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Abstract Winter weather events with temperatures near 0◦C are often associ-

ated with freezing rain. They can have major impacts on the society by causing

power outages and disruptions to the transportation networks. Despite the

catastrophic consequences of freezing rain, very few studies have investigated

how their occurrences could evolve under climate change. This study aims to

investigate the change of freezing rain and ice pellets over southern Québec us-

ing regional climate modeling at high resolution. The fifth-generation Canadian

Regional Climate Model with climate scenario RCP 8.5 at 0.11◦ grid mesh was

used. The precipitation types such as freezing rain, ice pellets or their combina-

tion are diagnosed using 5 methods (Cantin and Bachand, Bourgouin, Ramer,

Czys and, Baldwin). The occurrences of the diagnosed precipitation types for

the recent past (1980-2009) are found to be comparable to observations. The

projections for the future scenario (2070-2099) suggested a general decrease in
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the occurrences of mixed precipitation over southern Québec from October to

April. This is mainly due to a decrease in long-duration events (≥6h). Overall,

this study contributes to better understand how the distribution of freezing

rain and ice pellets might change in the future using high-resolution regional

climate model.

Keywords Climate change · High-resolution climate simulation · Multiple

nesting · Freezing Rain · Ice pellet · Precipitation-type algorithm

1 Introduction1

In winter, the passage of warm fronts in mid-latitude regions can lead2

to a typical vertical temperature structure composed of a warm air3

layer (T>0◦C) overlaying a cold-air layer (T<0◦C) near the surface.4

Such vertical temperature structure may produce freezing rain, ice5

pellets or their combination (Cortinas, 2000; Cortinas Jr et al., 2004;6

Groisman et al., 2016). Some regions are particularly prone to such7

precipitation types, such as near St. Johns, Newfoundland, as well as8

mountainous areas of northeastern North America. For example, the US9

Appalachian region (Rackley and Knox, 2016) is often influenced by the10

phenomena of cold air damming that could lead to freezing precipitation.11

Furthermore, the St. Lawrence River Valley (SLRV) is also prone to12

freezing precipitation because of wind channeling effects (Carrera et al.,13

2009).14

Cortinas (2000) conducted a freezing rain climatology in the Great15

Lakes region in North America. He stated that storm track, the proximity16

of the Atlantic Ocean, the lakes and the topography create a large spatial17

and temporal variability of freezing rain in that region. Cortinas Jr et al.18

(2004) extended this study on the occurrence of freezing precipitation,19
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freezing drizzle and ice pellets between 1976 and 1990 to the continental20

United State and Canada. They showed that the highest frequency21

of freezing rain and ice pellets occurs in St. Johns area as well as22

in the SLRV, as confirmed by the studies of Stuart and Isaac (1999)23

and Groisman et al. (2016). The maximum reported in the SLRV is24

due to a combination of factors such as the relative location of the25

extratropical storm track, water source proximity and topographical26

features (Bernstein, 2000; Roebber and Gyakum, 2003; Cortinas Jr et al.,27

2004). Although topography is not considered a sufficient condition28

for freezing precipitation formation, many studies have mentioned its29

importance on producing the favorable near-surface conditions (Stuart30

and Isaac, 1999; Cortinas, 2000; Cortinas Jr et al., 2004; Henson et al.,31

2011). For example, the high frequency of freezing precipitation in32

the SLRV is related to wind channeling of cold air near the surface33

(Whiteman and Doran, 1993; Roebber and Gyakum, 2003).34

The measurement and simulation of freezing rain and ice pellets is35

challenging because they are often composed of both liquid and solid,36

and they mainly occur at temperatures near 0◦C. Two main approaches37

can be used to determine the precipitation types in atmospheric models.38

The first approach is diagnostic, which involves using the current state39

of the atmosphere by using variables such as the temperature and the40

relative humidity on different pressure levels (Reeves et al., 2014; Bour-41

gouin, 2000; Baldwin and Contorno, 1993; Cantin and Bachand, 1993;42

Czys et al., 1996; Ramer, 1993). The second approach uses microphysics43

equations to predict the mass mixing ratio and number concentration of44

the different types of precipitation (Milbrandt and Yau, 2005a,b; Mor-45

rison and Grabowski, 2008; Morrison and Milbrandt, 2015). Although46

this approach is more physically based, it is computationally expensive.47
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It is thus more affordable to use diagnostic methods to conduct climate48

studies.49

Few studies have been focusing on freezing rain in a context of50

climate change (Cheng et al., 2007, 2011; Lambert and Hansen, 2011;51

Klima and Morgan, 2015). Cheng et al. (2011) studied freezing rain52

occurrences over eastern Canada by statistically downscaling several53

general circulation models at the location of observing stations. They54

found a projected increase of freezing rain during the coldest months and55

a decrease during the transition seasons (fall and spring). Lambert and56

Hansen (2011) used a different approach. They post-processed the third-57

generation Canadian Coupled Climate Model to diagnose the future58

freezing rain occurrences. Their study suggested a poleward shift of59

the freezing precipitation, which is explained by the poleward shift of60

the 0◦C isotherm. Nevertheless, they also mentioned that their coarse61

spatial and temporal resolutions were probably not sufficient to highlight62

key factors producing freezing rain. Finally, Klima and Morgan (2015)63

performed an idealized experiment using vertical historical temperature64

profiles on which they applied several warming scenarios to explore how65

freezing rain may change under these conditions. They also found a66

poleward shift of the freezing rain as well as an increase in winter rather67

than in the transition seasons.68

High-resolution climate simulations are required for an adequate69

representation of local topography and key processes leading to freezing70

and frozen precipitation formation (Lucas-Picher et al., 2016). These71

would be, however, very expensive to run with Global Circulation mod-72

els (GCMs). The use of nested limited-area Regional Climate Models73

(RCMs) to dynamically downscale GCM simulations allows drastically74

reducing the computational cost while benefiting from the value added75
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by an increased of resolution. At very high spatial resolution, the compu-76

