5 and 6, respectively. Note that the second
vertical line fkom the lefi also indicates the begiming of the MDD period.
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Figure 6.6. T h e series plots of a combination of 1999 RADARSAT-1
ScanSAR Wide and Wide at Admiralty Met and MDD at Resolute Bay,
Nunavut. The fkst, second, third, forth and fi% vertical lines fkom the left
represent the beginning of Ablation 2, 3, 4, 5 and 6, respectively. Note that
the second vertical line f?om the left also indicates the beginning of the

MDD period.
The 1998 McDougall Sound plot (Figure 6.5) indicates that above
fkeezing temperatures may have started to occur near JD 150 (May 29). At
this point in tirne, the sea ice had entered into Ablation 2. Approximately 37
MDDs were required to advance the sea ice to Ablation 5. More than 150
MDDs had accumulated by Ablation 6 . The large length of Ablation state 5

would suggest that the ice was significantly decayed pnor to break-up,
however, the enclosed location andor lack of significant atmosphenc
forcing in the form of summer storms or wind may have delayed the actual
break-up date. The lack of snow thickness data and SAR imagery during
Ablation States 2 through 4 prevents M e r speculation.

The 1999 Admiralty Inlet plot (Figure 6.6) indicates that above fkeezing
temperatures began approximately 3 weeks later for this year (- JD 170, or
June 18). At this point in tirne, the sea ice was in the latter stages of Ablation
2. Approximately 47 MDD's were required to advance the sea ice into

Ablation 5. Approximately 98 MDD's had accumulated by Ablation 6 . The
fewer MDDs accumulated by break-up, compared to the McDougall Sound
plot, could simply be attributed to a greater influence fkom ocean, tidal
andor storm (wind) activity at this location.
This analysis has indicated that between 37 and 47 MDD's were required
to reach Ablation 5 at each of the sampled sites. The McDougall Sound site
required 13 JD7s to accumulate 37 MDDs (2.85 MDDYs/JD),while the
Admiralty M e t site required 30 JDYsto accumulate 47 MDDs (1.57
MDDs/JD). This result confirms the visual interpretation of the graphs
indicating that the rate of warmllig was greater at the McDougall Sound site.

It also reconfims the notion that a dedicated study is required to answer the
following questions:
1) What are the effects of both the rate of atmospheric warming

and snow thickness on the evolution rate of time series SAR
scattering?

2 ) What are the relationships between snow thickness, ablation
state, and the beginnuig of positive MDDs?
3) Can MDD's be used to unambiguously differentiate between
the beginnings of ablation state 3 and 5 under conditions when
snow thickness is unknown?

4) m a t is the critical amount W o r temporal resolution of
calibrated SAR irnagery required to resolve each of the ablation
states under varying snow thickness and aûnospheric forcing.

5) What is the effect of ascending versus descending satellite SAR
passes on the SAR derived magnitude, range and duration of
each of the ablation states?

6.2.3.

Objective 3 - A Methodology for Facilitating Strategic Marine
Navigation Information

A significant goal of the research described in this thesis would be the
development of a methodology to provide strategic marine navigation
information from time series SAR in near-real time. The methodology is
based on the fact that the time series evolution of SAR scattering can be

used to approximate in time each of the 6 Ablation states with a certain level
of error. The research has nearly reached this stage. Several questions must
still be answered (several of these were posed at the conclusion of the
previous section) (6.2.2.). Once these questions have been addressed, the

process of providing strategic marine navigation information becomes an
exercise in image processing, information presentation and dissemination.
Step I

The ablation state methodology must be refïned (Figure 6.2), perhaps
through the use of a combination of backscatter thresholds for each of the
Ablation states under a variety of antecedent conditions. A threshold
approach is required if this technique is to be applied for same season
strategic marine navigation use or to update seasonal ice forecasts. The
threshold technique will have to be tested and validated in order to satisQ
the variety of physical (both geophysical and atmospheric) and SAR
scenarios possible. With regard to the latter, the primary concem is the need
for sufficient temporal resolution.

Step 2
Al1 acquired imagery will require (a) relative calibration, (b) georectification
to a common projection, (c) a similar georeferencing system and (d) a
common spatial and pixel resolution (100 meter pixels will suffice).

