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Abstract

This study assesses the high-resolution, 0.11° (12 km), Canadian Regional Climate Model Version 5 (CRCMS), interactively
coupled to the one-dimensional Freshwater Lake model (FLake), to predict wintertime precipitation along the Canadian snow-
belts of Lake Superior and Lake Huron. CRCM5-FLake was compared against various datasets to evaluate the 20-year (1995—
2014) SWE and wintertime precipitation, seven lake-induced precipitation events and lake effect snowfall (LES) predictor
variables during the months of December and January. The findings of SWE along both snowbelts in December and January
show MBD <—10 mm and <—30 mm, respectively. Similarly, precipitation results along both snowbelts in December and
January show MBD <—5 mm and <— 10 mm, respectively. The negative biases in simulated SWE and precipitation, predom-
inantly along the snowbelts, suggest that the model may un-realistically represent lake effect processes. Comparison of lake-
induced precipitation events also indicates that the model mostly under-predicts the daily accumulated precipitation associated
with each event but tends to accurately capture the timing and the general location of the squalls along the snowbelts, though not
for highly localised snow bands. Furthermore, lake-wide results of LES predictor variables indicate that the model over-estimates
lake surface temperature (LST) for both lakes during December and January and under-estimates ice cover concentrations for
both lakes in December. The resultant biases could be attributed to limitations within the coupled RCM because the quality of

reproducing lake-induced precipitation in this region is highly dependent on the performance of FLake.

1 Introduction

Lakes have profound effects on the regional climate and
weather (Anyah and Semazzi 2004; Obolkinm and
Potemkin 2006; Dupont et al. 2012; Martynov et al. 2012).
Canada is the country with the most number of lakes (ECCC
2017). Over 500 of these lakes are larger than 100 km?, with
some of these lakes ranked among the largest, by area, world-
wide (ECCC 2017). Their large spatial extent and geographic
location make some of these lakes susceptible to lake effect
snowfall (LES) during the cold season, such as the Laurentian
Great Lakes (Notaro et al. 2013a, b), Lake Athabasca, Lake
Winnipeg, Lake Winnipegosis (Carpenter 1993; Cairns et al.
2001; Payer et al. 2007; Laird et al. 2009, 2010; Hartmann
et al. 2013), and the Great Bear and Great Slave Lake. With
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cold and dry Arctic air advecting southward, the lake-rich
country of Canada is ideal for studying LES.

LES is a meso-beta-scale system that is produced when
cold and dry continental polar air advects over relatively warm
lakes, generating turbulent moisture and heat fluxes into the
lower planetary boundary layer (PBL). Thermal and moisture
exchange, in addition to downwind surface frictional conver-
gence, destabilises the PBL, inducing greater boundary layer
convection and the development of cloud and precipitation
along the leeward shores of lakes (Wiggin 1950; Eichenlaub
1970, 1979; Holroyd III 1971; Hozumi and Magono 1984;
Pease et al. 1988; Leathers and Ellis 1993; Niziol et al.
1995; Ballentine et al. 1998; Kristovich and Laird 1998;
Burnett et al. 2003; Notaro et al. 2013a, b; Campbell et al.
2016; Xiao et al. 2017). One main region of interest that war-
rants continued LES research, within the context of climate
change, is the Canadian snowbelts of the Laurentian Great
Lakes Basin (GLB).

The Laurentian Great Lakes are of prime research interest
because they support Canada’s economic, agricultural and in-
dustrial sectors (ECCC 2017). The occurrence of LES, how-
ever, can have destructive impacts on homes and pose com-
muting hazards to the 1.5 million people residing along the
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Canadian snowbelt of Lake Huron and 200,000 people along
that of Lake Superior’s (Norton and Bolsenga 1993; Kunkel
et al. 2000; Burnett et al. 2003; Kristovich and Spinar 2005;
Hartmann et al. 2013; NOAA GLERL 2017), thereby making
the GLB an important region to study. Furthermore, continu-
ous anthropogenic warming significantly influences the vari-
ability in temperature and precipitation (Albritton et al. 2001;
Burnett et al. 2003), modifying the frequency, spatial and tem-
poral distribution of heavy LES. High-impact weather events
are important in adaptation studies, and many of these extreme
events are better simulated in higher resolution modelling sys-
tems (Zadra et al. 2008).

There are limited validation studies evaluating the perfor-
mance of high-resolution climate models to predict and delin-
eate snowfall along the Canadian snowbelts of the Laurentian
GLB. Of the few modelling LES studies, most employed rel-
atively coarse global climate models (GCMs). For instance,
Cohen and Allsopp (1988) used an 8° x 10° spatial resolution
and inferred the reduction of snowfall downwind of Lake
Huron and Lake Ontario in response to a doubled CO,
scenario. Similarly, Kunkel et al. (2002) used two coarse
GCMs to investigate projected changes in the frequency of
weather conditions favourable for the development of LES
along the shores of Lake Erie during the late twentieth and
twenty-first centuries. Their results are consistent with Cohen
and Allsopp (1988), suggesting that LES downwind of Lake
Erie will become less abundant. However, the relatively
coarse resolution of GCMs makes it challenging for these
studies to accurately resolve meso-beta-scale snowsqualls
and snow bands, thus suggesting the need to employ higher
resolution regional climate models (RCMs).

However, there is a lack in simulated historic LES studies
using high spatial resolution RCMs (finer than 25 km resolu-
tion). Only a few studies have employed RCMs to assess
historic and future LES projections. For example, Notaro
et al. (2013a, b) used the 25-km Regional Climate Model
Version 4 (RegCM4), with initial lateral boundary conditions
obtained from the National Centers for Environmental
Prediction, National Center for Atmospheric Research
(NCEP, NCAR) reanalysis (Kalnay et al. 1996). The model
was interactively coupled to the one-dimensional Hostetler
Lake model to investigate historical (1976-2002) simulated
snowfall across the GLB. The meso-beta-scale features of
LES were well reproducible by the model. Simulations
showed an abundance of LES downwind of Lake Ontario
and Lake Erie in response to cold surges associated with an
anticyclone in the central USA and a cyclone positioned over
the northeastern USA. These RCM results were consistent
with observational studies by Niziol (1987), Leathers and
Ellis (1996) and Ballentine et al. (1998).

Additional studies include Vavrus et al. (2013) who also
employed the 25-km resolution RegCM4 to simulate (1976—
2002) ice cover concentrations over the Laurentian Great
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Lakes. They observed negative trends in ice cover, attributable
to warming in the twenty-first century, and suggest that chang-
es towards more open water should favour the production of
LES. This LES projection is in contrast with GCM ensemble
predictions, under the special report emission scenarios
(SRES) A1B greenhouse gas emission. The GCM ensemble
projects fewer extreme cold-air outbreaks by 50 to 100% over
the Northern Hemisphere, which could reduce the likelihood
of LES development. These studies present contradicting pro-
jections of LES trends in response to climate change. The
former suggests a potential future increase in LES, as ice cover
decreases, while the latter suggests a decrease in LES due to
fewer cold-air outbreaks. These opposing predictions high-
light the need for LES model validation studies under contem-
porary climate conditions.

