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Abstract

Lake surfacdemperaturel(STi.ke) can be obtained and studied in different ways: using

situ measurements, satellite imagery and model@ailecting spatially representative situ

data over lakes, especially for large and deep ones, is a real challenge. Satallteducts
provide the opportunity to collect continuous data over very large geographic areas even in
remote regions. Numerical modeling is also an approach to study the response and the role of
lakes in the climate system. Satellite instruments pgpatial information unliken situ
measurements and oedemensional (1D) lake models that give vertical information at a
single point or a few points in lakes. The advantage of remote sensing also applies to land
where temperature measurements arellysizgken at meteorological stations whose network

is extremely sparse in northern regionkis thesistherefore examined the valuelahd/lake
surface (skin) temperature (L@liakd measurements from satellites as a complemeint to

situ point measwements and numerical modeling.

The thesis is organized into two parts. The first festied two 1-D numerical models
againstin situ and satellitederived LST measurements. L&k andice phenologywere
simulated for various points at different deptrs Great Slave Lake (GSL) and Great Bear
Lake (GBL), two large lakes ocat ed i n the Mackenzie River
Territories,using thel-D Freshwater Lake model (FLake) and the Canadian Lake Ice Model
(CLIMo) over the 2002010 period. Inpudata from three weather stations (Yellowknife,

Hay River and Deline) were used for model simulati&®sT.e model resultare compared

to those derived from the Moderate Resolution Imaging Spectroradiometer (MODIS) aboard
the Earth Observing System Ta&rand Aqua satellite platforms. The main goal was to
examine the performance of the FLake and CLIMo models in simula®Igye andice-

cover under different conditions against satellite data products. Both models reveal a good
agreement with daily avega MODIS LSTae from GSL and GBL on an annual basis.
CLIMo showed a generally better performance than FLake for both lakes, particularly during

theice-coverseason.



Secondly, MODI&derived lake and land surface temperature (degilkd products
are used to analyze land and lake surface temperature patterns duropgertiweater and
snow/ice growth seasons for the same period of time in the regions of both GBL and GSL.
Land and lake temperatures from MODIS were compared withsuea® air temperature
measurements obtained from nearby weather stations andhveitian temperature moorings
in GBL. Results show a good agreement between satellitenhasitli observations. MODIS
data were found to be very useful for investigating bothspiaial and temporal (seasonal)
evolution of LSTjangnake OVer lakes and land, and for improving our understanding of
thermodynamic processes (heat gains and heat loses) of the lake/land sistentsother
findings,the MODIS satellite imagerghowedtha the surface temperature of lakes is colder
in comparison to the surrounding land from Agkilgust and warmer from September until

spring thaw.
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Chapter 1

General Introduction

1.1 Introduction

Lakes are dundamental component of climate on the local and regional scale, functioning
much as oceans do on the global scale (Schertzer, 1997). The heat transport and storage of
lakes play an essential role in energy and water exchange with the atmosphere.adee surf
heat flux over lakess strongly regulated byhe Lake Surface Temperature (Lgd, which
is a good indicator of the energy balance a
heat, moisture content, and circulation of the atmosphere. Aatine time that the L&
influences the sensible and latent heat fluxes, theak3% itself affected by those same
fluxes (Schertzer, 1997). The study of Lsdis important because the entire process of
energy exchange bet suleserface amfluéneek thedsttic stability aithee a n ¢
water column, which is essential in determining lake hydrodynamics (Lofgren and Zhu,
2000).

This kind of study is especially important for a country like Canada, in which there
are more than two million kes within five major drainage basins, covering 7.6 per cent of
countryoés tot al area (Schertzer, 1997) . The
on climate. In Mackenzie River Basin (MRBycated innorthwestern Canadadhe surface
area ofthe lakes has been determined as ~144 000bynthe Canada Centre for Remote
Sensing (CCR{) land cover classification (Bussieres, 2002). Lakes in the MRB provide
essential transportation of energy and water into and through the basin by helpingtieentrol
evaporation, runoff, and basin water storage (Oswald & Rouse, 2004). As lakes have a high
heat capacity compared to land, they are able to store large quantities of heat, and their heat
exchange with the atmosphere is heavily dependent on the heafjestand thermal
characteristics of the lake (Schertzer, 1997).

Understanding these processes and the interactions of lakes with the atmosphere is an

important issue, which allow for better climate modeling and weather forecasting. In most
1



Numerical Weather Prediction (NWP) and climate models, the effects of lakes have been
ignored or treated in a simplistic way; because lakes are only regionally important compared
to the | and and sea that domi natienscarhbe eart ho
achieved by interactive coupling of the regional and global climate models with the lake
models. To reach this goal, the first important step is to tesvaitthtethe performance of
lake models usingn situ and/or remote sensing observations. Satellite observations are
increasingly used for this purpose. Thermal infrared data from satellite imaging systems can
help to determine the spatial distribution of water body temperatures and their variation
during the year, and are a powerful source of data for comparison with simill&iBge
from numerical lake models.

One typical way of collecting lake properties is througkitu measurements where a
person can use thermometer or buoys to measure the tempefahadake. The advantage
of remotely sensed data is that unlike much ofithsitu measurements, it can be obtained
over very large geographic areas rather than just at a single point or a fewlpaittsdata
are often used in support of remotebnsed data, such as lake temperature at the same time
as the remote sensor data are collected. It is vital to assess remotely sensed data as they are
useful themselves for evaluating climate models and are a promising data source for
assimilation into nmerical weather forecasting modelShe use of thermal data for
estimation of LSTke iSs @ common operational application of satellite sensors, such as the
Advanced Very High Resolution Radiometer (AVHRR) on the US National Oceanic and
Atmospheric Administation (NOAA) polar orbiting satellitesAdvanced AlongTrack
Scanning Radiometer (AATSRnboard the European Space Agency (ESA) environmental
satellite ENVISAT and the Moderate Resolution Imaging Spectroradiometer (MODIS)
onboard the Terra and Aqua ptaths that represents the imaging spectroradiometers able to
retrieve surface temperature. MODIS Land and Lake Surface Temperaturgndla@T
products have been compared and validated against gbaised temperature measurements
over homogeneous areasch as lakes at midtitudes (Waret al, 2002a, b; Waret al,
2004; Oesclet al, 2005; Hooket al, 2007; Wan, 2008; Crosman and Horel, 2009) and rice



