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ABSTRACT Precipitation episodes in the form of freezing rain and ice pellets represent natural hazards affecting
eastern Canada during the cold season. These types of precipitation mainly occur in the St. Lawrence River valley
and the Atlantic provinces of Canada. This study aims to evaluate the ability of the fifth-generation Canadian
Regional Climate Model (CRCM5), using a 0.11° horizontal grid mesh, to hindcast mixed precipitation when
driven by reanalyses produced by the European Centre for Medium-range Weather Forecasts (ERA-Interim) for
a 35-year period. In general, the CRCM5 simulation slightly overestimates the occurrence of freezing rain, but
the geographical distribution is well reproduced. The duration of freezing rain events and accompanying
surface winds in the Montréal region are reproduced by CRCM5. A case study is performed for an especially cat-
astrophic freezing-rain event in January 1998; the model succeeds in simulating the intensity and duration of the
episode, as well as the propitious meteorological environment. Overall, the model is also able to reproduce the
climatology and a specific event of freezing rain and ice pellets.

RÉSUMÉ [Traduit par la rédaction] Les épisodes de précipitations verglaçantes et de grésil représentent un
danger naturel qui touche l’est du Canada durant la saison froide. Ces types de précipitations surviennent
surtout dans la vallée du fleuve Saint-Laurent et dans les provinces atlantiques du Canada. Cette étude vise à
évaluer la capacité de la 5e génération du Modèle régional canadien du climat (MRCC5), doté d’une maille
horizontale de 0,11°, à prévoir a posteriori un mélange de précipitations, quand le modèle est piloté par les
réanalyses du Centre européen pour les prévisions météorologiques à moyen terme (ERA-Interim), sur une
période de 35 ans. En général, la simulation du MRCC5 surestime faiblement l’occurrence de pluie verglaçante,
mais en génère une répartition géographique adéquate. Le MRCC5 reproduit la durée de la pluie verglaçante et les
vents de surface associés, dans la région de Montréal. Dans une simulation du cas particulièrement catastrophique
de pluie verglaçante de janvier 1998, le modèle a réussi à reproduire l’intensité et la durée de l’épisode, ainsi que
l’environnement météorologique sous-jacent. Dans l’ensemble, le modèle peut reproduire tant la climatologie
qu’un cas précis de pluie verglaçante et de grésil.

KEYWORDS regional climate model; mixed precipitation; freezing rain; ice pellets; high-resolution; eastern
Canada

1 Introduction

During the cold season, freezing rain (ZR) and ice pellets (IP),
or a combination of these (hereafter IPZR) can occur in eastern
Canada, affecting particularly the St. Lawrence River Valley
(SLRV) and the Atlantic provinces (e.g., Cortinas, Bernstein,
Robbins, & Strapp, 2004; Groisman et al., 2016; Stuart &
Isaac, 1999). The occurrence of ZR results in a layer of ice
forming on surfaces, such as roads, sidewalks, trees, and
electrical wires, with significant consequences for human
activity, infrastructure, and the environment. Numerous occur-
rences have been reported of injuries caused by car accidents,
slippery sidewalks, ruptured cables due to ice accumulation,

and broken tree branches (e.g., Cortinas et al., 2004; DeGae-
tano, 2000; McKay & Thompson, 1969). Statistics from
observations show that most of the ZR events last less than
four hours (Cheng et al., 2004; Henson & Stewart, 2007;
Ressler, Milrad, Atallah, & Gyakum, 2012), but longer epi-
sodes also occur, such as the 1998 Ice Storm. This exception-
ally long and intense freezing rain event produced ice
accumulations up to 100 mm and had catastrophic repercus-
sions in some regions of northeastern North America, with
power outages lasting three consecutive weeks in some
places around Montréal, Quebec, Canada (e.g., Milton &
Bourque, 1999; Regan, 1998; Roebber & Gyakum, 2003).
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The occurrence of IP is less frequent and has fewer conse-
quences than ZR events, but both types of precipitation have
similar formation mechanisms. In cold-climate conditions,
precipitation usually forms aloft in frozen form.When such pre-
cipitation falls through a warm air layer with a temperature
above freezing, the solid particle melts or partially melts
before reaching the cold air layer below. If the particle totally
melts in the warm air layer it becomes super-cooled in the
cold air layer below and freezes on contact with a surface with
a temperature below freezing, leading to ZR (e.g., Thériault &
Stewart, 2010; Zerr, 1997). A particle with some remaining
ice will initiate freezing in this cold air layer leading to IP. In
both cases, the resulting precipitation type differs substantially
from the original snowflake shape. The vertical profile of temp-
erature is thus paramount to the discrimination of precipitation
types; slight variations in temperature can cause changes in
dominant precipitation type (Thériault, Stewart, & Henson,
2010).
In the context of climate change, modifications of precipi-

