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ABSTRACT

Lake surface temperature (LST) and ice phenology were simulated for various points differing in depth on
Great Slave Lake and Great Bear Lake, two large lakes located in the Mackenzie River Basin in Canada’s
Northwest Territories, using the 1-D Freshwater Lake model (FLake) and the Canadian Lake Ice Model
(CLIMo) over the 2002-2010 period, forced with data from three weather stations (Yellowknife, Hay River
and Deline). LST model results were compared to those derived from the Moderate Resolution Imaging
Spectroradiometer (MODIS) aboard the Earth Observing System Terra and Aqua satellite platforms.
Simulated ice thickness and freeze-up/break-up dates were also compared to in situ observations. Both models
showed a good agreement with daily average MODIS LSTs on an annual basis (0.935 < relative index of
agreement < 0.984 and 0.94 < mean bias error < 4.83). The absence of consideration of snow on lake
ice in FLake was found to have a large impact on estimated ice thicknesses (25cm thicker on average by
the end of winter compared to in situ measurements; 9 cm thicker for CLIMo) and break-up dates (6 d earlier in
comparison with in sitru measurements; 3d later for CLIMo). The overall agreement between the two
models and MODIS LST products during both the open water and ice seasons was good. Remotely sensed
data are a promising data source for assimilation into numerical weather prediction models, as they provide
the spatial coverage that is not captured by in situ data.
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1. Introduction the winter months is also known to affect both regional

) ) climate and weather events (Rouse et al., 2007). If lakes
It has been recognised that large lakes have a considerable . .
) ] ] o ) are frozen, the physical properties of the lake surface such
influence on local and regional climates by modifying air
temperature, wind and precipitation (Eerola et al., 2010).
The impact of lakes on local temperature is important for
a country such as Canada where lakes are abundant. The
larger the fetch of the lake, the greater the effect the lake
will have on local weather and climate. For example, it has
been estimated that the Laurentian Great Lakes of North

America have a large influence by doubling the amount

as surface temperature, albedo and roughness are very
different. The lake surface area and its properties such
as temperature and ice are major issues of interest when
dealing with lake—atmosphere interactions (Ljungemyr
et al., 1996). Understanding lake ice processes and the
corresponding interactions with the atmosphere allows
for better climate modelling and weather forecasting
(Eerola et al., 2010). In most numerical weather prediction
(NWP) and climate models, however, the effect of lakes
is often ignored or parameterised very roughly (Brown and

of local precipitation in winter and decreasing the amount
of precipitation by 10-20% in summer (Ljungemyr et al.,

1996). The presence or absence of ice cover on lakes during Duguay, 2010). Tmprovement in numerical weather fore-

casting can be achieved by interactive coupling of NWP
and regional climate models (RCMs) with lake models
(Mironov et al., 2010).
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Samuelsson et al. (2010) investigated the impact of lakes
on the European climate by coupling the Freshwater Lake
(FLake) model to the Rossby Centre Regional Climate
Model (RCA3.1). Simulations where FLake is coupled to
the RCM were compared to those in which all lakes in
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 1-D lake models,
Hostetler (Hostetler et al., 1993) and FLake models, to
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 modelled
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 parameterisation
scheme. The authors suggest that assimilation of lake
surface temperature (LST) observations would likely pro-
duce more reliable results. The physical properties of the
lake surface (surface temperature, albedo and roughness)
are different with the presence of an ice cover. Therefore,
the ice cover is also important for NWP models (Eerola
et al., 2010). An important step in this respect is to compare
LST and ice cover obtained with lake models with those
either measured in situ or retrieved from satellite remote
sensing observations.

Remote sensing data are increasingly being used to derive
LST. Thermal infrared satellite data [e.g. the Moderate
Resolution Imaging Spectroradiometer (MODIS) and
Envisat/Advanced Along Track Scanning Radiometer
(AATSR)] used to derive LST have recently been vali-
dated against ground-based measurements for open water
conditions. Coll et al. (2009) compared in situ LST (skin
temperatures) with those derived from AATSR of Lake
Tahoe, California, for the period July—December 2002
and July 2003. They computed an average bias (AATSR
minus in situ) of 0.17°K, an SD of 0.37°K and root mean
square error (RMSE) of +0.41°K. For the same lake,
Schneider et al. (2009) computed a bias (in situ minus
satellite retrieval) and SE of 0.007 and 0.32 °C, respectively,
for MODIS. The equivalent values for AATSR were
reported to be 0.082 and 0.30°C, and for the ATSR-2
0.001 and 0.19 °C. Coefficient of determination (R?) values
greater than 0.99 were found for all three sensors with
in situ lake skin temperature. The authors estimated an
absolute bias error of less than 0.1°C in validation of
ATSR and MODIS night-time observations against in
situ data at Lake Tahoe. The use of only night observa-
tions increases the accuracy since the effect of differential
solar heating during the day is removed. Also, Crosman
and Horel (2009) found a bias of 1.5°C between

MODIS-derived LST (Level 2) and in situ measurements
from buoys deployed in Great Salt Lake, Utah. They
combined daytime and night-time observations and the in
situ water temperature measured at a depth of 0.5 m.

