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neglect the aforementioned factors that affect snow and
ice surface albedo in their parameterizations.
One-dimensional lake models such as, FLake

(Mironov, 2008) and Hostetler et al. (1993) as well as
1-D lake ice models such as the lake ice model-numerical
operational simulation (Vavrus et al., 1996), a lake ice
model developed by Launiainen and Cheng (1998), and
the Canadian Lake Ice Model (CLIMo) (Duguay et al.,
2003) have been developed to simulate lake ice growth
and examine the sensitivity of ice phenology to climatic
change (Duguay et al., 2003). Model albedo parameter-
izations are usually based on albedo observations
obtained from previous field investigations and attempt
to account for seasonal variations in albedo through
changes in surface temperature and surface type. The 1-D
thermodynamic lake ice model of interest in this study is
CLIMo (Duguay et al., 2003). CLIMo’s albedo param-
eterization depends on surface type (ice, snow or open
water), surface temperature (melting versus subfreezing)
and ice thickness (Duguay et al., 2003). This model uses
a cold ice parameterization (Maykut, 1982) and a melting
ice parameterization derived from high Arctic lake ice
observations from Heron and Woo (1994).
This study focuses for the first time on the evaluation of

CLIMo’s albedo parameterization with in situ albedo
measurements collected over snow and ice on Malcolm
Ramsay Lake near Churchill, Manitoba (Canada) from 15
February to 25 April 2012. To address CLIMo’s albedo
parameterization during the melt period, a time when
radiation instruments had to be removed from the ice
surface to avoid possible loss into the lake, modelled
albedos are compared with those retrieved from the
Moderate Resolution Imaging Spectrometer (MODIS)
aboard both the Aqua and Terra satellite platforms in
paper Part II (Svacina et al., 2014).

DATA AND METHODS

Malcolm Ramsay Lake

Malcolm Ramsay Lake is located near Churchill,
Manitoba (58°45’N, 94°04’W), in proximity to the coast
of Hudson Bay (Figure 1). The lake has a surface area of
approximately 2.0 km2, a mean depth of 2.4m and a
maximum depth of 3.2m (Duguay et al., 2003). The mean
annual air temperature (1971–2000) recorded at Environ-
ment Canada’s Churchill Airport weather station is!6.9 °C
with its coldest month being January (-26.7 °C) and its
warmest July (12.0 °C). The average annual precipitation is
432mm with 44% falling as snow. Malcolm Ramsay Lake
is situated at the northern limit of the tree line and sits in a
tundra-like landscape with areas of open forest, forest-
tundra transition and tundra. Malcolm Ramsay Lake was
selected because of the following: (1) It is large enough to be

seen in theMODIS albedo products (addressed in paper Part
II; Svacina et al., 2014), (2) It completely freezes over each
year and (3) It has been the subject of previous studies on the
validation and evaluation of CLIMo (i.e. freeze-up and
break-up dates and ice thickness) (Duguay et al., 2003;
Brown and Duguay, 2011).
Air temperature (°C), relative humidity (%), wind

speed (m s!1) as well as both incoming and outgoing
shortwave radiation (Wm!2) were measured at Malcolm
Ramsay Lake during the study period (15 February to 25
April 2012). The air temperature, relative humidity and
wind speed are some of the atmospheric forcing variables
required as input for CLIMo (discussed in further detail in
a latter section) and incoming/outgoing radiation fluxes
are required for the evaluation of the albedo parameter-
ization. Albedo is defined as the dimensionless ratio of
reflected (outgoing) solar shortwave radiation from a
surface to that incident (incoming) upon it.
From September through to May (the period that

encompasses ice formation, ice growth and initial spring
melt), historical climate records (1971–2000) show that
Churchill has an average temperature of !12.5 °C and an
average total snowfall of 187.5 cm. For the same period, in
2011–2012, Churchill experienced an average temperature
of!9.3 °C and a total snowfall amount of 100.5 cm. Table I
shows a breakdown of the monthly average temperature and
snowfall amount. During the winter of this study
(2011–2012), monthly temperatures were above average in
every month and snowfall was very low with the exception
of January and March. The field season (15 February to 25
April 2012) took place duringwell below average snowfalls.

Figure 1. Location of Malcolm Ramsay Lake and the albedo stations near
Churchill, Manitoba
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Snow/ice albedo (CLIMo vs in situ) 
Evaluation of lake models with remote sensing 

Ice growth 
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cover was more variable than Site B (Figure 7). CLIMo
simulations (with and without snow) had RMSE and
MAE values greater than 0.10 for Site A and C. The MBE
values indicate that CLIMo without snow underestimated
albedo values by 0.06 and 0.07 for Sites A and C,
respectively. Sites A and C were initially located over
clear ice and snow ice, and it was expected that CLIMo
with snow would not perform well, but CLIMo without
snow added to the model should have reproduced albedo
values with less error when compared with observations
for Sites A and C. Although simulations without snow
show improved performance in Sites A and C, the errors
were still large in comparison to Site B. This is likely due
to the shift in albedo values following snowfall events

starting 10 March 2012 and snow drifts forming beneath
the sensors. The first half of the field season (before 10
March) was during a period of little to no snowfall. There
had been snowfall events early in the season, at the
beginning of January, and two small snowfall events at
the beginning of February, but very little precipitation had
fallen a month before the start of the field season on 15
February 2012 (Figure 8). As seen in Figure 3, snow
presence on Malcolm Ramsay Lake was highly variable,
and low precipitation prior to the field season may have
contributed to this. To see how this shift in albedo values
affected the results, the study period was split into two
separate seasons. The first season is from 15 February to 9
March 2012, and the second season is from 10 March to
25 April 2012.

