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 2 

Characteristics of rain-snow transitions over the Canadian Rockies 19 

and their changes in warmer climate conditions 20 

The southern Canadian Rockies are prone to extreme precipitation that often 21 

leads to high streamflow, deep snowpacks, and avalanche risks. Many of 22 

these precipitation events are associated with rain–snow transitions, which 23 

are highly variable in time and space due to the complex topography. A 24 

warming climate will certainly affect these extremes and the associated 25 

rain–snow transitions. The goal of this study is to investigate the 26 

characteristics and variability of rain–snow transitions aloft and how they 27 

will change in the future. Weather Research and Forecasting (WRF) 28 

simulations were conducted from 2000 to 2013 and these were repeated but 29 

in a warmer pseudo-global warming (PGW) future. Rain–snow transitions 30 

occurred aloft throughout the year over the southern Canadian Rockies, but 31 

their elevations and depths were highly variable, especially across the 32 

continental divide. In PGW conditions, with future air temperatures up to 33 

4–5℃ higher on average over the Canadian Rockies, rain–snow transitions 34 

are projected to occur more often throughout the year, except during 35 

summer. The near-0℃ conditions associated with rain–snow transitions are 36 

expected to increase in elevation by more than 500 m, resulting in more rain 37 

reaching the surface. Overall, this study illustrates the variability of rain–38 

snow transitions, which often impact the location of the snowline. This 39 

study also demonstrates the non-uniform changes under PGW conditions, 40 

due in part to differences in the types of weather patterns that generate rain–41 

snow transitions across the region.  42 

Keywords: precipitation, convection permitting climate models, mountain 43 

meteorology, rain–snow transition, climate change 44 

  45 
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1. Introduction 46 

The climate in the Canadian Rockies has been rapidly changing for the past 50 47 

years (DeBeer et al., 2016). Although all model projections indicate continued warming, 48 

they widely differ regarding precipitation (IPCC, 2021). Understanding future changes 49 

in precipitation volumes, rates, timing, and phases is critical because of their impact on 50 

snowpacks. In terms of precipitation, its vertical evolution is driven by atmospheric 51 

conditions aloft. An increase in the elevation of the 0℃-isotherm aloft will lead to rain 52 

at higher elevations and less snow storage during winter. This can alter soil moisture 53 

and surface temperature gradients (Minder et al., 2018) leading to a change in 54 

precipitation distribution (Wallace & Minder, 2021). This will in turn impact the reach 55 

of glaciers and affect the management of water resources such as hydropower and 56 

irrigation (e.g. DeBeer et al., 2021). 57 

The Canadian Rockies are prone to extreme precipitation events that can lead to 58 

high streamflow, high snowpack variability, and increased avalanche hazards. Given the 59 

region’s complex topography (Fig. 1), flooding can be rapid, which increases the risk 60 

for communities and industries. The western edge of the Canadian Rockies is also 61 

directly affected by atmospheric rivers, which can produce exceptional amounts of 62 

precipitation in the region (Radić et al., 2015). Atmospheric rivers are often associated 63 

with high temperatures, which raises the likelihood of rain-on-snow events that can lead 64 

to avalanches (Hägeli & McClung, 2003) and extreme floods (Guan et al., 2016). 65 

The eastern side of the Canadian Rockies, although associated with a dry 66 

climate, can also be subject to extreme precipitation and flooding events. The 67 

devastating drought of 1999–2005 (Hanesiak et al., 2011), for example, gave way to 68 

saturated conditions that led to the catastrophic flooding in June 2013 that remains one 69 
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of the most costly natural disasters in Canadian history (Kochtubajda et al., 2016; 70 

Pomeroy et al., 2016; Teufel et al., 2017). However, the 2013 event is not unique in the 71 

context of modern history: previous floods, such as those in the late 19th and early 20th 72 

centuries, rivalled the 2013 event in terms of impact (Flesch & Reuter, 2012; Whitfield 73 

& Pomeroy, 2016). 74 

 75 
Figure 1. Location of the study area. (a) Domain of the simulations including the topography 76 
and the cross section (red line) along which temperature and precipitation were analyzed 77 
(Section 5b) and (b) the sub-domain of interest. The meteorological stations used in this study 78 
are indicated by the black dots. The elevation of each station and the closest model grid point 79 
(in parentheses) are Banff: 1396.9 m (1579.9 m), Calgary: 1081.9 m (1078.2 m), Fernie: 1001.0 80 
m (1199.2 m), Golden: 784.9 m (922.5 m), Kananaskis: 1391.1 m (1474.4 m), Kootenay: 935.0 81 
m (1150.9 m) and Pekisko: 1415.0 m (1509.9 m). 82 