In this study, LST and ice cover simulation results
obtained with the Canadian Lake Ice Model (CLIMo)
and FLake models are compared to those from satellite
(LST) and in situ (ice thickness and freeze-up/break-up
dates) observations for Great Slave Lake (GSL) and Great
Bear Lake (GBL), Canada. Uncertainties of the 1-D lake
models and satellite data products are identified. For
LSTs, simulated values with the lake models are compared
to those derived from MODIS on a daily basis annually
and seasonally (open water and ice cover seasons) for
the period 2002-2010. In the literature, lake models have
been extensively validated against in situ observations;
however, using satellite observations for validation is
new to this field. LST values simulated with CLIMo have
not yet been verified in any previous studies, but these
results are analysed and compared to FLake and satellite
observations as the first validation effort of this model
output. In addition, simulated ice thicknesses and freeze-
up/break-up dates are compared to in situ observations
for the period 1961-2008. Finally, results from an experi-
ment aimed at testing the sensitivity of FLake simulated
LST and mixed layer depth to hourly and daily average
data forcing are presented.

2. Study area

The study area encompasses GSL and GBL, two lakes
located in the Mackenzie River Basin in Canada’s North-
west Territories (Fig. 1). These lakes are deep, large and
pass through the temperature of maximum density for
water twice a year, with complete overturn occurring once
in the spring and again in the fall (Rouse et al., 2008). A
previous study showed that the open water period for GSL
is longer with average of 2.7 °C warmer water temperature
compared to GBL (Rouse et al., 2008). For this study,
meteorological data used as forcing variables for the
lake models were obtained from three weather stations
located near the shore of GBL and GSL (Fig. 1): the Deline
station (65.21°N, 123.44°W), at an altitude of 214.3m
a.s.l., on the southwest shore of GBL; the Hay River
station on the southwest shore of GSL (60.84°N,
115.78°W) at an altitude of 164.9m a.s.l.; and the Yellow-
knife Airport weather station located close to the north
shore of GSL (62.46°N, 114.44°W) at an altitude of
205.7m a.s.l. Three different study sites were selected on
the lake water surface close to the weather stations:
near Yellowknife station (Back Bay), near Hay River
station (Hay River) and near Deline station (GBL). One
additional study site was selected in the middle of GSL
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(Main Basin-GSL), south of the Yellowknife weather
station, and data from this station were used to force the
models at this site. The physical characteristics of the lake
sites are shown in Table 1.

3. Data and methods

3.1. Moderate Resolution Imaging Spectroradiometer

NASA MODIS land surface temperature data products
are available as a series of seven products (5-min, daily,
8-d and monthly temporal resolutions at 1, 6 and 5.6km
spatial resolutions). The sequence begins as a swath (scene)
at a nominal pixel spatial resolution of 1km at nadir and

,,,,,,,,

Maps showing the location of GSL and GBL within the Mackenzie River Basin and meteorological stations.

nominal swath coverage of 2030 or 2040 lines (along
track, about Smin of MODIS scans) by 1354 pixels per
line. Each product in the sequence is built from the
previous products (Wan, 2007). The MODIS Terra and
Aqua (Level 2, 1km resolution, Version 5) daytime and
night-time land surface temperature and emissivity pro-
ducts (MOD/MYDI11_L2) derived from the thermal-
infrared channels 31 and 32 were acquired through the
NASA Land Processes Distributed Active Archive Center
(LP DAAC) for the period 2002-2010. The products
provide per-pixel temperature and emissivity values in a
sequence of swath-based to grid-based (1 km gridded data
set) global products and are produced daily at 5-min
increments (the sensor acquires images in each 5min).
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Table 1. Physical characteristics of GSL and GBL

Location Latitude (°N) Longitude ("W) Zyp (m) Zgor (M) Zyax (M) Zyjean (M) V (km?) A (km?)
GSL 614 41 1580 27,000
Yellowknife station (Back Bay site) 62.46 114.44 10 10
Hay River station (Hay River site) 60.84 115.78 10 10
Main Basin (Main basin, GSL site) 61.50 114.6 40 80
GBL 446 72 2240 31,000
Deline station (GBL site) 65.21 123.44 40 60

Zw1 is the effective mixed layer depth.

Zror is the actual lake depth at each site (region of interest, ROI).
Znmax 18 the maximum depth.

ZMean 18 the average depth.

V is the lake volume.

A is the lake area.

Znm1 is used in CLIMo simulations (see explanation in Section 3.3).

The images were processed by averaging Terra, Aqua,
day and night LST Level 2 products. The new algorithm
is developed because there are no combined Terra and
Aqua daily averaged products currently available. In this
algorithm, 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.
The domain is split into approximately square tiles,
which are re-projected to the Equal-Area Scalable Earth
Grid (EASE-GRID) projection. The EASE-GRID projec-
tion consists of a set of three equal-area projections and
developed at the National Snow and Ice Data Center
(NSIDC) for the distribution of snow and ice products.
It is intended to be a flexible tool for users of global-
scale gridded data. The re-projection is carried out by
first calculating the projection coordinates of each observa-
tion and then using linear interpolation to calculate a
value for the centre of each EASE-GRID cell. Tiles of
the selected regions of interest are then projected onto the
target grid with the desired output resolution (1km in this
study) by averaging all pixels that fall into the target
grid cell. The algorithm distinguishes daytime/night-
time average data to be able to use each of them
individually if needed. As there are two satellites (Terra
and Aqua) operating a MODIS sensor, when combined
it offers the possibility of four observations per day (two
days and two nights). To produce daily LST products
(day/night equal weight average), at least one daytime
and one night-time observation is considered to keep the
balance. For the entire domain, two sets of data are
produced, one containing the average of all observations
during the day and the other containing the observation
during the night. Then, the intermediate sum of all MODIS
Terra/Aqua day/night observations for each pixel is
calculated. These values are averaged together to produce

the final surface temperature average with equal weighting
between day and night values.