Step 3
This step involves masking out al1 landfast MY1 within the imagery
collected. This step is commonly preformed in an automated manner with
visual validation. Select numerous, uniformly distributed within a image,
smooth FYI and MY1 regions of interest (ROIS) fkom a mid-winter (January

or February is preferable) image (window sizes may Vary but a 7x7 pixel
window should act as the minimum size).
Note that the selection of ROIs fiom imagery pnor to late January has shown
to lead to anomalous time series results because of the increased potential
for ice fkacturing and reconsolidation events.

Step 4
Calculate the mean backscatter coefficient fion? e x h of these ROIs and plot

these as a t h e series fitting a locally weighted least squares (cubic spline)
through the data.

Step 5
Code, with color, each of the ablation states (see Figure 6.2. for an example)
and spatially interpolate within each image from the ROIs. Mask out the

MYT and calculate a fiction surface, which plots a vector through the image
demonstrating the path of 'least resistance' or path of 'greatest ablation
state'. Supplement this information product with MDD data fkom relevant
Arctic weather stations and provide a compressed geocoded rasterhector file
that can be easily downloaded ont0 the bridge of a CCG ship.
A series of hypothetical schematics illustrate steps 3, 4 and 5 (Figures 6.7.

through 6.9, respectively).

Figure 6.8. Sub-region illustrated in Figure 6.7 showing a hypothetical distribution of ROI'S over smooth
FYI and MY1 fragments within the FYI matrix (Step 4). Recall that time series SAR scattering fiom MYI
can be used to help determine Ablation states 2 , 4 and 5 (Figure 6.2).

Figure 6.9. Sub-region illustrating the Ablation state classes interpolated from the ROI'S (Figure 6.8). Also
included is a hypothetical CCG ship route (right to left) following the 'path of least resistance' or 'largest
ablation state' (Step 5).

6.2.4. Objective 4 -Evaluating Shi'' Performance through Decaying FE?

This goal of this objective is to provide a first look at the effect of
decaying ice on ship performance using data collected Eom opportunistic
sampling during the third leg of the 1998 North Water polynya (NOW)
expedition (June 2 to June 29). This sampling consisted of three separate
ship performance trials into decaying landfast FYI with the CCG ship Pierre
Radisson. The ship pedomance trials were designed to operationally
evaluate ship performance in ice using in situ and SAR data.
6.2.4.1.

Data and Methods

The 3 ship trials were conducted in decaying landfast FYI near Coburg
Island (CI) and Cape Norton Shaw (CNS) t h e series SAR sites (Figure
6.10.). Logistical considerations and ice conditions prevented the ship

performance trials from being conducted directly at the CI and CNS sites
(Figure 5.2). The ship trials were also conducted through FYI with the
primarly difference being that the CI and CNS sites had smoother ice
surfaces. Airborne observations of the CI, CNS, and ship trial locations on
the trial dates revealed similar surface morphology states. Therefore, an
assumption being made is that the mechanical characteristics of the sea ice
along the ship trial routes will be representative of the mechanical
characteristics of the sea ice at the time series SAR locations near to the CI
and CNS sites.
Sea ice physical property measurements (ice temperature, salinity,
thickness, and melt pond depth) and visual observations of the melt pond
fkaction were made at each of the ship route sites pnor within 2 hours prior

to the ship trial. Ship propulsion data were acquired using a computer
connected to both the onboard ship GPS and the engine room computer.
Instantaneous data samples of the ship's location, velocity and engine
horsepower were acquired every 30 seconds. Data pre-processing identified
that the engine horsepower data were difficult to interpret due to the

fkequency of start-stop events made b y the ship during each of the trials.

During such events, the ship was *rced

to reverse its track, and then

proceed forward again due to ndging encountered along the route. Prior to
each of the ship trials, the Pierre Radisson captain was asked to apply
constant power throughout the trial s a that any reduction in ship velocity
would reflect the mechanical strengtb (or resistance) of the sea ice. The
captain made note of the horsepower applied so that it could be similarly
applied to each of the subsequent ship -trials.

SAR data used in this analysis was introduced and described in Chapter
5 . The Coburg Island (CI) and Cape Norton Shaw (CNS) time series SAR

sites illustrated in Figure 5.7 are evaluated within the context of ship
performance during the specific ship trials.
6.2.4.2.