This paper examines the performance of a high-resolution
0.11° (ca. 12 km) Canadian Regional Climate Model version 5
(CRCM)) coupled to the one-dimensional Freshwater Lake
model (FLake) (Mironov et al. 2010) to predict and delineate
lake-induced precipitation events along the Canadian snow-
belts of the Laurentian Great Lakes. CRCMS is evaluated by
first comparing historical (1995-2014) model simulations of
snow water equivalent (SWE), winter precipitation, and LES
predictor variables to that of datasets from Daymet Version 3
(Daymet), the North American Regional Reanalysis (NARR),
or the National Oceanic and Atmospheric Administration
(NOAA). Furthermore, seven selected and observed lake-
induced precipitation events during high and low ice seasons
for the months of December and January are compared to that
of CRCMS5’s outputs to identify whether the model can cap-
ture the location, duration and precipitation accumulation of
the events along Lake Superior’s or Lake Huron’s snowbelts.
Identifying potential historical biases within the coupled high-
resolution RCM is of critical information prior to using
CRCMS to predict future lake-induced precipitation
scenarios.

2 Data and methodology

To evaluate the CRCMS5’s performance in predicting lake-
induced precipitation, wintertime SWE and precipitation out-
puts were examined for the LES months of December and
January (1995-2014). This time period was selected based
on the availability of data. The lower time bound was limited
by the availability of monthly lake surface temperature (LST)
data, with records starting in January 1995. The upper bound
was limited by CRCMS5 data, ending in December 2014. SWE
and precipitation from CRCMS5 were statistically compared to
those from the Daymet gridded interpolated dataset. Key LES
predictor variables were also compared between CRCMS and
additional datasets in order to understand the performance of
the CRCMS in predicting lake-induced snowfall. The
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predictor variables include 850 mb air temperature, LST and
ice cover concentration. Furthermore, model validation was
conducted on seven selected observed lake-induced events
to determine whether the model could capture the timing,
location and precipitation accumulation of these events.

2.1 Model description
2.1.1 Description of CRCM5

In this study, simulation outputs are produced from the latest
version of CRCM, that is, Version 5. For several reasons, the
CRCMS was selected for this lake-induced investigation
study. It has a relatively high, 0.11° (12 km), spatial resolution
that is capable of resolving narrower meso-beta snowsqualls,
not possible by coarser RCMs. All CRCMS5 simulations, by
default, use 56 vertical levels (Lucas-Picher et al. 2016). Ten
of these levels are below 850 mb and are important for cap-
turing mesoscale convective features. The lateral boundary
conditions are driven by the European Reanalysis (ERA)
Interim from 1979 onwards (Dee et al. 2011) on a grid mesh
of 0.75°. The ERA Interim fields that force CRCMS at the
lateral boundaries include the horizontal wind components,
temperature, specific humidity and surface pressure. These
variables are available at 6-h intervals with a linear temporal
interpolation that is used for providing the CRCMS5 with data
at every time step (Lucas-Picher et al. 2016). One-hour out-
puts of CRCMS data are available and will be used later in this
study when examining the seven lake-induced precipitation
events.

The first version of CRCM was developed in 1991 at the
Université du Québec a Montréal (UQAM). CRCMS is based
on the global numerical weather prediction model (GEM) of
Environment and Climate Change Canada (ECCC), which
employs the semi-Lagrangian transport and implicit marching
scheme. It has a fully elastic non-hydrostatic formulation and
uses a vertical coordinate based on hydrostatic pressure
(Laprise 1992). In CRCMS, the usual GEM land surface
scheme is replaced by the Canadian land surface scheme
(CLASS) Version 3.4 (Verseghy 2009) and then later by
Version 3.5 that allows a mosaic representation of land surface
types. While in numerical weather prediction (NWP) applica-
tions of GEM, LST and ice fraction are prescribed using the
climatological Atmospheric Model Intercomparison Project
(AMIP 1I), these prescriptions are inappropriate for climate
change projections. Future climate projections require an in-
teractive lake parameterisation scheme (Martynov et al. 2012)
so that accurate estimates of lake processes, including ice cov-
er extent, can be used for improved predictions in climate
studies (Scott et al. 2012). Thus, Martynov et al. (2012) tested
and compared model simulations of CRCMS5 interactively
coupled to lake models. The CRCMS5 has been coupled to
the one-dimensional FLake model (Mironov et al. 2010) and

separately to the Hostetler model (HL) (Hostetler and Bartlein
1990; Hostetler 1991, 1995; Hostetler et al. 1993; Bates et al.
1993, 1995). The CRCMS simulations coupled to the two lake
models were provided by the UQAM—Canadian Network for
Regional Climate and Weather Processes (CNRCWP) work-

ing group.

2.1.2 Description of FLake

The current study employs the CRCMS5 model run coupled to
the interactive FLake model. FLake was chosen for this study
because Martynov et al. (2012) showed that FLake
outperformed other one-dimensional lake model predictions
over the GLB. FLake is a one-dimensional column model
with a two-layered time varying temperature profile
(Mironov 2008; Mallard et al. 2014). The two-layered water
temperature profile has a mixed layer at the surface and a
thermocline extending from the mixed layer to the bottom of
the lake. A system of prognostic ordinary differential equa-
tions is solved to obtain the thermocline shape coefficient,
temperature of active sediment layer, ice and snow tempera-
tures, surface and lower level water temperatures and mixed
layer depth.

The mixed layer depth equation includes convective en-
trainment, wind-driven mixing and volumetric solar radiation
absorption. The two-layer water temperature limits the lake
model’s performance for deep lakes because it does not re-
solve the hypolimnion layer between the thermocline and the
lake bottom. A solution is to simulate a virtual bottom that is
assigned between 40 and 60 m (Martynov et al. 2012; Mallard
et al. 2014). In this CRCM5-FLake simulation, a maximum
lake depth of 60 m is assigned for all lakes with depths greater
than 60 m, such as the Laurentian Great Lakes (Katja Winger,
2017, personal communication). Temperature changes in the
deep abyssal zone is not appreciable; thus, assigning a false
bottom approximation produces satisfactory results (Gula and
Peltier 2012).

Furthermore, a snow module is included in FLake but is
advised against using by the model developers until further
improvement. However, a correction of the ice albedo, which
takes into account the influence of snow albedo, is applied and
is usually assigned a value between 0.2 and 0.3. Finally,
FLake does not allow partial ice cover for each grid cell
(Martynov et al. 2012). This could be a potential limitation
in the analysis and will be elaborated on in Section 3. FLake is
well tested because it has been coupled to different NWPs and
RCMs, such as studies conducted by Kourzeneva et al.
(2008), Martynov et al. (2008), Mironov et al. (2010) and
Samuelsson et al. (2010), and has further been evaluated
against other lake models, including studies by Martynov
et al. (2010), Kheyrollah Pour et al. (2012), Semmler et al.
(2012) and Mallard et al. (2014).
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2.2 Description of datasets used for evaluation

The CRCMS5 modelled outputs were compared against several
other datasets. These datasets comprise Daymet, NARR,
NOAA Great Lakes Ice Atlas, NOAA Coast Watch and
ECCC’s historical data archives.