These data, along with the day and night averages
and the number of observations that went into producing
each average, are output to a GEOTIFF file. The average
(mean) daily values of pixels (one pixel from each region
of interest) were extracted from the GEOTIFF files over
the lake sites of Table 1 [Back Bay (GSL), Hay River
(GSL), Main Basin (GSL) and Deline (GBL)] for compar-
ison with the model simulations.

3.2. Canadian Ice Database

Lake ice thickness measurements and freeze-up/break-up
dates from Back Bay (near Yellowknife, GSL) for the
periods 1961-1996 were extracted from Canadian Ice
Database (CID) (Lenormand et al., 2002) to evaluate the
model results. For the period 19962002, no observations
were taken (neither ice thickness nor freeze-up/break-up
dates); however, they were resumed for 2002-2008. Ice
thickness is measured approximately once a week, starting
after freeze-up when the ice is safe to walk on, and
continues until break-up when the ice becomes unsafe.
Freeze-up and break-up dates, as defined herein, corre-
spond to the earliest date on which the lake is completely
covered by ice and the earliest date on which water is
completely free of floating ice, as determined from an
onshore observer (a person).

3.3. Canadian Lake Ice Model

CLIMo (Duguay et al., 2003) has been developed to
simulate ice phenology, thickness and ice composition on
lakes of various depths. This 1-D thermodynamic ice
model has been tested extensively to simulate ice-growth
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processes on shallow lakes in Arctic/subArctic and high-
boreal forest environments as well as on GSL (e.g. Duguay
et al., 2003; Ménard et al., 2002; Morris et al., 2005;
Brown and Duguay, 2011a, Brown and Duguay, 2011b).
For shallow lakes in the Churchill region, Manitoba,
ice-on dates were simulated with 2d accuracy in compar-
ison with in situ observations (variation of mean absolute
error), and break-up (ice-off) dates were simulated with
1-8d accuracy depending on the on-ice snow depth
scenario used in the simulations (Duguay et al., 2003).
Meénard et al. (2002) also studied ice phenology using
CLIMo on GSL for the period 1960-1991. Freeze-up and
break-up dates were compared with in situ observations
and those derived from the passive microwave satellite
imagery. Results showed a good agreement between
observed and simulated ice thickness and freeze-up/break-
up dates for this period, particularly for Back Bay (4 and
6 d overestimation for break-up and freeze-up, respectively)
and Hay River (4 and 5d overestimation for break-up
and freeze-up, respectively). It was further demonstrated
that CLIMo is capable of reproducing well the seasonal
and inter-annual evolution of ice thickness and on-ice
snow depth, as well as the inter-annual variations in
freeze-up and break-up dates (Ménard et al., 2002; Duguay
et al., 2003; Jeffries et al., 2005; Brown and Duguay,
2011a, Brown and Duguay, 2011Db).

CLIMo performs surface energy budget calculations to
obtain net flux at the ice, snow or open water surface,
solving the 1-D heat conduction problem using an implicit
finite difference scheme with the ice/snow slab discretised
into an arbitrary number of thickness layers. The surface
energy budget is expressed as:

FO = EW - 8JT4(07 Z) + (1 - OC)(l - 1())F§w + Eat + F‘scns (1)

where F, (Wm?) is the net downward heat flux absorbed
at the surface, Fi,, (Wm ?) is the downwelling long-wave
radiative energy flux, ¢ is the surface emissivity (e is
already being taken into consideration to Fj, since Fj
is a function of air temperature and atmospheric emis-
sivity), o is the Stefan—Boltzmann constant (5.67 x
108Wm=2K™), T (K) is the temperature, ¢ (s) is the
time, o is the surface albedo, I, is the fraction of short-
wave radiation flux that penetrates the surface (a fixed
value dependent on snow depth), Fy, (Wm™) is the
downwelling short-wave radiative energy flux, Fiy
(Wm™>) and Fins (Wm™>) are the latent heat flux and
sensible heat flux, respectively. CLIMo uses the Shine
(1984) and Maykut and Church (1973) parameterisation
schemes to calculate short-wave and long-wave radiation,
respectively. Shine (1984) improved the scheme of Zillman
(1972) by adjusting its coefficients to better represent arctic
winter conditions. Ice thickness growth is sensitive to the

timing and amount of snow accumulation; therefore, snow
cover plays an essential role in controlling the ice phenol-
ogy of lakes (Duguay et al., 2003). CLIMo calculates ice
and snow thickness from mass and density and computes
the conductivity and heat capacity of the snow layer using
the thermal conductivity of snow and a heat capacity
parameterisation scheme, including the parameterisation
of water vapour diffusion. Up to 99 layers can be specified
in simulations to give a detailed temperature profile of
the ice and snow (four ice layers and one snow layer were
used in this study). CLIMo uses a surface albedo para-
meterisation, which takes into account the surface type
(open water and snow/ice), surface temperature and ice
thickness. The difference between the conductive flux and
the net surface flux is used to calculate melting at the
upper surface, with the intention that all snow is melted
first and the remaining heat is used to melt the ice.