During storms that can last to up to several days, the phase of precipitation can 83 

have a strong impact on the severity of flooding. The catastrophic flooding in 2013, 84 

which occurred in Alberta, happened in part because precipitation fell as rain at many 85 

elevations in the mountainous terrain. This rapidly melted the alpine snowpack and 86 

accelerated runoff (Pomeroy et al., 2016). Later in the storm, the elevation of the 0oC-87 

isotherm aloft decreased, leading to snow at the surface, and additional flooding was 88 

mitigated because of this phase change.  89 

Spring storms in this region have been studied during atmospheric-related field 90 

campaigns in the Kananaskis Valley in Alberta in 2015 (Thériault et al., 2018). During 91 

that experiment, 17 storms were documented, and rain, snow, rimed snow, and mixed-92 



 5 

phase particles were observed. Solid precipitation was reported at the surface at 93 

temperatures up to 8℃ due to the dry ambient conditions. This increased the complexity 94 

of rain–snow transition analyses because the transition does not necessarily occur at 95 

0℃, as it depends on the relative humidity as well as the type of falling particles 96 

(Matsuo & Sayso, 1981a, b). Harder & Pomeroy (2013) showed that using the 97 

psychometric equation improves the phase partitioning diagnostic with air temperature 98 

over Marmot Creek, near the Kananaskis Valley. 99 

Previous studies have conducted further analyses of the amounts and phases of 100 

precipitation that occur across the continental divide. The Storms and Precipitation 101 

Across the continental Divide Experiment (SPADE) from April–June 2019 in the 102 

Kananaskis Valley documented storms on both sides of the divide simultaneously 103 

(Thériault et al., 2022). It was found that rain was observed at the surface almost 104 

exclusively on the west side, whereas a mixture of precipitation types was reported on 105 

the east. The occurrence of a rain–snow transition is common in mountainous regions, 106 

including the Canadian Western Cordillera. For example, Almonte and Stewart (2019) 107 

examined surface-related variables and showed that surface rain–snow transitions 108 

occurred during 93% of the days in the region from January to April 2010 and that the 109 

total hours of occurrence increased by 24% in warmer climate conditions. They also 110 

pointed out that the type of associated precipitation, such as the presence of rimed 111 

particles, and the sequence of precipitation types can impact the stability of the 112 

snowpack and the likelihood of avalanches.  113 

As apparent in the above discussions, the phase of precipitation plays a major 114 

role in the severity of storms as well as on the snowpack and in turn, affects water 115 

resources. This study examines this issue, and it greatly extends the work of Almonte 116 
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and Stewart (2019), who studied rain-snow transitions at the surface during a 4-month 117 

period, by focusing on rain-snow transitions aloft over a 13-year period. The specific 118 

objective of our study is to characterize the rain–snow transitions aloft and the changes 119 

that they undergo in a warmer climate over the southern Canadian Rockies. In this 120 

study, a rain-snow transition refers to the vertical depth between all snow conditions 121 

and all rain conditions. We used the historical and pseudo global warming (PGW) 122 

continental United States (CONUS) Weather Research and Forecasting (WRF) 123 

simulations at 4 km grid-spacing (Liu et al., 2017). It is difficult to use observations to 124 

characterize rain–snow transitions in complex terrain because meteorological stations 125 

are sparse. Models can provide more information, especially at higher elevations 126 

(Lundquist et al., 2019). 127 

The study is organized as follows. Section 2 describes the methodology used. 128 

Section 3 presents the climatology of precipitation amounts and phases, as well as the 129 

distribution of precipitation events. Section 4 presents the climatology of the rain–snow 130 

transitions in the Canadian Rockies in both historical and warmer climate conditions. 131 

Section 5 provides a discussion of the results, and the conclusions are presented in 132 

Section 6.  133 

2. Methodology 134 

a. Model simulations 135 

The simulations conducted by Liu et al. (2017) were used in this study. These 136 

utilized the WRF model using a 4-km grid-spacing. The control (CTRL) simulation was 137 

one-way nested using the 6-h ERA-Interim reanalysis data and for the 1 October 2000 138 

to 30 September 2013 period. A pseudo-global warming (PGW) simulation was 139 

conducted to determine the thermodynamic response because of global warming. 140 
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Hourly model outputs were provided and used in this study. 141 