tational cost of RCM can be further reduced using multiple dynamical77

downscaling (e.g., Cholette et al., 2015; Matte et al., 2016). The study78

of Cholette et al. (2015) has shown that the wind channeling in the79

St. Lawrence River Valley is fairly well represented with a grid spacing80

of ≤ 9 km. Matte et al. (2016) have shown that multiple nesting was81

not only technically feasible but also appropriate, to some extent, to82

conduct high-resolution climate modeling.83

The main goal is to conduct high-resolution regional climate sim-84

ulations to study the evolution of freezing rain, ice pellets and their85

mixture (hereinafter referred as mixed precipitation) associated with86

climate change. The study focuses over the Québec Province during past87

(1980-2009) and projected future climate (2070-2099) under a Represen-88

tative Concentration Pathway (RCP) 8.5 future scenario (Meinshausen89

et al., 2011). The RCP 8.5 was chosen to address the changes in mixed90

precipitation in warmest conditions.91

This paper is organized as follows. The experimental design, a de-92

scription of the regional climate model, its configurations and a brief93

description of the algorithms used to diagnose the precipitation types94

are presented in the next Section. The past simulated climate is dis-95

cussed in Section 3 and the future simulated climate and its associated96

climate change is discussed in Section 4. Finally, the main results are97

summarized and discussed in Section 5.98
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2 Experimental design99

2.1 CRCM5 configuration100

The simulations have been performed with the fifth-generation Cana-101

dian Regional Climate model (CRCM5; see Hernández-Dı́az et al.,102

2013, for a detailed description). The physical parameterization of the103

CRCM5 is mostly based on the 33-km meso-global Global Environmental104

Model (GEM, Bélair et al. 2005, 2009) employed for numerical weather105

prediction by the Canadian Meteorological Centre: Kain-Fritsch deep106

convection parameterization (Kain and Fritsch, 1990), Kuo-transient107

shallow convection (Kuo, 1965; Bélair et al., 2005), Sundqvist resolved-108

scale condensation (Sundqvist et al., 1989), correlated-K terrestrial and109

solar radiation schemes (Li and Barker, 2005), subgrid-scale orographic110

effects following the mountain gravity-wave drag of McFarlane (1987)111

and low-level orographic blocking scheme of Zadra et al. (2003) for the112

turbulent kinetic energy closure planetary boundary layer and vertical113

diffusion (Benoit et al., 1989; Delage and Girard, 1992; Delage, 1997).114

On the other hand CRCM5 uses the most recent version of the Canadian115

Land Surface Scheme (CLASS 3.5; Verseghy, 2000, 2008) that allows116

a detailed representation of vegetation, land-surface types, organic soil117

and a flexible number of ground layers, and lakes are represented by the118

1-D FLake model (Martynov et al., 2012).119
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Fig. 1 The domain location for the different experimental setups. (a) shows
the domain location of the intermediate-resolution simulation (in blue) and
the high-resolution simulation (in black) used for the two-step dynamical
downscaling of the historical and climate-change simulations. The green square
is the domain location used for the hindcast simulation. The color shadings
represent the spatial spin-up region for each case. The red square represents the
“trustworthy” region of a size of 80 x 90 grid points. (b) is the topography (grey
shading) and the location of the MANOBS stations (red stars). The stations
labeled are Pierre-Elliot Trudeau airport (YUL), Mirabel (YMX), Québec City
(YQB) and Bagotville (QBG)
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2.2 Hindcast simulation setup120

The domain for the hindcast simulation is shown by the green square in121

Fig.1a. The grid mesh is 0.11◦ and the domain contains 160 x 160 grid122

points (including the Davies sponge zone). The integration is performed123

with a time step of 300 s and 56 terrain-following levels in the vertical.124

The hindcast simulation (noted CRCM5/ERA) was driven by ERA40125

reanalysis data from 1975 to 1978 and continued with ERA-Interim126

reanalysis data (ERA-I) for the period 1979 to 2009, on a 0.75◦ grid, at127

a 6-hourly interval. The study starts in 1980 to ensure enough time for128

spin up. The jump of resolution between the lateral boundary conditions129

and the RCM mesh is about 7; as suggested by the study of Matte et al.130

(2017), a lateral spin-up region should be taken into consideration to131

make sure that the fine-scale features can fully develop (Fig.1, green132

region). The analysis region centered on Montréal, Québec, Canada,133

encompasses 80 x 90 grid points (Fig.1a and b).134

2.3 Historical and projected climate simulations setup135

The Max-Planck Institute for Meteorology Earth System model (MPI-136

ESM-LR) with a linear transform grid of a 2.8◦, is used as boundary137

conditions to drive the CRCM5. For computational cost considerations138

(Matte et al., 2016), the GCM-driven simulations have been realized139

using a two-step dynamical downscaling approach. In the first step a140

0.45◦ grid mesh CRCM5 simulation is driven by MPI-ESM-LR, resulting141

in a jump of resolution of about 6, over a domain covering a 110 x 110142

grid-point area (blue square in Fig.1a) with a time step of 20 min; this143

simulation is denoted as RCM45. In the second step, the RCM45 data144

is used to provide the lateral boundary conditions at hourly intervals145
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to the CRCM5 on a 0.11◦ mesh, resulting in a jump of resolution of146