CLIMo includes a fixed-depth water mixed layer in a
lake in order to represent a water surface temperature
and ice annual cycle. When ice is present, the mixed layer
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:

pw““mix

oT,;
pr d, 8‘;”‘ = FO +F5w10(1 - OC) (2)

where T« is the mixed layer temperature, dp;x is the
effective mixed layer depth and C, is the specific heat
capacity of water (Duguay et al., 2003).

The daily averaged forcing data were obtained from
the Meteorological Service of Canada weather station
nearest to the sites. The forcing data used to simulate
LST in GSL Main Basin are from the Yellowknife weather
station, as there were no closer stations in this area of
the lake. Data include daily 2-m air temperature, wind
speed, relative humidity, cloud cover and snow depth.
CLIMo uses snow depth measurements from the weather
station closest to the lake as an input (forcing) and then
calculates snow depth over the lake ice surface using
different snow accumulation scenarios (Ménard et al.,
2002; Duguay et al., 2003). These scenarios account for
wind redistribution of snow on the open ice surface
(0, 25, 50, 75 and 100% on the ice surface of the amount
measured at the station onshore). In this study, a 50%
snow cover scenario was used. Snow ice is also created
by the model if there is a sufficient amount of snow to
depress the ice surface below the water level. The added
mass of the water-filled snow pores (slush) is added to the
ice thickness as snow ice (Brown and Duguay, 2011Db).
Mixing depths of 10m (Back Bay, Hay River) and 40m
(Main Basin-GSL, Deline-GBL) were selected based on the
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results from a previous investigation by Ménard et al.
(2002) (see Table 1).

3.4. Freshwater Lake model

The FLake parameterisation scheme (Mironov, 2008;
Mironov et al., 2010) is a computationally efficient FLake
model, which is based on a two-layer water temperature
profile, mixed layer at the surface and the thermocline
extending from the bottom of the mixed layer to the
bottom of the lake. The model is able to predict the surface
temperature in lakes of various depths on the time scales
from a few hours to a year. The structure of the stratified
thermocline layer is described using the concept of self-
similarity (assumed shape) of the temperature-depth curve.
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. The
two-layer
profile is:

representation of the vertical temperature

at 0<z<h

0,(2),
at h<z<D 3)

0= { 0,() — (0.(1) — 0,(1)), (),

where 0; (¢) is the temperature of the upper mixed layer of
depth 7/ (1), x, is the temperature at the water-bottom
sediment interface (z = D). @y (&) = [0 (1)—(z, D)]/[0s
(t)—0y (2)] is a dimensionless function of dimensionless
depth &=[z—h (1)]/[D—h ()] that satisfies the boundary
conditions @y (0) = 0 and ®y (1) =1. The parameterised
heat budget of the mixed layer when z is between 0 and
his:

I 00, 1

E=pT[Qs+Is*Qh*I}J 4)

W W

where p,, is the water density, C,, is the specific heat of
water and Qg and I are the value of the vertical turbulent
heat flux and the heat flux due to solar radiation,
respectively. Qp, and [, are the heat fluxes at the bottom
of the mixed layer (Mironov, 2008).

The main external parameter for the FLake model is
the lake depth. For deep lakes, a virtual bottom depth of
40-60m is typically used in simulations, instead of the
real lake depth (Mironov, 2008) (using actual depth in
deep lakes can lead to wrong results). FLake considers the
snow cover over the lake ice surface, but this block was
not tested and is not recommended to use. Therefore, the
snow albedo is set equal to the ice albedo. The ice albedo
is adapted to take into account the ageing of ice. FLake
also takes into account wind-driven water mixing (which
is an essential mechanism of the mixed layer growth) using
a relaxation-type equation in stable situations. For con-
vection regime, the entrainment equation is used.

FLake was forced by a time series of hourly atmospheric
data. Forcing data were obtained from the weather stations
nearest to the sites and consist of 2-m air temperature,
wind speed and air humidity. The incoming short-wave and
long-wave radiation fluxes were calculated from CLIMo
and interpolated to hourly in FLake since no radiation
fluxes are measured at the meteorological stations. In
the absence of publicly available water transparency
measurements for the studied lakes, the short-wave extinc-
tion coefficients were estimated based on knowledge of
the general water transparency of the sites. As shown by
Rouse and Duguay (2001), the semi-transparent nature
of lake water allows incoming solar radiations to pene-
trate to considerable depth; therefore, lake water has
a low surface albedo and absorbs incoming radiation.
The authors reported that the maximum depths to which
measurable solar radiation penetrated into lakes in the
Yellowknife vicinity varied from 1.5 to 6.5m. Thus, the
short-wave absorption coefficient of water used in the
simulations was 0.6m ! for all GSL’s study sites. Inflow
and outflow water from Slave River and Hay
River suspend sediments in the lake and are the
main factors for the lower water transparency in GSL
compared with GBL. The absorption coefficient in GBL
site was set to 0.2m " since this lake is clearer as it does not
receive any significant river inflow (Rouse and Duguay,
2001).