crops (Collet al, 2005, 2009; Wamt al, 2004; Galveet al, 2007). The 1 km products have
been walidated with the alternative radianbased (Rbased) method over a lake and rice
crops (Wan and Li., 2008; Catt al, 2009) and dense forest (Cell al, 2009). Recently,
Langeret al (2010) and Westermaret al. (2011) compared summertime MODL%Nd
Surface Temperaturd.$Ti.ng data with those obtained with a thermal imaging system
installed on a mast 10 m above the ground at two permafrost sites. They reported differences
of less than 2 K between the two sets of measurements undeslgleaonditons, with
occasionally larger differences when clouds are not properly detected in the MODIS product.
Research on lake phenology has not only relied on using historical or saleiited
data but also through the use of generalized hydrodynamic andotignamic models.
There are both-D and 3D lakes models available to simulate lake surface properties but 3
D models are seldom considered due to high computationalLaasidt al, 2005). Rouset
al. (1997) discussed the importance of understaniavg mean depth relates to the thermal
regime and water balance of lakes in subarctic and arctic North America and noted the
significance of this information for modeling the responses of lakes to climate change. The
Canadian Lake Ice Model (CLIMo)2 themodynamic lake ice model, is we#sted and
used for freshwatddle-coverstudies (e.g., Ménaret al.,2002; Duguayet al.,2003; Morris
et al., 2005). Simulated icgrowth processes using CLIMo on shallow lakes in arctic; sub
arctic, and higkboreal faest environments have been compared with field and satellite
observations over several ice seasons (Dugtial;,2003). Iceon dates have been simulated
to within 2 days of observed values over the Churchill area, and the mean absolute error in
ice-off dates varied from 1 to 8 days depending on the snow cover scenario used in the
simulations. Ménaret al.(2002) studied ice phenology using CLIMo on GSL for a period of
1960 to 1991. Results are compared withsitu observations and those derived frone th
passive microwave th8pecial Sensor Microwave Imag&SM/l) satellite imagery. Results
demonstrated a very good agreement between observed and simulated ice thickness and
freezeup/breakup dates at this period of observations, particularly for thé& Bay (4 and 6

days overestimate for brealp and freezeip respectively) and Hay River (4 days



underestimate and 5 days overestimate for bupalind freezeip respectively). It has been

shown that CLIMo is capable of reproducing the seasonal andaimtaal evolution of ice

thickness and oite snow depth, as well as the irggamual variations in freeagp and

breakup datesLeonet al (2007) validated the-B lake hydrodynamics model, Estuary and

Lake COmputer Model (ELCOM), by using observed metegioal data and the output

from the current RCM model as forcing input to compare the results with observed surface
temperature on GSL. The resul't showed the t
shallower western part of the basin and differenceslof 1e C i n t Hake. deeper
Recently, Martynowet al (2010) showed the ability of two-[2 lake models (Hostetler and

FLake models) to simulate LSk to typical temperate freezing lakes of North America. The

authors found that the differences betwé®sn model results and observations increase with

the average lake depth. CLIMo and FLake are the two models used in this thesis.

1.2 Research Objectives

The main goal of thigesearchis to improve our knowledge and understanding ofkelak
physical and hydrodyamic processes using spatial and temporal measurements of lake and
land surface temperature time Great Bear Lake (GBL) and Great Slave Lake (GSL) regions
using MODIS satellite data&GBL and GSL are chosen as they are huge and effeict on
regional cimate is considerableFirst MODIS LSTxe Observationsare compared to
numerical lake modelto demonstrate the usefulness of MODIS I gTobservations and
models to climate science. SecoMIDDIS LSTSananake@re used to study the land and lake

thermalynamics.To attain theabovementionedjoal four research objectivasepursued:

1- Evaluate the performance of two lake models, FLake and CLIMo, and compare the
modelsestimated LSTs with those obtained from MODIS.
2- ldentify the uncertainties and limitatis of the numerical models and the MODIS

satellite data products.



3- Compare andevaluateMODIS-derived LSE over land and lakes with available
meteorological station measurements @nsitu observations.
4- Analyze the seasonal and internual variations and spatial patterns in surface

temperature over lakes and land.

1.3 Thesis Overview
In Chapter 2, background information is providedlake thernodynamics, lake ice, remote
sensing, as well as modeling of Lgd Chapter 3 is the first appended paper, entitled
fiSimulation of surface temperature ane-coverof large northern lakes with- models: A
comparison with MODIS satellite data amdsitu measuremends. Chapter 4 is t
appended paper, enétld Andlysis oflake and landurface temperature patterns during the
openwater and snowice growth seasons in the Great Bear and Great Slave Lakegegion
Canada, from MODIS (2002010) . C h symmarizegh® main findingsof the thesis

andidentifies somelimitations of the study andirections for future research.



Chapter 2

Review of Lake Thermodynamics and Research Methods

This chapter contains three main components designed to provide a sufficient background
before presenting results within the appended papers. In this chapter, a review of the
thermodynamics of lakes, lake ice and snow is followed by a survey of remotegsens
methods to obtaisurface temperature and an overview of the two lake models used in the
thesis.