about 4, covering a 130 x 130 grid-point domain (black square in Fig.1a),147

with a time step of 300 s; this simulation is denoted CRCM5/MPI.148

The analysis domain is the same as that for the hindcast simulation;149

the CRCM5 domains for the two steps have been chosen to follow the150

optimal configuration suggested by the study of Matte et al. (2017), and151

the lateral spin-up regions are shown by the colored bands in Fig.1a.152

The quoted domain sizes include the Davies sponge zones.153

Time slices are used to reduce the CRCM5 computing cost. The first154

stage periods are 1970-2009 and 2060-2099, and the second stage periods155

are 1975-2009 and 2065-2099, for the historical and projected climate156

simulations, respectively. This leaves 5 years between each step to ensure157

that the simulations had time to adjust correctly. The simulations after158

2006 followed the RCP 8.5 scenario (Meinshausen et al., 2011).159

2.4 Diagnostic of precipitation types160

Five precipitation-type algorithms have been used to provide a range of161

estimates in the distribution of mixed precipitation at the surface. The162

study focuses on mixed precipitation, rather than freezing rain and ice163

pellets separately, to overcome issues about their distinction in both the164

algorithms and the observations (Reeves et al., 2014). Most calculations165

have been computed on model levels, except for the partial thickness166

method of Cantin and Bachand (1993). Short descriptions of the five167

algorithms are provided below.168

The Bourgouin (2000) algorithm is based on calculating, in an aero-169

logical diagram, the positive and negative area (in J kg−1). By comparing170

those two areas and using defined thresholds, precipitation types can be171
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diagnosed as snow, ice pellets, freezing rain and rain. The thresholds172

have been defined by Bourgouin (2000) using a database of collocated173

surface precipitation observations and upper air sounding for two cold174

seasons (1989-90 and 1990-91) over North America. Mixed precipitation175

is defined when freezing rain or/and ice pellet are diagnosed. This scheme176

is already implemented in GEM for weather forecast, and it has been177

tested in CRCM5 on past climatology over the province of Québec and178

demonstrated good comparison with observations (Bresson et al., 2017).179

The Czys approach (Czys et al., 1996) is a physically based algorithm180

using a non-dimensional parameter to distinguish freezing rain and181

ice pellets. The residence time of a 400-µm frozen hydrometeor falling182

in a warm layer is compared to its melting time. The onset melting183

temperature derives from the theory of Drake and Mason (1966), which184

is based on the rate of energy supplied by the environment to the particle185

and the rate of energy required to melt the frozen particle. The mixed186

precipitation is defined when freezing rain or ice pellets occurs.187

The Ramer (1993) scheme is based on a calculation of the ice fraction188

using basic parameters such as the temperature, wet-bulb temperature189

and relative humidity. It differentiates among snow, ice pellets, mix of190

snow and rain, mix of freezing rain and ice pellets, snow, freezing rain191

and rain. The mixed precipitation with this method is defined when ice192

pellet, mix of freezing rain and ice pellets or freezing rain occurs.193

The partial thickness method developed by Cantin and Bachand194

(1993) scheme (CB) compares the thickness of the 1000-850 hPa and the195

850-700 hPa layers. Mixed precipitation is diagnosed when the precipi-196

tation falls within a 850-700 hPa layer with a thickness greater than 154197

dam, followed by a 1000-850 hPa layer with a thickness less than 131198

dam. An additional criterion, requiring that the 2-meter temperature199
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be below freezing temperature has been added. This 2-meter temper-200

ature criterion is a necessary but not sufficient condition for mixed201

precipitation.202

The method of Baldwin and Contorno (1993) diagnoses the precipi-203

tation level and then calculates diagnosed ice crystals if the temperature204

is below 269 K. Those ice crystals, then, evolve through different phases205

changes according to the wet-bulb temperature and the near-surface206

temperature. In this study, we have followed the modifications suggested207

by Cortinas et al. (2002), which use a similar decision tree but have208

modified the thresholds. Mixed precipitation with this method includes209

both ice pellets and freezing rain.210

2.5 Available Observations211

To evaluate the precipitation type diagnostic, observation data from the212

Environment and Climate Change Canada surface stations (MANOBS213

for Manual Observations) were used. The database provides hourly214

occurrences of the precipitation types. The observations were carefully215

quality-controlled. Only the stations with hourly observations were used.216

Also, the stations associated with missing data for more than a month217

over the study period were rejected, as well as other data that were not218

validated by the National Climate Archive. The stations retained in this219

study are shown in Fig.1b.220

2.6 Methodology221

As suggested by Lambert and Hansen (2011), a minimal threshold222

of 1 mm/day is applied to consider a precipitation event. An event223
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is defined when mixed precipitation was diagnosed at the surface, as224

defined for each of the 5 algorithms in section 2.4. If less than 6 h without225

precipitation occurred between two mixed precipitation episodes, they226

are counted as a single event. For observations, mixed precipitation227

is defined when freezing rain or/and ice pellets were reported. The228

closest grid point associated with a similar topographic height is used to229

compare model results with a specific station. Appendix B is discussing230

the sensitivity of the chosen grid point. The next section evaluates the231

CRCM5 skills by comparing the observations with the CRCM5/ERA232

simulation. To evaluate the boundary forcing errors, Appendix A is233

showing the differences between CRCM5/MPI and CRCM5/ERA for234

the 1980-2009 period.235

3 Past climatology of mixed precipitation236

3.1 Occurrence of mixed precipitation237

The mean annual number of hours of mixed precipitation at the stations238

(disks) and using the 5 algorithms in the CRCM5/ERA simulation are239

shown in Fig.2. All algorithms captured the main mixed-precipitation240

occurrence pattern, such as the maximum values over the Appalachian241

Mountains, the Charlevoix Mountains, the Laurentian Mountains, the242

Saguenay River, as well as a relative maximum near the SLRV area.243

Relatively higher number of hours of mixed precipitation is found at244

higher elevations where the surface temperature is often below 0◦C245

during winter. The average of all five algorithms is shown in panel 2f.246

Unfortunately, it is difficult to confirm the numerical results as few247

observations are available in the area. Panel 2g displays the annual248

standard deviation calculated around the average value, showing a wider249
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range of occurrences in complex terrain, confirming that the occurrence250