For the CTRL simulations, the model was configured using a domain size of 142 

1360 × 1016 grid points with 4-km spacing, covering the continental United States, 143 

northern Mexico, and southern Canada. There were 51 vertical levels, extending to 50 144 

hPa. Spectral nudging was used to reproduce past climate conditions as accurately as 145 

possible. The Thompson aerosol-aware microphysics scheme was employed in the 146 

simulation (Thompson & Eidhammer, 2014). The scheme predicts the mixing ratios of 147 

five liquid and ice species: cloud liquid water, rain, cloud ice, snow, and graupel. The 148 

scheme also predicts the number concentration for the ice categories.  149 

The PGW approach was used to simulate global warming by perturbing 150 

historical weather patterns by adding warmer and moister atmospheric conditions. Liu 151 

et al. (2017) applied the 95-year CMIP5 ensemble-mean change signal under the 152 

RCP8.5 scenario (ΔCMIP5 = ΔCMIP52071-2100 - ΔCMIP51976-2005) on eight physical fields 153 

of the ERA-Interim data. The perturbed physical fields were horizontal wind, 154 

geopotential, temperature, specific humidity, sea surface temperature, soil temperature, 155 

sea level pressure, and sea ice.  156 

These simulations estimate the thermodynamic impact of climate change in a 157 

context where the synoptic patterns initiated at the domain boundaries do not change in 158 

the future (Shepherd, 2014). Such high-resolution simulations are needed to capture 159 

small-scale thermodynamic processes that are crucial for the study of rain–snow 160 

transitions, especially in mountainous regions. 161 

b. Evaluation of WRF simulations over the Canadian Rockies 162 

Liu et al. (2017) evaluated the CTRL simulation over the continental United-163 
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States, noting that the 2-m temperature and the surface precipitation were well 164 

represented. To gain additional confidence in the model output we have compared the 165 

CTRL simulation with additional surface observations over the Canadian Rockies. 166 

These are the daily data from six Environment and Climate Change Canada (ECCC) 167 

stations over our domain (Fig. 1) and the Daymet (Thornton et al., 2020) product. 168 

Daymet is a gridded daily product that interpolates and extrapolates surface 169 

observations at 1 km grid-spacing over North America. Daymet provides daily 170 

precipitation as well as minimum and maximum air temperatures over North America. 171 

It starts in 1980 until the latest full calendar year. SNOTEL precipitation gauges are 172 

included into Daymet but they are not adjusted for gauge undercatch by the wind. 173 

Daymet applies a weighted linear regression to adjust the gauge data for elevation 174 

changes. 175 

First, the ECCC stations (Figs. 1) used have a complete set of daily data 176 

throughout the CTRL simulation period. Model outputs from the closest model grid 177 

points to the station locations were compared with the station data. We discuss these 178 

data with respect to the continental divide, which is also the border between British 179 

Columbia (BC) and Alberta (AB). Two stations were located on the western side of the 180 

continental divide (Golden and Kootenay) and four on the eastern side (Kananaskis, 181 

Pekisko, Banff and Calgary). The measured mean annual amount of precipitation was 182 

generally consistent with those of the CTRL simulation, with an average normalized 183 

bias of 5.3 % across all the stations. The bias varies from site to site. Simulated 184 

precipitation at Golden and Kootenay (Fig. 2) on the western side of the continental 185 

divide was underestimated (on average by -14 %), while precipitation was overall 186 

overestimated on the eastern side (on average by 15 %). The precipitation phase was 187 

well reproduced at Kootenay, but solid precipitation was underestimated at Golden and 188 
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Kananaskis probably because of a warm bias at Golden and less precipitation was 189 

simulated at Kananaskis. 190 

Second, because rain-snow transition occurs at temperatures near-0oC, simulated 191 

hourly occurrences of surface temperature between -2oC and 2oC were compared with 192 

the observations from three stations (Fig. 2). The mean annual bias of hourly 193 

occurrences was -9.3 h at Kootenay, -18.8 h at Banff, and -20.5 h at Calgary. Stewart et 194 

al. (2023) also found good agreement between the observations and the simulation 195 

within this range of temperatures at Calgary. 196 

 197 

Figure 2. Comparison of the (a) average accumulated precipitation at the six stations (Fig. 1) 198 
using daily precipitation amounts and (b) of the hourly 2-m temperature occurrences at 199 
Kootenay, Banff CS and Calgary. These were the only stations with hourly 2-m temperature 200 
data.  201 