tation, temperature, and weather patterns could lead to
changes in the location, frequency, and intensity of ZR and
IP events. Understanding these possible changes is essential
to adapting to, and planning for, future conditions in several
sectors such as electrical supply, agriculture, and urban infra-
structure. Some studies have already estimated the modifi-
cation of ZR behaviour with climate change using global
climate and/or statistical models. They suggest that in the
future, more ZR events may occur in higher latitudes and
fewer in lower latitudes (e.g., Cheng, Auld, Li, Klaasen, &
Li, 2007; Cheng et al., 2004; Klima & Morgan, 2015;
Lambert & Hansen, 2011). Although the coarse resolution
of global models may be sufficient to simulate large-scale geo-
graphical variations of mixed precipitation, it is inadequate for
representing the regional details of anticipated future changes.
In particular, events that are closely related to fine-scale topo-
graphy are unseen by global models (Lambert & Hansen,
2011). Regional climate models (RCM) with their finer hori-
zontal grid offer advantageous perspectives for studying the
evolution of IP and ZR occurrence in a future climate.
This study aims to evaluate the fifth-generation of the Cana-

dian RCM (CRCM5), which participated in the international
Coordinated Regional Climate Downscaling Experiment
(CORDEX) for North America (Martynov et al., 2013;
Šeparović et al., 2013), to hindcast climate features of ZR
and IP events. This is an essential step before attempting
climate change projections for ZR and IP species. A
CRCM5 simulation was performed with a horizontal grid of
0.11°, which has been documented (Lucas-Picher, Laprise,
& Winger, 2016) to be essential for good reproduction of
local topographic features, such as the SLRV, where the chan-
nelling in the valley can maintain or enhance the cold layer
near the surface (Carrera, Gyakum, & Lin, 2009; Razy,
Milrad, Atallah, & Gyakum, 2012; Roebber & Gyakum,
2003).
Evaluation of the CRCM5 skill will proceed in two streams.

First, the simulated ZR and IP characteristics in terms of

frequency, duration, and specific environment, such as
surface wind and vertical temperature profiles, will be ana-
lyzed for a 35-year hindcast simulation. Then the severe-
storm event of January 1998 will be used to investigate the
skill of the CRCM5 in reproducing the appropriate environ-
ment, duration, and accumulation for this specific case.

The paper is organized as follows. Section 2 is devoted to a
description of the model, the simulation design, the verifying
observational data, and the evaluation methodology. The
results are presented first for a climatological assessment
(Section 3.a) and then for a specific case study (Section 3.b).
Conclusions are presented in Section 4.

2 Experimental set-up and data
a Brief Description of CRCM5
The CRCM5 is the fifth-generation Canadian RCM (Marty-
nov et al., 2013; Šeparović et al., 2013) developed by the
Centre pour l’étude et la simulation du climat à l’échelle
régionale (ESCER) at the Université du Québec à Montréal
(UQÀM). It is based on the limited-area version of the
numerical weather-prediction Global Environmental Multi-
scale (GEM) model (Côté et al., 1998; Yeh et al., 2002)
developed by Environment and Climate Change Canada.
The GEM model is a grid-point model based on a two-
time-level semi-Lagrangian, (quasi) fully implicit time-dis-
cretization scheme. Vertical resolution is defined by a
terrain-following vertical coordinate based on hydrostatic
pressure (Laprise, 1992). The horizontal discretization is
described on a rotated latitude-longitude, Arakawa C-grid
(Arakawa & Lamb, 1977). The nesting technique derives
from Davies (1976) and consists of a 10-point sponge zone
for a gradual relaxation of all the prognostic atmospheric
variables toward the driving date along the lateral boundaries
with an additional 10-point wide halo zone for semi-Lagran-
gian interpolation.