of mixed precipitation is sensitive to the topography.251
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Fig. 2 Mean annual hourly occurrence of mixed precipitation diagnosed by
a) Bourgouin, b) Czys, c) Cantin and Bachand, d) Ramer, e) Baldwin, f) the
average among the 5 algorithms and g) the standard deviation around their
average. The stations are indicated by the white circles and the values are the
same as the color bar.
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Figure 3 shows the mean annual hourly occurrence of mixed precipi-252

tation at 4 observation stations. To give an insight of the sensitivity of253

the selected grid point, the standard deviation of the nine nearest grid254

points of the MANOBS station is also indicated by the black lines for255

each algorithm. There are some differences and similarities among the256

results of the 5 algorithms. Although that the Bourgouin, the Czys, the257

Ramer and the Baldwin algorithms reproduce modestly well the obser-258

vations at Mirabel (YMX), Montréal (YUL) and Québec City (YQB),259

substantial differences can be noted between the algorithms. The Czys260

algorithm produced an underestimation of mixed precipitation over the261

SLRV (see also Fig.2b), which could be due to the temperature at which262

the melting of the 400-µm frozen hydrometeor starts. The CB algorithm263

also underestimates mixed precipitation occurrences for all four stations264

(Fig.3). Since that CB compares two fairly large atmospheric layers,265

when the melting occurs within the 1000-850 hPa layer, this scheme did266

not capture it, and hence no mixed precipitation was diagnosed (not267

shown). This explains partly the underestimation of mixed precipitation268

for the CB show in Fig.2c. Although that the Ramer and the Baldwin269

algorithms reproduced well the number of hours of mixed precipitation270

for YUL and YMX, they overestimated it at YQB and YBG. Some271

areas are also associated with higher values. This is because the tem-272

perature threshold at the top of the precipitation layer diagnosed in273

Ramer (Tw=-6.6 ◦C) and Baldwin (T=-4◦C) are colder than the other274

algorithms, allowing more supercooled liquid precipitation to form.275
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Fig. 3 Mean annual hourly occurrence of mixed precipitation of the observa-
tion, and diagnosed by Bourgouin, Czys, Ramer, CB, and Baldwin, for the
locations of YMX, YUL, YQB and YBG, respectively. The black lines represent
the standard deviation of the nine grid points nearest to the corresponding
MANOBS stations.

The frequency distribution of events duration at Dorval, Québec276

(YUL) is shown in Fig. 4. The distribution for events with duration277

between 1 and 10 h shown in Fig.4a. In general, the observation and278

most of the algorithms reveal that the shortest duration events are the279

most frequent and the number of events decreases monotonically as their280

duration increases. The Ramer and the Czys algorithms overestimated281

the occurrence of 1-h events by around 12 and 20 events, respectively.282

But the large standard deviation of the nearest grid point suggests a283

sensibility in the chosen grid point for such short duration. The CB284

scheme, however, produced a flat distribution for the shortest duration285

events, and it underestimated the events that last less than 6h. For286

example, for the events lasting from 1 to 5 h, the occurrences are under-287

estimated by 78, 68, 54, 58 and 63%, respectively. This underestimation288
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correlates with the mean annual number of hours diagnosed by that289

method (Fig.2c and the blue color of Fig.3).290

Fig. 4 Histograms of the number of hours per mixed precipitation events in
different time ranges; (a) from 1 to 10 hours; (b) 11 to 30 hours and (c) 31 to
60 hours, for Dorval (YUL, Figure 1) for the 5 algorithms: Bourgouin, Czys,
Ramer, CB, and Baldwin. The black lines represent the standard deviation of
the nine grid points nearest to the MANOBS station.

The number of events with a duration from 11 to 30 h and from 31291

h to 60 h are shown in Fig.4b and c, respectively. Those long-duration292

events are less frequent. For example, less than five events for duration293

between 11 and 30 h, and 1 event of duration between 31 and 60 h,294

although they vary among algorithms. This is due to the difficulty295
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of the model to diagnose the duration of the events. For example,296

the observation may report an 11-h duration event when the model297

did not capture it because of no precipitation or/and no production298

of a melting/refreezing layer. Observational errors are also possible.299

Furthermore, the algorithms can diagnose different duration events.300

That being said, all algorithms diagnosed long-duration event meaning301

that the model correctly reproduced the long-duration atmospheric302

conditions associated with those events, which are discussed in the next303

subsection. In summary, similar statements can be made for the other304

stations. It is worth mentioning that the large standard deviation of the305

nine nearest grid point shows that the distribution is quite sensitive to306

the chosen grid point.307

3.2 Atmospheric conditions associated with long- and short-duration events308

To study the atmospheric conditions in which mixed precipitation events309

occur, short- (<6h) and long- (≥6 h) duration events have been analyzed310

separately. Long-duration events are important because of the potential311

for severe conditions resulting from large accumulations despite the fact312

that freezing rain events are usually associated with light precipitation313

(Ressler et al., 2012).314
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Fig. 5 Composite analysis at the beginning of all short-duration (left column)
and long-duration (right column) mixed precipitation events. (a,b) show the
mean sea level pressure (MSLP) in ERA-Interim, (c,d) show the simulated
monthly 2-m temperature anomalies (color shading), the MSLP (black lines)
and the 10-m wind speed and direction (barbs). The blue line is the 2-m 0◦C
isotherm. (e,f) show the frequencies (%) of mixed precipitation when occurring
at YUL, (g,h) show the vertical profile of horizontal wind speed and direction
at YUL, and (i,j) show the 10-m wind roses, with the colors indicating wind
speed. The black star on the maps indicates the location of Dorval, Québec
(YUL).
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The synoptic scale pattern of the mean sea level pressure (MSLP)315