2.1 Lake Thermodynamics

Different elements affect the surface temperature of lakes. Dailyeasdrsal air temperature

is the most obvious reason for temperatghange in lakes. Lak#epth (Balsamoret al,

2010) andlatitudinal locations (Schertzer, 1997) also influence LiB@, Lakes at high

latitude present a challenge because the snow and ice have a high albedo that insulates the
water from the atmosphe Chen and Millero (1986) showed that water at the temperature of
maximum density (3.98 °C) becomes lighter when it cools or warms. This behavior
facilitates ice formation on freshwater lakéslate spring, once the ice is melted, the upper
layer of wder warms until it reaches the temperatofenaximum densityThe denser layer

of the surface sinks to the bottom of the lake and the new layer warms to 3.98 °C. This is
repeated until the entire water column is at the temperaturaximum densityfFigure 2.1,

2). The upper layer of water continues to warm in summer (>3.98 °C). The water column
becomes stratified, with warmer (low density) water at the top and cool (high density) water
on the bottom. Energy is transferred from the upper warm layer tcolelower layer

(Figure 2.1, 3). In the fall, the upper layer of water cools and sinks to the bottom of the lake.
This process continues until the entire water column is at temperataraxohum density

(Figure 2.1, 4). The upper layer continues to @l ice forms once the surface of the water
reaches 0°C, the freezing point of fresh water. In winter, the ice grows thicker as long as the
air temperature is less than or equal to 0°C and heat is conducted upwards through the snow

and ice into the atmobpre. As the ice grows, the upper layer of the water cools and the
6



entire water column becomes stratifiedth the coollayer sitting on the lower layer of water

that is at the temperature ofaximum density(Figure 2.1, 1). In early spring, once the air
temperature rises above 0°C, first the snow on the ice warms to 0°C and melts away, and
then the ice absorbs solar radiation, warms to 0°C and meltsicdeever shrinks as it

melts around the edges and also at the top and bottom.

Winter reversestratification Spring turnover
T |- T |-
0C
fteC
1 2
Fall turnover Summer stratification
T

v

v

Mixed layer

Thermoclire

Figure 2-1: Schematic representation ofpical dynamic lake behaviofRedrawn after
Bluteau, 2006).

2.2 Lake Ice and Snow

Lake ice occurs where the average air temperature is below the freezing point. It happens at

the higher latitudes of the Northern and Southern Hemisphere, which forms in the autumn,

7



thickens during the winter and melts in the spring. Air temperature isfdhe main factors

of the overall ice growth; however, snow and wind and hydrographic conditions such as
currents and density stratification of the lake water forms Bemg@tsson, 1986)here are

two types of lake icecongelation ice and snow ice. Gmtation ice forms when the water
freezes at the bottom of thece-cover(Figure 2.2, 1 and 2) and freezing of slush at the top of
the ice-cover creates snow ice (Figure 2.2, 4) (Adams, 1981). When the mass of snow is
sufficient to depress the ice surfamelow the waterline, water flows up through fractures or
gaps between ice and shore; as a result, slush occurs at the topcefdbner (Figure 2.2,

3). Congelation ice has high optical depth that allows light to pass right through to the
underlying wagr, therefore is sometimes referred to as black ice. Snow ice is sometimes
referred to as white ice because its high bubble content causes strong light sctamiisg (

and Jeffries, 2006).

*x * *
* % ¥ %
Snow
Water Level —
1 Ice 2
Congelatiorice
Water Level
3 4

Figure 2-2: Theformationprocesses afongelation ice and snow icRé¢drawn afteAlaska
Lake Ice and Snow Observation Network)



Overlying snow over the ice is a significant factor that affects the lake ice
development. Snow insulates the lake ice from air temperature and decreases the process of
thermal conductivity (Adams, 1976; Adarand Roulet, 1980; Bengtsson, 1986; Woo, 1989).

As the temperature gradient at the ice/snow interface becomes warmer, the growing process
of congelation ice decreases (Adams and Roulet, 1980). The magnitude at which the snow
cover affects development odde ice depends on the depth and density of the snowpack
(Adams, 1976; Duguagt al, 2002; Duguayet al, 2003; Jeffrieset al, 2005). Wind is
another important factor that redistributes snow and can affect both of these variables where
it either stripssnow from the surface or compacts it. Compacted snow possesses a higher
thermal conductivity, allowing for a greater amount of heat loss at the snow/ice interface and
increasing the congelation ice growth (Bengtsson, 1986). Wimdn snow accumulation

zores can also cause localized variations in ice thickness as a result of the variable insulation
properties imposed on the ice (Adams, 1976).

The assumption has been that lake snow cover is essentially the same as that on the
surrounding tundra, but fieldbservations show that there are many important differences
(Stum and Liston, 2003). Previous studies showed that the snow cover on lakes is thinner,
denser, and comprises less snow water equivalent (SWE) than the nearby land. Snow begins
to fall in late August at some Arctic locations, but the lakes do not freeze untd mid
September (Brewer, 1958; Jeffriesal, 1996; Liston and Sturm, 2002). The eadason
snow falls into the wateandis not incorporated in the snow cover. This explains, in part,
why there is less SWE on the lakes than on the tundra. Moreover, the snow layers on lakes
arefewerthan the ones on land and are harder.

The vertical temperature gradients across the lake snow cover are consistently greater
than across tundra snow. The water under the ice provides a latent heat source that lasts
throughout the winter, maintaining snege interface temperatures several @egrhigher
than land snowground interface temperatures. On land, much of the latent heat associated
with unfrozen soil moisture in the active layer is exhausted bywmter, so the interface

temperatures drop as winter progresses (Sairai, 1995; Jries et al, 1999; Tarast al,



2002). Figure 2.3 shows the distinctly different basal roughness of the ice vs. tunarssin ¢
sections of the snow cover on Imikpuk Lake in Alaska and on the nearby tundra.

| snow |

100
204 Imikpuk Lake

60 r

404 B
207 B
s_________________—= i
100+ b tundra near lake [~
807 B

60 r

ol ) At oty oo

0 50 100 150 200

Elevation (rel.) (cm)

meters

Figure 2-3: Crosssections of the snow cover on a lake (Imikpuk lake) in Alaska and on the
nearby tundra. Light gray indicates snow; dark gray indicates ice or tupolacé:Sturm
andListon,2003).