4. Results and discussion

LST values, ice thickness and freeze-up/break-up dates are
compared between modelling results, MODIS (Terra/
Aqua) observation data and in situ measurements from
sites on GSL and GBL. The values of LST over the two
large lakes are first plotted for the complete (full) years
(January—December) (Figs. 2 and 3) and then separately
for the open water season (June—October) (Fig. 4) and ice
cover season (November—April) (Fig. 6). To assess the 1
ake model results, three statistical indices were calculated:
the mean bias error (MBE), the RMSE and the relative
index of agreement (7). The MBE was calculated as model
results minus MODIS (or in situ ice) observations. Hence,
a positive (negative) bias indicates that modelled values
are warmer (colder) than satellite measurements, have
carlier (later) freeze-up/break-up dates, or thicker (thinner)
ice. I, is a ratio of the mean square error and the
potential error, which is the largest value that the squared
difference of each pair can attain (Wilmott, 1981). It is a
descriptive measure applied to make cross-comparisons
between models or models and observations, with possible
values ranging from 0 (worst performance) to 1 (best
possible performance) (Ménard et al., 2002). These indices
have been shown to be robust statistical measures for
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validating model performance (e.g. Wilmott and Wicks,
1980; Hinzman et al., 1998).

4.1. Lake surface temperature

Modelled LSTs from CLIMo and FLake are compared
in Fig. 2 with MODIS-derived LST data for four different

sites at GSL and GBL: Back Bay (near Yellowknife
station), Hay River (near Hay River station), GSL
(Main Basin) and Deline (near Deline station) over the
full year (January—December) from 2002 to 2010. As
Fig. 3 shows, both models show a good agreement
compared to MODIS when data over the full year are
considered (0.935 < [, < 0.984; 0.94 < MBE < 4.83;
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3.93 < RMSE < 7.64). A complete summary of the statis-
tical indices is presented in Table 2. The performance of the
two models is not the same on a seasonal basis. Hence,
results were also examined separately for the open water
and ice cover seasons. The periods of open water and ice
cover seasons are chosen based on the break-up/freeze-up

(ice off/ice on) dates from CID in situ observations for the
period 1960-1996. Unfortunately, there were no in situ
break-up/freeze-up date observations for the period 2002—
2010 (only ice thickness). The observations showed that the
average break-up date was 31 May and the average freeze-
up date was 29 October (1960—1996). Therefore, in this
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Table 2. Comparison of observed and simulated LST for Yellowknife (Back Bay), Hay River, GSL (Main Basin) and GBL (Deline)

(2002-2010)

Back Bay Hay River GSL(Main Basin) GBL (Deline)

CLIMo FLake CLIMo FLake CLIMo FLake CLIMo FLake
Full year
1, 0.984 0.974 0.956 0.935 0.981 0.975 0.975 0.960
MBE 2.26 4.63 4.25 0.94 3.35 2.77 4.76
RMSE 4.30 5.64 6.27 3.93 4.63 445 5.82
Open water season
I, 0.860 0.719 0.712 0.600 0.922 0.809 0.739 0.569
MBE 3.10 6.02 5.70 0.96 4.16 3.49 6.61
RMSE 4.20 6.47 6.86 2.78 4.53 4.06 6.95
Ice cover season
1, 0.948 0.942 0.928 0.870 0.924 0.932 0.923 0.936
MBE 1.40 3.51 1.22 0.35 2.36 1.97 2.95
RMSE 4.71 4.98 5.11 5.14 4.79 5.01 4.64

study, open water period was selected from June to
October and ice cover season was selected from November
to April. The actual break-up/freeze-up dates change from
year to year.

4.1.1. Open water season. Fig. 4 shows the comparison
of open water season LSTs for the four selected study sites.
The models show relatively warmer temperature than
MODIS observations (0.96 < MBE < 7.03) for all four
study sites. In the model simulations, the lake depths and
the effective mixed layer depths for CLIMo were chosen as
10m for Back Bay/Hay River and 40 m for Main Basin-
GSL/Deline-GBL sites. The reason for the overestimation
of temperature could be the forcing data used in models,
which are taken from weather stations onshore not over the
lake surface. During the spring, daytime air temperature
over land could be several degrees warmer than over a
colder lake, thus overestimating the simulated sensible heat
flux.

For both models, the results for the Hay River site for
LST show less agreement compared to Back Bay. Hay River
is located at a lower latitude than the Back Bay site. The
observed air temperature from the nearby weather station
over this region of the lake is higher than the one at the
Yellowknife station located in the Back Bay region ( ~2°C
warmer on average of 2002-2010). MODIS also shows on
average 3.8 °C higher LST values for Hay River. Another
reason for the warmer water temperature at the Hay River
site is that the warmer water of the Slave River flows from
the south into GSL from Lake Athabasca. The river water
flows into the lake with a mean temperature of about 10—
14°C above the temperature of maximum density, which
increases the temperature of this part of the lake (Schertzer
et al., 2008). Howell et al. (2009) found that the break-up

