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ABSTRACT

Time series of brightness temperaturg) (neasurementbtained at various frequencies by
the Advanced Microwave Scanning Radiomeiarth Observing System (AMSR) are
investigatedo determine ice phenologyarameterand ice thicknesen Great Beat.ake
(GBL) and Great Slave Lake (GSINorthwest Territories, Canad&s measurements from
the 6.9, 10.7, 18.7, 23.8, 36.5, and 89.0 GHz channelsafil \+ polarization) are
compared to assess their potential for detecting frerget (FO)/melbnset (MQ, ice
on/iceoff dates and ice thicknessn both lakesThe sensitivity of T measuremenisat 6.9,
10.7, and 18.7 GHzo ice thicknessis also examined using previously validated
thermodynamic lake ice modehd the most recent version of the Helsinki University of

Technology (HUT) model, which accounts for the presence of aidakayer under snow.

This study shows that 18.7 GHzpdl is the most suitable AMSR channkfor detecting

ice phenologyevents,while 18.7 GHz Vpol is preferred for estimating lake ice thickness

on the two large northern lakes. These two channels therefore form the basis of new ice
cover retrieval algorithms. The algorithms wepplied to map monthly ice thickness
products andlhice phenolog parameters on GBL and GSL over seven ice seasons-(2002
2009).

Through application of the algorithms much was learned about the -spatioral
dynamics of ice formation, decay and growth rate/thickness on the two lakes. Key results
reveal thatl) both FO and icen dates occur on average 10 days earlier on GBL than on
GSL; 2) the freezeip process or freeze duration (FO to-acg take a comparable amount

of time on both lakes (two to three weeks); 3) MO anebitelates occur on average one
week and approximately four weeks later, respectively, on GBL; 4) the-bpepiocess or

melt duration (MO to iceff) lasts for an equivalentepiod of time on both lakes (six to
eight weeks); 5) ice cover duration is about three to four weeks longer on GBL compared to
its more southern counterpart (GSL); and 6)-efsdinter ice thickness (April) on GBL



tends to be on averadel5 cm thicker tha on GSL, but with both spatial variations across

lakes and differences between years
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PREFACE

In addition to introductory, research contents, study area and general conclusions chapters,
this thesis contains three chapters (Chapters 4, 5 and 6@nwiittthe form of journal

articles.

One article ( Clerssipvityeaf brighdness témperdtueedfronii AMER

frequency channels to the seasonal evolution of lake ice thickness in Great Bear and Great
Slaves Lakes, was published in 2010 iGeoscience and Remote Sensing Lett€he

second arti cl d&stiatnlgieepphenalogydoh largennortitern lakes from

AMSR-E: Algorithm development and application to Great Bear Lake and Great Slave

Lake, Canadawas published in 20120 The Crysphere This Chapter 4 was modified

from the second articleThe last article(Chapter 6) t i t 1l ed AEsti mati ng I
Great Bear Lake and Great Slave Lake from AMSRbrightness tempature

me a s u r e was nederghypsybmitted(May 2012)to Remoé Sensing of Environment

Chapters 4, 5, and 6 are modified versions of the puslyigublished journal articles

The first article (Chapter 5) is the result of direct collaboration with.Rttdude R.
Duguay,Dr. Stephen E. L. Howell, Dr. Chris P. Derksen, and .RRafhard E. J. Kellyvho
provided guidance and comments throughout the duration of the stidf. Duguay
advisedwith the initial scheme of the article as well as wtitle interpretation of results
ProfKel | y6s ¢ ont rekplanationstf AMSR-E datalstructugedand processing
of brightness temperature measuremets. Derksen and Howell of Environment Canada

provided comment® committee meeting ardlringthe preparation othe manusript.

The second (Chapter 4) and third arsdl€hapter 6) are the result afclose collaboration

with Prof. DuguayHe contributedsome ideas during the early stages of the development
of lake ice phenology and thickness algorithms well as for thevalidation of the
algorithms.Dr. Stephen Howell shared some of his experience in the development of active

and passive microwave sea ice retrieval algorithm, which was useful when developing the
Xvii



lake ice phenology algorithm. He also provided useful comgnen the second article
before its submission. Mr. Juha Lemmetyinen contributed simulated Dbrightness
temperatures of GBL and GSL obtained with the Helsinki University of Technology (HUT)
model for comparison with AMSIE measurements used in the thirdcket In this last
article, Prof.Yulia Gel provided valuable statistical advice ftre improvement of ice
thickness retrieval algorithrasing non-adaptive scheme of linear regression andobut

sample prediction methodology.
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Chapter 1. | ntn @chucC

When a lake surface approachesC} which isthe temperature of maximum density of
freshwater, the surface water becomes denser. With further coolirsyirtaeewater layer
becomes stable and lighter. As this water layer approaches the freeihgOpcC), ice
starts to form on the lake surface (Jeffries et al., 2005b). The thermodynamics of lake ice
depends on energy movement, which occurs during temperature changantiesaergy
transfer influences icgrowth andthickening, andhe timing of freezeup and breakip.
Freshwater icecientists refer to freeagp/breakup datesand the duration of ice on lakes
(and rivers)as ice phenology (Jeffries and Morris, 2007). More specificadlige lice
phenology encompasses: freegein the autumn; #ng period of growth and thickening

in winter; a short period of ice melting and thinning, and finally, brigaknd the complete
disappearance of the ice cover in spridgpending omake bathymetryand its latitudinal
position Lake ice growth occurketween iceon date(late stage of freezep period) and
melt-onset(early stage of breakp period)as a result of energy loss by the conductive heat

flow to the atmosphere above from the water under thinioeghthe ice/snow interface

As freezeup and breakup dates, and maximum ice thickness, are good proxy indicators of
climate variability and change, such ice information ondakecrucial for understanding
lake ice thermodynamics as well as the energy balance of the cold regions of the Northern
Hemisphere. Understanding of lake ice phenology contributes not only to our
understanding of environmental changes in northern Canada buipralgles useful
information for hydroelectric power generation and winter transportation on ice roads in the
North. Shorter ice cover duration, thinner ice, and earlier brgakan influence the winter
road season, thereby affecting industrial developraedtthe delivery of goods northern
communities. Furthermore, changes in lake ice duration play a significafg in
hydrological processes, and have important ecological implications (Duguay et al., 2006).
For the aspects of lake ecology, the duration of ice cover and the date elipieake an
impact on lake oxygenation, fish winterkills, phytoplankton pratan, species
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compositionand abundance (Livingstone, 199@)jven the significance of freshwater ice
as a climate indicator, the Global Climate Observing Syg@@0S)requires therecise
observation of complete freepeer and water clear of ice dat@gdeally at daily intervals)
for several hundredf lakesat high latitudes(Key et al.,2007) In a recent studyijt was
also shown that knowledge of tlemtire extent oflake ice cover average is useful for
calculating the total amount of shortwaveiagidn relating the areaveraged deficit of heat

received by the lake during a winter/spring season (Austin and Colman, 2007).

Circumpolar regions are strongly sensitive to global warming, which causes increasing
melting of snow and icesignificant aleration of weather patterns (Woo et al., 2007).
Trends towards earliavater clear of iceélates(i.e. when ice is no longer present on a lake),

as determined through the analysis of grebaded observations, have provided much of
the explanation for the increasingly shorter ice cover season on many lakes across Canada
during the later part of the twentieth centybuguay et al., 2006C a n a doaednsnent
fundedhistorical grounebased observational network has provided much of the evidence
for the documented changes and the links established with atmospheric forcings. However,
this network has almost totally vanished over the last two decadss, @though the
groundbased ice observations were spatially consistent (ughalbame sitavasobserved

year after year), they were not representative of the entire lake surffmessatellite
remote sensing provides an attractive alternativedbuilding the lost observational lake

ice network which had beerpreviously available ina lake ice databaseand also for
providing more spatially representative information regarding mattphenology and ice

thickness

1.1 Thesis goal and objectives

The main goal of this research is to improve our monitoring capabilities and understanding
of lake ice thermodynamic processes in response to clcoatitionson two large lakes in
northern Canada: Great Bear Lake (GBL) and Great Slave Lake (GSL), Northwest

Territories. For this purposi&e coverretrievalalgorithmsweredevelopedising Advanced
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Microwave Scanning Radiometer for EOS (AMER passive microwavebrightness

temperature measurements. This doctoral thesis has three main objectives:

1. To develop and evaluate an algorithm for determining lake ice phenological parameters

(freeze onset, ice on, melt onset, ice off, and ice duration) on GBL and GSL.

2. Todevelop and evaluate algorithms for estimating lake ice thickness on GBL and GSL.

3. To apply the developed retrieval algorithms fimapping the spatial and temporal
patterns of lake ice phenology and ice thickness on GBL and &@fslLadvancing our
understanding of the response of ice cover on these two large northerninlakes

response to air temperature variability.

1.2 Structure of the thesis

Chapter 2 introduces lake ice thermodynamiemote sensingf lake ice as well as the
fundamentals andrevious work on passive microwave (radiometry) of lake @eapter 3
briefly describeshe characteristics c8BL and GSL. and our current knowledge of the
response of ice cover on these lakes to climate conditiGhapter4 presentsthe
development of an ice phenology algorithitom AMSR-E brightness temperature
measurementand its application to map ice cover on GBL and G310¢2009. Chapter

5 describes the sensitivity oAMSR-E brightness temperatureneasurementgo the
seasonakvolution of lake ice thickness dhe same lakes. As an extension of Chapter 5,
Chapter6 presents theevelopment of ice thickness retrieval algorithamsl its application

to map the monthly distribution of ice thickness on GBL and GShally, Chapter7
providesa summary othe main findings of this thesis and recommends future research

directions regarding remote sensing of lake ice.



Chapter 2: Research ¢

2.1 Lake ice thermodynamics

Ice growth occurs between tom date and melonset asa result of an energy surplus or
deficit in the energy balance (Brown et al., 2016ffries et al., 20Q6and in particular,
energy loss through the conductive heat flow toatmosphere above from th@derlying
freshwater under the lake ice to the ice/snow boundary. The thickness and condition of the
ice layer aradependent on surficial and internal ice melt{ng. candling) surface albedo

and the insuting properties of the snow cover, deformation and fractf ice by snow

load, and ice growth rates at the-igater interface (Livingstone, 1997s well as thermal
expansion/contraction of iceThe insulating role of snow causes a high temperature
gradient between the air/snoand snow/ice interface and tls controls lake ice
development and ice composition owing to the lower thermal conductivity of snow (0.08
0.54 Wm?K™) in opposition to 2.24 WifK for ice (Brown et al., 2010). In addition, the
presence of clouds can promote ice growth through coelifegt due to reflected solar
radiation as well as warming effect by trapping emitted longwave radiation from the ice
cover (Brown et al., 2010). Black ice (clear ice or congelation ice) and snow ice contribute
to the thermodynamic thickening of lake itlee former originates from freezing of water at

the bottom of the ice cover. The latter is formed through refreezing of wet snow at the top
of the ice cover following a slushing event, by liquid precipitation and associated water
percolating through the ew to lake ice cover, or from snow precipitation incorporated into
the ice during its initial formation (Brown et al., 2010; Duguay et al., 2003b; Jeffries et al.,
2006).