2.3 Thermal Remote Sensing

2.3.1Thermal Radiations

Thermal radiation is lectromagnetic radiatiothat emis from any material at the given
temperature, which is a function of temperature and wavelength. BaseWiems
Displacement Lawwavelength at which the largest portion of energy is emitted from a
blackbody (blackbodyabsorbs all electromagnetic radiation incident upomvith zero

reflectanceplepends on temperature,
- - (2.1)

where_ is the wavelength of maximum emittanean)), A is a constant (2898m K), and
T is temperature (K)The hotter objects emit more energy at shorter wavelengths than the
coolerobjects. For a blackbody, the total energy emitted from an object over all wavelengths

varies as a function of the fourth power of surface temperebtegaiBoltzmann Lawy.
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o Y (2.2)

where M is total radiantexitancef r om t he sur f ace o-Boltzmanmat er i
constant (5.6% 10° Wm?K™), andT is absolute temperature of the emitting material (K).

Different factors influence theadiant temperature adurface such asmissivity,
conductivity, capacitydiffusivity and inertia. External environmental conditions also affect
the temperature radiance of the surf&axface wind increases the convecthaat transfer
rain and humidity make surface objects appeabeocooler; and clouds and fog will
completely mask Thermal Infrared Radiation (TIR) emission. The best (TIR) images are
acquired under clear skies with no surface wind and low humidity.

Convwection is a primarily way of transfer enengywater bodies, which transfers heat
to depths of 100 cm or more. As a result, water bodies acts as if it has a very high thermal
inertia, and has a relatively uniform temperature both day and night. Consgquertér
will be cooler than bounding land surfaces during the day heating period and warmer than the
bounding land surfaces during the night cooling period. In solids, conduction is the primarily
way of energy transfer, which cause relatively high dagtiemperatures and relatively low

nighttime temperature.

2.3.2Moderate Resolution Imaging Spectrometer (MODIS)

MODIS, the sensor from which the LSHiakedata used in this thesis are derived fromans
EOS instrumenbn Terra and Aqua satellites in a 705 komsynchronous orbit, views the
entire surface of the earth every 1 to 2 d&y®DIS provides images of daylighteflection
and day/night emissioandscanst55° from nadir in 36 bands, withands 119 and band 26

in the visible and near infrarednge,and the remaining bands in the thermal infrared from
3-15 m. Specifically, bands -3, 13, and 149 are used to classify landover to infer
emissivity, band 2o detect cirrus clouds, artlethermal infrared bands 20, 22, 23, 31,
and 32to correct br atmospheric effects and retriemgrface emissivity and temperatufée

thermal infrared bands haaa IFOV (instantaneous fieldf-view) of approximately 1 knat
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nadir. MODIS vieve cold space and a fudlpertureblackbody before and after viewing the
Earth scene in orddo achieve calibration accuracy of better than 1% absolutéhéomal
infrared bands. MODIS is patrticularly useful becao$ats global coverage, radiometric
resolution and dynamitanges, and accurate calibration in multiple thermiared bands
designed for retrievals @ea Surface Temperatui®ST), LS Tandsiake (SKIN temperaturegnd
atmospherigroperties (Wan and Li, 1997The thickness of the skin layer depends on the
local energy flux of the molecular transport, whishusually less than 1 mm thickhe
infrared wave can only penetrate water no deeper than ~500 enMODIS instrument
measures infrared raices at two wavelengtrewound 3.9 pm and 11 pmwhere the
penetration depths for thesea bands are ~100 um ard0 pum (Yuan2009).

There are different MODIS surface temperature prodlet®l 1B (L1B)productis a
swath (scene) of MODIS data geolocated to latitude and longitude centers of 1 km resolution
pixels level 2 (L2) product is a geophysical productttremains in latitude and longitude
orientationandhas not been temporally or spatially manipulatettlevel 3 (L3) products
a geophysical produethich has been temporally and spatially manipulagedl is usually in
a gridded map projection formaeferred to adiles (Wan, 2007).The MOD11 L2 LST
product, which is used in this study, generated by the generalized splihdow LST
algorithm The splitwindow method corrects for atmospheric effediased on the
differential absorption in adjacent infrardshnds (Price, 1984)Different MODIS data
product inputs to the MODIS LST algorithare shown in @ble 21. The generalized split
window algorithm applied to th&ODIS brightness temperatures in ohals 31(10.78
11.2&m) and 32 (11.7i712.2&m), estimated from land cover types, atmospheric column
water vapor and lower boundary air surface temperature are separated into tractable sub
ranges for optimal retrieval.lhe generalized spliwindow algorithm (Wan and Dozier, 1996)
can bewritten &

DY'YS & b — b S (2.3)



where 8 8 and¥- = 0 U, arethe mean emisgity and tte emissivity
difference inchannels 31 and 32espectively CoefficientsC, A andB; were obtainedrom
linear regression of MODIS simulated data for wideges of surface and atmospheric
conditions, and theylepend on the view angle, tlwelumn water vapor contemind the

atmospheric lower boundary temperature.

Table 2-1: MODIS data product inputs to the MODIS LST algorithm
for the MOD11 L2 product (Sourcé/an, 2007).

Earth Science DataType Long Name
(ESDT)
MODO021KM MODIS Level 1B Calibrated
and Geolocated Radiances
MODO03 MODIS Geolocation
MOD35_L2 MODIS Cloud Mask
MODO7_L2 MODIS Atmospheric Profile
MOD12Q1 Land Cover
MOD10 L2 MODIS Snow Cover
2.4 Modeling

Numerical modeling isanotherapproach to study lakes and, in this study, was used in
addition toin situ andremote sensingieasurement®bviously, makingn situ observatios
of large lakesespecially in cold regianthat are covered with ice for several montissa
challenge. Satellite observations can give thiele spatialcoverage of surface but are not
able to providedirect measurements of the lakeater below the surface (skisuch aghe
mixed layer depth or temperature profile. Thereforenerical modeldecone a useful tool
to predict the mixing conditionandvertical temperature structuie lakesat different deptk
onvarioustime scales

The Canadian Lake Ic&odel (CLIMo) (Duguayet al, 2003)and Freshwater Lake
(FLakg (Mironov 2008, Mironovet al, 2010)are the twol-D modet used in this study,

although many variations of such models have been developed. CLib4sas on th&-D
13



unsteady heat conduction equation, with penetrating solar radigiaykut and
Untersteiner, 1971),

¢

o}

% h o o .
— 00— "00p | 0VQ (2.4)
where”Yar is the temperature within the ice or snéi), t is time (s) and z is depth

measured positive downwaftbm the upper surfacgm).” is density (kg i), 0 specific
heat capacity (J kgK™), k the thermal conductivity (W MK™), "O showsdownwelling

shortwave radiative energy flux (W) ‘Ois thefraction of shortwave radiationuk that

penetrates the surfacegual to QL7 if snowdepth©0.01 m, and equal to 0 if snow depth
>0.1 m),| is surface albedaandK is bulk extinction coefficient for penetrating shortwave
radiation which is equal to 1.5 ). Themodel solves Equatior2(3) by arbitrary number of
layers in both the icandsnow portions of the slab and is unconditionally stébéeFigure
24).