Third, CTRL simulation output was compared to gridded precipitation and 202 

temperature from Daymet (Thornton et al., 2020) that had been upscaled from 1-km to 203 

4-km grid-spacing (Fig. 3). Over the study domain (Fig. 1b), the bias of the mean 204 

annual accumulated precipitation between the CTRL and Daymet (CTRL-Daymet) over 205 

the 13 years was -68 mm, and the RMSE was 273 mm. The model well-reproduced the 206 

pattern and the values associated with the annual average 2-m temperature. The mean 207 

bias and RMSE for the mean daily 2-m temperature over the 13-years between the 208 

CTRL and Daymet were 0.02℃ and 1.02℃, respectively. Furthermore, the elevation-209 

dependence bias was evaluated (not shown). The 2-m temperature bias decreases with 210 
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increasing elevation. The median of the temperature bias remained within near-0oC 211 

values, which are between -2oC and 2oC (Mekis et al. 2020). In contrast, the bias of 212 

average precipitation amounts increases with increasing elevation. This could be 213 

explained by the lack of observations at higher elevations (Lundquist et al. 2019), which 214 

could have resulted in a bias in the Daymet product. 215 

 216 

 217 

Figure 3. (a–c) Mean annual precipitation amounts between October 2000 and September 2013 218 
produced by (a) the CTRL, (b) Daymet, and (c) the difference (CTRL–Daymet). (d–f) The mean 219 
daily 2-m temperature produced by (d) the CTRL, (e) Daymet, and (b and c) the difference 220 
(CTRL–Daymet). Note that the mean temperature in Daymet was obtained by averaging the 221 
minimum and maximum temperatures from the 13-year simulation. 222 
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To further assess the performance of the CTRL, Daymet was compared to 223 

ERA5-Land (Appendix A). Differences among the datasets were found, with biases that 224 

are higher than the bias between Daymet and CTRL. Our evaluation is similar to Henn 225 

et al. (2018). They compared multiple datasets over Western US, including Daymet. 226 

They found that most of them agree on the precipitation patterns but not on the annual 227 

amount of precipitation at higher elevations. Their analysis concluded that Daymet 228 

behaves within the range of uncertainties of other datasets over Western US. It is 229 

challenging to evaluate precipitation and temperature simulated by convection-230 

permitting models over Canada because of the limited products available. Moreover, the 231 

evaluation of complex terrain with reliable data is also difficult. As pointed out by 232 

Lundquist et al. (2019), model results could be better for the precipitation patterns in 233 

mountainous terrain than observations because of the lack of stations at higher 234 

elevation. 235 

To study the rain-snow transitions aloft, the simulated temperature structure was 236 

evaluated using atmospheric soundings. However, there is no sounding station in our 237 

domain, but we decided to use the closest one located near Edmonton, which is north of 238 

Calgary and farther east of the mountains. The CTRL simulation reproduced the 239 

measured height of the 0oC isotherm quite well over Edmonton. The mean bias is      -240 

21.8 m, and the RMSE of 197.5 m. 241 

Given the Liu et al. (2017)’s evaluation, the one by Almonte and Stewart (2019) 242 

as well as this current one, we believe it is appropriate to use the CTRL simulation in 243 

this study. Rain-snow transitions will be characterized using this dataset. 244 
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c. Analysis of precipitation events 245 

A precipitation event was defined as consecutive hourly liquid-equivalent 246 

precipitation > 0.2 mm. ECCC defines the threshold value of 0.2 mm over a 24-h period 247 

to filter noise and other measurement errors. Given the models tend to produce high 248 

occurrences of low precipitation, it is necessary to use a threshold value (e.g. Di Luca et 249 

al. 2021). The 0.2 mm h-1 value produced a reasonable comparison with observations 250 

(e.g. Almonte and Stewart, 2019) and is between what has been used in other model 251 

studies (e.g. Di Luca et al. 2021 and Dai et al. 2017) and proposed by Kochendorfer et 252 

al. (2017), which is 0.5 mm h-1. Precipitation events are separated by at least a 6-h 253 

continuous period without precipitation. Hence, if the interval between two precipitation 254 

episodes was less than 6 hours, the two episodes were treated as a single event. 255 

 Finally, simulated precipitation events were categorized based on the 256 

precipitation phase. They were divided into three categories: 1) rain; 2) mixed, 257 

including rain, snow, and graupel; and 3) solid, including snow and graupel. 258 

Precipitation events were computed using the model outputs at the six stations shown in 259 