The equilibrium between shortwave and longwave radidtivees at air/ice interfaces,
sensible and latent heat fluxes, and the conductive heat flux through ice layers are the
fundamentalthermodynamicgrocesses of lake ice (Duguay et al.,, 200Bikkia et al.,
2009; McKay et al., 1985 The latent heat flux @aracterizes heat transfethen phase
changes(i.e. solid to liquid, or water to icepn lake ice surfacemeling processis
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described as the heat exchange related to the surface melt of different tgpesvite
Furthermoresensible heat flux occumhen temperature changeise conductive heat flux

plays asignificantrole in destroying the vertical temperatym®file in the subsurface and
restoring thermal equilibriunm ice cover(Duguay et al., 2003bSerrezeet al., 2005).

Water currents in conigtely icecovered lakes, where one half of the solar radiation
penetrates through the top surface while the other half is absorbed at the surface, are
commonly in a laminaturbulent transition regime (Jakkia et al., 2009). The surface energy
budget F) is

3 31 7 #—GJllv h< ) e Jve et «Tvg-v (2-1)

whereF,, is the downward longwave radiative flux (W?3n andFg, shows downward
shortwave flux (W rif). The upwardongwave radiation is calculated fraol 4, wheret

is surface emissi vi t-BoltZmanncomdtar(®.66973010%M0M2,
K™, andTs is surface temperaturén(K). Otherwise, upward shortwave flux is derived
from »3qy., where U is surface albedok is fraction of shortwave radiation flux that
penetrates the surface, equal to 0.17 if snow deptbl m, and equal to O if snow depth >
0.1 m.Fj;:andFsensare downward latent and sensible heat fluxes, respectidelyuay et

al., 2003b). A schematic illustration of lake ice thermodynamics, as represented in the
Canadian Lake Ice Model (CLIMo), ghownin Figure 2.1.In lake ice models, with the
exclusion of downward longwave flux, all of the expressions in Equatibare dependent,
either explicitly or implicitly, on surface temperature (Duguay et al., 2003b). Changes in
the direction and magnitude of these heat fluxes determine ice growth and thickening on
northern lakes such as GBL and GSL, the two lakes inastign this thesis.

Both the latent and sensible heat fluxes on GSL are higher than those of GBL; the latter
being located at a more northern latitude (Rouse et al., 2009). fneszie(FO) occurs

when latent and sensible heat fluxes increase rapidiyeirearly winter season (Rouse et

al., 2009). As these two heat fluxes reach zero, complete freeze over (CFO) occurs across
the lake surface. In addition, conductive heat flux increases gradually from FO to CFO due

to temperature gradient chang@s. incoming solar radiation increases in spring on both
5



lakes (GSL first) the latent heat flux gradually increases from-omsiet (MO) and
continues to increase until the complete disappearance of ice. The sensible heat flux

increases negatively from M@ tceoff dates (Rouse et al., 2009).
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Figure 2.1: Schematic illustration of lake ice thermodynamics during the ice season (Duguay
et al.,, 2003b). The layers with dots and with dashed lines point to snow and ice with depth
(dz), respectively. The thick grey line represents the temperature profile from the surface

temperature (Ts) on lake ice surface to the freezing temperature of feh water (T;).

2.2 Remote sensing of lake ice

2.2.1 Optical remote sensing

Optical remote sensing instrumerdffer more limited potential for the retrieval oice
phenological information over lakecompared to microwave systentue to their
sensitivity to thepresence of clouds, polar darkness and generally |gesmporal
resolution. Spaceborne optical sensors suchASOSAT-Multispectral ScannerSS),
National Oceanic and Atmospheric Administration (NOAAgivanced Very High
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Resolution Radiometer (AVHRR)Opeational Linescan System (OLS) obefense
Meteorological Satellites Program (DMSPRave been used in a few studies for detecting
ice formation,freezeuphbreakup dates and icetype classificationon the Great Lakes
(Wiesnet 1979; Leshkevich et al1985 1988)and northern European lakeddgslanik et
al., 1987 Skorve et al., 1987 Satellite-derived ice phenological daté®m AVHRR have
also been utilizedo improve groundobservations, which are more spatially limited
(Wynne et al., 19931996)

Ice breakup dateshave beerextractedrecently with some degree of succéssn along

time series ofNOAA-AVHRR data (19852004) for selected lakes across Canada
(Latifovic et al., 2007). MODIS (Moderateresolution Imaging Spectroradiometer) and
ASTER (Advanced Spaceborne Thermal Emission and Reflection Radiometer) derived
snow/ice surface temperatun@ave also been identified as usefit learning aboutand
surface processes and the influencing local clinfel! et al., 2008). Finally, MODIS
visible and nearinfrared data have been used for the verification of lake ice cover
parameters derived from active and passive microwave sensors undeskgleanditions
(Howell et al., 200§ Kouraev et al., 2007a).

2.2.2 Active microwave remote sensing

Active microwave satellite sensors offer an advantage over optical satellite sensors; they
provide data regardless of cloud presence and polar darkness, and, therefore, are of
particular interest for monitoring of lake ice cover. In this respemieralstudies have

shown the potential ofirborne/spaceborne raddaltimetry, scatterometry, but with
emphasis on synthetic aperture radar or SAR) for lake ice investigéBelisiann et al.,

1975; Elachi et al., 1976; Weeks et al., 1977, 19881; Swift et al., 198 Mellor et al.,

1982 Leconte et al.,, 1991Weydahl 1993; Hall et al., 1994; Jeffries et al., 1994, 1996;
Morris et al., 1995; Duguay et al., 2002, 2003a; Kouraev et al., 2007a; Howell et ah). 2009
SAR data has been shown to be usefuldietecting feezeup dategHall et al., 1994)A

number of radabased studies have been carriedtounonitorice formationandgrowth
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floating and grounded lake icend the ice decay processiear Churchill, Manitoba
(Duguay et al., 1997, 1999, 2002, 20Q3h¢ North Slope of Alaska (Jeffries et al., 1994,
1996; Morris et al.,, 1995Kozlenko et al., 2000; White et al., 200®n a large, deep
Siberian lakgEligygytgyn)(Nolan et al., 2003)on shallow lakesf the N.W.T. (Hirose et

al., 2008) as well ason GBL and GSL(Howell et al., 200d), in addition to ice type
classification(Leshkevich et al., 2007; Nghiem et al., 2R0Jne disadvantage of the use of
SAR from current satellites is that data can only be acquired in one imaging mode (higher
or lower spatial resolution) at a time and in some cases the data is nof-itkarge. The

latter has been a major impediment to the operational use of RADARSAT data for lake ice

monitoring in Canada.

2.2.3 Passive microwave remote sensing

Similar to active microwaveatellite sensors, passive microwave systems can also provide
data independent of the presence of clouds and polar darkness, and with frequent and large
area coverage acquisitions (more than once daily). Although data from microwave
radiometers are acqenl at spatial resolutions in the order of tens of kilometres, the
frequency range at which these systems operate (¢ci8@GHz) makes this technology
particularly interesting for operational lake ice monitoring on the very largest lakes of the

Northern Hemisphere.

2.2.3.1 Radiometry of lake ice
2.2.3.1.1 Microwave dielectric properties of freshwater ice

A term used in the literature is thelaxation frequency (f, where
fo=( Z0* (2.2)

The relaxation frequency of pure watek,d) is placed in the microwave regions; for
examplefyoat 0 C andat 20 C are approximatel® and17 GHz respectivelyUlaby et

al., 1986).The upper panel dFigure 2.2 showsthe relaxationfrequency behavior 6f



water at 0 C and 20 C. These relaxation frequencies are influenced by molecular dipole in
water (HO").

Unlike liquid water, whose relaxation frequency is placed in the microwave region, the
relaxation of pure ice takes place in the kiloheegion. The relaxation frequencyp)fin
freshwater ice is equal to 7.23 kHz at®, and reduces with negative temperature to 3.5
Hz at- 66 C (Ulaby et al., 1986)Freshwater icdf ) is often assigned a constant value
(3.15) because experimentalidence shows that the permittivity of ice is close to being
independent of both temperature and frequency in the microwave region (Ulaby et al.,
1986).The loss factor of iceg ( , however, exhibits strong variations with both frequency
and temperatureThe range of values bf at frequencies from I0o 23 10™ Hz and
temperatures from 190 to 265 K, in the bottom paneFighre 2.2, indicates that]

changes slope at about 1 GHz and then begins to increase with increasing frequency.
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Figure 2.2: Plots of real parts of the complex dielectric constant of pure wateat 0 C and at
20 "C (upper, Ulaby et al., 1986, and loss factor of pure and fresh-water ice against
frequency at various temperatureqbottom, Matsuoka et al., 1996).
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2.2.3.1.2 Emissivity, penetration depth, and brightness temperature

The dielectric constane) and refractive indexnj are the physical properties of a material

andaregiven by

e=¢-jée"’
n=n'- jn" (2:3)
where€(n') ande’(n”) are the real and imaginary parts of the dielectric constant (refractive
index) Matzler et al., 1987)Permittivity describes what happens welectromagnetic
energy when it impinges upon a boundanyd loss describes the electromagnetic loss once
energy has penetrated the materidlaby et al., 1986)This total loss is a combination of
theabsorption loss (i.ethe transformation of energy into another form) and scattering loss
(energy deflected to travel in directions other ttieat ofincident) (Ulaby et al., 1986). For
norrmagnetic materials such as iessimple formula is applied:

e=n

2.4
e'=2n'n" (@9

The real parts are approximately constaht(3.17,n' = 1.78) over a large frequency range
(from 10 MHz to 1000 GHz) with a very slight temperature dependeviéezier et al.,
1987). The penetration deptp) (at which the energy transmitted across the boundary

penetrates a medium can be expressed as:
o= to - /e
4mll 2p é

wherel is wavelength in metrefMatzler et al., 1987) The penetration depthp) is

(2.5)

dependent of frequency and temperature at fixed incident afiglbk (2.).
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Table 2.1. Microwave penetration depth (m) in freshwater ice as a function of temperature
and frequency

Penetration Deptfm) Reference
6.6 GHz 10.7 GHz 18 GHz 37 GHz
190.00 K| 58.00 20.00 6.60 1.40
230.00 K| 34.00 12.00 4.20 0.90 Surdyle002
265.00 K| 19.00 8.00 2.80 0.70
253.15K 4.42 0.81 | Chang et al.1997
10 GHz 30 GHz
258.15 K 650 079 | Rees2006
268.15 K 4.30 0.63

The upwelling radiation observed as the apparent temperature at a spaceborne passive

microwave radiometefTg) can be expressed as
TB = (R-rsky+(1_ R)Tsurf)e-t +Tatm (26)

whereQ is the atmospheric transmissiviti is the surface reflectivityy, is the sky

radiation T, is the surface emissiprand T, is the atmospheric component (Kelly,

f

2009). In most cases,,, and T, are neglecteecausehey are only smatimounts. Thus,

Tg is directly related to surface conditions, aihdnicrowave atmospheric windows are
used, atmospheric transmissivity is maximized ({Kelly, 2009). The frequency
dependent surface emission is a functioplofsical temperature and surface emissivity of
lake ice and the overlying snow covdmus Tg from a passive microwaveensoris
defined as the product of the emissivity &nd physicatemperatureT») by Ulaby et al.
(1986):

T = eT,, (2.7)
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The emissivity is a ratio of the radiant energy of an object to that of a black body at the
same temperature. Since emissivity has a range between 0 andrd jsHewer than the

real kinetic temperature. Passive microwave systems, regardless of clerdgeoand
darkness, can measure naturally emitted radiatiomgbwhich consists of the product of

real physical temperaturely{,) and the emissivity(J of the object (equatio.7). In
contrast to the higloss characteristics of sea ice (due to salinity), one of the major
microwave characteristics of pure ice (or freshwater ice) is itslde® transmission

behavior.