Physical parameterizations include the following modules:
correlated-K solar and terrestrial radiation (Li & Barker,
2005); subgrid-scale orographic gravity-wave drag (McFar-
lane, 1987); low-level orographic blocking parametrization
(Zadra, Roch, Laroche, & Charron, 2003); planetary boundary
layer parametrization (Benoit, Côté, & Mailhot, 1989; Delage,
1997; Delage & Girard, 1992) modified by Zadra et al. (2014)
and McTaggart-Cowan and Zadra (2015) to introduce hyster-
esis effects; the one-dimensional freshwater lake model
(FLake; Martynov et al., 2013); and the Canadian Land
Surface Scheme, version 3.5 (CLASS3.5; Verseghy, 1991,
2009). The Sundquist (1978) scheme is used as the conden-
sation scheme to diagnose large-scale precipitation. The
Kuo-transient scheme is used for shallow convection (Bélair,
Mailhot, Girard, & Vaillancourt, 2005; Kuo, 1965). The
Kain and Fritsch (1990) scheme is used for deep convection,
and total (i.e., large-scale and convective) precipitation is
divided into liquid and solid contributions. In addition,
surface precipitation types are diagnosed by the Bourgouin
(2000) scheme, as described in Section 2.c.
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b Experimental Design
The free domain is a 300 × 300 point grid encompassing
northeastern North America (Fig. 1), with a 0.11° horizontal
mesh. The vertical domain is defined with 56 levels between
the surface and 10 hPa. The time step is five minutes and
simulated fields are archived every three hours. The simu-
lation is driven by the reanalysis at 0.75° available at six
hourly intervals produced by the European Centre for
Medium-range Weather Forecasts (ERA-Interim) (Dee
et al., 2011), interpolated linearly in time at every time
step. The hindcast simulation starts at 0000 UTC 1 January
1979 and ends at 0000 UTC 1 January 2015. The first year
is discarded from the study to allow for spin-up. No large-
scale spectral nudging is applied for this simulation.

c The Bourgouin (2000) Scheme
The area method of Bourgouin (2000) is used to diagnose the
types of precipitation in the model. It is based on the energy
available for melting in the warm layer aloft and freezing in
the cold layer below. Two parameters are salient for discrimi-
nating precipitation type: the vertical profile of temperature
and the time it takes for hydrometeors to pass through a
layer (the residence time). The latter is dependent on the
depth of the layer, the mean vertical motion, and the terminal
velocity of the falling hydrometeor (Zerr, 1997). The Bour-
gouin scheme assumes that mean vertical motion and terminal

velocity of particles are constant. An area is calculated as the
product of the departure of the mean temperature of a layer
from 0°C and its thickness and is used as a predictor for
determining precipitation type. Positive area (PA) is the part
of the temperature vertical profile where temperature is above
0°C while negative area (NA) corresponds to below-freezing
temperatures (Fig. 2). To define criteria for discrimining
various types of precipitation reaching the surface, the scheme
was calibrated by Bourgouin (2000) with two sets of
observations—collocated surface precipitation and upper-air
sounding data—from the 1989/90 and 1990/91 cold seasons
over North America. An independent set of observations for
1991/92 was used for validation. Three cases are defined:

. Case A: if NA , 46+ 0.66PA : freezing rain,

. Case B: if 46+ 0.66PA ≤ NA ≤ 66+ 0.66PA : freezing
rain and/or ice pellets,

. Case C: if NA . 66+ 0.66PA : ice pellets.

For case B, each species can occur equally, thus precipitation
is considered to comprise 50% ZR and 50% IP. As a conse-
quence, ZR and IP can occur at the same time. The Sundquist
scheme provides a precipitation rate average archived at three
hourly intervals in CRCM5, and this rate is converted into an
accumulation over three hours.