process of GSL starts first in this part of the lake due to
discharge from the Slave River. Also, Leon et al. (2007)
validated a 3-D lake hydrodynamics model, the Estuary and
Lake COmputer Model (ELCOM), by using observed
meteorological data and the output from the current
Canadian RCM as forcing to compare the results with
observed surface temperatures on GSL. The authors
indicate that there are counter-clockwise dominant circula-
tions patterns around the lake and a large central basin
counter-clockwise gyre of the upper layer of this lake. This
can at least partly explain the larger differences between
simulated and observed LSTs of Hay River compared to the
Back Bay site, as FLake and CLIMo are 1-D models and
therefore do not simulate the lateral flow of warm water
from a river that affects the Hay River site but not the Back
Bay site. Although the river brings warmer water into the
lake, MODIS observations still show lower temperatures
than simulations. This can be explained by the time
difference between the temperatures retrieved from MODIS
in comparison with temperature measurements from weath-
er stations (see Section 4.1.2). Also, it has been reported in
studies that MODIS generally
be slightly colder than in situ measurements of lake
temperature (e.g. Crosman and Horel, 2009Crosman and
Horel, 2009; a bias of —1.5°C). In addition, Langer et al.
(2010) presented surface temperature measurements from a
field-deployed thermal infrared camera to evaluate MODIS
Level 2 data at a Siberian polygonal tundra site. The authors
found that some erroneous measurements can occur in the
MODIS LST data during cloudy conditions (5—15 K colder
temperatures from MODIS compared to those measured
with the thermal camera) during the summer.
CLIMo-simulated LSTs are colder for all sites com-
pared to those obtained with FLake. The lower surface

other tends to
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temperature of CLIMo during summer may be explained
by the fact that this model uses a constant (fixed) open
water season mixed layer depth in each simulation, while
the effect of the seasonally evolving mixed layer depth on
the water surface temperature (reflected in MODIS LST
measurements) is simulated with FLake (Fig. 5). The
mixed layer depth is greater in late fall/early winter than
in summer and depends on the water density and wind
(Schertzer et al., 2008). In both the Back Bay and Hay
River sites, the maximum mixing is occurring in late
September. The increased temperature during the summer
period leads to more stable density stratification and
reduces the penetration of wind-driven mixing. The lake
water has the highest density just before freeze-up and
leads to a reduction in stability; therefore, the mixed layer
increases in winter before an ice sheet is formed on the
water body (Schertzer et al., 2008). The thermocline layer
in GSL deepens almost monotonically from June—July to
the period of complete mixing achieved in late September—
October, as the temperature decreases due to the increase
of surface heat losses to the atmosphere (Rouse et al.,
2007). Since the mixed layer depth in CLIMo is fixed
during the entire open water season, it will impact the
seasonal evolution of open water LSTs calculated by this
model compared to those either measured in situ or from
MODIS.

Given the above, LSTs from CLIMo tend to agree better
with MODIS than those obtained with FLake for the two
deepest lake sites (40m). Complete mixing in the Main
Basin-GSL and Deline-GBL occurs in late October—
November, 1month later than the shallower sites. As
both models used are 1-D models, they do not take into
account the numerous mixing mechanisms present in deep
and large lakes, such as mechanical mixing, caused by 3-D
water circulation, horizontal transfer of water by currents,
etc. In CLIMo, the fixed mixing depth corresponds to
strong vertical mixing in the first 40 m, thus suppressing the
positive stratification in the initial open water period. On
the other hand, in FLake, the thermal structure allows for
stratification, with the mixed layer thickness much less than
40m and it varies during the open water season. Thus,
during the stratification period, the FLake LST is exceed-
ing that of CLIMo. For the Main Basin-GSL, the
behaviour of FLake LST is qualitatively closer to that of
MODIS, although exaggerated, while CLIMo produces
much longer warming and, consequently, longer autumn
cooling than FLake, because of more heat accumulated in
deeper mixed layer.

4.1.2. Ice cover season. Simulated LST values from the
models against MODIS-derived LSTs during the ice cover
season are shown in Fig. 6. The figure shows CLIMo LSTs

to be closer than those of FLake to the MODIS observa-
tions for all lake sites. MODIS shows relatively lower
temperatures compared to the models, which can be partly
explained by the time difference between the temperatures
retrieved with MODIS and used to calculate daily averages
in comparison with temperature measurements from
weather stations that are used to force the models.
Averaged hourly/daily air temperatures from the meteor-
ological stations were calculated to force both models
(FLake/CLIMo), but the crossing times for MODIS-Terra
and MODIS-Aqua are at specific times at day and night,
therefore not spread evenly over a full day (see Section 3.1).
Averaged daily MODIS LSTs are generated when there are
at least one day and one night observation under clear-sky
conditions. It is possible that the calculated average comes
from colder daytime or night-time acquisitions. Another
reason for the colder MODIS LSTs can be explained by
undetected clouds. The standard MODIS cloudmask
product is used to create the MODIS LST Level 2 product.
However, occasional undetected (cold) clouds exist in all
cloudmask products (Wan, 2007).

Another important factor that has a direct impact on the
models’ simulated LSTs is snow depth on the ice surface.
As mentioned in Section 3.3, in FLake, the snow module
has not yet been sufficiently tested and is not recommended
for use, which is the primary reason for the weaker
performance of this model (higher MBE values) during
the winter season. In CLIMo, a 50% snow cover scenario
was used in simulations during the ice cover season. This
explains its better performance, as 50-70% of the snow
measured at meteorological stations on land is generally a
good average approximation of snow depth on open lake
ice surfaces (Brown and Duguay, 2011a). Snow depths vary
within the 1-km? pixels of MODIS and this is reflected in
the satellite-retrieved LSTs, as conductive heat flow
through lake ice is a strong function of snow depth and
density (Jeffries and Morris, 2006). Thicker snow results in
lower conductive heat transfer from the ice/water interface
to the air/snow interface. Consequently, snow cover will
influence the surface temperature over the lake during the
ice cover season.