The discrimination of ice characteristics using passive miavewtechnique requires a
good knowledge of the radiometric properties of ice in nature (Kouraev et al., 200a).
complicaing factorpertaining to downwartboking radiometric observations of lake ice is
that the surface of the ice is often overlaindmpw cover, which modifies the radiative
transfer problem, resulting in a reduction in radiometric sensitivity to the variation-in ice
thickness.Such a reduction in sensitivity is dependent on the snow depth (or density),

wetness of surface conditionsdamicrowave frequency (Ulaby et al, 1986).

2.2.3.2 Previous work

Tgs measured by airborne and spaceborne passive microwave systems have shown to be
sensitive to the presence/absence of ice on lakes (Gloersen, 1973; Melloh et al., 1990;
Barry et al.,, 1993Walker et al., 1993; Pilant, 199%ouraev et al., 2007a) and ice
thickness (Swift et al., 1980; Hall et al., 1981, 1993; Chang et al., 18ary. airborne
passive microwave measurement campaigns concurrent with limigtlinbservations

from the Wal@n Reservoir, Colorado showed a strong relation betwigeand ice
thickness at frequencies between about 5 and 22 GHz (Hall et al., 1981). In particular, a
higher sensitivity ofTg to ice thickness was found at 5 GHz. A study by Hall (1993) also
suggestedhat the frequencies of ti&pecial Sensor Microwave/Imag&SM/I) onboard of

DMSP were not welkuited to studying lake ice thickness, but were suitable for monitoring
ice growth and decay processes on large lakes, albeit the larger footprint of &Nl a
frequencies (187 GHz).
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Work in the Climate Research Division at Environment Canada (ERPfocused for
several years on assembling a historical time series of ice fupeaad breakip dates
(corresponding to complete freeze over andfiee caditions) over GSL through visual
interpretation of SSM/I 85 GHz imageSahertzer et al., 2008; Walker et al., 192600.
Determined ice brealdp and freezeip dates, and corresponding-fcee days are shown in
Figure 2.3.Based on a composite of iceebkup and freezep dates from 1988 to 2003,

the central basin of GSL is expected to befiee by DY 168 (June 17) on average and ice
freezeover is expected by DY 342 (December 8), and with an averadee&eluration of

174 days (Schertzer et al.,GB) Walker et al., 1999)The 85 GHz SSM/I frequency (H

and \+pol) channels yield considerably higher resolution than the other SSM/I channels
(about 15 km, with sampling distance of 12.5 km). However, the atmosphere is far more
opaque at 85 GHz compared 19 and 37 GHz, and can cause severe biases for data
obtained at 85 GHz, particularly in cloadvered areas which are prevalent during

fall/early winter freezaup in northern Canada.
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Figure 2.3: Lake ice breakup and freezeup dates, and corresponding icdree seasons for
19882003 period in the central basin of GSL as determined from the visual interpretation of
85 GHz SSM/l images (Schertzer et al., 2003; Walker et al., 1999).

Recently, Kouraewet al. (2007ab) showed that the combination of data from satellite
altimetric and radiometric missions provide a significant potential for discriminating
seasonal/regional ice phenological events on Lake Baikal, which has a large surface area
and with complicated hydrological and weather regimes in its variousreglons. A wide

range of existing satellite radar altimetry (i.e. TOPEX/Poseidon, JgsBNVISAT and
Geosat FollowOn) and spaceborne radiometry data (i.e. SSM/I) was used to demonstrate
applicability for lake ice/freshwater discrimination, and to determine the timing of freeze

up and breakip (FO, iceon, MO, and iceoff dates) on the lake (Kouraev et al., 2007a).
The justification for the combination of altimetry and radiometry measuremerds is
follows. First, the longitudinal (narrow) shape of Lake Baikal makes the use of SSM/I
alone somewhat limitative due to land contamination along lakeshore within of its large
footprint. Second, altimetry data does not provide extra ice information lahgs lake

areas are completely frozen, or when the whole lake changes simultaneously during the

rapid freezeup or breakup transition periods.
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Figure 2.4 illustrates that radar altimeter backscatter acquired abadtd (13.6 GHz) and
passive microwavelg measurements obtained at 18.7 and 37.0 GHz enhance the
capabilities of microwave measurements for lake ice studies. Observations from these two
types of satellite sensors provide particular advantages: 1) broad spatial coverage and good
temporal resolutin for SSM/I sensor; and 2) high radiometric sensitivity and alcaak

finer spatial resolution of altimetric measurements during ice formation, ice growth and

decay periods (Kouraev et al., 2007a).
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Figure 2.4: Two-dimensional histograms between average brightness temperature at 18 and
37 GHz in SSM/I, and backscatter coefficient at Keband (13.6 GHz) of TOPEX/Poseidon.
Two main classes (open water and ice cover) and boundary (desl line) are shown on the left
panel. Arrows indicate the temporal evolution from open water (A) to freezeonset (B) to
complete freeze over (C), and then to snow accumulation, ice ageing and decay (D and E)
(Kouraev et al., 2007a).
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The workdescribed thus far in section 2.2 relates to reseaniehted investigations that

have largely focused on demonstrating the potential of various satellite sensors to determine
one or a few lake ice cover parameters. There are, however, a number ofoopkrati
satellite products we are aware of that either use optical data alone or in combination with
microwave data, mostly through visual interpretation, to monitor snow/lake ice cover.
These are presented next. Both the previous work reviewed above asdrikg of
existing operational products will help to better place the main contributions of this thesis

in the area of ice cover mapping/monitoring from satellite remote sensing.

2.2.4 Operational products

MODIS snow products: Earth Observation System (EOB)ODIS data from the Terra

and Aqua satellite platforms are used to generate composites of daily globatmsrew
products from the automated SNOWMAP algorithm, which provides ice cover information
at 500m spatial resolution in all inland water bodies {mamediumsize to large lakes).

The snowmapping algorithm makes use of a groupeéteria technique using the
Normalized Difference Snow Index (NDSWith the NDSI = (band 4 band 6)/(band 4 +

band 6) in MODISand other spectral threshold tests tantdg snow on a pixeby pixel

basis as snow has a strong reflectance in the visible (bgfb450.565 um)and strong
shortwave absorption characteristics in the -mfdared (IR) (band 61.6281 . 6 52 & m)
(Hall et al., 2001). However, clouds are highgriable and may be detected by their
generally high reflectance in the visible and A€aparts of the electromagnetic spectrum.
Derived from the land/water mask, pixels on inland water bodies are calculated from same
SNOWMAP algorithm as applied on ldrRecently, new MODISloud-GapFilled snow

cover productdy data assimilation techniqaee developed (Hall et al., 201@lthough

the MODIS SNOWMAP product has not been validated yet over lakes, the algorithm is
known to be able to detect snamoveredlake ice. Pixels over bare clear (black) ice,
however, may be incorrectly labelled as open water pixels since reflectance in band 4 will
be lower than that of sneaovered lake ice, and therefore may result in a NDSI threshold

value lower than 0.4 set &% minimum to detect snow.
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NOAA IMS Daily Snow and Ice 4 km/24 km products The National Oceanic and
Atmospheric Administration/National Environmental Satellite, Data, and Information
Service (NOAA/NESDIS) creates Interactive MultisenSoiow and Ice Mapping System
(IMS, http://www.natice.noaa.gov/ims/) dailykén resolution (6144 6144) and 24&m
resolution (1024 1024) grid productsvith four different categories: water, land, snow,

and ice(Helfrich et al., 2007)The IMS products itegrate an extensive variety of satellite
imagery (AVHRR, Geostationary Operational Environmental Satellite (GOES), and Special
Sensor Microwave/Imager (SSM/I)), mapped products (USAF Snow/Ice Analysis, and the
Advanced Microwave Sounding Unit (AMSU)) andround observations for the
improvement in the output resolutiofisey et al., 2007)Ice cover analysis relies on a
different approach than snow cover for mapping. Ice cover determination depends less on
high albedo, stagnate cover, and meteorologicatliions (Helfrich et al., 2007)The
presence of lake ice, however, can be unrelated to current meteorological conditions due to
ice cover movement (dynamics), ice thickness, and water temperature among other factors.
The 24 km (1997present) and the-Wm (2004present) IMS grid products provide ice
extent/fraction information for all resolvable lakes at these resolutions. However, neither of
these products has been validated or compared to date against other-datelétd

products.

Canadian Ice Servce lakeice product: Ice analysts at the Canadian Ice Service (CIS)
estimate lake ice cover fraction in tenths (0: open wal€):: complete ice cover) for nearly
140 lakes across Canada/northern US, including GBL and GSL, on a weekly basis from
visual inerpretation of NOAA AVHRR 1.1 km and RADARSAT ScanSAR 100 m imagery
(Howell et al., 2008). CIS generates this product as a single-laide value per lake (text
file) to support operational requirements for numerical weather forecasting by the Canadian
Meteorological Centre (CMQKey et al., 2007)Complete freeze over (CFO) dates can be
determined from the CIS file when the ice fraction on a lake changes from 9 to 10. Water
clear of ice (WCI) dates can be derived when the ice fraction passes from QRO @&nd
WCI derived dates can be estimated with about awmek accuracy due to the weekly
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nature of the product (Howell et al., 2@)9The accuracy of the information in the lake
fraction file provided by CIS is influenced not only by the amountlofid cover over a
particular lake in AVHRR imagery but also by the number of RADARSAT images
acquired during the week.