Ship Trial Descriptions

The first ship trial was conducted approxirnately 5 km ESE of CI on June
17 (JD 168) through medium thick Fm. The ship trial began heading north
through the FYI and then veered easterly half way through the trial (Figure
6.10.). At the time of the trial, the route was located within 3 km of

relatively thin ice floes that were part of the polynya. Due to the close
proximity of this site to the polynya, the maximum thickness of the sea ice
did not reach thick FYI status (> 1.2 rn). Trial 1 was unique in that in situ

snow and surface morphology data were collected via helicopter at 3 distinct
locations dong the projected path of the ship only 2 hours pnor to the trial
(see boxes on Figure 6.11). The sample sites were separated by
approximately 1 km in distance. Table 6.1 lists the parameters of interest
measured at the 3 sample sites.
Table 6.1 Summary parameters of in situ measured data at the 3 sarnpled
sites dong ship trial route #1 immediately pnor to the ship trial.

1 1
Site

Location

1

Julian Mean Ice ' Mean
D ~ of
Y Thickness Snow
Year
Patch
(cm)
Depth
(cm)

Estimated
Melt Pond
Coverage
(Oh)

p&zMelt Pond
Depth (cm)

-

Visual
Estimation

The second trial was conducted approximately 8 km ENE of CNS site on
June 17 (JD 168) through thick FYI (Figure 6.10). The trial route was
located approximately 8 km West of the polynya - landfast ice edge thereby
encountering thicker ice than that at trial location 1. The ice thickness
averaged 1.93 m (thick FYI), however, a significant mbble field separated
the ship trial route fiom the CNS site (see oval on Figure 6.10).
The third trial was conducted at nearly the same location as the second
trial but 1 week later on June 24 (JD 175). This trial was of the shortest
duration (- 35 minutes) and visually appeared to have had the most

advanced drainage of melt ponds fkom each of the 3 ship trial locations. This
ship trial route was f?ee of ridging and rubble ice. Table 6.2 lists the
parameters of interest fkom each of the 3 ship trials.
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Figure 6.10. Site map illustrating the locations of the first two ship trial
routes. This RADARSAT- 1 ScanSAR Wide sub-image was acquired

January 21,1998.

6.2.4.3.1.

Ship Trial #1

Ship trial #l encountered some ridging and rough ice during the early
stages of the trial but the ship was able to navigate through the decaying FYI

with relative ease. The oval in Figure 6.11 shows the brighter regions where

the ship encountered ridging and rough ice. These rough ice sections forced
the ship to slow on several occasions. These rough ice sections consisted of
upturned ice fragments but were subdued in height (- 0.5 to 1 m) but were
on average 200 to 400 meters wide.

O CSA 1998

Figure 6.1 1. Sub-image of Figure 6.10, illustrating ship trial route # 1 and the
3 observable ridges along the route. The squares on this image refer to the 3

in situ sampling locations.

Figure 6.12 illustrates the ship velocity during trial # 1. It is assumed that
the ship's captain is attempting to apply constant horsepower at a11 tirnes
when in forward motion. The data indicate relatively consistent ship
velocities can be obtained when breaking decayed medium thick first year
sea ice m m ) . Although in a decayed state as well, the types of ridging and

rough ice regions encountered within the decayed regions were shown to
cause a CCS ship to slow significantly. At the particular horsepower being
applied, the ship's velocity averaged 10.9 knots when in FYI.

Time during Trial 1 ( W ï C )

Figure 6.12. Time series observations of the CCGS Pierre Radisson ship
velocity during ship trial #1. Note the sharp decline in ship velocity as the
ship traversed 3 small ridges early in the trial (see Figure 6.2).
6.2.4.3 -2.

Ship Trial #2

Ship trial #2 also encountered some significant ridging and rough ice
d u ~ the
g early stages of the trial but the ship was also able to navigate
through the decaying FYI with relative ease. Although the ice was
substantially thicker, a steady state velocity was maintained, even though a
constant horsepower, similar to that of trial 1, was applied. Repeated
attempts to traverse the mbble field with the Pierre Radisson were
unsuccessful. When breaking smooth FYI, the ship's velocity ranged
between 5 and 7.5 b o t s with an average of 6.3 knots. Therefore, the ship's
velocity was reduced to only 60% of that in trial #1, when in decayed FM,
free of ridging. Because the rnelt pond coverage was similar to that of trial
#1, the reduction in velocity is most likely attributable to the greater ice

thickness along trial route #2.
6.2.4.3.3.

Ship Trial #3

The third ship trial was conducted in very close proximity to trial #2
and qualitatively resulted in very easy icebreaking (not shown here due to
technical difficulties with the ship's cornputer system). Mean ice thickness
was 79 cm (similar to ice thickness along trial route #1), significantly less
than what was obsewed only one week pnor along ship trial route #2 (193
cm).

l

Pierre Radisson unable to travel across
rïdgïng (ovd region in Figure 6.5)

,

Figure 6.13. Time series observations of the CCGS Pierre Radisson ship
velocity through decaying FYI during ship trial #2.