2.2.1 Daymet

Gridded interpolated SWE and precipitation data were ac-
quired from the Oak Ridge National Laboratory Daymet prod-
uct. The Daymet product is employed because it offers a high
spatial gridded resolution that is ideal for delineating localised
precipitation bands indicative of lake effect snowfall events
during the winter months. In this study, the Daymet data was
up-scaled from its native grid to the coarser CRCMS5, 0.11°,
grid using bi-linear interpolation. This conversion enables
spatial comparison between the gridded datasets.

Daymet interpolates and extrapolates data to produce 1-km
resolution weather parameters over larger regions (Thornton
etal. 1997, 2000). Daymet requires input from models such as
a digital elevation model and uses ground-based observations
from weather stations. The digital elevation model is a subset
of the National Aeronautics and Space Administration’s
(NASA) Shuttle Radar Topography Mission 2.1 (SRTM).
The in situ weather observations are acquired from the
Global Historical Climatology Network (GHCN) under the
NOAA (Menne et al. 2012). The interpolation method is
based on the spatial convolution of a truncated Gaussian
weighting filter with sets of station locations. The dataset
was developed by the Environmental Sciences Division at
the Oak Ridge National Laboratory (Thornton et al. 1997,
2000). A detailed description of this dataset can be found at
http://daymet.ornl.gov.

It is acknowledged that Daymet gridded data are interpo-
lated from weather station sites and are prone to uncertainties.
Thus, annual cross-validation statics for Daymet’s (Version 3)
were generated by station-based daily observations and pre-
dictions for 2° x 2° tiles over North America (Thornton et al.
2016). Each tile provides period-of-record mean absolute er-
ror (MAE) and bias statistics for input weather observations of
maximum and minimum temperature and precipitation for
each year, 1980-2016. Further details on Daymet’s data vali-
dation can be found at https://daac.ornl.gov/DAYMET/
guides/Daymet V3 CrossVal.html#revisions.

Furthermore, SWE estimates are executed by employing a
single calendar year of primary surface inputs, including daily
maximum and minimum temperature and daily total precipi-
tation. Because higher latitude snow packs are normally un-
derway at the beginning of the calendar year, the SWE algo-
rithm uses data from a single calendar year to make a 2-year
sequence of temperature and precipitation that predicts the
evolution of the snowpack. This provides an estimate of the
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snowpack at day 365 as an initial condition for the January 1st
time step. However, because this approach ignores the depen-
dence of January 1st snowpack on the preceding calendar
year’s temperature and precipitation conditions, it may gener-
ate potential biases in mid-season snowpack that can propa-
gate to biases in late season timing of snowmelt. Additional
information can be found at: https://daac.ornl.gov/DAYMET/
guides/Daymet V3 CFMosaics.html.

These limitations were considered when evaluating the per-
formance of the CRCMS5 with the Daymet data. This is why
additional comparisons of snowfall were conducted by using
Doppler radar data, discussed later. Although other SWE
products are available, either the spatial resolution is too
coarse to delineate snowfall within the relatively narrow
snowbelt regions or the temporal coverage is too short for
the purposes of this study, and examples include Canadian
Sea Ice Evolution (CanSISE) observation Version 2 and
Snow Data Assimilation System (SNODAS) data product
Version 2, respectively. Thus, for the purposes of this study,
SWE generated by Daymet was the best option.

2.2.2 NARR

The NARR dataset is used for providing high-frequency and
dynamically consistent surface—atmosphere gridded reanaly-
sis variables, including 850 mb air temperature. NARR assim-
ilates meteorological observations to produce land and surface
model updates. Three-hourly observations are collected and
assimilated using a three-dimensional variation (3D-Var) ap-
proach with a model integration period of 3 h, for which a
short-range forecast is produced. This result is then fed, as the
initial condition, into the next cycle, where the system repeats
itself with updated observational data (Mesinger 2000).
Furthermore, NARR comprises the NCEP Eta model at
32 km resolution and 45 vertical layers, data assimilation
schemes, the Noah land-surface model and lateral boundary
forcing from the NCEP-Department of Energy (DOE) Global
reanalysis. NARR is a reliable reanalysis dataset for
representing LES predictor variables. It has been validated
with both surface stations and sounding measurements and
is proven as a trustworthy source for atmospheric reanalysis
data in numerous North American validation climate studies
(Mesinger 2006; Lo et al. 2008; Gula and Peltier 2012).
NARR is produced by the NOAA NCEP in Boulder, CO,
USA, and is accessible through the NOAA website http://
www.esrl.noaa.gov/psd/.

2.2.3 NOAA ice atlas and coast watch

Two data sources were used to provide the most comprehen-
sive ice cover data. The electronic atlas of Great Lakes ice
cover provided data for the years 1973 to 2005 and is available
by NOAA Great Lakes Environmental Research Laboratory
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(GLERL). NOAA provides composite ice charts, which are a
blend of observations from ships, shore stations, aircraft and
satellites to estimate ice cover data for the entire Great Lakes.
The ice charts were digitised and made available at https://
www.glerl.noaa.gov/data/ice/atlas/index.html.

Also, NOAA GLERL Coast Watch provides observed
lake-wide averaged monthly mean LSTs and ice cover from
2008 to present. Coast Watch is a NOAA programme that
delivers environmental products and data in near-real time
observations of the Great Lakes using three main satellite
observations. NOAA’s Advanced Very High Resolution
Radiometer satellite (AVHRR) provides 33 enhanced digital
images of satellite-derived surface temperature, visible and
near-infrared reflectance, brightness temperature, cloud masks
and satellite solar zenith angle data. The Geostationary
Operation Environment Satellite (GOES) provides near-
infrared and water vapour data. Finally, the Moderate
Resolution Imaging Spectroradiometer (MODIS) satellite pro-
vides true colour 250 m resolution imagery of each Great
Lake. Furthermore, in situ measurements and modelled data,
such as marine meteorological observations, buoy from
NOAA'’S National Ocean Service and Great Lakes Surface
Environmental Analysis (GLSEA) composite charts, are ac-
quired, produced, stored and made available to the Great
Lakes Coast Watch users. Further details are available at
https://coastwatch.glerl.noaa.gov/overview/cw-overview.
html (Wang et al. 2012, 2017).

Because the observed ice cover data was acquired from the
electronic atlas of Great Lakes from 1973 to 2005 and then
from NOAA GLERL Coast Watch from 2008 to present, the
observational cold season of 2005/2006 to 2007/2008 are not
available. However, this does not pose an issue, as the study
focuses on in the inter-annual variability as opposed to climat-
ic trends. Furthermore, the focus was to capture years of high
and low ice cover concentrations and LST to determine
whether the model was able to reproduce some of these annual
observations. It is also acknowledged that Canadian Ice
Service (CIS) has a complete temporal coverage of monthly
total accumulated ice cover. However, CRCMS5 data com-
prises monthly mean ice cover. Therefore, to make ice cover

comparisons consistent between CRCMS5 and observations,
the NOAA GLERL datasets were used because they also pro-
vide monthly mean ice cover.