has been compiled for both short- and long-duration events (Fig.5a,b,c316

and d). Figure 5a-b show composites of the ERA-Interim MSLP at the317

nearest time associated with the beginning of events observed at YUL.318

The composite MSLP patterns are similar for short- and long-duration319

events, with a low pressure centered over Lake Huron and a ridge of high320

pressure over the Gaspé Peninsula. The pressure gradient over the SLRV,321

however, is much higher during the long-duration events. Figures 5c-d322

show composites of the monthly 2-m temperature anomalies, 2-meter323

0◦C isotherm, MSLP and 10-meter winds simulated by CRCM5 at the324

beginning of the mixed precipitation events diagnosed at YUL with the325

Bourgouin method. For both types of event, there is an area of cold air326

extending from the northeast to the southwest, as well as a gradient of327

MSLP in the SLRV. This pattern is much stronger for the long-duration328

events. These suggest warm air advection aloft (Cortinas Jr et al., 2004).329

Figure 5e and f show maps of the frequency (%) of occurrence of330

mixed precipitation over the domain of interest at the beginning of331

events diagnosed at YUL. The patterns indicate a localized nature of332

the phenomenon, with the region of high frequency extending to more333

than 50-100 km farther from YUL for both types of event. For the334

long-duration events, however, an elongated north-west to south-east335

region of modest frequency is clear and could be associated with warm336

frontal passages (Cortinas, 2000). Warm air advection is confirmed by337

the wind veering during both types of events (Fig.5g-h), although much338

stronger for the long-duration events. Finally, a northeasterly 10-m339

wind (Fig.5i-j) is dominant at the beginning of the long-duration events,340

which supports the surface-based cold layer needed to produce mixed341
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precipitation. No predominant wind direction is noted at the beginning342

of the short-duration events.343

In summary, the MSLP and temperature anomaly patterns are similar344

for both types of event with a stronger signal associated with the long-345

duration ones. Northeasterly winds are predominant and stronger for346

the long-duration events. These provide favorable conditions to maintain347

the cold layer near the surface that is necessary for freezing rain.348

3.3 Seasonal variation349

Figure 6 shows the monthly number of hours and number of short-350

and long-duration events at 4 locations (YUL, YMX, YQB and YBG)351

indicated on Fig.1b. There is a maximum in both December and March.352

Although that fewer long-duration events occurred, they are responsible353

for a large proportion of annual mixed precipitation.354
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Fig. 6 Monthly number of hours (left column) and the number of events (right
column) for (a,b) YUL, (c,d) YMX, (e,f) YQB and (g,h) YBG. The black
lines correspond to the observed values while the colored lines correspond to
the mixed precipitation diagnosed by the various algorithms, Bourgouin, Czys,
Ramer, CB and Baldwin. The dashed lines and the plain lines are the short-
and long-duration events, respectively.
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4 Projected climate change of mixed precipitation355

In this section, the climate changes (i.e. future - past) of mixed precipi-356

tation projected by CRCM5/MPI was analyzed. An additional analysis357

(Appendix A) shown that the historical simulation reproduced well358

the overall results from the hindcast simulation. Only differences with359

statistical significance greater of 95% (using a Wilcoxon rank-sum test)360

are shown.361

The mean of the 5 algorithms for the past, future and climate change362

for the mean annual number of hours and the number of occurrences363

of short-duration events are given in Fig.7. The pattern of the future364

number of hours (Fig.7c) is comparable to the past (Fig.7a), but the365

number is reduced to the south and slightly increased to the north. Such366

a south to north migration of the number of annual hours of mixed367

precipitation follows the migration of the 0◦C isotherm (not shown). The368

climate change (Fig.7e) indicates a small decrease of mixed precipitation369

in the SLRV near YUL, YMS and YQB. Figure 7f shows that the change370

in number of events follows a similar pattern as the change in the number371

of hours. In the SLRV the change correlated with the topography (not372

shown) while correlated less over the remaining of the domain.373
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Fig. 7 Annual number of hours (left column) and the number of events (right
column) for the period of (a,b) 1980-2009, (c,d) the period of 2070-2099, and
(e,f) the corresponding changes for short-duration events the average of the 5
algorithms.
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For the long-duration events, Fig.8 suggests a projected reduction374

of the mean number of hours and the number of events, but no clear375

northward migration of mixed precipitation in the future.376

Fig. 8 Same as Fig.7, but for long-duration events
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The climate-change projected number of hours and the number of377

short- and long-duration events per month at YUL, YMX, YQB and378

YBG are shown in Fig.9. The changes of the number of hours (Fig.9a-c-379

e-g) are different for short- and long-duration events. Small changes are380

suggested for short-duration events (generally less than 4 h) in the future,381

whereas the long-duration events are projected to decrease by down382

to 12 h. The maximum difference would occur between December and383

April depending on the location and the precipitation-typing algorithm.384

The average of all precipitation-typing algorithms suggest that the385

maximum decrease in occurrences occurs during the month of maximum386

occurrences identified in the historical simulation (not shown).387
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Fig. 9 Climate change of monthly hours (left column) and number of events
(right column) of mixed precipitation at (a,b) YUL, (c,d) YMX, (e,f) YQB
and (g,h) YBG as diagnosed by Bourgouin, Czys, Ramer, CB, and the average
of the 5 algorithms.