SAR Inteqwetation of Ship Trials
In chapter 5, 1 described and interpreted the time series SAR data
acquired at both the CI and CNS locations. Although the ship performance
trials did not occur exactly at each of these locations, their close proximity to
them and location on similar ice allow reasonable cornparisons to be made

between the SAR data and relative ship performance in ice.

A SAR estimated date of melt pond formation at CI was approximately

J D 163 (Figure 6-14), 5 days prior to the trial. Therefore, it is reasonable to
assume that melt ponds began fonning along ship trial route #1 at
approximately the same time. Given the relative ease of ice breaking in FYI
during trial #1, time series SAR could be used to estimate the mechanical

strength of the ice relative to the horsepower being applied for a given
ablation state.

A SAR estimated date of melt pond formation at CNS was approximately

JD 154 (Figure 6.14), 2 1 days prior to the trial. Thus, we rnight expect to
encounter sea ice which was M e r decayed than that along trial route #l.

As previously described, this was not the case. The likely explanation for the
reduction in ship velocity during trial #2 is of course the greater ice
thickness.

The results pose several immediate questions for future quantitative
analysis. These are:

1)

What is the effect of ice thickness on icebreaking ability for
similar FYI melt pond fkactions?
What is the effect of melt pond fraction on icebreaking
ability for similar FYI thickness classes?
What kinds of ridges (as evident in SAR imagery) are
sufficient to halt or darnage a ship and which appear to
exhibit decay characteristics similar to FYI?
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Figure 6.14. Time senes observations, with least squares cubic spline fit, of

RADARSAT-1 ScanSAR Wide A and B $-bit digital number (DN) fkom the
2 landfast fkst-year sea ice sites where ship performance trials were
conducted nearby. See figure caption 5.7 for m e r description.

6.3. Conclusions
The objectives of this application oriented study were to (1) review a
newly created SAR based methodology for compartmentaIizing the annual
thermodynamic evolution of landfast fïrst year sea ice into discrete SAR
scattering seasons, (2) provide a prelirninary analysis of time series SAR
scattering fiom regions of operational interest to the Canadian Ice Service

(CIS), (3) propose a methodology for providing strategic/tactical marine
navigation information fkom tirne series SAR, and (4) provide a description
of the influence of decaying ice on ship performance using ship velocity data
collected fiom opportunistic sampling.
The newly created categorïal structure is designed to relate the seasonal
sea ice thermodynamic regimes to the various SAR scattering seasons in
terms of the bulk mechanical properties of the volume (ie. ablation states).
The framework provides for 6 ablation state categorîes.
Several of these ablation states were then evaluated under a typical
operational scenario as currently utilized by the Canadian Ice Service (CIS).

The analysis indicated that Melting Degree Day (MDD) data fiom Arctic
Weather Stations might find utility in the interpretation of ablation states
fiom time series SAR. However, the results raised several, still unanswered,
questions regarding the interpretation of time series SAR under a variety of
scenarios.
1then proposed a methodology for providing timely information on the

ablation state of FYI from a hypothetical sea ice cover scenario in the central
Canadian Arctic Archipelago. Results pertaining to Objective 3 suggest that
the rnethodology would rely heavily on the availability of a large quantity of
calibrated imagery collected during each of the ablation states seasons.

Finally, 1 reported on 2 of 3 ship performance trials that were conducted,

on an opportunistic basis, during the 1998 North Water Polynya experirnent
with the Canadian Coast Guard (CCG) ship Piewe Radisson. The ship
performance trials were designed to operationally evaluate FYI strength
using a combination of in situ, SAR and ship performance data. The data
suggest that a SAR detected date of melt pond formation had occurred pior
to each trial and that significant ice thickness variations produced a

reduction of

- 60% in the ship's velocity fkom ship trial 1 to 2 under similar

applied engine power. The trials also showed that certain types and sizes of
ridging (as evident in the SAR imagery) are sufficient to halt a CCG ship
during the decay period.

In the final chapter, I summarize the salient conclusions from each of the
six chapters and provide an overall s u m m a r y of t h i s dissertation.