2.2.4 Radar and weather station data from ECCC

Specific lake-induced precipitation events were analysed by
identifying observational data from ECCC'’s historical archive
data, found at the National Climate Data and Information
Archive, http://climate.weather.gc.ca. Historical ground-
based weather observation stations and radar imagery were
used to identify the location, duration and precipitation accu-
mulation of observed lake-induced events that were compared
against model predictions. The weather observation stations
provide the daily total precipitation in millimetres for the spec-
ified locations observed. The daily total precipitation acquired
from ECCC is defined as the sum of total rainfall and water
equivalent of total snowfall in millimetres observed at the
location (ECCC 2018). In addition to the weather stations, a
network of ground-based weather radars, which have a detec-
tion range of 250 km radius and a Doppler range of 120 km,
was also used to determine the events. For cities analysed
along Lake Superior’s snowbelt, the Montreal River (near
Sault Ste. Marie) radar was utilised. For cities along Lake
Huron’s snowbelt, either King City (near Toronto) or Exeter
(near London Ontario) radar was employed. The two ECCC
sources, which are the ground observation stations and the
radar networks, were applied in unison for identifying lake-
induced precipitation in order to reduce common radar analy-
sis errors such as overshooting beams and virga detection.
Table 1 lists the cities and their associated weather station
coordinates used for acquiring observed precipitation accumu-
lations, snowbelts, observation radars and grid cells for
obtaining the predicted precipitation accumulation.

2.3 Assessment of model performance
The study regions of interest focused on the Canadian snow-

belts of Lakes Superior and Huron. In order to delineate
whether the model captures wintertime lake-induced

Table 1 Description of the cities

and their associated weather City Weather station Snowbelt Radar CRCMS5 grid
station coordinates, snowbelt, coordinates cell location
radar and modelled grid cell
coordinates Barrie 44.39,—-179.74 Huron King City X=357
Y=281
Sault Ste. Marie 46.39, — 84.5 Superior Montreal River X=357
Y=281
Wawa 479, —84.78 Superior Montreal River X=377
Y=308
Wiarton 44,75, - 81.11 Huron Exeter X=385
Y=175
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precipitation for the two snowbelt regions, gridded SWE and
total precipitation were analysed for the entire Laurentian
GLB within the coordinates of 94 W, 74 W, 40 N and 50 N.
SWE and precipitation were analysed by computing the
monthly mean SWE and monthly precipitation totals for
December and January (separately) for each of the 20 years
(1995-2014). Statistical indices were employed followed by
analyses of selected lake-induced events.

y_averages/dailyave.html

ice cover/dail

2.3.1 Statistical evaluations

t V3 CFMosaics.html#revisions

Three statistical indices of model performance were employed
over the 20-year period and include the 20-year SWE and
precipitation averages for both CRCMS5 and Daymet. The root
mean square difference (RMSD) and the mean bias difference
(MBD) were computed. The 20-year averages were calculated
for the monthly mean SWE and total precipitation for
December and separately for January.

The RMSD was also computed for December and January
and indicates the magnitude of the average difference (Eq. 1).
Additionally, RMSD was calculated for each grid cell within

1 data/search historic data e.html
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selected events for Lake Superior and Lake Huron snowbelt
regions. The selected events were narrowed down by snowfall
that either occurred along Lakes Superior or Huron’s snow-
belt, during the LES months of December or January and
during years of either low or high ice season. This is because
ice cover is a determining variable in producing LES. In total,
seven events were analysed using four cities, two that repre-
sent the Superior snowbelt, Wawa and Sault Ste. Marie, and
two that represent the Huron snowbelt, Barrie and Wiarton.
Observations were limited to four cities and two LES seasons
in order to reduce additional influences in LES predictions,
such as microclimate influences, differences in station data
gathering techniques and climatic seasonal variations. These
restrictions maintained a sense of consistency when compar-
ing the model’s performance in the different events.

Lake-induced precipitation events were determined when
parallel snowsquall lines were observed from radar images
along the leeward shores of Lakes Superior and Lake Huron
and only extended to approximately 100 km inland. If wide-
spread precipitation was noticed farther inland, this would not
be considered a lake effect event. However, if localised squall
lines developed after widespread precipitation moved through
the region, this was an indication of lake-enhanced precipita-
tion event.

When available, extreme lake-induced snowfall events
were selected for this analysis. Extreme daily precipitation
accumulations were retrieved, providing that observed snow-
fall were > 15 cm/day (Baijnath-Rodino and Duguay 2018), or
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if the equivalent liquid amount of 10 mm/day was recorded.
The 10-mm liquid equivalent amount is determined by assum-
ing that across the GLB, from December through February,
the snow liquid ratio (SLR) is approximately 15:1 in. (Baxter
et al. 2005), or 38.1 cm of snow to 25.4 mm of water; thus, a
15-cm snowfall would equal 10 mm of liquid water
equivalent.

Apart from precipitation accumulation, timing was also
documented by recording how long an event occurred in a
particular location. The predicted precipitation accumulation
amounts were best captured by determining the grid cell
where the observed city was located and aggregating its hour-
ly precipitation value within the day it occurred, starting at
00:00 and ending at 23:00. The CRCMS hourly snowfall pre-
diction of the duration, location and precipitation accumula-
tion was compared against the observed events and analysed
in Section 3.

3 Results and discussion
3.1 SWE and precipitation

Model evaluation was first carried out by comparing SWE
outputs. Figure la, b shows the averaged 1995 to 2014
December SWE totals for CRCMS5 and Daymet, respec-
tively. The spatial results indicate a predominant discrep-
ancy in simulated SWE along the Canadian leeward shores
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Fig. 1 December mean SWE averaged over 1995 to 2014 for a CRCMS, b Daymet, ¢ RMSD and d MBD
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of Lakes Superior and Huron. Higher Daymet SWE aver-
ages, of approximately 60 mm, are seen along Lake’s
Superior’s snowbelt, wherecas CRCMS5 values closer to
40 mm are predicted. Heavier Daymet SWE averages of
40 mm are also seen along Lake Huron’s snowbelt, in con-
trast to values of approximately 20 mm shown in the
CRCMS5. RMSD values are upwards of 30 mm predomi-
nantly along both snowbelts (Fig. 1¢). MBD indicates a
negative bias upwards of 20 mm along both snowbelts,
indicating that the model is under-predicting SWE along
the Canadian leeward shores (Fig. 1d).