This method has several limitations. For example, it
assumes that ice crystals are present and that heterogeneous

Fig. 1 CRCM5 domain used for this study. Topography (m) is shown in colour. Montréal is shown by the orange star, Québec City by the red star, the St. Lawrence
River Valley (SLRV) by the pink rectangle and the Gaspé Peninsula by the black circle. Eastern Canadian provinces are identified as Quebec (QC), New
Brunswick (NB), Newfoundland (NFLD) and Labrador (NL), Nova Scotia (NS), Ontario (ON), and Prince Edward Island (PEI).
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nucleation has occurred, which can lead to erroneous precipi-
tation type. It neglects the effects of moisture subsaturation.
The assumption of a constant terminal velocity is also a weak-
ness because different crystal structures fall at different
speeds. Hence, particle-size distribution, as well as the inter-
action among precipitation types as they fall through the
atmosphere, are not considered. In addition, when snow
melts in the warm layer and when liquid precipitation
freezes upon contact with the frozen ground, the latent heat
exchanges are not taken into account as discussed by Lack-
mann, Keeter, Lee, and Ek (2002). This process could play
an important role in reducing the duration of a ZR episode
because of surface temperature rising to values above 0°C.
A detailed microphysical scheme could avoid these drawbacks
but would be much more computationally expensive and
require finer horizontal resolution. This is outside the scope
of the present study.

d Observational Data
The Meteorological Service of Canada (MSC) of Environment
and Climate Change Canada (ECCC) is responsible for
surface meteorological stations as outlined in Environment
Canada (2015). The frequency of surface weather obser-
vations has changed over time and varies by station: it can
be hourly; hourly during daytime only; every three hours; or
every six hours. Some stations have records of variables
such as 2 m temperature, 2 m dew point temperature, 2 m rela-
tive humidity, 10 m wind direction and speed, visibility,
atmospheric surface pressure, and reports that distinguish
between the different types of precipitation: liquid precipi-
tation (drizzle and rain), freezing precipitation (freezing

drizzle and ZR), frozen precipitation (snow, snow pellets,
snow grains, IP, hail, and ice crystals) and other hydrome-
teorological deposits, such as dew, hoar frost, rime, and
glaze. In this study, we focus on ZR, IP, and 10 m wind
data from the hourly observations at surface stations in the
Canadian provinces of Quebec (QC), Ontario (ON), New-
foundland and Labrador (NL), Prince Edward Island (PEI),
Nova Scotia (NS), and New Brunswick (NB). In all, 77
surface stations provided daily ZR and IP data for at least
one year during the study period, as indicated by the blue
crosses in Fig. 3. It was decided, however, to retain only
stations with at least 30 years of available data within the
35-year period, which results in a set of 48 surface stations,
as indicated by the grey circles in Fig. 3. Montréal’s Pierre
Elliott Trudeau International Airport surface station (hereafter
YUL), indicated by the orange star in Fig. 1 and the red circle
in Fig. 3, provides observations until mid-February 2013
only; thus for the Montréal region, the study considers only
the period from 1980 to 2012.

Hourly records from ECCC surface weather stations
provide an estimate of ZR intensity, as light (2.5 mm h−1 or
less), moderate (2.6 to 7.5 mm h−1) and heavy (7.6 mm h−1

or more) intensities. Hence, for our climatological study, we
will focus on the occurrence of ZR rather than ZR amount.
A precise measurement of ZR amount can be obtained by
melting ice accumulated in the rain gauge and measuring the
water equivalent. For example, Milton and Bourque (1999)
used data from about 130 surface stations in the MSC
network between 0600 UTC 4 January and 0600 UTC 10
January 1998 to characterize the intensity of the 1998 Ice
Storm (Fig. 4). Because of their shape and rigidity, IPs tend
to rebound after touching most surfaces, and this causes
some difficulty for a precise measurement with rain gauges;
the IP precipitation intensity is thus only defined as light, mod-
erate, or heavy.

e Methodology for Event Identification
The ZR and IP episodes are determined when precipitation
intensity exceeds a threshold. In the hourly observation
dataset, precipitation rate is recorded when a measurement
above 0.2 mm h−1 is registered, whereas it is recorded
simply as a trace if the rate is below this threshold. On the
other hand, the CRCM5 precipitation archive available to us
is the three-hour cumulative amount. Also, as is the case for
most models, the CRCM5 tends to produce excessive light
precipitation events (Biner, 2016). For these reasons, we
decided to use a threshold of 1 mm d−1 (i.e., about
0.04 mm h−1), as did Lambert and Hansen (2011). When
this threshold is reached, three hours of simulated precipitation
are recorded. For consistency, hourly observations are aggre-
gated in three-hour periods and for each block of three-hour
data, one or more hours of occurrence is reported as three
hours of occurrence. Finally, the duration of an event is
defined as the cumulative time between the first and last