The freezing temperature of fresh water under the layer of ice plus snskown
with Ty andthe melting temperature at the surfaggh Ts. When melt is occurring at the
uppersurface, the boundary condition that temperature is fixed at the melting point for
fresh water and the heat flux offsets the latent heat of fusion of melting ice or\sfihan.
ice melts away completely in summer, the model includes a-fiepth mixedayer. When
ice is present, the mixed layer is fixed at the freezing pointydueah ice is absent, the mixed
layer temperature is computed from the surface energy bedgstdering theraction of

shortwave radiation flux that penetrates the surface
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Figure 2-4. Schematic representation of the lake ice model dusimger. The layers with
dashed lines represent ice and the gray layer above the ice is snow. The solid grey line
indicates the temperature profile, which is computed using a-fiifference representation

of the heat conservation Equation (2.3). Thewsr along the top of the surface indicate the
components of the surface heat budget included in the nfeodetde: Duguagt al, 2003)

CLIMo can be forced using hourly or daily mean values of air tempergyewind
speed (m/s), relative humidity (%dloud cover (1/10), and snow depth (rSnow density
can be read as an input, whether as a constant, mean winter value or as a daily variable and
the downward radiative terms either can be read directly or compittiednodelproduces
outputs for differensnow cover scenarios (0%, 25%, 50%, 75% and 100% of tHsbare
snow cover depths) and mixed layer depthe@l$ as allenergy balance components;ioa
snow depth, annual brealp/freezeup, ice thickness, and temperature profile in ice and
snow.

FLake modelis based on a seHimilar parametric representatig@gssumedhape) of
the evolving temperature di@. This concept originates from observations of oceanic mixed
layer dynamics by Kitaigorodskii and Miropolsky (1970Figure 25 illustrates the
temperature pide in the mixed layerthermocline, and active layer of bottom sedimdots
the model

The mixedlayer temperaturés shown withdy(t) and its deptiwith h(t). dy(t) is the

temperature athe waterbottom sediment interfacend the temperaturely(t) at the lower
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boundaryof the upper layer of bottom sediments penetrated by the thermal waviheand
depthH(t) of that layer. The temperatucg at the outer edge = L of the thermally active
layer of bottom sediments is constantFLake,provision is made to model the evolution of

snow cover above the lake jdmut ithas not been sufficiently tested so. far

0 (1) 0 (1)
b_ s

h(t)

H(r)

GH(r) BL

Figure 2-5. Schematic representation of the temperature profile in the mixed layer,
thermocline, and active layer of bottom sediments. The evolving temperature profile is
specified by several tirmdependent quantitieS¢urce:Mironov, 2008.

FLake can be forced withir temperature°C), wind speed (m/s), air humidity (mb),
incoming solar radiation (Wr), and cloudiness (@) or incoming longwave radiation
(W/m?. The model produces outputs as: lake surface temperatGde hean water
temperature °C), lake bottomtemperature °C), friction velocity in air (m/s), friction
velocity in surface water (m/s), convective velocity scale (m/s), sensible and latent surface
heat flux (W/nf), shortwave radiation (W/rf), longwave radiative flux from the atmosphere
(W/mP), longwave radiative flux from the water (WAn mixed layer depth (m), depth of the
thermal wave penetration in sediments (m), temperature at the crest of the thermal wave in

sediments °C), heat flux across the watsediment boundary (W/) ice and snow
16



thickness (m), ice and snow temperatU(@)(As indicated abovehe siow module of FLake
has not been sufficiently tested so. fBnerefore it has been set to zero in this studp. the
next chapter, both CLIMo and FLake are used to simulatgleZihdice-coverover GBL
and GSL. Results are compared to those obtained with MODIS durirapémsvater and
snow/ice growth seasons.

One gatisticd measureused to comparethe performanceof modet against

observationss therelativeindex ofagreemen(l,) definedas (Wilmott and Wicks, 198D

0 p

(2.4)

whereP; and O; are the predictedmodeled)and observed valuesespectively O, is the
averageobservedvalue, and N is th@umber of data points used@his index hasvalues
rangingfrom O (worst performanced 1 (best possiblperformance)

The mean bias error (MBE), which provides a measure of systematicieaiso
calculated to examingéhe performanceof models The MBE indicates whethea model
underpredicts or ovepredicts a variable throughoutgaven period of timelf the error is
completely random, the MBE valigequal tazero.

DO O 5 (2.5)

The root mean squaeeror (RMSE)is another useful statistical measure utilized in this
thesis.It providesa measureof the nonsystemati error. The RMSE gives measuref the
total error anddoesnot distinguishbetweenunderpredictionor overpredictionsincethe
difference betweerthe predicted and the observed valuesigmiared.A RMSE of zero
indicatesthat there is no deviatidmetweerthe predictec&nd the observedalues.