Similarly, Fig. 2 presents the averaged 1995 to 2014
January SWE totals. Unlike the CRCMS5 prediction in
Fig. 2a, higher amounts of averaged SWE, upwards of
100 mm, are shown for Daymet (Fig. 2b) along the
leeward shores of the two snowbelts. The RMSD value
indicates values closer to 60 mm along both snowbelts
(Fig. 2¢) and a higher SWE MBD of 50 mm (Fig. 2d).
Thus, both LES months show a predominant under-
estimation of simulated SWE along both Canadian
snowbelts.

The resultant spatial discrepancy along the snowbelts
suggests that lake effect snowfall and its processes may
not be accurately predicted in the coupled Flake—CRCMS5
simulation. Experiments conducted by Lucas-Picher et al.
(2016) suggest that additional information can be extract-
ed from CRCMS5 when downscaling from a resolution of
0.44 to 0.11. The higher resolution CRCMS5 improved

the orography and allowed for higher accuracy of
small-scale lake effect snow processes along the snow-
belts. Despite the added value of the higher resolution
CRCMS, results of Figs. 1 and 2 indicate that there is
an under-estimation of simulated SWE, predominantly
along the Canadian leeward shores of Lakes Superior
and Huron. However, SWE is subject to snow metamor-
phosis processes, such as melting, re-freezing, densifica-
tion and re-distribution from surface winds. Therefore, to
determine whether the model can accurately predict lake
effect snowfall events, wintertime precipitation is also
analysed.

The averaged 1995 to 2014 December precipitation totals
for CRCMS5 and Daymet outputs are shown in panels a and b
of Fig. 3, respectively. Although the CRCMS captures higher
amounts of precipitation along the snowbelts, relative to far-
ther inland (Fig. 3a), the location and amount are not accurate-
ly predicted. The RMSD shows values of approximately
40 mm along both snowbelts (Fig. 3¢). The MBD also indi-
cates negative biases of approximately 30 mm along the
southeastern shores of Lake Superior and 10 mm along Lake
Huron’s leeward shores (Fig. 3d).

Furthermore, the January precipitation totals are computed
and are presented in Fig. 4. Relative to precipitation in
December, results show less amounts of precipitation in
January along Lake Superior’s snowbelt (Fig. 4a, b), respec-
tively. The RMSD is relatively low along Lake Superior’s
snowbelt (Fig. 4c) compared to a higher RMSD values of
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Fig. 2 January mean SWE averaged over 1995 to 2014 for a CRCMS, b Daymet, ¢ RMSD and d MBD
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Fig. 3 December total precipitation averaged over 1995 to 2014 for a CRCMS, b Daymet, ¢ RMSD and d MBD

40 mm for Lake Huron’s snowbelt. Figure 4d shows the MBD Similar to the SWE results, precipitation evaluation indi-
values, which are predominantly negatively biased along the  cates that the CRCMS also under-estimates wintertime precip-
leeward shores of Lake Huron, straddling the north and south itation. The results, showing the location and accumulation
shores of Georgian Bay. discrepancy in wintertime precipitation along the Canadian
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Fig. 4 January total precipitation averaged over 1995 to 2014 for a CRCMS, b Daymet, ¢ RMSD and d MBD
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leeward shores of Lake Superior and Lake Huron, further
reinforce that the CRCMS may not fully capture lake effect
snowfall and its surface—atmosphere processes.

3.2 Lake-induced precipitation events

To further evaluate the model’s predictive performance in cap-
turing lake-induced snowfall, seven separate events were doc-
umented and analysed. Events 1 through 4 were taken during
the high ice season of 2013-2014, during the months of
December or January, and located on either the Superior or
Huron snowbelt. Events 5a and 5b through event 7 were

PRECIP - Snow - 2014-01-28, 21:00 EST, 9/13
0 fravese

similarly examined, but for the low ice season of 2011-
2012. Figure 5 shows a timestamp of each simulated and
observed event, 1 through 7.

The first event was documented for Wawa on January 28,
2014. Event 1 was observed as an extreme lake-enhanced
snowfall event for the Lake Superior snowbelt. The synoptic
system moved through the region prior to 00:00 January 28
and dissipated around 18:00 on January 29 with snowsqualls
lasting approximately 42 h. Observed squall bands moved
from south, along Superior’s snowbelt, to north, bringing
10.4 mm of precipitation to Wawa. The model simulation also
predicted that event 1 started prior to January 28 00:00 and

Event 1: 2014-01-28, 2100 EST

Wawa Ontario, Superior Snowbelt

48.0N

—
84.0W %nvy

PRECIP - Snow - 2014-01-06, 23:00 EST, 12/13
W iRt

Event 2: 2014-01-06, 2300 EST

Barrie Ontario, Huron-Georgian Bay Snowbelt

196.0W

84.0W )@W

Event 3: 2013-12-31, 1800 EST

Sault Ste. Marie Ontario, Superior Snowbelt

196.0W

Fig. 5 Lake-induced events 1 through 7 with radar observations (left) and CRCMS5 predictions (right)
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Fig. 5 (continued)

dissipated approximately 45 h later. The simulated hourly ag-
gregated daily precipitation, taken from January 28 00:00 to
January 28 23:00, only summed 0.3 mm within the model’s
grid cell. The model’s timing of the event is similar to that of
observations; however, the accumulation of precipitation is
grossly under-estimated. This could be attributed to the wind
direction of the predicted snowsqualls. For example, while the
observations recorded winds from a west—southwest direction,
which advected squalls northeastward towards Wawa, the pre-
dicted squalls showed a southwesterly flow, advecting precip-
itation farther south away from Wawa. Figure 5, event 1,
shows the observation and simulation of the event,

respectively, for January 28, 2014, at 21:00 EST, and show
the different directions of the squall band locations as they
move onshore of Lake Superior’s snowbelt. In conclusion,
the model under-estimates the daily precipitation accumula-
tion for this event; it also misses the location of the squall
bands but produces a similar onset of the event.

The second event was recorded for Barrie along Lake
Huron’s snowbelt on January 6, 2014. This event was ob-
served as an extreme lake-enhanced snowfall event. A synop-
tic scale system moved through the GLB from January 5 into
the early morning of January 6 and snowsqualls developed
behind the synoptic system, ushering snowsqualls to Barrie
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PRECIP - Snow - 2011-12-16, 08:00 EST, 9/13
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Event 7: 2011-12-16, 0800 EST

Barrie Ontario, Huron Georgian-Bay Snowbelt
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Fig. 5 (continued)

off of Georgian Bay with a northwesterly flow. The squalls
started by 07:00 January 6 to approximately 07:00 on January
8 with a duration of about 48 h. The observed daily precipita-
tion in Barrie on January 6 was 19.0 mm, making this an
extreme lake-induced snowfall event. In contrast, the model
recorded no precipitation for Barrie on this day and did not
capture the observed extreme event for this location.
Nevertheless, the model was able to capture the trajectory
and timing of the synoptic system that moved through the
GLB, followed later by squalls. The model kept lingering
precipitation bands in the Huron snowbelt region, while the
radar shows these bands moving farther north as the wind
profile switches to a southeasterly flow. Figure 5, event 2,
shows the observed and simulated event respectively for
January 6, 2014, at 23:00 EST. In conclusion, the daily accu-
mulation associated with this extreme event was not captured
by the model, but the timing and the general vicinity of the
squall lines moving through the snowbelt were similar to that
of observations.