Fig. 2 Schematic of a typical vertical temperature profile for ZR and IP pre-
cipitation. The area between the 0°C isotherm and the ambient temp-
erature profile is named the Positive Area (PA; red) when temperature
is above 0°C and the Negative Area (NA; blue) when temperature is
below 0°C (adapted from Bourgouin (2000) by permission of the
American Meteorological Society).
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Fig. 4 Location of surface stations available for accumulation measurement of ZR between 0600 UTC 4 January 1998 and 0600 UTC 10 January 1998, superposed
on CRCM5 topography (grey tones).

Fig. 3 Crosses indicate the locations of surface stations with hourly data available all day long for at least one year within the 1980–2014 period; the grey filled
circles correspond to stations with data available for 30 consecutive years within the 1980–2014 period. Montréal’s Pierre Elliott Trudeau International
Airport station is indicated with a grey and red circle.
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detection of ZR and/or IP occurrence, allowing up to six hours
without precipitation in order to avoid counting too many very
short events, as in the study of Ressler et al. (2012).
Some standard statistical indicators are used for the evalu-

ation of the CRCM5 performance: bias, root mean square
error (RMSE), and a least square regression (LSR). To
compare a particular simulated parameter with an observation,
for each of the observation locations, the nearest model grid

point and surrounding eight points are selected; the parameter
value is then averaged on the grid points within this selection
only if their percentage of land is larger than 75%. The sensi-
tivity to the number of points selected for the comparison
between an observation and the model has been explored
and small differences were noted. Using a 9-grid-point box
is then a good compromise between statistical stability and
resolution.

Fig. 5 Median of annual hours of IPZR (top), ZR (middle), and IP (bottom) simulated by CRCM5 (left) and observed (right) superposed on the CRCM5 topo-
graphy (grey tones) for 1980–2014.
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3 Results

This section presents a general description of the observed and
simulated climatology of mixed precipitation over eastern
Canada. The next subsection presents the climatological
pattern of occurrence and associated low-level wind flow
over the SLRV. The second subsection describes the favour-
able meteorological environment and the mechanisms
involved in mixed-precipitation formation.

a Climatological Assessment
1 MIXED PRECIPITATION FREQUENCY OVER EASTERN

CANADA

The distribution of IPZR mixed precipitation over eastern
Canada exhibits high frequencies for the SLRV, Gaspé Penin-
sula, NB, NS, Newfoundland (NFLD), and northeastern
Labrador (Cortinas et al., 2004; Lambert & Hansen, 2011).
Figure 5 shows that the CRCM5 simulation succeeds overall

Fig. 6 Scatterplot of median annual hours observed and simulated for (a) IPZR, (b) ZR, and (c) IP. Observation values are compared with the average simulated
value on the points over land among the nine nearest grid points. The bias, RMSE, and coefficient of LSR are also indicated.
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in reproducing this pattern although with an overestimate of
about 35% over the entire domain, with a bias of 31 hours
and an RMSE of 44 hours (Fig. 6a). Because IPZR corre-
sponds to the occurrence of IP and/or ZR, the median of
IPZR annual hours is not the sum of the same parameters
for IP and ZR. Simulated values of IPZR over northern QC
and northern Labrador appear more intense compared with
available observations, whereas they are comparable in the
SLRV. Figure 5 shows that ZR preferentially occurs in the
SLRV, NB, NFLD, and northeastern Labrador; ZR is simu-
lated more often in northeastern QC and northern NFLD
than in observational data. Compared with the 48 surface
stations, the ZR simulated bias and RMSE are smaller than
for IPZR (bias = 14 h; RMSE = 24 h), but the 36%

overestimate is similar to the IPZR overestimate (Fig. 6b).
Simulated IP is less frequent than ZR (Fig. 5) and appears to
be underestimated by about 33% compared with available
observations (Fig. 6c). Hence, the CRCM5 simulations
using the Bourgouin scheme produced an excess of ZR and
a deficit of IP occurrences. The large differences between
simulated and observed values of IPZR and ZR over the
extreme northeastern part of the domain could be a conse-
quence of (i) the wet bias of the CRCM5 over these regions
and/or (ii) the tendency for weather stations in this region to
be located in less exposed coastal locations near sea level.
Moreover, given the extreme sensitivity of precipitation
types to temperature profiles near the freezing point, it is
quite likely that the empirical parameters of the Bourgouin