Great Lakes ice charts: Great Lakes synoptidce charts are produced from the
interpretation of a blend of observations from lakeshore, vessel, alvassdt visual
observations, and spacebornemote sensing measurements that cover the entire area of all
five Great Lakes of southern Canada/namhdgS. Their production started in the 1970s,
with the latest satellite technology being integrated over the years in the interpretation
process (Assel et al., 200Bey et al., 200Y. Ice analysis charts provide information on
estimated daily/weekly iceower conditions (i.e. ice type, stage of development, and ice
formation) from December to April every winter seasons by using the Egg Code format of
the World Meteorological Organization (WMO). These ice charts products are available on
the Canadian Ice 8ace (CIS) website as the Great Lakes regional area at

http://www.ec.gc.ca/glacase/default.asp.

2.3 Summary

In this chapter, basic principles of ice thermodynamics and previous lake ice research and
operational products derived at a wide range of wavelengths were reviewed. The main
limitation of lake ice products derived from optical satellite sensors is tlegt dhe
influenced by polar darkness and persistent periods of cloud cover at high latitudes such as
the GBL and GSL regions, particularly during the late fall/ewilyter freezeup period.

Cloud cover remains somewhat of a problem during the spring-bpealeriod as well.

Also, optical sensors are still influenced by polar darkness for some time during the ice
growth season, and the wavelengths at which these sensors operate do not permit to
estimate ice thickness. Both active and passive microwave semsmore suitable for
estimating ice thickness and determining all ice phenological parameters (ice onset, ice on,

melt onset, ice off, ice duration) since they operate at wavelengths sensitive to ice growth
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and largely unaffected by cloud cover and lmjap darkness. Active microwave satellite
systems are an attractive technology for estimating ice phenological parameters and
thickness because they can acquire data at high spatial resolution (dfutr8range).
However, most past and current sate3litERS1/2, RADARSAT-1/2, TerraSARX) do not

provide the large swath and revisit cycle needed to determine these parameters over large
lakes, such as GBL and GSL, at the temporal resolution required by the weather forecasting
and climate communities (e.gvery 12 days). Satellite passive microwave systems, on the
other hand, provide the large swath and adequate revisit time (more than once daily) for
monitoring ice phenology and thickness on the largest lakes of the northern hemisphere.
Although the coass spatial resolution of such systems (e.g. SSM/I, tens of kilometres
footprints) has been a limiting factor to the development of ice cover retrieval algorithms,
due to land contamination problems along lakeshores, some improvements have been made.
Since ® 0 2, NASAG6s Aqua satell i tEpassieanicroveeeen oper
radiometer which can acquire data at resolutions two to three times better than SSM/I.
Surprisingly, to our knowledge, no previous investigation has examined the potential of
AMSR-E for retrieving lake ice phenology and thickness. Therefore, the main contribution

of this thesis is the development and application of new, novel, algorithms for
determination of lake ice cover parameters on two of the largest lakes of the northern
hemisgere, GBL and GSL.
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Chapter3:St udy ar e a

Great Slave Lake and Great Bear Lake are, respectively, tharid & world largest
freshwater lakes. Both lakes are also known as the Mackenzie Great Lakes, being located in
t he Mackenzi e River Basin ( MRB) , wi t hin
Northwest Territories (NWT): the Precambrian Shield and the InteriondPg@gure 3.1).

The eastern partef both lakes are situated in the Precambrian Shield. Its undulating
topography with bedrock outcrops causes the formation of rounded hills and valleys. In
addition, widesprad discontinuous permafrost exists surroundhg lakes but spordic
discontinuous permafrost is found the westof GSL (French et al., 1993). The high
topography of the western Cordille@nd low relief of the central and eastern parts of the
Mackenzie Basin strongly influence the regiomdimate (e.g.atmospheric circulation
pattern and the advective heat and moisture flué®o et al., 2008). Most of GBL and

the western and central parts of GSL are located in thdyiitaf Interior Plains and
underlain by thick glacial, fluvial, and lacustei deposits; in addition, the Plains are dotted
with numerous wetlands and lakes (Woo et al., 2008).

GSL and GBL lie between 60° to 67° N and between 109° to 126FMuie 3.1), and
with surface areasf 286,000 kmhand 313,000 ki and average depths 8 mand76 m
respectively (Rouse et al., 2098Woo et al., 2008). Both lakes experience very short
nighttime periods in summer and equally long ones in winter. The different hydrological
systems and energy balance of GBL and G®kult in distinct thermodynamic,
hydrodynamic, and surface climatic cycles. In general, for both lakes, early iceulpresak
accompanied by later freex@ and late ice breakp by eary freezeup (Rouse et al.,
20083. The relation between the timing tdke ice brealup and the amount of the
absorbed solar radiation, which delays freepanakes the two large lakes very sensitive to
climatic variability (Rouse et al., 2088 The lakes have regional annual air temperatures
within 2 °C of each other, bubSL shows a longer opemater period with higher water

temperatures than its counterpart, GBL (Rouse et al.,a2008
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Figure 3.1: Map of the Mackenzie River basin and the locations of Great Bear Lake and
Great Slave Lake (Rouse et al., 20@8Woo et al., 2008).

3.1 Great Slave Lake

3.1.1 Physical characteristics

Great Slave Lake is part of the noeftbwing river system in the Ma&hzie Basin (Rouse

et al., 2008a The outflow of GSL intahe Mackenzie River isore than eight times that
from GBL as incoming freshwater from the south via the Slave River provides 82 percent
of this water volume (Rouse et al., 2008&SL has a mean depth in the main basin of 41
m (maximum depth of 163 m) while the eastern arm $£ & much deeper with a mean
depth of 249 m and a maximum depth of 614Agyre 3.2) (Howell et al., 2008).
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Figure 3.2: Bathymetry of Great Bear Lake (left) and Great Slave Lake with thelocation of
Deline, Yellowknife, and Hay River (right). Depth contours ae in meter (Rouse et al., 2009a

3.1.2 Regional climate

The high spatiotemporal variability in nesurface air temperature and wind speed over
GSL influences the surface water temperature laké heat fluxexchanggRouse et la

2008a Schertzer et al., 2008). Annual and seasonal air temperature anomalies from the
Yellowknife (19432009) and Hay River (1942009) weather stations, which are located

on opposite sides of GSL, are showrFigures 3.3 and 3.40ver the last six and a half
decades or s@nnual air temperature in the region has significantly increased at a rate of
0.31°C per decade or Z over the full period at both stationsnnual snowfall (average

of 17-18 cm over the samgeriod) has also significantly increased by about 1.4 cm per
decade or about 9 cm (192809). Seasonally, in order of magnitude, winter (DJF) air
temperature has increased more rapidhs €), followed by spring (MAM) (about 2C)

and then summer (JJA&xbout 1°C). Fall (SON) also shows an increase in temperature at
the two stations (0-2.6 °C), but the trends are not significaiRlacing the period of
analysis of AMSRE data (2002009) into the longer historical context, as illustrated in
Figures 3.3and 3.4 permits to see that winters and to a lesser extent springs have been

becoming especially warmer over the last4B0years. Interestingly, the occurrence of

Acold yearso is also | ess fHA¥W@GBuUent in winter
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summer (JJA), and autumn (SON) at Yellowknife meteorological station (1942009). Black

line represents 5Byear running mean. Mean air temperatures are provided as a reference on

the right hand side of the graphs.
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Figure 3.4: Annual and seasonal reanair temperature (°C) for winter (DJF), spring (MAM),
summer (JJA), and autumn (SON) at Hay River meteorological station (19442009). Black

line represents 5Byear running mean. Mean air temperatures are provided as a reference on

the right hand side of the graphs.

25




3.1.3 Ice cover conditions

GSL is icefree from the beginning of Junentil mid- to lateDecember; however, ice
conditions on the lake have been documented to vary significantly from year to year
(Blanken et al., 2008). GSL generally reachesfiee conditions by the end of Jurihis

large lake experiences breaf dates lose to a month in advance of GBL (Rouse et al.,
2009c). The hydrological system of GSL causes distinct thermodynamics and
hydrodynamic process, influencing the timing and duration of the figezend breakip
processes. The discharge of Slave River @8L has an important influence on the ice
breakup process by melting the ice faster than if there was no major freshwater inflow (left,
Figure 3.5. Water circulation in the lake can also have an impact on the spatial variability
of ice phenological evesfright,Figure 3.5).
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Figure 3.5: Great Slave Lake on June 10, 1992 (Image courtesy of Anne Walker at the
CRYSYS Lake Ice Research Program) (left), andyeneralized dominant circulation pattern
for the upper layer of Great Slave Lake based on ELCOM 3 hydrodynamic model
simulation (right) (Rouse et al., 2008d).

The Environment Canada (2010) ice cover database provides weekly ice thickness
measurementsl9582010) in Back Bay near Yellowknife and ice phenology dates 1956
1996) are available from the Canadian Ice Database (Lenormand et al., 2002), with the
exception of some missing ice thickness (May 1996 to November 2002) andupeeze
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observations (1982984, 1993, 1995). According to Ménard et al. (2002), the average
maximum insitu ice thickness at 10 m depth in Back Bay (12601) was 1.33 £ 0.19 m.
Also, insitu observations reveal that on averageoiceand iceoff dates in this bay
occurred on Dagf Year (DY) 302 and DY 152, respectively, during the period 1B3585.

As shown earlier in Chapter 2 (sEgure 2.3), the average (1988003) complete freeze

over (CFO) date detected by SSM/I 85 GHz in the main basin of GSL was reported to be
DY 342 andwater cleatof-ice (WCI) DY 168, which gives an open water duration of 174
days (Schertzer et al., 2008; Walker et al., 1999). In another stérdyn visual
interpretation of 37 GHz SSMITg time series (1972005), Rouse et al. (2008c) report
average dates of CFO and WCI for this basin to be on DY 349 and DY 165.