4.2. Ice thickness and phenology (Back Bay, GSL)

4.2.1. Ice thickness. Figure 7 shows the simulated ice
thickness from both models in comparison with in situ
measurements for the period 1961-2008 at the Back Bay
site. This is the only one of the four sites with a sufficiently
long historical record for adequate comparison with model
results, although there are data missing between 1996
and 2002. Results indicate a strong agreement between in
situ measurements and CLIMo (I, = 0.943, MBE = 9cm,
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RMSE = 17cm), and a lower agreement with FLake
(I, = 0.777, MBE = 25c¢cm, RMSE = 38cm) (Fig. 8).
As indicated earlier, FLake does not consider on-ice
snow depth in this study. The accumulation of snow
influences ice growth and thaw rates by adding an
insulation layer. Previous results with CLIMo show that

most of the variability in ice thickness and break-up dates is
explained by on-ice snow (Duguay et al., 2003). In the
FLake model, ice thickens more rapidly and also thaws
faster compared to CLIMo and in situ measurements. The
snow on the ice buffers the ice surface from the cold air
above; consequently, the temperature at the bottom of
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snow is higher and less variable than the air temperature,
and therefore ice grows at a slower rate than in the absence
of snow (Jeffries and Morris, 2006). The above results
indicate that the representation of snow on ice is an aspect
that should be further developed and tested in FLake.

4.2.2. Freeze-up/break-up Both lake models reproduce
freeze-up and break-up dates very well for Back Bay over
the entire time series of observations (Figs. 9 and 10). As
FLake does not consider the insulating effect of snow, it
grows ice faster but also melts the ice faster. Compared
with in situ observations, break-up dates simulated with
FLake are therefore on average 6d earlier and simulated
with CLIMo are 3d later (Table 3). In the presence of
snow, the absorbed solar radiation is lower due to the
higher albedo of snow compared to ice. In CLIMo, snow
on ice is melted first before the ice, which can take several
days (Duguay et al.,, 2006), while such snow is not
represented in FLake. This is the most likely reason as to
why FLake simulates average break-up dates earlier than
CLIMo. For freeze-up dates, results between FLake

CLIMo-Ice Thickness

CID-Ice Thickness

Fig. 8.

(MBE = 3d, RMSE = 7d) and CLIMo (MBE = 2d,
RMSE = 7d) are very similar when compared to observa-
tions (Table 3). An important factor on freeze-up dates is
the lake depth (and depth of mixed layer). The greater the
depth, the longer it takes for the ice cover to form. Ménard
et al. (2002) showed that the best results with CLIMo are
obtained with a mixed layer depth of 10 m for Back Bay.

5. Sensitivity experiment

In the results described earlier, CLIMo was forced with
daily averaged forcing data, as this is the current config-
uration and intended use of this model. FLake has also
been used in a recent study to hindcast ice phenology using
average daily forcing (Bernhardt et al., 2011). An addi-
tional experiment was carried out with the FLake model to
determine the sensitivity of simulated LST and mixed layer
depth when using daily averaged interpolated forcing
compared to true hourly forcing. To our knowledge, this
is the first time that FLake sensitivity to forcing data
frequency has been tested to identify if, in the absence of
true hourly forcing, linearly interpolated daily averaged
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Comparison of observed (CID) and simulated ice thickness (m) for Back Bay: (a) CLIMo and (b) FLake (1961-2008).



SIMULATION OF SURFACE TEMPERATURE AND ICE COVER OF LARGE NORTHERN LAKES 15

+ CID
CLIMo
1 T N e
80 (@) FLake
5
-]
c
8
]
S
120 - - - - - . . - - - - - - . - - - )
1961 1963 1965 1967 1969 1971 1973 1975 1977 1979 1981 1983 1985 1987 1989 1991 1993 1995 1997
+ CID
CLIMo
40 7
30 (b) FLake
320 - N
>
T
-]
c
£ 300 A
5 g
3
280 A
260 - : ‘ ‘ - : : - - : : - - : - - ‘ ‘
1961 1963 1965 1967 1969 1971 1973 1975 1977 1979 1981 1983 1985 1987 1989 1991 1993 1995 1997
Fig. 9.  Comparison of observed (CID) and simulated (CLIMo and FLake) (a) break-up and (b) freeze-up dates for Back Bay

(1961-1996), Julian days.

inputs can be used instead, considering the same hourly
time-step. The modelling experiment was conducted over
the full study period (2002-2010) using a shallow lake site
(Hay River) and a deep site (Deline-GBL). First, the model
was forced using daily averaged data from Hay River and
Deline weather stations and again using hourly data from
the same stations. The model time-step of 1 h was used in
both cases, but in the daily data-driven simulation the daily
forcing values were linearly interpolated in order to obtain
mock hourly forcing data. All other parameters such as
lake depth, optical parameters and time-step were the same.
As mentioned in Section 3.4, the incoming short-wave and
long-wave radiation fluxes used in FLake were calculated
from CLIMo. Therefore, the radiation fluxes were the same
in both model runs and did not consider the daily cycle of
short-wave radiation. Results show that on an annual basis

the simulated LSTs do not differ much from each other
(<0.3°C on average during both the open water and ice
cover seasons), hence the sensitivity to change from
interpolated to true hourly data forcing is not high
(Fig. 11).