Fig. 7 10 m wind simulated in small 3 × 4 grid-point boxes near Montréal (B1), near Québec (B2), and over a larger 50 × 50 grid-point domain (B3) for all ZR
events occurring in the B1 domain. The anemometer-level winds observed at YUL during the ZR events between 1980 and 2012 are also shown. Wind
intensities (m s−1) are in colour and the percentage of winds for each direction are shown in radial direction.
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scheme could be retuned to optimize the simulated results
compared with the available observations, but no attempt
was made to do this in this study; the original parameter set-
tings in use at MSC were used.

2 SURFACE WIND IN THE SLRV

The CRCM5 simulated climatology of mixed precipitation
using the Bourgouin scheme is encouraging overall. Never-
theless, it is important to ensure that the good agreement
between model and observations results from the correct
physical processes, especially as far as mesoscale processes
are concerned. For example, wind channelling within the
SLRV can often lead to intense low-level cold-air advec-
tion keeping the surface temperature below freezing when
an approaching warm front brings warm-air advection
aloft. Previous studies (Carrera et al., 2009; Razy et al.,
2012) documented the preponderance of northeasterly to
north-northeasterly surface winds during ZR events in the
SLRV.
The hourly observations of 10 m wind at YUL confirm that

during occurrences of ZR winds are, by and large, north-north-
easterly and northeasterly (Fig. 7).
Figure 7 also compares the simulated surface winds with

observations made during the occurrence of simulated ZR
near Montréal. Two small boxes encompassing 3 × 4 grid
points were selected, one near Montréal (B1) and one down-
stream near Québec (B2). A larger domain centred on Mon-
tréal with 50 × 50 grid points (B3) was also selected. The

surface winds in the B1, B2, and B3 domains were computed
in wind roses for each time simulated ZR exceeded 1 mm d−1

for at least one grid point in the B1 domain.
In the B1 domain, 47% of simulated winds are from the

northeast quadrant, with a prevalence of northeasterly winds
(21%), aligned with the SLRV (Fig. 7). Downstream, in the
B2 domain, the simulated surface winds are mainly from
east-northeast (26%) and east (16%) in the axis of the valley
when ZR occurs in the Montréal area (Fig. 7). The B3 box
wind rose, on the other hand, conveys the averaged behaviour
of larger-scale simulated surface winds; these are quite differ-
ent from the B1 and B2 wind roses, showing only 17% of
surface winds occurring in the northeast quadrant and a
larger contribution of southerly winds characteristic of a
warm front approach.

In general, a smaller fraction of the simulated surface winds
are from the north-northeast and northeast, than found at YUL.
One must keep in mind that the observation station is located
in the southwest section of Montréal Island. Also, because
there is no gust module in CRCM5, simulated surface winds
will tend to be weaker than observed ones, which could influ-
ence the duration of the simulated ZR events over the Mon-
tréal region.

3 DURATION OF ZR EVENTS OVER MONTRÉAL

Because of the transitional environment propitious to their
formation, ZR events are characterized by their short durations
(e.g., Ressler et al., 2012). The duration of simulated ZR events
is calculated on the B1 domain and compared with YUL surface

Fig. 8 Histogram of the number of ZR hours per event, in three-hour intervals, observed at the Pierre Elliott Trudeau airport in Montréal (YUL; red) and simulated
over the Montréal B1 domain using a threshold of 1 mm d−1 (blue) between 1980 and 2012.
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observations for the 1980–2012 period in Fig. 8. A total of 205
events are recorded for observations and 641 in the CRCM5
simulation. Both simulation and observations exhibit an
overall decrease in frequency with duration, with more than
50% of the simulated and observed ZR episodes lasting six
hours or less. The large number of simulated events could be
due to the moist bias of the CRCM5 and to the choice of a
12-point grid-point box to evaluate simulated ZR.
The 108-hour event in the CRCM5 simulation corresponds

to the 1998 Ice Storm. In the observations, this event is

counted as two episodes of 39 and 45 hours linked to the
two phases of the 1998 Ice Storm because of the episode cri-
terion of a six-hour maximum without mixed precipitation.
This storm will be studied in more detail in the next
subsection.

b The 1998 Ice Storm
The 1998 Ice Storm is one of the most catastrophic recorded
in history (Institute for Catastrophic Loss Reduction, 2013).