3.2 Great Bear Lake

3.2.1 Physical characteristics

Great Bear Lake (GBL) is the largest lake of northern Canada. The northern extent of GBL
is intersected by the Arctic Circle (66.5° NGBL is affected by colder temperatures than

its more southern cowsrpart, GSL (Rouse et al., 2008&he lake has a mealepth of 76

m and a maximum depth of 446 m. It flows into the Mackenzie River via the Great Bear
River (Figure 3.2) (Howell et al., 2008). GBL has the characteristics of a polar lake: a
single period of circulation at a temperature close t6 4 sumner; high oxygen values at

all times of the year with supersaturation in the summer surface waters and below the ice
during winter; and a high oxygen content of the bottom waters in April (Johnson, 1975).
Even though GBL has been described as cold monamigth no vertical convective
mixing, and thus, complete water turnover does not occur annually (Bursa et al., 1967),
recent evidence indicates that this is not the case, at least in some parts of the lake (Rouse et
al., 200®). Unlike GSL, GBL is hydrologally isolated in its own relatively small
drainage basin and all of its inflow and outflow derived from its immedmedtershed
(Rouse et al., 2008a
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3.2.2 Regional climate

The historical climate record of the GBL region is very short, since 1992 only. Therefore,
in contrast to the GSL region, too few years are available to determine any air temperature
trend and put 2062009 (AMSRE) into a long historical context. Annuaicdseasonal air
temperatures from winter to fall at the Deline (12909) weather station, located on the
southwest shore of GBL, are illustratedRigure 3.6. The average annual temperature is
about two degrees colder (#.0 °C) than at GSL and snowfaaverages about the same
(17-19 cm) in the two regions over the same period (18310). The average winter air
temperature at Deline (192009) is-23.6 °C (26.3 t0-20.0 °C). Average spring and
summer air temperatures (192009) are-7.7 °C ¢11.3 b 4.4 °C) and 11.6 °C (10.1 to

13.3 °C), respectively. Average fall temperaturedi§ °C €7.5 to-2.1 °C).

3.2.3 Ice cover conditions

Much less is known about ice cover conditions on GBL, compared to GSifre&ce
conditions are only reached in generaltbg middle of July Lake ice thickness has been
reported to be in the order Bfm by the end of wintan 1967 (Bursa et al., 1967). A recent
study indicates that ice thickness reached only 1.2ind®.885 mon GBL in March 2004

and 2005 respectively(Woo et al., 2007). ie CFO and WCI dates for main section of
GBL were determined to occur on DY 330 and DY 194, respectively, through visual
interpretation of 37 GHz SSM/I data 19792005 (Rouse et al., 2008a
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3.3 Summary

In this chapter, the physical characteristics, local/regional climate, and the ice cover
conditions of GBL and GSL were reviewed. The different hydrological and bathymetric
systems of two large lakes and their differiagation lead to contrasting climate conditions
and ice regimes. Situated at a more southern location, GSL presents a longemtgwen
period with higher summer temperaeguthan GBL (Rouse et al., 2008achertzer et al.,
2008). In contrast to GBL, whicls relatively isolated hydrologically, the inflow of
freshwater from the Slave River influences the ice brgakrocess in GSL. Through the
visual interpretation of SSM/I brightness temperature measurementsZ0039 CFO and

W(CI dates for GBL have beerported to be three and four weeks later than those for GSL
(Rouse et al., 20@8. Subzero winter temperatuseprovide subsequent ice growth and
thickening for five to six months on the two lakes. Much less is known, however, about the
seasonal evolutio of ice thickness, mainly for GBL since no systematic measurements

have been made on this lake in the past.

Given that air temperatures have been increasing significantly in the GSL region since the
1940s, particularly in the winter and spring seasans expected that this has had an
impact on ice cover phenology. Wintertime increases in both air temperature and snowfall
also had a likely influence on ice thickness on GSL, though this remains to be investigated.
The historical climate record of theBG region is simply too short to draw any solid
conclusion regarding the impact of climate on ice conditions for this é&ke®m more so
because very few ice phenology observations exist for this lake. Since both GSL and GBL
are very large and that no irstments are foreseen in the establishment editin
observation sites other than the existing one in Back Bay (GSL), increase research activities
must take place on the development of satdbésed retrieval algorithms in order to
improve our understammty of ice conditions on GBL and GSL in relation to climate. This
thesis contributes to this goal by developing and applying ice phenology and thickness
algorithms on the two lakes using AMSRdata for the period 2062009.
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In this chaptertime series of brightness temperatsi(@g) from the Advanced Microwave
Scanning RadiometigEarth Observing System (AMSR) are examined to determine ice
phenologyvariables on the two largest lakes of northern Canada: Great Bear Lake (GBL)
and Great Slave Lake (GSL)g measurements from the 1823.8, 36.5, and 89.0 GHz
channels (H and \+ polarization) are compared to assess their potential for detecting
freezeonset/meklonset and icen/iceoff dates on both lakes. The 18.7 GHz-gbl)
channel is found to be the most suitable for estimatiege ice dates as well as the
duration of the ice cover and ifee seasons. A new algorithm is proposed using this
channel and applied to map all ipeenologyvariables on GBL and GSL over seven ice
seasons (2002009). Analysis of the spatiemporal @tterns of eachariableat the pixel

level reveals that: 1) both freepaset and ice®n dates occur on average about one week
earlier on GBL than on GSL (Day of Year (DY) 318 and 333 for GBL; DY 328 and 343 for
GSL); 2) the freezeip process or freeze idion (freezeonset to iceon) takes a slightly
longer amount of time on GBL than on GSL (about 1 week on average); 3pmseltand

ice-off dates occur on average one week and approximately four weeks later, respectively,
on GBL (DY 143 and 183 for GBLDY 135 and 157 for GSL); 4) the break process or

melt duration (melbnset to iceoff) lasts on average about three weeks longer on GBL; and
5) ice cover duration estimated from each individual pixel is on average about three weeks
longer on GBL compad to its more southern counterpart, GSL. A comparison of dates for

several icephenologyvariables derived from other satellite remote sensing products (e.g.
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NOAA Interactive Multisensor Snow and Ice Mapping System (IMS), QuikSCAT, and

Canadian Ice SerwicDatabase) show that, despite its relatively coarse spatial resolution,
AMSR-E 18.7 GHz provides a viable means for monitoring of ice phenology on large
northern lakes

Key words: Lake ice, phenology, AMERGreat Bear Lake, Great Slave Lake, Canada

4.1 Introduction

Lakeice cover is an important component of the terrestrial cryosphere for several months
of the year in higHatitude regions (Duguay et al., 2003b). Lake ice is not only a sensitive
indicator of climate variability and change, but it alsaysla significant role in energy and
water balance at local and regional scales. The presence of an ice cover alters lake
atmosphere exchanges (Duguay et al., 2006; Brown and Duguay, 2010). When energy
movement occurs during temperature change, heat g¢ra(tsermodynamics) influences

ice thickening as well as the timing and duration of fragzeand breakip processes,
which is referred to as ice phenology (Jeffries and Morris, 2007). Lake ice phenology,
which encompasses freeaaset/mehonset, iceon/ice-off dates, and ice cover duration, is
largely influenced by air temperature changes and is therefore a robust indicator of climate
conditions (e.g. Bonsal et al., 2006; Duguay et al., 2006; Kouraev et al., 2007a; Latifovic et
al., 2007; Schertzer et a2008; Howell et al., 2009).

The analysis of historical trends (184895) inin situ observations of lake and river ice

phenology has provided evidence of later fréepe(iceon) and earlier breakp (iceoff)

dates at the norénn hemispheric scale (&gnuson et al., 2000; Brown and Duguay, 2010).

In Canada, from 1951 to 2000, trends towards earlieoficdates have been observed for

many lakes, but icen dates have shown few significant trends over the same period
(Duguay et al., 2006). The observech anges i n Canadab6s | ake 1ice
found to be influenced by largec al e at mospheric forcings (Bon
governmenfunded historical grounlased observational network has provided much of

the evidence for the documedtchanges for most of the"™6entury and for establishing

32



links with variations in atmospheric teleconnection indices, notably Pacific oscillation
patterns such as Pacific North American Pattern and Pacific Decadal Oscillation.
Unfortunately, the Canaaln grounebased lake ice network has been eroded to the point
where it can no longer provide the quantity of observations necessary for climate
monitoring across the country. Satellite remote sensing is the most logical means for
establishing a global obs@tional network as theeductionin the grounebased lake ice
network seen in Canada has been mimicked in many other countries of the Northern
HemispherelGOS, 2007).

From a satellite remote sensing perspective, dates associated with estimating thapfreeze
process (i.e. onset of freeze until a complete sheet of ice is formed) in autumn and early
winter are particularly difficult to determine using optical satellitasses such as the
Moderate Resolution Imaging Spectroradiometer (MODIS) and the Advanced Very High
Resolution Radiometer (AVHRR) on higdititude lakes due to long periods of obscuration

by darkness and extensive cloud cover (Maslanik et al., 1987; Sedtrad., 2005; Latifovic

and Pouliot, 2007). QuUikSCAT has been used successfully to derive and mapfreeze
meltonset and iceff dates on Great Bear Lake (GBL) and Great Slave Lake (GSL)
(Howell et al., 2009). Unfortunately, QuikSCAT data are nugkr available for lake ice
monitoring on large lakes since its nominal mission ended on November 23, 2009. Previous
investigations have shown the utility of observing lake ice phenology variables through the
visual interpretation of brightness temperatuf€) changes from the Scanning
Multichannel Microwave Radiometer (SMMR) at 37 GHz (Barry and Maslanik, 1993) and
the Special Sensor Microwave/Imager (SSM/I) at 85 GHz (Walker et al., 1993, 2000) on
GSL, but identifying spatial variability in these varieblis difficult due to their coarse
resolution (~25 km). In a recent study, SSM/I has been used in combination with radar
altimetry to determine automatically ice phenology events on Lake Baikal (Kouraev et al.,
2007a).

Measurementby the Advanced Micrewave Scanning Radiometé&tarth Observing System

(AMSR-E) that offer improved spatial resolution have yet to be assessed for monitoring ice
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phenology. The objectives of this paper are to i) evaluate the utility of AMSR
measurement®f estimating lakece phenology, ii) develop a comprehensive algorithm for
mapping lake ic@henologyvariables, and iii) apply the algorithm over both GBL and GSL
to investigatethe spatietemporal variability of each lakes ice phonology from 2002 to
20009.