The projected changes in the number of long-duration events (Fig.9b-388

d-f-h) are small at most locations, with the largest decrease occurring in389

January at YUL and YMX. The number of short-duration events will390
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generally increase in December but decrease in fall (October, November),391

as well as at the end of the winter and early spring (February, March392

and April) at all locations except at YUL where all algorithms project a393

decrease. The general changes for short-duration events are probably due394

to the warmer temperatures that produced more favorable conditions395

for freezing rain during the winter, but less favourable conditions during396

the transition seasons.397

5 Conclusions398

This study focused on the occurrences of mixed precipitation (i.e. freezing399

rain and/or ice pellets) and its changes in the future over southern400

Québec. The fifth-generation Canadian Regional Climate Model has401

been used to downscale the Era-Interim reanalysis for hindcast and a402

simulation of the Max-Planck Institute (MPI) for Meteorology Earth403

System Model for the historical 1980-2009 and future 2070-2099 periods.404

Mixed precipitation has been diagnosed by post-processing the CRCM5405

simulation using five algorithms. Short (<6h) and long (≥6h) duration406

events have been analyzed separately to characterize their associated407

atmospheric conditions. For comparison with the observations, the closest408

grid point associated with a similar topographic height has been used409

when the occurrence of precipitation is compared at specific stations.410

But there is a great variability amongst the nearest grid points, which411

is discussed in Appendix B.412

The climatology of the hindcast simulation has been studied using413

five diagnostic algorithms and the results were found to agree reasonably414

well with the observations. The algorithms captured the main pattern415

of mixed-precipitation occurrences, with some differences in the annual416
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number of hours. The Bourgouin, the Czys, the Ramer and the Baldwin417

algorithms captured the relative maximum in the SLRV whereas partial418

thickness method of CB did not capture it. This is probably because419

this method compares the mean temperature of a layer, which cannot420

capture the shallow sub-freezing layer adequately near the surface during421

the short-duration events (<6h).422

The combination of the surface pressure gradient and the temperature423

advection suggested that mixed precipitation generally occurs during a424

passage of a warm front. The high occurrence of northeasterly wind in425

the SLRV suggested that the long-duration events are maintained by426

the low-level cold air advection as discussed by Roebber and Gyakum427

(2003). It has also been shown that there are two maxima of occurrences,428

a main one in December and a second one in March, for both types429

of events. Although that the long-duration events are rare, they are430

responsible for the largest number of hours of mixed precipitation.431

Finally, the projected changes indicated a poleward migration of432

the mixed precipitation occurrences, and a general reduction of long-433

duration events, both in their number of hours and in their number of434

occurrences.435

Despite the benefits of using high-resolution climate simulations to436

realize a climate-change study of mixed precipitation, there remain nu-437

merous sources of modeling errors, such as the use of empirical diagnostic438

algorithms to discriminate precipitation types, the parameterization of439

subgrid-scale physical effects, internal structure of the model, imper-440

fections in boundary conditions that drive the regional model, and the441

nesting technique. The low spatial density of observational datasets442

and the limited information about the precipitation types and intensity443

makes difficult the objective evaluation of simulated results. If diagnostic444



30 Dominic Matte et al.

precipitation-type algorithms were to continue being used, they should445

at least be adjusted to optimize their performance for the region where446

they are applied. For example, drier climate conditions may need a447

different algorithm compared to a maritime moist climate. Eventually448

the diagnostic approach should be replaced by a physically based repre-449

sentation using detailed cloud and precipitation microphysical algorithm450

when computing resources allow it. An actionable assessment of pro-451

jected changes of mixed precipitation would require using an ensemble452

of models and simulations to estimate the associated uncertainty.453

This study takes place in an international endeavor to better under-454

stand climate using high-resolution climate simulations. To our knowl-455

edge, no study has investigated future mixed precipitation occurrence456

using such high spatial resolution. Although that our study brings a more457

detailed spatial and temporal description of this type of precipitation,458

further effort is needed to improve physically based representation of459

such precipitation types into climate models.460

A Historical Simulation461

To analyze the impact of the boundary conditions errors on the CRCM5462

simulation, this section compares the CRCM5/ERA and the CRCM5/MPI463

simulations. Figure A1 shows the number of hours per year of occurrence464

of mixed precipitation for the average of the 5 algorithms, for the short-465

and long-duration events, in the hindcast and historical CRCM5 simula-466

tions, and their differences. Overall the differences in mixed precipitation467

are small. There is a slight positive bias south of the domain, which is468

more pronounced for the long-duration events mainly from December469

to February (not shown).470
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Fig. A1 Number of hours per year for short-duration events (left column)
and long-duration events (right column) the average of the 5 algorithms in
the reanalysis-driven hindcast simulation (a,b) CRCM5/ERA, MPI-ESM-LR-
driven historical simulation (c,d) CRCM5/MPI, and (e,f) their difference.