Fig. 9 (a) Occurrence of observed ZR between 1800 UTC and 2100 UTC 8 January 1998: white dots indicate no observed ZR and turquoise dots indicate that ZR
was observed. (b) Three-hour amount of ZR (mm) at 2100 UTC 8 January 1998. The cross near Montréal indicates the location of the maximum ZR amount
at that time, and the CRCM5 topography is shown in grey shading. The purple line indicates the vertical cross-section presented in Fig. 10.
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This storm was characterized by two episodes of mixed pre-
cipitation between 0600 UTC 4 January 1998 and 0600 UTC

10 January 1998 (Gyakum & Roebber, 2001; Henson,
Stewart, Kochtubajda, & Thériault, 2011; Milton &
Bourque, 1999; Roebber & Gyakum, 2003). This extreme
event will be investigated to assess the ability of the
CRCM5 to realistically reconstruct the favourable environ-
mental conditions.
The CRCM5 simulation is driven by ERA-Interim reanaly-

sis data at its lateral boundaries, but neither large-scale spectral
nudging nor data assimilation is used to force the interior of
the domain. The use of a relatively small domain, however,
ensures that the simulation will follow the observed large-
scale atmospheric circulation rather well.
Figure 9a shows observed occurrences of ZR between 1800

and 2100 UTC on 8 January 1998 and Fig. 9b shows simulated
three-hour cumulative ZR amount at 2100 UTC on 8 January
1998, corresponding to the time of the most intense simulated
ZR during the storm. The observed ZR pattern is reproduced
reasonably well by the simulation during this period. The
top panel of Fig. 10 shows a vertical cross-section of
CRCM5-simulated temperature along the SLRV transect indi-
cated by the purple line in Fig. 9b, and the bottom panel of Fig.
10 shows the intensity of various precipitation types along the
same SLRV transect, as diagnosed with the Bourgouin
scheme. Crosses in Fig. 9b and Fig. 10 indicate, for reference,
the location of the maximum simulated ZR intensity,

southwest of Montréal. The bottom panel of Fig. 10 shows
that from southwest to northeast, precipitation changes from
rain to ZR to IP and finally to snow. This distribution is con-
sistent with the thinning of the warm layer between 700 and
900 hPa and the thickening of the cold tongue in the low
levels.

Figure 11 shows the simulated (Fig. 11a) and observed (Fig.
11b) cumulative ZR amount between 0600 UTC 4 January
1998 and 0060 UTC 10 January 1998. The ZR maximum of
(110 mm) near Montréal is simulated well although the simu-
lated maximum is displaced somewhat to the west of the
maximum in the observations.

Figure 12 shows the time evolution of the intensity of the
various precipitation types during the 1998 Ice Storm, as
simulated at the grid point indicated by the cross in Fig.
9b. The documented two distinct phases of the storm are
well reproduced in the simulation. The hiatus in ZR occur-
rence during the storm, both in the observations and the
simulation, is due to an absence of precipitation while the
vertical-temperature structure remained propitious (Milton
& Bourque, 1999). The simulated temperature indicates the
presence of a warm layer that is too thick and/or too warm
to produce IP between 1800 UTC 6 January 1998 and
1800 UTC 9 January 1998, unfortunately, no sounding was
available in this area to confirm this point. Figure 12
shows that with time, snow initially present changes to IP
and ZR as the mid-altitude warm layer propitious for
mixed precipitation establishes itself. Near the end of the
storm, the warm air tongue recedes and ZR gives way to
IP and eventually to snow.