YO Yo 2 (2.6)
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Chapter 3
Simulation of surface temperature andce-coverwith 1-D models: A

comparison with MODIS satellite data andin situ measurements

Overview

Lake Surface Temperature (Ld andice phenologywere simulatd for various points
differing in depth on Great Slave Lake (GSL) and Great Bear Lake (GBL), two large lakes

|l ocated in the Mackenzie River uBmgdheone i n Cana
dimensional (1D) Freshwater Lake model (FLake) and Canadiake Ice Model (CLIMo)

over the 2002010 period. Input data from three weather stations (Yellowknife, Hay River
and Deline) were used for model simulatiobST.e model resultsare compared to those
derived from the Moderate Resolution Imaging Spedatiioraeter (MODIS) aboard the
Earth Observing System Terra and Aqua satellite platforms. The main goal was to examine
the performance of the FLake and CLIMo models in simuldtifd.«e andice-coverunder
different conditions for the two large northern lakes and to identifyutioertaintieof 1-D

lake models and satellite data products. Both models reveal a good agreement with daily
average MODIS.STae from GSL and GBL on an annual basis. CLIMmwed a generally

better performance than FLake for both lakes, particularly duringcéheoverseason. The
absence of consideration of snow on lake ice in FLake was found to have a large impact on
estimated ice thicknesses (26 cm thicker on averagleebgrid of winter compared to situ
measurements; 9 cm for CLIMo) and bragk dates (5 days earlier in comparison with

situ measurements; 3 days later for CLIM0). The overall agreement between the two models
and MODISLST e products during both thepenwaterand icecoverseasons indicates that

the assimilation of satelliteetrieved LSTae into numerical weather prediction (NWP)

models merits to be explored.
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3.1 Introduction

It has been recognized that large lakes have a considerable influelammloand regional
climates Eerolaet al, 2010) Theinfluenceof lakes on local temperature is important for a
country like Canada where lakes are abundant. For example, it has been estimated that the
Great Lakes of North America have a large influence by doubling the amount of local
precipitation in winter and degasing the amount of precipitation by 10% to 20% in summer
(Ljungemyret al, 1996). The presence or absencecefcoveron lakes during the winter
months is also known to affect both regional climate and weather events (8oake
2007a). If lakes ardrozen, the physical properties of the lake surface such as surface
temperature, albedo, and roughness are very different. Lake surface properties and the
amount of lake surface area are major issues of interest when dealing with the lake
atmosphere intactions (Ljungemyet al, 1996). Understanding the process of the lake ice
and its interactions with climate allow for better climate modeling and weather forecasting.
In most numerical weather prediction (NWP) and climate models, however, the effect of
lakes is often ignored or parameterized very roughly (Brown and Duguay, 2010).
Improvement in numerical weather forecastoan be achieved by interactive coupling of
NWP and regional climate models with lake mod#gd@nov et al, 2010.

Samuelssn et al (2010)investigated the impact of lakes on the European climate by
coupling the Freslwvater Lake (FLake) model in the Rossby Centre Regional Climate Model
(RCA3.1). Simulations where FLake is coupled to the RCM were compared to those in
which all lakesm the model domain were replaced by land. Results showed that lakes have a
warming effect on the European climate in all seasons, especially in fall and winter.
Martynov et al. (2010) showed the ability of two-I lake models (Hostetler and FLake
models) v simulate the surface temperature of typical temperate lakes in North America.
Results showed a good performance of both models for shallow lakes, but larger differences
were documented for deep lakes when comparing modeled and observed water temperature
and ice-cover duration. Eerola et al (2010) investigated the performance of the High
Resolution Limited Area Model (HIRLAM) NWP model using the FLake model as a
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parameterization scheme. The authors suggest that assimilation of lake surface temperature
(LSTake) Observations would likely produce more reliabdeecastingresults. e physical
properties of the lake surface (surface temperature, albedo and roughness) are different with
the presence of aite-cover Therefore, thace-coveris alsoimportantfor NWP models
(Eerolaet al, 2010).An important step in this respect is to compa8¥ .k andice-cover
obtained with lake models with those either measumeditu or retrieved from satellite
remote sensing observations.

Remote sensing data are in@iagly being used to deriMeST ke Thermal infrared
(TIR) satellite data (e.g. Terra and Aqua/MODIS data Bndisat/Advanced Along Track
Scanning Radiometer (AATSRJised to derive. ST, have recently been validated against
groundbased measurements fgpenwater conditions. Collet al. (2009) comparedh situ
measured_STake (skin temperatures) with those derived from AATSR from Lake Tahoe,
California, for the period Juiypecember 2002nd July 2003. They showed an average bias
(AATSR minusin situ) of 1 0.17K, a standard deviation of 0.3¢, and root mean square
error of £0.41°K. For the same lak&chneideret al. (2009) computed a biag(situ minus
satellite retrieval) and standagdror of-0.007°C and 0.32°C, respectively, for MODIS. The
equivalent values for AATSR were reported to-BeD82°C and 0.30°C, and for ATSR
0.001°C and 0.19°C. Coefficient of determinatiorf)(Ralues greater than 0.99 were found
for all three sensorsAlso, Crosman and Horel (2009) found a bias-b6°C between
MODIS-derivedLSTae (L2) andin situ measurements from buoys deployed in Great Salt
Lake, Utah.

In this paper, satellitderived surface temperatures are analyzed against the CLIMo
(Canadian Lake Ice Model) and FLake models in simulationsSdi.«e andice-cover for
two large, deep, lakes of northern Canddiacertaintieof the 2D lake models and satellite
data products are also identified. In particule®T.e Simulated with he lake models are
compared with those derived from MODIS on a daily basis annually and seasopalty (
waterandice-coverseasons) for the period 20@R10. Simulated ice thickness and freeze
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up/breakup dates are compareditositu observations for # periods 1961996 and 2002
2008.

3.2 Study Area

The study area encompasses Great Slave Lake (GSL) and Great Bear Lake (GBL), two lakes
|l ocated in the Mackenzie River Ba3l).mhesen Can.
lakes are deep, large, and cdddprevious study showed that tbpernwaterperiod for GSL

is longerwith the warmerwater surface temperature by average of 2.7 °C compared to

GBL (Rouseet al, 2008). For this studyneteorological data used as forcing variables for

the lake modelsvere obtained from three weather stations located near the shore of GBL and
GSL (Figure3.1): the Deline station §10 °N, 123.30 °W), at an altitude of 213 m a.s.l, on

the southwest shore of GBL; the Hay River station on the southwest shore of GSL°{§0.50
115.47 °W) at an altitude of 164 m a.s.l.; and the Yellowknife Airport weather station located
close to the north shore of GSL (62.28 °N, 114.27 °W) at an altitude of 205 m a.s.l. The
physical characteristics of the lake sites are shown in Bahle

Table 3-1: Physical characteristics of GSL and GBEl;. is the mixed layer depth yéx is
the maximum depth,anis the average depth, V is lake volume and A is lake area.