Summary and Conclusions

7.1

Summary

In Chapter 2, 1 provided an introduction and review of sea ice
thermodynamic processes by describing the physical, thermal, mechanical,
electrical and microwave scattering characteristics of first year sea ice over
the annual cycle fiom fa11 fkeeze-up until summer break-up. 1 illustrated how

the empirically developed phase diagram provides a mode1 for estimating

the thermodynamic control on the phase relationships of ice in solid phase,
brine, and solid salts. The thermodynamic nature of the volume is governed
by microscale (physical and thermal properties) and mesoscale (atrnospherïc
and hydrospheric forcing) processes. A categorical fiamework, originally
proposed by Livingstone et al., 1987, used for describing the average
seasonal thermodynamic processes operating within the snow-sea ice
system, was discussed. This fiamework recognizes a sequence of seasons
including Freeze-up, Winter, Early Melt, Melt Onset, and Advanced Melt
seasons. The seasonal nature of the microwave scattering coefficient over

smooth f i s t year ice was introduced by describing the principal factors
afTecting the evolving signature.
The ultimate goal of this chapter was to show how the physical, thermal,
mechanical,

electrical

and

microwave

scattering

properties

and

characteristics are related to one another throughout the annual cycle. 1
concluded the chapter by illustrating how we c m utilize a thermodynamic
model, in combination with the empirical relationships between ice
thickness, salinity, brine volume and ice strength to illustrate the bulk
mechanical strength of landfast fïrst year sea ice.

The initial objective of Chapter 3 was to evaluate the thermodynamicdielectric-microwave scattering relationship over a variety of sea ice types. I
showed that a thermodynamic-dielectric-microwave scattering relationship
exists o d y for smooth f i s t year sea ice types. 1concluded that the principal
coupling in this relationship was directly related to temperature at the
snowhce interface. When temperatures near the snowhce interface increase

in the late *ter

and early melt seasons, there is an associated increase in

brine volume. This causes a correspondhg increase in the complex dielectric
constant (E*) of the near surface volume which then causes a change in the
microwave scattering coefficient (oO).
Ice surface temperature consistently
explained more of the seasonal variation in microwave backscatter than did
air temperature.

A second objective of Chapter 3 was to conduct an empirical study to
relate the bulk sea ice temperature, sea ice brine volume, mechanical
properties and microwave scattering characteristics over smooth, landfast
first year Arctic sea ice throughout the transitional season fkom winter to
summer. The measured and modeled results showed a significant warrning

of the ice volume and substantial reduction in FYI strength to be associated

with a minimum in o0 following the funicular stage of the Melt Onset

regime. In situ measurements confïrm that a rapid temperature gradient
transition occurred within the upper half of the ice volume once daily air
temperatures reached O°C. Both modeled and observed results suggest that
this period of rapid ice strength reduction was found to coincide with the
initial stages of melt pond formation. This reduction in ice strength occurred
approximatety one month before the observed ice break-up (Canadian Ice
Service, 1997).
Results fiom this chapter suggest that the snowhce temperature profile
can be viewed as depicting the integration of the sea ice surface energy
balance. Thermodynamic processes operating across the OSA interface drive
the evolution of each of these components as a direct result of the role
temperature has on defïning brine volume near the snow/ice interface.

In Chapter 4, 1 introduced the concept of utilizing spatio-temporal time
series SAR data to provide specific geophysical information about the
surface during the transitional season fiom winter to summer. 1 highlighted
the formation of melt ponds on sea ice as a significant thermodynamic
transition point in the seasonal evolution of first year sea ice. Their
formation has been shown to dramatically reduce the mechanical strength
properties of sea ice and the overall albedo of the surface, thereby,
enhancing the snow-ice-albedo feedback process. To validate the SAR
signatures acquired over melt ponded sea ice, I developed a semi-automated
procedure to spectrally classi@ a melt season surface fkom digital aerial
videography. The dassification resulted in four distinct surface cover types;
snow, saturated snow, light and dark colored melt ponds.

Latitudinal profiles of the fractional cover and integrated surface albedo
(using in situ measurements and a linear weighting factor) were illustrated
for a select number of flight survey transects. The morphological and
radiative characteristics and patterns of melt ponds were shown to be highly

variable. An examination of the relationship between each of the cover types
on smooth F M indicates that the percentage cover of snow largely dictates
the surface albedo. I also detected an elongated morphology pattern over the
smoothest ice within the study region. The pattern had a melt pond major

axis aligned orthogonally to the prevailing winter wind direction for this
region. This result provided credence for an association between the melt
pond morphology and the near surface turbulent boundary layer over t h i s ice

typeBackscatter profiles compiled fkom high resolution RADARSAT-1
imagery along the major and minor axes of these features revealed a higher
fiequency/smaller amplitude o0 pattern across the minor axis compared to
the o0pattern exhibited along the major axis during windy conditions (- 5.3

rn s-'). This pattern was explained by the higher spatial fiequency of
altemating snow (low backscatter) and wind roughened ponds (high
backscatter) found along the minor axis profile compared to the major axis.