4.2 Background

4.2.1 Passive microwave radiometry of lake ice

The discrimination of ice cover characteristics from passive microwgvaeasurements
requires a good knowledge of the radiometric properties of ice in nature (Katragy
2007a). In contrast to the higbss characteristics of sea ice (due to salinity), one of the
major microwave characteristics of pdreshwateiice is its lowloss transmission behavior
(Ulaby et al., 1986). The brightness temperatdig &t pasive microwave frequencies is

defined as the product of the emissivitydnd physical temperatur&,) of the medium

T = eT,, (4.0

Passive microwave systems can measure, regardless of cloud coverage and darkness,
naturally emitted radiation throughs. Since emissivity ranges between 0 and 1,Tihes

lower than the kinetic temperature of the medium. The large change in emissivity fr
open water = 0.4430.504 at 24 GHz) to ice covered conditiofis=(0.8580.908 at 24

GHz) (Hewison and English, 1999; Hewison, 2001) makes the determination of the timing
of ice formation and decay on large, deep lakes, feasible TpmeasurementsThe
emissivity of ice, and thereforBs, further increases from its initial formation as the effect

of the radiometrically cold water under the a®/erdecreases with ice thickening (Kang et

al., 2010)
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4.2.2 Definitions of ice phenology variables

The definitions of freezep and breakip are opposite: the former describes the time period
between the beginning of ice formation and the formation of a complete sheet of ice, while
the latter describes the time period between the onset of spring rdethercomplete
disappearance of ice from the lake surface. Since the algorithm presented herein operates
on a pixelby-pixel basis and is applied over entire lake surfaces, it is important to provide
clear definitions of the icphenologyvariables as theyelate toindividual pixels and over
whole lakes (or lake sections)dgble 4.1) At the level of the pixel, the freezg period
encompasses freeze onset (FO)dneand freeze duration (FD), while the bregkperiod
comprises melt onset (MO), ice oficamelt duration (MD). The period between-me and

ice-off covers an ice season and is referred to as ice cover duration (ICDp; p for pixel). At
the lake or lake section level (third columnTdble 4.1), complete freeze over (CFO),
water clear of ice (W) and ice cover duration (ICDe; e for entire lake or lake sections as
to avoid land contamination in some AM&RTg measurements) are the terms used from
here onward. CFO corresponds to the date when all pixels within the lake or lake section
have become ieeovered (i.e. all flagged with having iom). WCI corresponds to the date
when all pixels have become ifree (i.e. all flagged with having iceff). While ICDp is
calculated for each individual pixel from dates of-aseto iceoff, ICDe is determined as

the number of days between CFO and WCI within an ice season
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Table 4.1: Definition of ice phenologyvariables at per pixel level and for entire lake or lake
section

Pixel level Entire lake or lake section

Freezeup Freeze onset (FQ)First day of the year ol Complete freeze over (CFQO)

Period which the presence of ice is detected il Day of the year when all pixels becon
pixel and remains until icen totally ice-covered

Ice-on: Day of the year on which a pixg
becomes totally iceovered
Freeze duration (FD) number of dayq
between freezenset and ic®n dates
Breakup Melt onset (MO): First day of the year ol Water clear of ice (WCI):

period which generalized spring melt begins in| Day of the year when all pixels becon
pixel totally icefree

Ice-off: Day of the year on which a pix¢
becomes totally icéree
Melt duration (MD): numbers of dayj
between melbnset and iceff dates
Ice season | Ice cover duration (ICDp): number of dayq Ice cover duration (ICDe). number of days
between iceon and iceoff dates between CFO and WCI

4.3 Study area

GBL and GSL are two of the largest freshwater lakes in the world. Located in the
Mackenzie River Basin they fall/l within two
Territories: the Precambrian Shield and the Interior Pldtigufe 4.1). The eastern parts
of both lakes are situated in the Precambrian Shield. Its undulating topography with
bedrock outcrops causes the formation of rounded hills and valleys. The high topography of
the western Cordillera and low relief of the central and eastern parts of the Macken
Basin strongly influence the regional climate (e.g. atmospheric circulation pattern and the
advective heat and moisture fluxes) (Woo et al., 2008). Most of GBL and the
western/central parts of GSL are located in thel§iag Interior Plains and undeain by
thick glacial, fluvial, and lacustrine deposits; in addition, the Plains are dotted with
numerous wetlands and lakes (Woo et al., 2008). GBL and GSL lie between 60° to 67° N
and between 109° to 126° Wigure 4.1), and, respectively, have surfageas of 31.3 x
10* km? and 28.6 x 1Dkm? and average depths of 76 m and 88 m (Rouse et al.d;2008
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Woo et al., 2008). The northern extent of GBL is influenced by colder temperatures than its

more southern counterpart (Rouse et al., 2D08
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Figure 4.1: Map showing location of Great Bear Lake (GBL) and Great Slave Lake (GSL),
and their meteorological stations (Deline, Yellowknife, and Hay River) within the Mackenzie
River Basin. Solid squares represenb.1l” x 5.1°(9.48 km x 9.48 km)of sampling sites at 18.7
GHz for the development of the iceohenologyalgorithm. Arrows indicate river flow direction.

From 2002 to 2009, the period of analysis of this study, the average air temperature
recorded at the Diee weather statioge5° 12' N, 123° 26' W), near the western shore of
GBL, rangedbetween-25.4 °C and20.6 °C for winter (DJF) and from 10.0 °C to 12.1 °C

for summer (JJAith 20.2 cm of average annual snowfdlable 4.2). For GBL, complete

waterturnover occurs at least in some parts of the lake and no-bpea&curs untikarly

July (Rouse et al., 20d8
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Table 4.2: Seasonal mean air temperature (°C) for winter (DJF), spring (MAM), summer
(JJA) and autumn (SON), andannual snowfall (cm) recordedat Deline (GBL), Yellowknife
and Hay River combined (GSL) meteorological stations (2002009). M indicates missing
data. S.D. is standard deviation.

Annual
DJF MAM JJA SON Annual temp
snowfall (cm)

 GBL GSL GBL GSL GBL GSL GBL GSL GBL GSL | GBL GSL
2002 -239 -21.5 -106 -95 111 142 -31 -13 -6.0 -40 | 146 155
2003 -22.1 -206 -82 -43 116 147 -38 -03 -61 -29 | 222 162
2004 -24.4 -21.0 -11.7 -76 104 138 -69 -29 -87 51 | 161 169
2005 -24.7 -229 -60 -36 100 136 -54 00 -56 -2.1 | 257 241
2006 -20.6 -159 -78 -1.0 121 159 -49 -20 -55 -09 | 288 240
2007 -22.7 -187 -97 -47 112 146 -53 -16 -7.0 -33 | 170 197
2008 -25.0 -235 -82 -60 106 154 -47 00 -7.2 -39 | 167 269
2009 -25.4 -238 -104 -71 107 142 -45 01 -71 37| M 22.2
Avg -235 -21.8 -86 -49 114 145 -46 -16 -6.3 -3.4 | 202 207
sb. 15 29 20 22 08 09 15 17 11 13 | 55 42

GSLis part of the nortfflowing river system in the Mackenzie BagRouse et al., 20G#.
Situated at a more southern location, the mean air temperature in the GSL area is generally
warmer than that of GBLand therefore the GSL opevater period is about four to six
weeks longer than it is at GBRouse et al., 20@8 Schertzer et al., 2008). GSL is ifee

from the beginning of June until mitb lateDecember; however, the ice conditiorey
significantly from year to year on this lake (Blanken et al., 2008). The high spatiotemporal
variability in air temperature andind speed over GSL influences the surface water
temperature and lake heat flux (Rouse et al., 2088hertzer et al., 2008). From 2002 to
2009, the mean air temperature in winter ranged #2838 °C t0-15.9 °C and between
13.6 °C and 15.9 °C in summewjth 20.7 cm of average annual snowfalable 4.2).
Spring and autumtemperature, which mark the beginning of the break and freezeip
periods, respectivelyn the GSL region(-9.5 °C to-1.0 °C;-2.9 °C to 0.1 °C) aréigher
thannear GBL(-11.7 °Cto -6.0 °C;-6.9 °C t0-3.1 °Q due tothe latitudinal difference
between the two lakes
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4.4 Data

Two datasets were used in this study. Primary data correspond to those utilized to examine
the sensitivity of passive microwavEs measurements at various fuemcies and to
develop the icephenology algorithm. They consist of meteorological station (air
temperature) and AMSE data. The secondary, auxiliary, data correspond to ice products
or images from other sources. They are used for comparison with the AveRved ice

phenologwariables.

4.4.1 Primary data

4.4.1.1 AMSR-E
AMSR-E Tg data were obtained for the period 2€8209. AMSRE (fixed incident angle:

54.8 degree) is a conicalcanning, twelve&hannel passive microwave radiometer system,
measuring horizontally and vertically polarized microwave rahatrom 6.9 GHz to 89.0
GHz (Kelly, 2009). The instantaneous fi@tview (IFOV) for each channel varies from
76 by 44 km at 6.9 GHz to 6 by 4 km at 89.0 GHad the alongrack and crostrack
sampling interval of each chanrisl10 km (5 km samplingnterval in 89.0 GHz). In this
study, the AMSRE/Aqua L2A global swath spatially raw brightness temperature product
(AE_L2A) was used.

Tg at 18.7, 23.8, and 36.5 GHz AMSRobservations for each day falling withirbd" x

5.1" grid for both descending and ascending overpasses were avevagdtle areas of
interest, within the central sections of GBL (66° N, 120° 30" W) and GSL (61° 19.8" N,
115° W and 61° 41.8" N, 113° 49.5" \(Bigure 4.1). The 6.9 GHz and 10.7Hz channels

were not considered, as they are more subject to land contamination from lakeshores due to
their larger footprint. The dividandconquer method for a Delaunay triangulation and
inverse distance weighted linear interpolation were applied tbZhedata because thiss

in ascending and descending modes did not have matching geographic positions over GBL
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and GSL due to different orbit overpasses. The sampling intervals at all frequency bands
are spaced every 10 km (5 km at 89.0 GHz) along anassdrack in AMSRE L2A
products (Kelly, 2009). Therefore, we chose 10 km grid spacing for the linear interpolation,
except for 89 GHz, for which we chose a 5 km grid spacing.

4.4.1.2 Meteorological station data

Meteorological data from the National Climate Datad alnformation Archive of

Environment Canada http://climate.weatheroffice.ec.gc.ca/climateData/canada &.html

were acquired from three stations located in the vicinity of GBL and GSL. The stations
selected include Deline (YWJ, 65° 12' N, 123° 26" W) to provide climate information on
GBL, and Yellowknife (YZF, 62° 27.6' N, 114° 26.4' W) and Hay River (YHY, 60499,

115° 46.8' W) to characterize the climate in the GSL aFegufe 4.1). Time series of
maximum and mean air temperatures from 2002 to 2009 were used for comparison with
AMSR-E Tg measurements as supporting data for the development of the ice gyenolo

algorithm.

4.4.2 Auxiliary data

Auxiliary data used for comparison with AMSR derived ice phenology variables
consisted of NOAA Interactive Multisens8now and Ice Mapping System (NOAA/IMS)

ice products, weekly ice observations from the Canadian Ice Service (CIS) duringuipeeze
and brealup period, and MODIS images acquired during the brgakperiod (not
examined during freezep due to polar darkngps FO, MO, and iceff dates derived from

the QuikSCAT Scatterometer Image Reconstructieggs product at the pixel scale by
Howell et al. (2009) are compared with the same ice phenology variables derived from
AMSR-E for the period 2002006.

The NOAA/IMS (http://lwww.natice.noaa.gov/ims/) 24 km and 4 km resolution grid
products (Helfrich et al., 2007) were also available for comparison. The IMS 4 km product
is available since 2004. lam and iceoff dates (binary value: ice vs open water) at the

pixel level as well as CFO dates (all pixels coded as ice) and WCI dates (all pixels coded as
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open water) on both GBL and GSL were derived for the period-2009. The 4 km IMS

product was used for comparison with AME&RIerived ice phenology events.