32 Dominic Matte et al.

Figure A2 shows the corresponding results for the number of events.471

The short-duration events show a positive bias in the south of the472

domain, with a maximum bias of 3 events per year. This positive bias473

in the number of events does not, however, have a strong impact on474

the number of hours, as noted in Fig.A1. On the other hand it is worth475

noting that the maximum occurrence of mixed precipitation happens476

in January in the historical simulation rather than in December as in477

the hindcast simulation (not shown). This shift in the maximum results478

from a warm bias of low atmospherics layers in the historical simulation479

driven by the MPI-ESM-LR.480

Overall, the historical simulation is reproducing fairly the mixed481

precipitation climatology, which increases the confidant with the climate482

projection.483

B Spatial variability484

To compare the occurrence of mixed precipitation diagnosed in model485

simulations with observations, the closest grid point with similar topo-486

graphic height has been used throughout this study. Several alternative487

options were also studied. A paramount finding was that there is a large488

variability amongst the adjacent model grid points for mixed precipita-489

tion. Figure B1 shows the simulated results and the observed values for490

short- and long-duration events. The range of values of the nine nearest491

grid points to the station reflects the spatial variability of adjacent grid492

points. Because mixed precipitation is sensitive to the surface elevation493

and the vertical atmospheric profile, this indicates that it may be inap-494

propriate for such variable to use a spatial means of adjacent grid points495

to compare with observations. Comparing a simulation with observations496
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Fig. A2 Number of events per year for short-duration events (left column)
and long-duration events (right column) the average of the 5 algorithms. in
the reanalysis-driven hindcast simulation (a,b) CRCM5/ERA, MPI-ESM-LR-
driven historical simulation (c,d) CRCM5/MPI, and (e,f) their difference.
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is always challenging, and the task appears to be particularly difficult for497

mixed precipitation. In Fig.B1 it would be expected that observations498

are located within the range of the model results.499
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Fig. B1 Monthly number of hours (left column) and the number of events
(right column) for YUL as diagnosed by Bourgouin (a,b), Czys (c,d), Ramer
(e,f), CB (g,h) and Baldwin (i,j) from the hindcast CRCM5/ERA solution. The
shaded area indicates the lowest and the highest values at the nine grid points
nearest to the YUL station. The black lines and the dark colors correspond to
the observed value and the simulated results, respectively, for the long-duration
events. The dashed lines and the pale colors are the observed value and the
simulated results, respectively, for the short-duration events.
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Benoit R, Côté J, Mailhot J (1989) Inclusion of a TKE boundary layer522