1 then evaluated the utility of RADARSAT-1 for estimating various
geophysical parameters during the melt pond season. 1 began by developing
a procedure for modelling the seasonal evolution of o0fiom RADARSAT- 1,
independent of incidence angle. The statistical technique standardizes the
t h e series o0 to winter o0 conditions such that a scattering change fiom
winter results. The seasonal pattem was found to closely resemble the
seasonal sea ice backscatter pattern of other SAR irnaging sensors with a

fixed incidence angle (eg. ERS-1 and 2). The benefit of this procedure was
highlighted by the fact that many more images could be acquired of a
specific location by altering the beam mode of the RADARSAT-1 SAR.

This would produce a SAR seasonal evolution pattern that is more
representative of the true nature of sea ice thermodynamics during this

highly variable backscatter season.
The relationship between coincident surface wind velocity and o0
acquired fkom a variety of SAR incidence angles was investigated. I found
that incidence angle and surface wind speed could explain a significant
percentage of the variation in oO.I found a significant positive linear
relationship between o0and the fiactional coverage of melt ponds (both light
and dark) (RZ

=

0.80) under strong wind conditions, a weaker positive

relationship for moderate wind speeds ( R =
~ 0.47), and no relationship for
light wind speeds (IX2

= 0.01).

Under light wind conditions I was unable to

estimate pond fractions, since scattering fkom ponds and snow patches are
approximately equal. 1 suggested scattering fkom ponded surfaces and snow
patches would be approximately equal when the surface wind velocity falls
within the range of 1.7 and 2.0 m s-'.

Results fi-om an examination of spatially and temporally coincident
estimates of o0 and integrated surface albedo (a)during windy conditions

(-5.3 rn 8') reveal a strong negative relationship (R2= 0.91). A slightly

weaker relationship was observed for slightly less windy conditions (- 3.2 m
s-') and a very weak positive relationship was found for low wind speed
conditions (- 1.5 m s"). These relationships were observed for melt pond
fkactions between 13 and 34%. Earlier findings suggested that the fiactional
component of snow on the surface strongly dictated the overall albedo of the

surface. However, it appears that fkactional cover of melt ponds, when
sufficiently wind roughened (>5 rn s*'), dominates a o0- a relationship. The
analysis proved that o0 is more closely related to a second order derivative
(integrated albedo) than to a first order derivative (pond fraction) under
strong wind conditions. The latter results from the integration of al1 surface
cover types (snow, saturated snow, light and dark colored melt ponds),
whereas, the former is an estimate fkom the melt pond fiaction only (< 35%

of the total surface area).

In Chapter 5,1 analyzed time series RADARSAT-1 ScanSAR Wide data
fkom the 1998 North Water Polynya experiment to provide spatio-temporal
estimates of melt and pond onset over landfast first year ice that encompass
the polynya. The working hypothesis was that spatial and temporal
differences in meteorological and oceanographic forcing within the polynya
environment would be manifested as changes in the thermodynarnic
characteristics of the encompassing landfast sea ice.

1 began by evaluating the factors contributing to the timing of a SAR
detected date of rnelt onset (MO) and pond onset (PO). In situ measu-ements
revealed that a SAR detected date of melt onset was associated with a daily
average air temperature that approached fkeezing, the beginning of a daily
average surplus in the net all-wave radiation, and a sharp decrease in the
shortwave albedo at the surface. A general linear mode1 demonstrated the
net all-wave and the downwelling longwave flux,when estimated from early

momuig (coldest time in the diumal cycle) RADARSAT-1 passes, were the
most influential univariates in explaining the variability in backscatter pnor
to MO.
Relationships between microwave scattering and air, snow and ice

surface temperature measures proved sensitive to the diurnal acquisition

times of RADARSAT-1. The results dso suggest that certain RADARSAT1 passes (ascending versus descending) are better suited for estimating

specific cornponents of the surface energy balance. This result was attributed
to diumal temperature and brine volume changes affecting the dielectric
properties near the snowhce interface.