CIS weekly observations of GBL and GSL ice cover were obtained from-2002.
Analysts at the CIS determine a single kakide ice fraction value in tentlranging from 0
(open water) to 10 (complete ice covenery Friday from the visual interpretation of
NOAA AVHRR (1 km pixels) and Radarsat ScanSAR images (100 m pixels) compiled
over a full week for many lakes across Canada, including GBL and GSL. CFO and WCI
dates can be derived from this product with about awmek accuracy. CFO was
determined as theate when the ice fraction changes from 9 to 10 and remains at this value
for the winter period, while WCI was determined as the date when theckKeaction
passes from 1 to 0. Lakeide CFO and WCI dates were derived for all ice seasons
correspondingathe AMSR-E (20022009)observations

Finally MODIS quicklook images of GBL and GSL (2022009) were downloaded from
the Geographic Information Network of Alaskattp://www.gina.alaska.eduor general

visual comparison with AMSRE derived ice products during spring bragk No suitable
images were available during fall freezp due to long periods of extensive cloud cover
and polar darkness. The MODIS quiclok images are provided as traelor composites
(Bands 1, 4, 3 in RGB)Band 1 (256m, 626670 nm), Band 4 (506, 545565 nm), and
Band 3 (506m, 459479 nm).

4.5 Ice phenology algorithm

4.5.1 Examination of Tg evolution during ice-cover and ice-free seasons

The development of a new algorithm for determining variouspitenologyvariables

through ice seasons required the seasonal evolution of horizontally and vertically polarized

Tg at different frequencies be examined fifBhe sensitivity ofTg at 18.7, 23, 36.5, and

89 GHz to ice phenology was examined by selecting one pixel located in the central section
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of GBL (66° N, 120° 30" W) and two in the main basin of GSL (61° 19.8" N, 115° W and
61° 41.8" N, 113° 49.5" W) (séagure 4.1). Air temperature data frotime meteorological
stations were used in support of the analysis of the temporal evolution of the-EMSR

to detect icephenologyevents during the freeag and brealup periods at the three
sampling sites (pixels) that callthen guide the development of the ice phenology
algorithm. Although the temporal evolution was examined at the three sites and for all
years (2002009), for sake of brevity, one siten GBL from 20032004 is used to
illustrate the general sensitivity @t during the freezeip and breakip periods Figure

4.2). Changes inlg are interpreted separately below for the freggeand the brealp

periods.
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Great Bear Lake (66°N, 120°30' W)
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Figure 4.2: Temporal evolution of horizontal (top) and vertical (middle) polarized brightness
temperature at 18.7 (light violet), 23.8 (middle violet), 36.5 (dark violet), 89.0 (dark grey) GHz
(20031 2004) for sampling site on GBL (see Fig. 1). The time series of maximum (Max_T, red)
and mean (Mean_T, ble) air temperatures obtained at Deline meteorological station is shown
in the bottom panel of the figure, with snow depth as grey shaded aredumbers after both
il ce Seasofnrfbeanledidacred i ndicate number of
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4.5.1.1 Freeze-up period

Using the sampling site on GBL as an example (SiEgire 4.1), when surface air
temperature falls below the freezing poiRigure 4.2), the expected increaseTgwith the

onset of ice cover formation lags due to the large heat capacity causing delayed i
formation of GBL. This is also observed over GSL (not shown). As shoWwigure 4.2, it

takes about four to six weeks for the central part of GBL to show the beginning of the
freezeup processTg then starts to increase rapidly in association withirmmease in
fractional ice coverage (FO to iom). The distinct increase @f is more strongly apparent

at horizontal polarizationFigure 4.2, upper) for whichl'g increases by approximately-70

80 K from open water (ickee season) to ieen conditions,compared to vertical

polarization Figure 4.2, middle) for each frequency.

From the iceon date neamid-December to the onset of melt (MO), the increas&giis

due to ice growth and thickening until lake ice reaches its maximum thickness around mid
April. An increasen Tg is expected during the ice growth season since thicker ice reduces
the influence of the lower emissivity (radiometrically cold) liquid evabelow the ice
(Kang et al., 2010).The slope (rate of change) ©f with time is steeper at 18.7 GHz than

at 23.8, 36.5 and 89 GHz during ice growth due to greater penetration depth at lower
frequencies. The rate of increaselgwith ice thickening lws down more quickly at the
higher frequencies abe icebecomes thickefFigure 4.2). The oscillating behavior ofg

at H-pol and \fpol during the ice growth period depends greatly on the imaginary part of
the index of refraction of ice (Chang et al., 1997; Kang et al., 2010). Differendgs in
amongdifferent frequencies are negligible once the lake ice/snow on ice surface becomes

wet duing warm winter episodes and starting with MO.

4.5.1.2 Break-up period

Once the mean air temperature begins to exce€] Ts increases rapidly as a result of the

higher air temperature and increasing shortwave radiation absorption (decreasing albedo) at
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the ice/snow surface signalling the start of MO. The wetter the snow cover becomes, the
more the observedlzal so i ncreases due to snowuis hi gh
period (Jeffries et al., 2005).As shownRigure 4.2, during the breakip periodon GBL,
meltrefreeze events lead to fluctuationsTiat 18.789 GHz along the general spring melt
trajectory starting with MO. A similar pattern is noticeable frogwalues analyzed over

GSL (notshown). The existence of clear ice causes a rapid fuggtocess, resulting in
decreasings. The snow osnow ice (if any), and finally black ice melt sequentiallye to

higher albedo of snow ice and more absorption of blacktheeHpol and \:pol Tg drop

rapidly until the iceoff date Figure 4.2). The cfinition of black ice (or clear ice) and
snow ice are described in Kang et al. (2010). During the middle of Tgilywvhich is
affected by the radiometricallgold (low emissivity) freshwater, significantly decreases by
about 100140 K from icecovered to icdree (open water) conditions.

4.5.2 Justification of choice of frequency and polarization for algorithm

Basedon the overall examination of the evolutionTgfduring the ice and icBee seasons

on GBL and GSL at different frequencies and polarizations, 18.7 Gplal theasurements
appear to be the most suitable for the development of an ice phenology algaiititough

H-pol is more sensitivedhan \~pol to wind-induced open water surface roughness, it also
shows a larger rise ifig from open water to ice cover during the ldteezeup andearlier
breakup periods. Thus, it is easier to determifg thresholds (described in the section
below) related to icephenology variables at Hpol than at Vpol during those periods.
Second, 89 GHz is known to be more sensitive to atmospheric contamination (Kelly, 2009)
and is also strongly affected by open water surface roughness from wind, particularly at H
pol. Thislater effect is also apparent22.8 and36.5 GHz. Occasionally highs values at

23.8 and 36.5 GHz during the open water season make it difficult to detect the timing of FO
and iceoff dates.Although 89.0 GHz (3.5 5.9 km) from AMSRE can be good for
estimating sea ice concentration due to its finer spatial resolution, AKI3B.7 GHz is
better for defining ice phenology variables such as freeset and melbnset because this

frequency has longer penetration depth, allowing less lake ice surfaderisgatin
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addition, brightness temperatureks)(at 89.0 GHz are much more sensitive to surface
roughness induced by winds during the open water period compared to the lower frequency
channels. As clearly shown Kigure 4.2, variations inTg at 89 GHz ag large during this
period. This makes the estimation of FO andaffedates, in particular, difficult with the
thresholding approach presented in this pag&vrerall, 18.7 GHz kpol shows less
limitations for detecting a broader range of pfeenologyvariables (FO, iceon, MO, and

ice-off) than the other channels.

4.5.3 Determining thresholds for retrieval of ice phenology variables

A flowchart showing the processing steps for determining th@hemologyvariables is

given inFigure 4.3. Based on the analysis B values at the three test sites on GBL/GSL
over seven ice seasons, a suite of criteria (minimum and maximum thresholds, averages of
preceding and succeeding days, and threshold value of number of days to the méximum

in thetime series, DistM) was devised to detect FO,aoeMO, and iceoff dates.

4.5.3.1 Freeze-up period

The FO date is detected during the upturnTgffrom an open water surface. A maximum

Tg threshold value of 180 K is high enough to avoid confusion with fluctudénglues

influenced by windnduced roughness of the open water surface. Then, in order to

discriminateTg under open water conditions from the starting point of FO, the average

taken from the succeeding twenty days for each individual day of the time series is

calculated. This average value must faithin the rangeof 110 K and 140 K. The last

criterion consists of finding the maximumg value in the time series, which is readHate

during the ice season. Once found, the number of days from each day to that of the

maximum Tg (DistM in Figure 4.3 is calculated. DistM must be less than 250 days, in

addition to falling within the threshol@s values given above, for the algonthto be able

to detect FO. For detecting the Hoe date, first maximum and minimum threshold values

of 195 K and 160 K are used. Then, as an extra criterion to distinguish between the FO date

and iceon date, the averagks value of the 15 days precediegch individual day in the

time series has to fall between 100 and 155 K. Lastly, DistM must be less than 220 days.
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Figure 4.3: Flowchart of ice phenology algorithm based on AMSRE 18.7 GHz horizontal
polarization (H-pol) brightness temperature {Tg). All threshold values are explained in section
4.5.3.

4.5.3.2 Break-up period

For the determination of the MO date, maximum and minimum threshold values are set to
240 K and 160 K. Then, for discriminating the starting point of MO from other days during
the ice growth/thickening season, the avergealculated from the previous fiftealays

of each individual day in the time series must fall between 165 K and 225 K threshold and
with a DistM of less than 70 days. The-w# date is detected from a sharp droggfrom

that of the melt period that starts with M@idure 4.2). For thislast phenologyvariable

the maximum and minimum thresholds are set to 140 K and 210 K. To ensure
discrimination of this first dapf the icefree season from those of later day® average

Tg value of the preceding five days is fixed to 160 K and WigtM less than 60 days.
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4.6 Results and Discussion

4.6.1 Spatio-temporal variability of lake ice phenology variables

The algorithm described above was applied to all interpolated 10 km pixels on GBL and
GSL for every day during the period 262009 to produce mapd FO, iceon, MO and

ice-off dates, as well as freeze duration (FD), melt duration (MD), and ice cover duration
(ICD) averaged over all years and for individual ye&igyres 4.44.17). Recognizing that

the relatively coarse spatial resolution of th@durct leads to a certain level of land
contamination inTg values along lakeshores and where a high concentration of islands
exists (e.g. eastern arm of GSL), confidence regions were drawn on the two lakes with an
outer buffer zone of 10 km. Average datesl duration of the icphenologyvariables
calculated from all pixels over the greatest extent as possible for the lakes as well as within
the confidence regions are includedlables 4.34.5. Interestingly, in these tables one can

see that the standard deviations of pdeenologyvariables are almost always larger for
GSL than for GBL,indicating that icephenologyprocesses are generally more variable

spatially (i.e. between pixels) @SL which is locatedt a more southern latitude.