Some soundings are available to evaluate the vertical
structure of the atmosphere, but only the Maniwaki sound-
ing can be used because it is the closest to the area
affected by the 1998 Ice Storm (purple square in Fig.
11a). Figure 13 shows the observed and simulated sound-
ings from 0000 UTC 5 January 1998 to 1200 UTC 9
January 1998. The simulated profile is the mean of the
temperature profiles of the nearest grid point and the
eight grid points surrounding it. The results were similar
whether only one grid point or twenty-five grid points
were used. A warm tongue is simulated earlier than
observed (5 January 1998), and simulated profiles then
become quite similar (6 January 1998) but when compared
with observations did not last long (1200 UTC 7 January
1998). A simulated temperature profile favouring ZR pro-
duction suggested a second phase in the experiment but
not in the observations. Unfortunately during the event,
no precipitation data were available at the Maniwaki
station to evaluate the simulated precipitation.

4 Concluding remarks

A hindcast simulation of CRCM5 on a 0.11° mesh driven by
ERA-Interim reanalysis data from 1979 to 2014 was carried
out to evaluate the ability of the model to reproduce the
observed climatology and characteristics of mixed

Fig. 10 (top) Vertical cross-section of CRCM5-simulated temperature (°C)
at 2100 UTC 8 January 1998 along the purple arrow shown in Fig.
9b. (bottom) Simulated three-hour cumulative amounts of ZR, IP,
snow (SN), and rain (R) along the purple arrow. The cross corre-
sponds to the location of the maximum ZR amount at that time
shown in Fig. 9b.
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precipitation, especially ZR and IP. The 1998 Ice Storm pro-
vided an excellent case study to investigate the CRCM5’s
capacity to simulate the favourable environmental conditions
for such extreme events.
Overall, the model simulated the spatial pattern of mixed-

precipitation distribution reasonably well but with a clear
tendency to overestimate the number of hours of mixed pre-
cipitation (IP and/or ZR) and to underestimate the length of
time that only one precipitation type occurred. The simulation

reproduced the climatology of the surface winds during ZR
events occurring near Montréal, clearly showing dominant
winds in the SLRV with a clear propensity for the northeast-
erly direction, aligned with the SLRV axis, while concomitant
large-scale flow exhibits a dominant southerly flow character-
istic of approaching warm fronts. This point is consistent with
the particular topography of the region. The simulation also
showed comparable duration, intensity, and meteorological
environment propitious to ZR and IP formation. The

Fig. 11 Cumulative amount of ZR between 0600 UTC 4 January 1998 and 0600 UTC 10 January 1998 (a) simulated by the CRCM5 and (b) observed (taken from
data analyzed by Milton & Bourque (1999)). Intensity for observations is represented by both the size of the dots and their colour. The CRCM5 topography
is shown in grey shading.
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Fig. 13 Maniwaki soundings observed (red) and simulated (blue) by CRCM5. The simulated profile is the mean of temperature for the nearest grid point and the
eight grid points surrounding it. The location of Maniwaki is shown in Fig. 11a by a purple square.

Fig. 12 Time series between 0600 UTC 4 January 1998 and 0600 UTC 10 January 1998 of three-hour cumulative simulated precipitation (mm) in the form of rain
(R), snow (SN), ice pellets (IP), freezing rain (ZR), and total precipitation (PR), for the grid point indicated with a black cross in Fig. 9b. Crosses, dots, and
stars represent observed occurrences of ZR, IP, and SN, respectively, at Montréal Pierre Elliott Trudeau airport (YUL) for three-hour periods between 0600
UTC 4 January 1998 and 0600 UTC 10 January 1998.
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simulation also successfully reproduced the two phases of the
1998 Ice Storm.
It is worth noting that the reliability of the surface obser-

vations used in this study is often questionable. Despite
several procedures applied to these data by responsible auth-
orities, some errors remain almost unavoidable because of
either human error or measurement difficulties, which could
not have been reported. The empirical Bourgouin scheme
has several limitations, as discussed in Section 2.c. Some of
these could be removed by the use of a detailed microphysical
scheme, which is a topic of current research at the ESCER
Centre.
Nevertheless this study provides encouraging results on the

ability of CRCM5 to reproduce observed mixed-precipitation
characteristics over eastern Canada when driven by reanalysis
data. Such a study is a prerequisite to undertaking a projec-
tion of changes associated with anticipated global climate
changes.
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