1 then demonstrated that the time series evolution of RADARSAT-1
ScanSAR data can be used to approximate the date of MO and PO fkom
landfast FYI. Spatial analysis revealed a sirnilar regional-scale air
temperature pattern to that of our MO and PO patterns. The results also
suggest that the more rapid snow metamorphic processes associated with
thînner snow covers (< 20 cm) may be not be detected in t h e series SAR as
a downturn during the MO (Funicular). It was acknowledged that M e r
work was required to validate these initial observations.

In Chapter 6,1 introduced a newly created categorical structure designed
to relate the seasonal sea ice thermodynamic regimes to the various SAR
scattering seasons in tems of the bulk mechanical properties of the volume
(ie. ablation states). The fiamework provides for 6 ablation state categories.
Several of these ablation states were then evaluated under a typical
operational scenario as currently utilized by the Canadian Ice Service (CIS).
The analysis indicated that Melting Degree Day data fYom Arctic weather
stations might find utility in the interpretation of ablation states fkom time
series SAR. However, the results raised several, still unanswered, questions
regarding the interpretation of time series SAR under a variety of scenarios.

1 then proposed a methodology for providing timely information on the
ablation state of FYI from a hypothetical sea ice cover scenario in the central
Canadian Arctic Archipelago. Results pertaining to Objective 3 suggest that

the methodology would rely heavily on a large quantity of calibrated
imagery collected during each of the ablation states seasons.
Finaliy, 1 discussed 2 of 3 ship performance trials conducted fiom
opportmistic sampling during the 1998 North Water Polynya experirnent.
The results showed that a SAR detected date of melt pond formation had
occunred prior to each trial and that significant ice thickness variations
produced a reduction of

- 60% in the ship's velocity fi-om ship trial 1 to 2

under sirnilar applied engine power. The trials also showed that certain types
and sizes of sea ice ridging are sufficient to stop the progress of a CCG ship.

7.2. Conclusions
This dissertation consists of seven chapters. Each of the three primary
chapters (3-6) reflects the results of f o u specific thesis sub-objectives as
previously stated in Chapter 1.4. These being: (1) To evaluate the seasonally
dependent thermodynamic-dielectric-microwavescattenng relationship over
snow covered first year sea ice (Chapter 3); ( 2 ) Investigate the utility of tïme
senes microwave scattering data to provide sea ice information during the
summer melt period (Chapter 4); and (3) To provide spatio-temporal
estimates of spring melt in the North Water Polynya (Chapter 5); and 6)
Facilitate the development of strategic marine navigation information eom
time senes microwave scattering. In this chapter 1 have described the
rationale, constraints and objectives for this study.
The scientific contributions fkom this research can be summarized into
two general themes, each of which has contributed significantly to our

understanding of how time series satellite based microwavelength (C-band)

energy can be used to understand the thermodynamic and mechanical state
of snow covered, landfast fïrst year sea ice through its annual cycle:

1)

The formalization, through the use of empirically based models, of the
physical linkages between the sea ice temperature profile, mechanical
and microwave scattering characteristics is considered to be a

significant contribution to the sea ice information knowledge provided
by a synthetic aperture radar (SAR). Many of these models and
techniques had previously been used in isolation but the systematic
collection of data required to model the seasonal CO-relationshiphad
never before been conceptualized. The time series linkages described
in Chapter 3 have set the foundation for understanding the bulk and
subtle parameters of interest for the development of an 'ElectroThermophysical' model of snow covered first year sea ice. Results
indicate that a significant decrease in sea ice mechanical strength is
likely to occur once melt ponds begin forming on the sea ice surface.
Implicit inthis interpretation is the fact the melt ponds appear to begin
draining once sea ice brine volumes exceed 5 percent by volume and
there appears to be a critical, yet undetermined, melt pond fiaction
threshold at which ponds begin to drain. The primary limitation of this
modeling exercise was that insufficient salinity data were collected in
vertical profile for accurate interpolation of brine volume throughout
the entire sea ice volume.
A key operational outlet for this research &om the beginning has

been the potential use of the results for Mproving estimates on the
ablation state of first year Arctic sea ice. This research endeavor will
likely contribute significant value added information for use within

the Arctic marine navigation community. It has also highlighted the
critical parameters of interest required to operationally implement
time series microwave scattering data into the AIRSS system.
The generation of summer season sea ice information (namely, melt
pond morphology, melt pond fiaction, surface albedo, and surface

wind speed) empiricafly derived fiom microwave scattering rnodels.
This information combined with the demonstration of time series SAR
to provide spatio-temporal estimates of melt and pond onset is seen as
a significant contribution to the study of summer sea ice

thermodynamics and summer sea ice information extraction.