The third event was recorded for Sault Ste. Marie, along
Lake Superior’s snowbelt on December 31, 2013. This ob-
served extreme event was suggested to form from a weak
Alberta Clipper that moved through the GLB from 00:00
December 31, 2013, to 09:00 January 1, 2014, bringing
13.8 mm of precipitation to Sault Ste. Marie. However, the
model prediction of only 0.6 mm was recorded. Figure 5,
event 3, shows the timestamp of this event on December 31,
2013, at 18:00 EST. The squall lines in the model are visibly
difficult to delineate for the Sault Ste. Marie region. Despite
the under-prediction in the daily precipitation accumulation,
the model accurately predicted the onset, duration and the
general location of the squalls.

The fourth event was observed at Wiarton along Lake
Huron’s snowbelt on December 11, 2013, and was considered
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a pure lake effect event. The radar shows persistent lake effect
squalls moving through Wiarton and then advecting south-
ward away from the city. Snowfall started prior to 00:00
December 11, 2013, and ended at approximately 08:00 on
December 12. It brought 8.1 mm of precipitation to the city.
The model, however, predicted only 2.5 mm for that day. The
predicted onset time was similar to that of the observed, except
the model had squalls lingering until 21:00 December 13. The
locations of the squalls were within the general snowbelt re-
gion as can be seen by Fig. 5, event 4, with the timestamp of
December 11, 2013, at 19:00 EST. Overall, only the location
of this event was well captured. The duration was over-
predicted and the daily accumulation was under-predicted.
Event 5 was a lake-enhanced system that affected both
Lakes Superior and Huron’s snowbelts on January 19, 2012.
Event 5a was analysed for Sault Ste. Marie and the Lake
Superior’s snowbelt, while event 5b was analysed for
Wiarton and corresponds to Lake Huron’s snowbelt. A syn-
optic system moved through the GLB overnight into the
morning of January 19 and behind it was lake-enhanced
squalls that developed around 11:00 towards Sault Ste.
Marie and persisted into the morning of January 20. The cold
front associated with this system then moved through
Southern Ontario, bringing squalls to Lake Huron’s snowbelt
and the city of Wiarton. The timing of the system moving
through Southern Ontario was delayed in the model and did
not appear until later in the evening. Figure 5, event 5, shows
the observed snowfall over Southern Ontario at 11:00 EST,
while the model shows the precipitation still farther to the west
of Southern Ontario at this time. Observed daily precipitation
for Sault Ste. Marie, along Lake Superior’s snowbelt, was
9.2 mm, but the model only predicted 2.7 mm. Furthermore,
Wiarton’s observed precipitation measurements, along Lake
Huron’s snowbelt, was 8.0 mm; however, the model only
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predicted 4.7 mm. In conclusion, the model under-estimates
the accumulated daily precipitation associated with this lake-
enhanced system. The onset of the system is also delayed in
the model; however, the general locations of the squalls are
accurate.

The sixth event was observed as pure LES over Wawa for
the Superior’s snowbelt on December 10, 2011. The observed
event started the evening of December 8 and ended the morn-
ing of December 10, bringing 3.6 mm of precipitation to the
city. The model predicted earlier development of the squalls,
starting overnight and into the early morning of December 8
and persisting until the night of December 10. The model
predicted 4.9 mm of daily precipitation for December 10. In
comparison to all the other selected events, this is the only
event for which the model over-predicted the accumulation.
The model also over-estimated the duration of this event but
accurately captured the location of the observed squalls (Fig. 5),
event 6, with timestamp of December 10, 2011, at 10:00 EST.

Finally, event 7 was a lake-enhanced snowfall event for
Barrie along Lake Huron’s snowbelt on December 16, 2011.
A synoptic system moved over the GLB on December 15, and
behind this system, snowsqualls developed over Georgian
Bay. Squalls started in the early morning of December 16
and persisted until noon of December 17, producing 5.0 mm
of precipitation. The model’s estimated onset and duration of
the event were accurately depicted, but it did not record any
daily precipitation accumulation for Barrie on December 16.
However, the model was able to capture the previous day
precipitation accumulation for a larger synoptic system that
moved through the region. The squall locations in the model
are farther south towards Owen Sound and the squalls are
short lived (Fig. 5), event 7, with a timestamp of December
16, 2011, at 08:00 EST.

Overall, these event analyses suggest that the model
seems to accurately predict the timing and, to an extent,
the location of the snowsqualls, but drastically under-
estimates the daily precipitation associated with the lake-
induced events. The model mostly captures the onset of
snowsqualls and synoptic systems moving through the re-
gion. However, the model seems to prolong the duration
of the event, extending the duration of the overall event
longer than what was observed.

The model captures the general locations of squall lines
moving towards the observed snowbelts. However, specific
localised squalls are difficult to delineate by the model, such
as squalls that occurred in Barrie, along Lake Huron’s snow-
belt, or Wawa, along Lake Superior’s snowbelt. This could be
that the 0.11° resolution of the model was too coarse to rep-
resent the highly localised squall lines associated with some of
these LES bands. Perhaps higher resolution models, at reso-
lutions of only 2 km, would better capture these highly local-
ised bands since squall lines can be as narrow as 1-2 km.
Furthermore, the model consistently under-predicts

precipitation accumulation, despite the month of the LES sea-
son, or the ice season, with the exception of one event. These
results are in agreement with the previous results (recall Figs.
3 and 4) that suggest that precipitation is significantly under-
predicted along the snowbelt regions of both Lakes Superior
and Huron. Thus, the reasons for the predominant negative
bias in lake-induced precipitation accumulations are explored
by examining key LES predictor variables.

3.3 Atmospheric predictor variables

Key predictor variables, as suggested in previous literature,
including Niziol et al. (1995), Cosgrove et al. (1996),
Hamilton et al. (2006), Hartmann et al. (2013), Notaro et al.
(2013a, b), Baijnath-Rodino et al. (2018) and Baijnath-
Rodino and Duguay (2018), are 850 mb air temperature,
LSTs (Wang et al. 2018) and ice cover concentration.
Temperature plays a multifaceted role in the development of
LES by influencing precipitation type and vertical instability.
Lake effect precipitation will usually fall as a solid state when
temperatures at the 850-mb level are below freezing. The ver-
tical temperature gradient (VTG), which is the difference be-
tween the LST and 850 mb temperature, is an indicator of
instability in the (PBL). In meteorology, a VTG greater than
13 °C is a general indicator of an unstable lapse rate, which
will induce moisture and energy fluxes into the lower PBL,
inducing convection (Holroyd IIT 1971; Niziol 1987,
Theeuwes et al. 2010; Hartmann et al. 2013). Thus, the 850-
mb air temperature is an important feature that influences LES
and is, therefore, warranted in this study.