Location Lat (°N)  Lon (W) Zw. (M) Zyax (M) Zyean(m)  V (km® A (km?)

GSL 614 41 1580 27,000
Yellowknife station (Back Bay 62.28 114.27 10
Hay River station 60.50 115.47 10
Main Basin 61.50 114.6 40

GBL 413 42 2240 31,000
Deline station 65.10 123.30 40
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Figure 3-1: Maps showing the location of GSL and GBL within the Mackenzie River Basin
and meteorological stations.

3.3 Data and Methods

3.3.1Moderate Resolution Imaging Spectroradiometer (MODIS)
The MODIS Terra and Aqua (L2, 1 km resolution, Version 5) day and night.t8Wgy. and
emissivity products (MOD/MYD11_L2Yerivedfrom the thermalnfrared channels 31 and

32 were acquired through the NASA Land Processes Distributed Active Archive Center (LP
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DAAC) for the period 2002010.The products provide pgrixel temperature and emissivity
values in a sequence of swdthsed ¢ grid-based global products and are produced daily at
5-minute increments.

The images were processed using a program written imtin@ctive Data Language
(IDL) to average Terra, Aqua, day, and nightface temperatude2 productanto a new 13
product In this program, first the section of the file intersecting the region of interest is read
and then the latitude/longitude coordinates and time values are calculated for each pixel
(cell). The file is split into approximately square tiles, whick eeprojected to thd&quat
Area Scalable Earth GridEASEGRID) projection. This is done by calculating the
projection coordinates of each observation and then using linear interpolation to calculate a
value for the center of each EASERID cell. Tiles ae scaled to the desired output
resolution (1 km in this study) by averaging all pixels that fall into the cell. For the entire file,
two arrays are produced, one containing the average of all observations during the day and
the other containing the obsation during the night. The data from each array is added to an
array containing the intermediate sum of all day/night observations for each pixel,
respectively. After all files have been processetdaverage is produced for each pixel of all
observationsduring the day, and another is calculated for the night. These values are
averaged together to produce the final surface temperature average with equal weighting
between day and night values.€eBedata, along with the day and night averages and the
numbe of observations that went into producing each average, is output to a GEOTIFF file.
The average (mean) daily values of pixels were extracted from the GEOTIFF files over the

lake sites of Table 1 for comparison with the model simulations.

3.3.2Canadian Ice Daabase (CID)

Lake ice thickness measurements and freg#breakup dates from Back Bay (GSL) for the
periods 19641996 were extracted from Canadian Ice Database (CID) (Lenoretaab
2002) to evaluate the model results. No measurements are then avaialihe 2002008
period when ice thickness measurements resumed (not-ipdmeakup observations). Ice

thickness is measured about once a week, starting after-trpezben the ice is safe to walk
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on, and continues until breakp when the ice bemes unsafe. Freezg and breakip dates,
as defined herein, correspond to complete freeze over (i.e. earliest date on which the lake is
completely covered by ice) and water clear of ice (i.e. earliest date on which water is

completely free of floating &).

3.3.3Canadian Lake Ice Model CLIMO0)

CLIMo (Duguayet al, 2003)hasbeen developed to simulate ice phenology, thickness and
ice composition on lakes of various deptfitis 1-D thermodynamic ice model has been
tested extensively to simulate igeowth processes on shallow lakes in Arctic/gubtic and
high-boreal forest environments as well as on Great Slave Lake (e.g., Degahy2003;
Ménard et al., 2002; Morris et al., 2005). For shallow lakes in the Churchill region,
Manitoba, iceon dates have been simulated to within 2 daysdditu observations and
within 1 to 8 days for breaup (iceoff) dates depending on the snow depth on ice scenario
used in the simuteons. Ménardet al. (2002) also studied ice phenology using CLIMo on
GSL for the period 1960991. Freezeip and breakip dates were compared with situ
observations and those derived from the passive microwave satellite imagery. Results
showed a good greement between observed and simulated ice thickness and- freeze
up/breakup dates for this period, particularly for the Back Bay (4 and 6 days overestimate
for breakup and freezaip, respectively) and Hay River (4 days and 5 days overestimation
for breakup and freezeip, respectively). It was further demonstrated that CLIMo is capable
of reproducing well the seasonal and irdenual evolution of ice thickness andioa snow
depth, as well as the intannual variations in freeagp and breakip datesHowever, to
date, surface water and surface snow/ice temperatures generated by CLIMo have not been
evaluated.

CLIMo performsa surface energy budget calculation to get net flux at ice, snow or
openwater surface, solvesthe 1-D heat conduction problem using an implicit finite
difference scheme with the ice/snow slab discretized into an arbitrary number of thickness

layers.The surface energy budget is expressed as:
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whereF, (Wm™) is the net downward heat flux absorbed at the surfaggWm™) is the
downwelling longwave radiative energy fluiis the surface emissivity] is the Stefan
Boltzmann constant (5.67 x 3@vm? K™, T (K) is the temperaturé,(s) is the timelJis the
surface albedol, is the fraction of shortwave radiation flux that penetrates the surface (a
fixed value dependent on snow depthR), (Wm?) is the downwelling shortwave radiative
energy flux, Fiae (Wm?) and Fsens(Wm™?) are the latent heat flux and sensible heat flux,
respectively.

CLIMo includes a fixeedepth mixed layer in order to represent an annual cycle.
When ice is present, the mixedéa is fixed at the freezing point; and when ice is absent, the
mixed layer temperature is computed from the surface energy budget and hence represents a

measure of the heat storage in the lake, namely
"0 Q — O 00p | (3.2)

whereTnmix is the mixed layer temperature amgly is the effective mixed layer depth, a@Ggly
is the specific heat capacity of water (Dugeawl, 2003).