First half of study period: 15 February to 9 March 2012

Table III summarizes the CLIMo albedo values
evaluated against observed albedo values for the first
part of the field season from 15 February to 9 March
2012. At the beginning of the field season, snow covered
Site B recorded albedo values similar to those recorded
for the entire study period, and the variability of albedo
values was low (Figure 9). For Sites A and C that were
largely snow-free during this period, the albedo values
recorded were lower and had a lower range of values
when compared with the albedo values recorded for the
entire study period (Figures. 4 and 9). The mean values
for Sites A and C were 0.43 and 0.47, respectively, which
are much lower than the mean albedo values recorded at
these same sites for the full period of study (0.63 and

Figure 5. Daily albedo values derived from CLIMo with and without snow as well as in situ measurements at Sites A, B, and C. Daily snowfall values
reported at the Churchill Airport weather station are also included in this figure

Figure 6. Site C on 16 March 2012 following snowfall events
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Snow/ice albedo (CLIMo vs MODIS) 
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Evaluation of lake models with remote sensing 
Modelled LST vs. MODIS 

Kheyrollah Pour et al. (2012) 
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Comparison of modelled lake 
surface temperature from CLIMo 
and FLake with MODIS-derived 
LST during full year (open water 
and ice seasons) for 2002-2010 
(a) Yellowknife (Back Bay),  
(b) Hay River,  
(c) GSL (Main Basin),  
(d) GBL (Deline) 

CLIMo: Canadian Lake Ice Model 
FLake: Freshwater Lake Model 
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Modelled LST vs. MODIS (GBL and GSL) 
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MODIS LST  
vs  

1-D lake models 
 

Comparison for 2 sites 
at Great Slave Lake 

 
Ice growth period 

Modelled LST vs. MODIS  

1 

 

 
Comparison of modeled LSTs from CLIMo (right) and FLake (left) with MODIS-derived 
LSTs (°C) data during ice cover season for 2002-2010 (a,b) Back Bay (c,d) Hay River, Great 
Slave Lake, Canada. 
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Modelled LST vs. MODIS  
Evaluation of lake models with remote sensing 

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 5 MBE 5 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 40m 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 8C
warmer on average of 2002!2010). MODIS also shows on

average 3.8 8C 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 8C 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, León 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 fromMODIS

in comparison with temperature measurements from weath-

er stations (see Section 4.1.2). Also, it has been reported in

other studies that MODIS generally tends to

be slightly colder than in situ measurements of lake

temperature (e.g. Crosman and Horel, 2009Crosman and

Horel, 2009; a bias of "1.5 8C). 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!15K 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

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

Ia 0.984 0.974 0.956 0.935 0.981 0.975 0.975 0.960

MBE 2.26 4.63 4.25 4.83 0.94 3.35 2.77 4.76

RMSE 4.30 5.64 6.27 7.64 3.93 4.63 4.45 5.82

Open water season

Ia 0.860 0.719 0.712 0.600 0.922 0.809 0.739 0.569

MBE 3.10 6.02 5.70 7.03 0.96 4.16 3.49 6.61

RMSE 4.20 6.47 6.86 8.43 2.78 4.53 4.06 6.95

Ice cover season

Ia 0.948 0.942 0.928 0.870 0.924 0.932 0.923 0.936

MBE 1.40 3.51 1.22 1.30 0.35 2.36 1.97 2.95

RMSE 4.71 4.98 5.11 6.54 5.14 4.79 5.01 4.64
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Case study: FLake model and 
remote sensing in numerical 

weather prediction (NWP) 



MODIS visible image 
28 January 2012 
Lake Ladoga, RU  
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•  In experiments with realistic Lake Ladoga surface conditions, HIRLAM 
forecast model was able to predict cloud formation and its movement 
as well as 2-m height temperature variations in a realistic way. 

•  The effect of large lakes on local weather can be predicted by 
using HIRLAM if the lake surface state is known. 

•  Results encourage work to describe the lake surface state 
better in NWP models, both via data assimilation of satellite 
observations and by developing lake parameterizations, 
eventually combining these components into a single unified 
system. 

Eerola, K., L. Rontu, E. Kourzeneva, H. Kheyrollah Pour, and C.R. Duguay. 
Impact of partly ice-free Lake Ladoga on temperature and cloudiness in an 
anticyclonic winter situation - a case study using HIRLAM model. Tellus A.  

Assimilation of MODIS LSWT observations in 
HIRLAM  



Case study: CLIMo to study 
the response of lake ice to 
contemporary and future 

climate conditions 
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Modelling of Lake Ice 
CLIMo for single lake 
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