parameterization in the Canadian regional finite-element model. Mon523

Weather Rev 117(8):1726–1750524

Bernstein BC (2000) Regional and local influences on freezing drizzle,525

freezing rain, and ice pellet events. Weather Forecast 15(5):485–508526

Bourgouin P (2000) A method to determine precipitation types. Weather527

Forecast 15(5):583–592528

Bresson E, Laprise R, Paquin D, Thériault J, de Eĺıa R (2017) Evaluating529

the ability of CRCM5 to simulate mixed precipitation. Atmos-Ocean530

55(2):79–93531

Cantin A, Bachand D (1993) Synoptic pattern recognition and partial532

thickness techniques as a tool for precipitation types forecastng as-533

sociated with a winter storm. Tech. rep., Environnement Canada, 9534

p.535



Mixed precipitation 37

Carrera ML, Gyakum JR, Lin CA (2009) Observational study of wind536

channeling within the St. Lawrence river valley. J Appl Meteorol Clim537

48(11):2341–2361, doi: 10.1175/2009JAMC2061.1538

Cheng C, Auld H, Li G, Klaassen J, Li Q (2007) Possible impacts539

of climate change on freezing rain in south-central Canada using540

downscaled future climate scenarios. Nat Hazard Earth Sys 7(1):71–87541

Cheng CS, Li G, Auld H (2011) Possible impacts of climate change on542

freezing rain using downscaled future climate scenarios: updated for543

eastern Canada. Atmos-Ocean 49(1):8–21544

Cholette M, Laprise, Thériault JM (2015) Perspectives for very high-545

resolution climate simulations with nested models: Illustration of546

potential in simulating St. Lawrence River valley channelling winds547

with the fifth-generation Canadian Regional Climate Model. Climate548

3(2):283–307, DOI 10.3390/cli3020283549

Cortinas J (2000) A climatology of freezing rain in the great lakes region550

of North America. Mon Weather Rev 128(10):3574–3588551

Cortinas J, Brill K, Baldwin M (2002) Probabilistic forecasts of precipi-552

tation type. In: Preprints, 16th Conf. on Probability and Statistics in553

the Atmospheric Sciences, Orlando, FL, Amer. Meteor. Soc, vol 3554

Cortinas Jr JV, Bernstein BC, Robbins CC, Walter Strapp J (2004) An555

analysis of freezing rain, freezing drizzle, and ice pellets across the556

United States and Canada: 1976-90. Weather Forecast 19(2):377–390,557

doi: 10.1175/1520-0434(2004)019¡0377:AAOFRF¿2.0.CO;2558

Czys RR, Scott RW, Tang K, Przybylinski RW, Sabones ME (1996)559

A physically based, nondimensional parameter for discriminating be-560

tween locations of freezing rain and ice pellets. Weather Forecast561

11(4):591–598562



38 Dominic Matte et al.

Delage Y, Girard C (1992) Stability functions correct at the free con-563

vection limit and consistent for both the surface and Ekman layers.564

Bound Layer Meteor 58(1-2):19–31565

Delage YAA (1997) Parameterising sub-grid scale vertical transport in566

atmospheric models under statically stable conditions. Bound Layer567

Meteor 82(1):23–48568

Drake J, Mason B (1966) The melting of small ice spheres and cones. Q569

J Roy Meteor Soc 92(394):500–509570

Groisman PY, Bulygina ON, Yin X, Vose RS, Gulev SK, Hanssen-571

Bauer I, Førland E (2016) Recent changes in the frequency of freezing572

precipitation in North America and Northern Eurasia. Environ Res573

Lett 11(4):045,007–574

Henson W, Stewart R, Kochtubajda B, Thériault J (2011) The 1998575

ice storm: Local flow fields and linkages to precipitation. Atmos Res576

101(4):852–862577

Hernández-Dı́az L, Laprise R, Sushama L, Martynov A, Winger K, Dugas578

B (2013) Climate simulation over CORDEX Africa domain using the579

fifth-generation Canadian Regional Climate Model (CRCM5). Clim580

Dyn 40(5-6):1415–1433, DOI 10.1007/s00382-012-1387-z,581

Kain JS, Fritsch JM (1990) A one-dimensional entraining/detraining582

plume model and its application in convective parameterization. J583

Atmos Sci 47(23):2784–2802584

Klima K, Morgan MG (2015) Ice storm frequencies in a warmer climate.585

Climatic Change 133(2):209–222586

Kuo HL (1965) On formation and intensification of tropical cyclones587

through latent heat release by cumulus convection. J Atmos Sci588

22(1):40–63589



Mixed precipitation 39

Lambert SJ, Hansen BK (2011) Simulated changes in the freezing rain590

climatology of north america under global warming using a coupled591

climate model. Atmos-Ocean 49(3):289–295592

Li J, Barker HW (2005) A radiation algorithm with correlated-k distri-593

bution. Part I: local thermal equilibrium. J Atmos Sci 62(2):286–309594

Lucas-Picher P, Laprise R, Winger K (2016) Evidence of added value in595

North American regional climate model hindcast simulations using596

ever-increasing horizontal resolutions. Clim Dyn pp 1–23597

Martynov A, Sushama L, Laprise R, Winger K, Dugas B (2012) Inter-598

active lakes in the Canadian Regional Climate Model, version 5: the599

role of lakes in the regional climate of North America. Tellus A 64,600

DOI 10.3402/tellusa.v64i0.16226601

Matte D, Laprise R, Thériault JM (2016) Comparison between high-602

resolution climate simulations using single- and double-nesting ap-603

proaches within the Big-Brother experimental protocol. Clim Dyn604

47(12):3613–3626, DOI 10.1007/s00382-016-3031-9605

Matte D, Laprise R, Thériault JM, Lucas-Picher P (2017) Spatial spin-606

up of fine scales in a regional climate model simulation driven by607

low-resolution boundary conditions. Clim Dyn 49(1-2):563–574, URL608

http://dx.doi.org/10.1007/s00382-016-3358-2609

McFarlane NA (1987) The effect of orographically excited gravity wave610

drag on the general circulation of the lower stratosphere and tropo-611

sphere. J Atmos Sci 44(14):1775–1800612

Meinshausen M, Smith SJ, Calvin K, Daniel JS, Kainuma M, Lamarque613

J, Matsumoto K, Montzka S, Raper S, Riahi K (2011) The RCP614

greenhouse gas concentrations and their extensions from 1765 to 2300.615

Climatic change 109(1-2):213–241616

http://dx.doi.org/10.1007/s00382-016-3358-2


40 Dominic Matte et al.

Milbrandt JA, Yau MK (2005a) A multimoment bulk microphysics617

parameterization. Part I: Analysis of the role of the spectral shape618

parameter. J Atmos Sci 62(9):3051–3064619

Milbrandt JA, Yau MK (2005b) A multimoment bulk microphysics620

parameterization. Part II: A proposed three-moment closure and621

scheme description. J Atmos Sci 62(9):3065–3081622

Morrison H, Grabowski WW (2008) A novel approach for representing623

ice microphysics in models: Description and tests using a kinematic624

framework. J Atmos Sci 65(5):1528–1548625

Morrison H, Milbrandt JA (2015) Parameterization of cloud microphysics626

based on the prediction of bulk ice particle properties. Part I: Scheme627

description and idealized tests. J Atmos Sci 72(1):287–311628

Rackley JA, Knox JA (2016) A climatology of southern appalachian629

cold-air damming. Weather Forecast 31(2):419–432630

Ramer J (1993) An empirical technique for diagnosing precipitation type631

from model output. In: Amer. Meteor. Soc., International conference632

on aviation Weather Systems, 5th, Vienna, VA, pp 227–230633

Reeves HD, Elmore KL, Ryzhkov A, Schuur T, Krause J (2014) Sources634

of uncertainty in precipitation-type forecasting. Weather Forecast635

29(4):936–953636

Ressler GM, Milrad SM, Atallah EH, Gyakum JR (2012) Synoptic-scale637

analysis of freezing rain events in Montreal, Quebec, Canada. Weather638

Forecast 27(2):362–378639

Roebber PJ, Gyakum JR (2003) Orographic influences on the mesoscale640

structure of the 1998 ice storm. Mon Weather Rev 131(1):27–50641

Stuart RA, Isaac GA (1999) Freezing precipitation in Canada. Atmos-642

Ocean 37(1):87–102643



Mixed precipitation 41

Sundqvist H, Berge E, Kristjánsson JE (1989) Condensation and cloud644

parameterization studies with a mesoscale numerical weather predic-645

tion model. Mon Weather Rev 117(8):1641–1657646

Verseghy DL (2000) The Canadian land surface scheme (CLASS): its647

history and future. Atmos Ocean 38(1):1–13648

Verseghy L (2008) The Canadian land surface scheme: technical649

documentation–version 3.4. Climate Research Division, Science and650

Technology Branch, Environment Canada651

Whiteman CD, Doran JC (1993) The relationship between overlying652

synoptic-scale flows and winds within a valley. J Appl Meteorol653

32(11):1669–1682654

Zadra A, Roch M, Laroche S, Charron M (2003) The subgridscale655

orographic blocking parametrization of the GEM model. Atmos-Ocean656

41(2):155–170657


	Introduction
	Experimental design
	Past climatology of mixed precipitation
	Projected climate change of mixed precipitation
	Conclusions
	Historical Simulation
	Spatial variability