The model can be forced witkaily mean or hourly values of air temperature (°C),
wind speed (m/s), relative humidity (%), cloud covar fent, and snow depth (m). It
produces outputs for different snow cover scenarios (0%, 25%, 50%, 75% and 100% of the
onshore snow cover depths) and mixed layer depths. In this study, mean daily values from
the meteorological stations, a 50% snow cover soer{a€i% less snow on ice surface than
measured at the station on land), as well as 1Bank Bay and Hay Rivegnd 40 m(GSL

Main Basin and GBL near Delin@)ixed layer depths were used in the simulations.

3.3.4Fresh Water Lake Model (FLake)

The FLake model (Monov 2008, Mirono\et al., 2010) is a fresh water lake model, whigh
based on a twdayer water temperature profilemixed layer at the surfacand the
thermocline extending from the bottom of the mixed layer to the bottom of the lake. The

model is al# topredict the surface temperature in lakes of various depths on the time scales
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from a few hours to a year. The structure of the stratihedmoclinelayer is described
using the concept of setimilarity (assumed shape) of the temperatiepth cuve. The
same concept is used to describe the temperature structure of the thermally active upper layer
of bottom sediments and of the ice and snow cover. Thdayay parameterization of the
vertical temperature profile is:
— 0h Oom a Q

~ —6 —o —o .,k HoQ & O (33)
where— 0 is the temperature of the upper mix layer of ddpth), —is thetemperature at
the watetbottom sediment interface € D). , [ Jo-am]/[—06 —o]isa
dimensionless function of dimensionless depth z{h ()] / [D 7 h (t)] that satisfied the
boundary conditions mn =0 and p = 1. The equation of heat budget of the mixed

layer wherzis between 0 and is:
— — 0 O 0 ‘O (34)

where ” is the water densityp is the specific heat of wate€} andlsare the value of the
vertical turbulent heat flux, and the heat flux due to solar radiatspectivelyQ, andl, are
the heat fluxes at the bottom of the mixed layer (Miror208).

This model is very sensitive to the lake depth and it has been shown that using actual
depth in deep lakes can leaddaye errorsFor the deep lakes, a virtual bottom depth usually
at 4660 m is used in simulations, instead of the real lake défitonov, 2008). FLake does
consider the snow cover over the lake ice surbatas not recommended to use. Therefore,
the snow albedo is formally set equal to the ice albedo. As with CLIMo, mean daily values of

atmospheric forcings were used for simiaias with FLake.

3.4 Results and discussion

Results of surface temperaturiee thickness and freezp/breakup dates are compared
between models, MODIS (Terra/Aqua) observation datajrasiu measurements from sites
on GSL and GBL. Thaeurface temperataresults over the two large lakes are first plotted

for the complete (full) years (JaDec.) and then separately for theenwaterseason (June
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Oct.) andice-coverseason (NovMay). Three statistical indices were calculated to assess the
lake model reslts: the relative index of agreemeid),(the mean bias error (MBE), and the

root mean square error (RMSE). These indices have been shown to be robust statistical
measures for validating model performance (e.g. Wilmott and Wicks, 1980; Hiretnahn

1998). The Jis a descriptive measure applied to make ecoossparisons between models or
models and observations. Its value ranges from O (worst performance) to one (best possible
performance) (Ménareét al, 2002). The MBE was calculated as model msnMODIS

results. Hence, a positive (negative) bias indicates that modeled values are warmer (colder)

than satellite measurements.

3.4.1Lake Surface Temperature

ModeledLST e from CLIMo and FLake are compared in Figid:2 with MODIS-derived
LSTke data forthe four different sites (Yellowknife (Back Bay), Hay River, GSL (Main
Basin), and GBL (Deline)pver thefull year (Jan- Dec) from 2002 to 2010. As Figu&e3
illustrates both models show a good agreement compared to M@D& data over the full
year ae considered (0.94T I, ¢ 0.984; 0.43¢ MBE ¢ 4.46; 3.93¢ RMSE ¢ 6.56) A
completesummary ofthe statistical indicess presented imable 3.2. The performancef

the two modelsis not the sameon a seasonal basis. Hence, results were also examined

separately for thepenwaterandice-coverseasons

Table 3-2: Comparison of observed and simulated lake surface temperature for Yellowknife
(Back Bay),Hay River, GSL (Main Basin), and GBL (Deline) (262Q10).

Back Bay Hay River GSL(Main Basin)| GBL (Deline)
CLIMo | FLake | CLIMo | FLake | CLIMo | FLake | CLIMo | FLake
Full la 0.984 | 0.962 | 0.956 | 0.949 | 0.981 | 0.954 | 0.975 | 0.947

year MBE 2.26 0.70 4.25 3.03 0.94 0.43 2.77 4.46
RMSE | 4.30 6.45 6.27 6.30 3.93 6.56 4.45 6.54

Open la 0.860 | 0.858 | 0.709 | 0.755 | 0.922 | 0.810 | 0.758 | 0.627
water MBE 3.10 0.85 5.10 3.47 0.96 2.73 3.49 5.76
season| RMSE | 4.20 3.53 6.86 6.65 2.78 4.26 4.06 6.20

lce- la 0.948 | 0.798 | 0.948 | 0.873 | 0.924 | 0.787 | 0.929 | 0.840
cover MBE 1.40 0.42 1.22 2.07 0.35 -2.76 1.97 3.25
season| RMSE | 4.71 9.02 5.11 7.84 5.14 8.76 5.01 7.28
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Figure 3-2: Comparison of modeledST e from CLIMo and FLake with MODISlerived
LSTike data during full year for 2002010 (a)Yellowknife (Back Bay), (b) Hay River, (c)
GSL (Main Basin), (d) GBL (Deline).
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Figure 3-3: Comparison of modeledST e from CLIMo and FLake with MODISlerived
LSTike data during full year for 2002010 (a,b)Yellowknife (Back Bay) (c,d) Hay River,
(e,f) GSL (Main Basin), (g,h) GBL (Deline).
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http://www.crrel.usace.army.mil/sid/personnel/sturm/pdfs/ListonSturmWinterPrecipitation.pdf






