In this paper, the CRCMS and NARR outputs of 850 mb air
temperature are represented on their native grids. This is be-
cause the NARR grid has a relatively coarse 32-km resolution
and the CRCMS would have to be up-scaled from 12 km, with
the possibility of losing precise spatial information. The ad-
vantage of presenting 850 mb air temperature on its native
grids allows the RCM to preserve high spatial details.
Comparing modelled and reanalysis outputs on native grids
were similarly employed by Lucas-Picher et al. (2016).

Figure 6 compares the averaged 1995 to 2014 mean
December 850 mb air temperature from CRCMS5 and reanal-
ysis NARR outputs (Fig. 6a, b), respectively. The model out-
put for December (Fig. 6a) seems to be slightly warmer along
the southwestern tip of Lake Superior and northern Lake
Huron, where the 265 K isotherm extends slightly farther
north than the reanalysis output (Fig. 6b). In Fig. 6¢, d, the
same averaged 20-year duration is shown, but for January.
Based on visual comparison, the CRCMS5 captures well the
850-mb air temperature field over the GLB. The zonal iso-
therms are spatially aligned similarly between the CRCMS5
and NARR.

The model also captures the colder southward air mass
towards Lake Superior in January (Fig. 6¢). Overall, there
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Fig. 6 Monthly mean 850 mb air temperature averaged over 1995-2014: a CRCMS5 December mean, b NARR December mean, ¢ CRCMS5 January

mean and d NARR January mean

are no strong biases in the 850-mb air temperature between the
CRCMS and reanalysis for the months of December and
January. This is, perhaps, expected as both CRCMS and
NARR are driven by observed atmospheric reanalysis data
forced at the lateral boundaries by ERA Interim and NCEP,
respectively. These results are in agreement with Martynov
et al. (2013) who analysed averaged 1989 to 2008 predicted
2-m air temperature from CRCMS5 coupled with the FLake
model and found that the air temperature is generally
reproduced over the whole annual cycle for the Great Lakes
region. Evident from the current research, the 850-mb air tem-
perature over the Great Lakes has minimal discrepancies and,
as a result, is not a factor that highly influences the modelled
lake-induced snowfall biases. Other surface—atmosphere LES
variables are explored to help determine the reasons for the
aforementioned biases.

3.4 Surface predictor variables

Twenty-year time series are plotted for monthly mean of lake-
wide averaged LST and ice cover concentration for both ob-
servations and simulation. Figure 7 presents the time series for
Lake Superior for the month of December. Figure 7a shows
the averaged lake-wide LST. Results indicate that the CRCMS5
captures a similar pattern of the observed inter-annual vari-
ability, with a peak LST in 1998 and a local minimum in 2008.
Although the simulated LST follows that of the observed,
the simulated LST is evidently warmer. Table 3 shows that
the RMSD of LST for Lake Superior, in December, is 2.13
and the MBD is 2.02, indicating that the RCM over-
estimates the LST.

In Fig. 7b, the lake-wide ice cover concentration is plotted.
The simulated and observed inter-annual variability do not

(a) Average December LST for Lake Superior
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Fig. 7 1995 to 2014 time series of observed (blue) and simulated (red) December averaged a lake surface temperature and b ice cover concentration for

Lake Superior
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Table 3 Statistical comparison of

observed versus simulated Variables Root mean square difference (RMSD) Mean bias difference (MBD)
outputs of December’s LST and
ice cover concentration, for Lakes December Superior Huron Superior Huron
Superior and Huron
LST 2.13 1.68 2.02 1.43
Ice cover 1.10 5.63 -0.36 —3.73

follow a similar pattern and show disagreements in peak ice
cover years, from 1995 to 2004. For most years, the simula-
tion shows lower ice cover concentrations than that of the
observed, which could correspond to the warmer simulated
LST temperatures. The RMSD is 1.10 with a negative MBD
0f'0.36, suggesting that the CRCMS5 under-estimates ice cover
(Table 3). The model’s warmer LST and less ice cover over
Lake Superior in December should, in theory, favour the pro-
duction of LES along the leeward shores of Lake Superior.
However, the 20-year averaged SWE and wintertime precip-
itation indicated a negative bias (recall Figs. 1 and 3).

Similarly, Fig. 8 plots the 20-year December time series of
LST (Fig. 8a) and ice cover concentration (Fig. 8b), respec-
tively, for Lake Huron. Table 3 shows that the RMSD and
MBD are both larger for Lake Superior’s LST than Lake
Huron’s. However, there is a greater disagreement between
the simulation and observation for Lake Huron’s ice cover
compared to that of Lake’s Superior, indicating that the simu-
lation under-estimates ice cover for Lake Huron more than
Lake Superior.

Figure 9 shows January’s LST and ice cover for Lake
Superior (Fig. 9a, b), respectively. Results show that the
inter-annual variability for simulated Lake Superior’s LST
and ice cover are slightly over-estimated in January
(Table 4). Figure 10a, b shows the inter-annual variability in
lake-wide LST and ice cover for Lake Huron, respectively.
There is a slight warmer bias in the model prediction for
LST and an under-prediction in ice cover for Lake Huron.
The biases in wintertime LST and ice cover are consistent with
Martynov et al. (2012, 2013), who suggest that the FLake
model over-estimates summertime temperatures for the
Great Lakes, thereby leaving lakes free of ice for a longer

period, than that of observed, into the winter months and cre-
ating a warm wintertime bias. In the current study, for both
lakes during both LES seasons, the model over-predicts the
LST. Ice cover predictions correspond to the warmer bias in
the model’s LST, by under-estimating ice cover concentra-
tions for both lakes, except for Lake Superior in January.
Thus, the current results of the positive wintertime LST bias
and negative ice cover bias, for the lakes, are in agreement
with previous literature.

Validation studies by Martynov et al. (2013) also suggest
that precipitation rates are well represented by the CRCMS5
over the whole Great Lakes domain in the summertime but
is over-estimated during the autumn and winter months for the
1989 to 2008 period. Furthermore, the over-estimation in pre-
cipitation can be attributed to enhanced evaporation from the
overlying warm ice-free surface of the Great Lakes. While this
may be the case for the overall GLB, the current study suggests
that precipitation is under-estimated for the Canadian snowbelts
of Lakes Superior and Huron between 1995 and 2014.

Wright et al. (2013) assessed the impacts of both LST and
ice in the Weather Research and Forecasting Model (WRF)
and found that the increased ice cover and thickness sup-
pressed the formation of LES because increased ice cover is
shown to decrease sensible and latent heat fluxes into the
atmosphere (Gerbush et al. 2008; Zulauf and Krueger 2003).
Warmer LST and lower ice cover should create high intensity
and spatial cover of snowfall (Wright et al. 2013), relative to
the observed results because lakes would be able to generate
greater energy fluxes into the atmosphere.