7.3. Future Direction
We now have a basic understanding of the principal processes
operating across the Ocean- Sea Ice- Atmosphere (OSA) interface. This
knowledge has now allowed members of the sea ice research community to
consider developrnent of an 'Electro-Thermophysical' model whereby a
one-dimensional thermodynamic model (for both sea ice and the overlying
snow cover) is coupled to a microwave scattering model (in which t h e
series microwave scattering plays a role in speciQing several of the
parameters of interest). Although the formalization of this mode1 is several
years away, research will continue towards understanding the range and
magnitude of summer sea ice geophysical conditions giving rise to a
particular range and magnitude of microwave scattering signatures.

Geophysical inversion approaches are required if we are to bridge the
gap between scientific research and operational use. It is expected that
techniques developed from this thesis will coniribute to the initialization and
modification of various physical parameters utilized within thermodynamic
sea ice models. Based on these research results 1 can conclude that
microwave scattering fkom RADARSAT-1 provides an effective means of
assessing melt pond fraction and the seasonally changing albedo over
landfast snow covered kst-year sea ice. Further work is required to specify

the range and magnitude of surface conditions (melt pond fiaction and
orientation, surface wind speed and direction, pond wave height, surface
roughness) and SAR parameters (azimuth, incidence angle, polarization,
fiequency) under which specific relationships would exist. Future work is
also required to specie the range and Gractional combinations of surface
conditions and SAR parameters that give rise to a sirnilar GO. Further work is
required to address the effect of variable rates in atrnospheric forchg =d
snow thickness on the temporal evolution rate of SAR through each of the
ablation state categories. Multi-polarized SAR data collected fkom

RADARSAT-2 (expected launch 2003) should provide additional
information and compliment RADARSAT-1 to provide the necessary spatial
and temporal resolution required to answer these questions. Research to be
conducted during the C-ICE 2001 &ough 2004 field seasons will provide
the required information to answer these and other scientific questions
pertaining to the marine cryosphere of the Canadian Arctic.
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Appendk A
Glossary

ADRO:
AIRSS:
ASF:
AVIHRR:
C-Band:
CCG:
CDPF:
CDST:
CI:
C-ICE:
CIS:
CNS :
CSA:
DMSP:
DN:
EB :
EM:
ERS- I :
ERS-2:
Fm:
GB:
GCM:
GIS:
GPS:

m:

IR:
JD:
E R S -1:
MDD:
MO:
MPa:
MSC:

m:
NOW:
OSA:

Application Development and Research Opportunity
Arctic Ice Regime Shipping System
Alaska SAR Facility
Advanced Very High Resolution Radiometer
5.3 GHz Electromagnetic Energy
Canadian Coast Guard
Central Data Processing Facility
Central Daylight Savings Time
Coburg Island
Collaborative-InterdisciplinaryCryosphenc Experiment
Canadian Ice Service
Cape Norton Shaw
Canadian Space Agency
Defense Meteorological Satellite Program
Digital Number
Eskimo Bluff
Electromagnetic Energy
Earth Resources Satellite 1
Earth Resources Satellite 2
First Year Sea Ice
Goding Bay
General Circulation Mode1
Geographic Information System
Global Positioning System
Horizontally Transmitted and Received Electromagnetic Energy
Infkared
Julian Day
Japanese Earth Resources Satellite 1
Melting Degree Day
Melt Onset
MegaPascals
Meteorological Semice of Canada
Multiyear Sea Ice
North Water Polynya
Ocean-Sea Ice-Atmosphere

PO:
RB:
RB:
ROI:
SAR:

sms:

ssm:
w:

Pond Onset
Rennselar Bay
Rosse Bay
Region of Interest
Synthetic Aperture Radar
Seasonal Sea Ice Monitoring and Modeling Site
Special Sensor Microwave Imager
Vertically Transmitted and Received Electromagnetic Energy

SymboZogy abbreviations
GO:

8:
dB:
AGO:

a:
E* :

Ppt:
c-axis:

Microwave Backscatter Coefficient (Sigma Nought)
S A R Incidence Angle
Decibels
Change in Microwave Backscatter relative to Winter
Backscatter
Albedo
Complex Dielectric Constant
Parts Per Thousand
Crystal axis