Table 4 shows the statistical differences of the two
(hourly and daily) model runs compared to the MODIS
satellite observations for the two lake sites and shows that
the results do not differ greatly, with a slight improvement
when using hourly forcing. Figure 12 compares the
simulated mixed layer depth with hourly and daily forcing
and shows that both lakes have the dimictic mixing regime
with two seasonal overturning in late spring and late fall. In
FLake, wind-driven and convection-driven water mixing is
a highly non-linear process, which can affect the formation
of mixing depth using daily or hourly forcing, but there
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is no wind-driven turbulence under ice in this model;
therefore, the whole water column represents the thermo-
cline layer (Martynov et al., 2010). The differences between
hourly and daily forcing observed in this period of the year
when lakes are covered with ice ranges from 0.32 to 6 m at
Hay River-GSL and 0.25 to 6 m at Deline-GBL.

Table 3. Comparison of observed and simulated ice thickness
and break-up/freeze-up dates for Yellowknife (Back Bay) site
(1961-2008)

CLIMo FLake
Ice thickness
1, 0.943 0.777
MBE (cm) 9 25
RMSE (cm) 17 38
Break-up
I, 0.893 0.714
MBE (days) 3 -6
RMSE (days) 4 7
Freeze-up
I, 0.809 0.742
MBE (days) 2 3
RMSE (days) 7 7
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6. Summary and conclusion

MODIS-based LST (Level 2) day/night products from the
Aqua and Terra satellites were obtained through NASA.
A new average daily product was generated for each pixel
using all available (day/night and Aqua/Terra) observa-
tions. Data from this product were used for comparison
with LST simulation results obtained with two 1-D lake
models (CLIMo and FLake) for GSL and GBL. In situ ice
observations available for a site on GSL were utilised to
evaluate the performance of both models. Simulations
revealed that both models are capable of reproducing the
seasonal and inter-annual evolution of the LST well, in
addition to the inter-annual variations in ice thickness and
freeze-up/break-up dates.

In experiments for GSL and GBL, both models demon-
strated a good performance, especially when pooling data
over the whole year simulation, when compared to MODIS
and in situ measurements. The absence of snow in the
FLake model had a large effect on ice growth and decay
rates and thus, by extension, ice break-up dates. CLIMo
simulated colder LSTs during the open water season
compared to FLake due to the fact that the model uses a
constant mixed layer depth while FLake simulates the
seasonally evolving mixed layer depth. MODIS data
showed generally colder temperatures compared to the
models, which could be explained to some extent by
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Fig. 11.  Comparison of simulated LST by FLake using daily and hourly averaged forcing (a) Hay River-GSL and (b) Deline-GBL

(2002-2010).

Table 4. Comparison of MODIS observed and simulated LST by
FLake in Hay River, GSL and Deline, GBL (2002—-2010) using
daily forcing (FL_D) and hourly forcing (FL_A)

Hay River GBL (Deline)

FL_D FL_A FL_D FL_A
Full year
I, 0.929 0.935 0.962 0.960
MBE 5.12 4.83 4.58 4.76
RMSE 8.00 7.64 5.78 5.82
Open water season
1, 0.580 0.600 0.576 0.569
MBE 7.44 7.03 6.50 6.61
RMSE 8.87 8.43 6.84 6.95
Ice cover season
I, 0.861 0.870 0.937 0.936
MBE 1.38 1.30 2.67 2.95
RMSE 6.72 6.54 4.61 4.64

undetected clouds (erroneous measurements during cloudy
conditions) and the time differences of the MODIS LSTs
(day and night observations) used to calculate clear-sky
daily averages. Cloud contamination has been identified as
a source of occasional (low temperature) errors in MODIS
products (e.g. Langer et al., 2010). The best solution will be
the improvement of the cloud mask, and this will be
considered for future work. Moreover, the forcing data
used for the models were from weather stations onshore.
The air temperature over land could be some degrees
warmer than over a colder lake, especially during the
spring, which could cause an overestimation of simulated
sensible heat flux resulting in a warmer simulated surface
temperature.

Overall, the models showed a very good agreement with
MODIS LSTs when calculating statistics over a full year,
with some larger biases when years were divided into open
water and ice cover seasons. LST data from MODIS or
other thermal infrared satellite sensors such as AATSR are
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a promising data source for calibrating/evaluating lake
models and should be explored for data assimilation
experiments into NWP models. A more thorough evalua-
tion of the accuracy of satellite-derived LSTs is also needed
for northern lakes, as previous investigations have tended
to focus on mid-latitude lakes during the open water season
only.

Finally, results from the sensitivity experiment aimed at
evaluating the impact of the true hourly forcing compared
to interpolated hour forcing (from daily data) on FLake
simulated LST and the mixed layer depth revealed that
differences are very small. This suggests that on an annual
basis, in the absence of hourly forcing data from weather
stations, daily average forcing data are a viable alternative
for simulations with FLake.
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