It is suggested that sensible and latent heat fluxes’ repre-
sentation within the model could also affect the production of
LES. Sensible and latent heat fluxes are of primary importance

(a) Average December LST for Lake Huron
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Fig. 8 1995 to 2014 time series of observed (blue) and simulated (red) December averaged a lake surface temperature and b ice cover concentration for

Lake Huron
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(a) Average January LST for Lake Superior
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(b) Average January Ice Cover Concentration for Lake Superior
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Fig. 9 1995 to 2014 time series of observed (blue) and simulated (red) January averaged a lake surface temperature and b ice cover concentration for

Lake Superior

for the development of LES because a transfer of both heat
and moisture from the lake into the lower PBL produces an
unstable lapse rate at the lower levels and creates conditions
favourable for convection. Lower PBL instability occurs be-
cause water vapour (H,O,)) has a lower molecular weight
than atmospheric oxygen (O,,). Therefore, an increase in
water vapour into the lower PBL decreases the density of
the air mass and increases the instability of the air mass, in-
ducing convection, development of cloud formation and lake
effect precipitation. Furthermore, increased sensible and latent
heat fluxes into the PBL increase both the air temperature and
dew point temperature over the lake (Phillips 1972). As a
result, convective available potential energy (CAPE) is in-
creased within the above air parcel, inducing convection and
cloud formation, which are favourable for the development of
LES. Therefore, these fluxes are important key factors in
influencing the production of LES.

Also, Lofgren and Zhu (2000) observed high outgoing sen-
sible and latent heat fluxes over the late fall and early winter,
which drive strong cooling of the lake surface and consequent
convective mixing within the lake water column. However,
while the epilimnion layer, in FLake, can account for convec-
tive and mechanical mixing, FLake does not represent these
processes in the hypolimnion layer, which are present in large
and deep lakes (Perroud et al. 2009; Balsamo et al. 2012;
Mallard et al. 2014).

Thus, the large discrepancy in the predicted lake variables
may be attributed to unrealistic parameterisation schemes with-
in the FLake model. For example, sensible and latent heat
fluxes are calculated in the CRCMS5 lake interface module
and are based on parameters supplied by the model, such as
surface temperature and ice cover. Martynov et al. (2012)

explain that the influence of lakes on air temperature and hu-
midity in lake-rich regions is weakly simulated in FLake.
Kourzeneva (2010) suggests that a basic issue of lake
parameterisation in numerical weather predictions and climate
simulations is the need for external lake parameters and that the
most important lake parameter is the minimum depth required
for lake models. Thus, assigning a virtual depth of only 60 m
for Lake Superior, which, in actuality, has a maximum lake
depth of 406 m, could cause significant biases in lake thermal
process simulations (Gu et al. 2015), because lake depth is a
controlling factor influencing ice freeze-up and ice break-up
dates (Duguay et al. 2003, 2006). Furthermore, FLake does
not allow partial ice cover for each grid cell (Martynov et al.
2012); thus, local ice cover could be falsely represented, there-
by influencing the production of localised lake-induced
snowfall.

Although lake ice and temperature sensitivity analyses with
FLake, conducted by Martynov et al. (2012), showed that
FLake outperformed other one-dimensional lake prediction
models over the Great Lakes, the one-dimensional models
failed to capture patterns of springtime warming in the Great
Lakes. This failure suggests the absence of three-dimensional
processes, such as lake currents, ice drift and the formation of
thermal bars (Wang et al. 2010; Bai et al. 2013), thereby neg-
atively affecting the predictive capabilities of FLake (Mallard
et al. 2014). The one-dimensional lake model, FLake, is inter-
actively coupled to the CRCMS, and despite providing satis-
factory predictions of temperature and ice cover, it is limited
compared to three-dimensional dynamical lake models that
could simulate both horizontal and vertical circulation
(Lucas-Picher et al. 2016) and important deep convection that
occurs twice a year (Bai et al. 2013). The quality of

Table 4 Statistical comparison of

observed versus simulated Variables Root mean square difference (RMSD) Mean bias difference (MBD)
outputs of January’s LST and ice ] -
cover concentration, for Lakes January Superior Huron Superior Huron
Superior and Huron
LST 0.95 1.05 0.65 0.68
Ice cover 6.22 11.94 0.05 -9.79
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(a) Average January LST for Lake Huron
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Fig. 10 1995 to 2014 time series of observed (blue) and simulated (red) January averaged a lake surface temperature and b ice cover concentration for

Lake Huron

reproduced SWE, wintertime precipitation and lake-induced
precipitation events along the Canadian leeward shores of
Lake Superior and Lake Huron is, thus, highly dependent on
the performance of FLake (Martynov et al. 2013).

4 Conclusions

The purpose of this study was to validate a regional climate
model (CRCMS) in predicting snowfall along Canadian
snowbelts of Lakes Superior and Huron within the
Laurentian GLB. Gridded outputs of total December and
January SWE and, separately, precipitation, were averaged
over the 20-year period of 1995 to 2014. Gridded RMSD
and MBD were computed between the model and interpolated
gridded dataset (Daymet). Results showed that the CRCMS
under-estimates both SWE and precipitation along both snow-
belts in December and January. The negative biases in SWE
and precipitation along the shores of these Great Lakes sug-
gest that the processes of lake-induced snowfall were not
properly represented by the model.

In order to understand the sources of these biases, seven
lake-induced events along Lake Superior or Lake Huron’s
snowbelt were selected for the months of December or
January during a high and low ice season to validate the
model’s performance in capturing the timing, location and
precipitation accumulation of each event. The results in this
study showed that while the model generally predicted the
onset of the squall bands and the general location of the
trajected squall paths, it drastically under-estimated the daily
total lake effect precipitation accumulation. The study further
validated the model’s capabilities in simulating LES predictor
variables, which are key factors in the development of lake-
induced precipitation.

The LES predictor variables included 850 mb air temperature,
lake-wide LST, and lake-wide ice cover concentration (Xiao
et al. 2017). Time series of the simulated outputs of LST and
ice cover were plotted against the observed dataset for each var-
iable. While the model accurately simulates 850 mb air temper-
ature, it over-estimates LST for both lakes in December and

January, respectively. Ice cover is under-estimated in both lakes
for December, but only for Lake Huron in January.

This study suggests limitations within the coupled simulation.
The CRCMS is interactively coupled to the one-dimensional
FLake model, which is used to reproduce LST and ice cover
concentration. The accuracy and precision of the simulated
lake-induced events within the snowbelt regions of the
Laurentian Great Lakes are highly dependent on the performance
of the coupled lake model (Martynov et al. 2013). However,
there are limitations within the one-dimensional FLake model,
such as a virtual lake depth of only 60 m and the inability to
simulate both horizontal and vertical circulation, deep convection
processes that can be reproduced by three-dimensional dynami-
cal lake models such as the Nucleus for European Modelling of
the Ocean (NEMO) (Dupont et al. 2012; Durnford et al. 2018).
In the future, as three-dimensional lake models become more
available (Wang et al. 2010; Bai et al. 2013; Anderson et al.
2018), the interactive coupling of three-dimensional lake models
to RCMs should be applied in order to assess the accuracy of
LES forecasts.

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
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