4.6.1.1 Freeze-up period

Once water cools to the freezing point, ice begins to form first in shallow near shore areas.
Freezeup is influenced primarily by air temperature and to a lesser extent by wind, in
addition tolake depth. On average, the date of FO occurs approximately one week earlier
on GBL than on its southern counterpart, GShkle 4.3. For GBL, the latest FO date

over the study period occurred during ice season-2008 (Day of Year or DY 330, late
November) followed by 2002004 (DY 322). The earliest FO date happened in -200%

(DY 308, early November). For GSL, both the 2I®6 and 2002009 ice seasons
experienced the latest FO dates of DY 332 and 342, respectively. The earliest FO date
occurredn 20062007 on DY 316, closely followed by 20@005 (DY 322). In addition to

the effect of fall temperature in explaining earlier/later FO dates, an early iceupreak
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(longer period of solar radiation absorption by water) and warmer summer of theimgeced
months can result in the late onset of freepeor the two large, deep, lakes that store a
considerable amount of heat during the open water season (Brown and Duguay, 2010). The
latter process may be the case for ice season-2008. Noteworthy ishe fact that, in

contrast to GBL, GSL6s timing of ice for mat
from the Slave River in its southeast section (Howell et al., 2009). A slight delay in FO is
noticeable during most years at its mouth (Segires 4.1 ad 4.4 . GBLO6s ice reg

not affected by such inflowF{gure 4.4).

Table 4.3: Summary of ice phenologyvariables during the freezeup period (average day of
freezeonset (FO) and iceon, and number of days of freeze duration (FD)) for GBL and GSL

(20022009). Values within confidence regions in bold. Standard deviation jparentheses.

FO Ice-On FD
Year

GBL GSL GBL GSL GBL GSL
200203 311320(14/7) 318B31(18/4) 328B33(11/7) 334345 (Q7/7)  32R8(115)  31A9(17A10)
200304 313322(11k) 319B29(145k) 332B37(8/5) 338B45(11k)  31/28(7/5) 275 (15/7)
200405 303308(9/4) 313B22(13B) 321B23(6/4) 331B38(12/4)  26/22(9/3) 24112 (13/6)
200506 309314 (9/4) 320B32(15/4)  3268B30(8/4) 337B44(12/4)  28R6(11/7) 3027 (18/20)
200607 312B17(9/3) 3108316 (9/5) 331B35(7/3) 328B32(8/3) 2624 (5/2) 24/19 (9/7)
200708  311B316(8/3) 318B26(10/4) 329333 (8/4) 338343(9/4) 27126 (412) 2416 (10/6)
200809  3208330(13/6) 3308B42(15/6)  334B340(8/4) 344B52(12B)  12A0(4/3) 15/ (8/5)
Average 311318(11/4) 318B28 (11/3)  329B33(6/4) 3368343(9/4) 26123 (9/3) 2507 (11/7)
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Similar to FO, iceon occurs approximately one week later on GSL than on GBL. The
average icen date occurs on DY 333 and 343 for GBL and GSL, respectiValyi€ 4.3).
Schertzer et al. (2008) and Walker et al. (2000) estimated average CFO in the main basin of
the GSL to occur on DY 342 for the period 19883. Spatially, for GBLKigure 4.4and

Table 4.3, the iceon dates take place in the Central Basin aroamy ®ecember and for

GSL, the iceon dates occur in mibecember. From FO to iemn, it takes two to three
weeks on both lakes. For GBL, the longest FD over the study period happened during ice
season 2002004 (28 days), closely followed by 268806 and2007%-2008 (26 days). The
shortest FD occurred in 202®09 (10 days)Table 4.3. For GSL, the longest FD took
place during ice season 200806 (27 days), while the shortest FD happened in-2008

(9 days) Table 4.3. FD in GBL usually takes about2lweeks longer than that in GSL,
likely due to the fact that water depths in the confidence region of GBL range from 50 and
200 m, while they vary between 20 m and 80 m in GSL; GBL therefore takes longer to lose
its heat. Furthermore, FD mainly depends dn temperature variability after fall

overturning which occurs at €.

Freezing Degree Days (FDD), calculated as the sum of mean daily air temperatures below O
°C measured at a meteorological station, and given in the bottom Kfjue 4.4 provide

some indication of the effect of colder/warmer temperatures on FD. FDD calculated here
between FO and ieen date in each ice season. Giwuld bear in mind, however, that

heat storage during the preceding open water season will also have anamp®. After

the overturning howeverthe whole water colmn has the same temperature and FD will
depend only on air temperature variability matter what previous open water season was
warmer or colder summeRue to tlese the relation between FDBnd FD is not always

consistent from year to year for the two lakes.
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Figure 4.6: Ice-on over seven ice seasons (202Q09) and average (top left panel) for GBL
Legend is day of year.

53



17°W 115°W 113°W 111°W 109°W 117°W 115°W 113°W 111°W 109°W
lceOn (AVERAGE 18. 7H) ’ IceOn (2002-03 18 7H) ' ’
= 4
& o
o o
4 4
& &
© (i}
Zl P Late:360 | Z | P Late : 360
o o
B Early : 290 B Early : 290
1M7°W 115°W 113°W 111°W 109°W 1M17°W 115°W 113°W 111°W 109°W
lceOn (2003-04 18 7H) ‘ ' IceOn (2004 05 18 7H) ' ' ’
4 4
& o
©w o
4 4
& &
©w [{}
z| P Late:360 | Z | I Late : 360
o o
l Early : 290 l Early : 290
1M7°W 115°W 113°W 111°W 109°W 1M17°W 115°W 113°W 111°W 109°W
IceOn (2005-06, 18.7H) ' ' IceOn (2006-07, 18.7H) ' '
4 4
B ol
© o
z z
& &
©w w0
z z i T Late : 360
o o
 Early : 290 B Early : 290
1M7°W 115°W 113°W 111°W 109°\N 1M7°W 115°W 113°W 111°W 109°W
IceOn (2007-08, 18.7H) ' ' IceOn (2008-09, 18.7H) ' '
4 4
B B
o o
=~ =
o[ o~
w0 w0
z| P Late:360 | Z | P Late : 360
b o
B Early : 290 B Early : 290
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4.6.1.2 Break-up period

The breakup process is primarily influenced by air temperattagability, causing earlier

or later MO dates on the two lakes. The MO dates mark the beginning of melt of snow on

the ice surface or the initiation of melt of ice in the case when a bare ice surface is

encountered. Differences in the timing of MO betwé&gRBL and GSL can largely be

explained due to spring air temperature differenc€able 4.2). MO dates occur

approximately one week earlier on GSL than on GBable 4.4). The average MO date
occurs on DY 143 (end May) on GBL and DY 135 (mid May) on GBle @Egure 4.5).

For GBL, the earliest MO dates happened on DY 127 (20@B) and the latest MO dates
occurred in 2002004 (DY 155, early June)éble 4.4). For GSL, the earliest MO date
occurred on DY 122 (early May) in 20@®06 and the latest date toplace in 20032004

(DY 150, early June). Earlier (later) MO dates appears to be related to warm (cool) spring

air temperatureTable 4.2). The warmer average spring air temperatafeBCC and-1.0

°C for GBL and GSL, respectively) caused earlier MO d#desccur in ice season 2005
2006, while the colder spring of ice season 20084 ¢11.7°C and-7.6 °C for GBL and
GSL, respectively) resulted in later MO dates.

Table 4.4: Summary of ice phenologyvariables during the breakup period (average day of
melt-onset (MO) and iceoff, and number of days of melt duration (MD)) for GBL and GSL
(20022009). Values within confidence regions in bold. Standard deviation parentheses

MO Ice-Off MD
Year

GBL GSL GBL GSL GBL GSL
200203  133127(1412) 132/137(145K) 193183(14/7)  172A57(192)  6155(15/12) 4119(21/4)
200304 156A55(3/2) 147/150(16/6) 203/198(7/4) 186/69(20/4)  47/A3(7/4) 3919 (19/7)
200405 133/32(11/7) 124A31(21/47)  193186(11/4) 168A55(19/4)  6054(130) 44124 (20M7)
200506  129128(7/4) 119122 (9/5) 182/169(165)  161A40(216)  53/41(16/7) 427 (2277)
200607 142141(106)  124/129(17/6) 197A87(12/6)  166A53(195)  55/46(13/10) 42/24(18/6)
200708  149/152(9/9) 133135(16/10)  187/83(104)  170A56(202)  38B1(138)  37/20(20M)
200809  167/168(8/7) 135137(18/14) 2001197 (6/3) 177067(168)  33R28(108)  42130(16/12)
Average 144143(6/3) 131134 (125) 194186 (9/3) 171157(178)  50/43(106)  41R2(17/4)
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Figure 4.10: Melt-onset MO) over seven ice season2(002-2009) and average (top left panel)
for GBL . Legend is day of year.
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Figure 4.11: Melt-onset (MO) over seven ice seasong)02-2009) and average (top left panel)
for GSL. Legend is day of year.
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In contrast to MO, the average 10 dates on GSL are about four weeks earlier (DY 1157
early June) than on GBL (DY 183early July) (sed-igures 4.12 and 13. For GBL, the

latest iceoff date occurred during ice season 2@0®4 on DY 198 (mid July)lhe earliest

ice-off date occurred in 2008006 on DY 169 (mid JuneYéble 4.4. For GSL, the 2003

2004 ice season experienced the latesoftedates of DY 169 (mid June). The earliestice

off date for this lake happened in 268806 on DY 140 (mid May{Table 4.4. Early ice

off dates lengthen the open water season during the high solar period in spring/summer,
resulting in a longer period of solar radiation absorption by the lakes and, subsequently,
higher lake temperatures in late summer/early fadl thularger heat storage. Looking at
specific ice cover seasons, the colder spring/early summer climate conditions of 2004 and
2009 contributed to later breaip, while the warmest conditions of 2006 influenced earlier
breakup (Table 4.4. On GSL, iceoff dates are earlier in the majority of years at the
mouth of the Slave River which brings warmer water as this river flows from the south into
the lake (sed-igure 4.5). For GBL, however, icoff dates are not influenced by similar

river inflow such that me generally proceeds gradually from the more southern (warmer)

to the northern sections of the lake. Unlike MO, the larger difference iofficgates
between the two lakes (about four weeks) can be explained by a combination of thicker ice
and colder spng/early summer conditions at GBL which, as a result, requires a greater

number of days above°C to completely melt the ice.
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Figure 4.12: Ice-off over seven ice season2(d02-2009) and average (topeft panel) for GBL.
Legend is day of year.
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