Fig. 1.  260 

d. Analysis of the atmospheric conditions aloft 261 

The atmospheric conditions aloft associated with rain–snow transitions were 262 

characterized at two locations: Kootenay, BC and Calgary, AB (Fig. 1). Only two sites 263 

were chosen due to the higher computational capacity required to conduct the 264 

calculation over the full domain. The two sites are located on either side of the 265 

continental divide, at the same latitude, and are at approximately the same elevation 266 

(1151 m and 1063 m above sea level (ASL), respectively). Three parameters were 267 

calculated during rain and mixed precipitation events (Fig. 4).  268 
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First, the elevation of the 0°C isotherm (called 0°C level) was determined. The 269 

0°C isotherm was determined by fitting a linear regression between the temperature and 270 

the associated elevation of two consecutive model levels. The height was determined 271 

using this linear regression if the function crossed 0°C. In the case of multiple 0°C 272 

levels, the highest level was kept because it is the level at which melting of solid 273 

precipitation could start. Mainly rain and mixed precipitation can reach the surface 274 

when considering only this level.  275 

Second, because melting does not necessarily start at 0°C air temperature as it 276 

depends also on the relative humidity, the melting level, at which the wet-bulb 277 

temperature, Tw = 0°C, was calculated. This was determined to be the level at which 278 

solid precipitation, including graupel and snow, starts to melt. It also requires that the 279 

rain mixing ratio is > 0.005 g kg-1. 280 

Third, the level at which the solid precipitation has completely melted was 281 

determined. This corresponds to the lowest level of the rain–snow transition aloft (Fig. 282 

4). A threshold of ice mixing ratio of 0.005 g kg-1, including snow and graupel, was 283 

used to identify complete melting. At that level, only rain exists.  284 

 285 

Figure 4. Schematic of the three parameters calculated using the WRF CONUS simulations to 286 
analyze the rain–snow transitions aloft. These parameters are the 0℃ level, the melting level 287 
(Tw = 0℃), and the complete melting level. The sub-saturated layer is bound by the 0℃ level 288 
and the melting level. The rain–snow transition is between the melting level and the complete 289 
melting level. Terminology is defined in the text. 290 

Height

T= 0oC level

Tw= 0oC (melting level)

Rain-snow transition

Subsaturated layer

Complete melting level
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The depth of the rain–snow transition aloft is defined by the vertical zone in 291 

which mixed precipitation exists. It is the difference between the melting level and the 292 

complete melting level (Fig. 4). Since precipitation often occurs in sub-saturated 293 

conditions over the Canadian Rockies, the difference between the 0°C level and the 294 

melting level can be large. The difference between those levels defines the depth of the 295 

sub-saturated warm layer. Note that, if precipitation was formed through a warm-rain 296 

process (e.g. Huffman and Norman, 1988) in the simulations, no melting level could be 297 

identified, and those precipitation events were excluded from the analysis. 298 

e. Long-duration precipitation events 299 

The atmospheric conditions that were present during long-duration precipitation 300 

events (> 24 h) at Kootenay and Calgary from October to June were identified to assess 301 

weather patterns. The sea level pressures, 500 hPa heights, as well as the vertically 302 

integrated moisture fluxes of the first hour of each long-duration event at both locations 303 

were averaged at each grid-point. The occurrences of 0℃ aloft were also computed, 304 

with an emphasis on the phase transition period. As shown in Thériault et al. (2022), 305 

storms that reach either side of the divide can be formed from different types of weather 306 

systems. 307 

3. Climatology of precipitation 308 

The mean annual total precipitation, rainfall, snowfall, and graupel distributions 309 

were calculated from October 2000 to September 2013 using both CTRL and PGW 310 

simulations (Fig. 5). The total precipitation amounts were highly variable across the 311 

domain. In general, terrain at higher elevations received more precipitation than lower 312 

elevations due to orographic effects.  313 
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The highest amount of precipitation, which mostly occurred in the form of rain, 314 

was simulated on the western site of the divide (in BC). The maximum simulated 315 

amount was >3000 mm y-1, while it was less, <1500 mm y-1, on the eastern side. While 316 

this again highlights the orographic effects, precipitation amounts on each side of the 317 

divide can be reversed when the moisture flux comes from another direction (Thériault 318 

et al., 2022).   319 

 320 

Figure 5. The 13-year average annual (a,e) total precipitation (mm y-1 in liquid equivalent), (b,f) 321 
solid precipitation (snowfall and graupel, mm y-1 in liquid equivalent), and (c,g) liquid 322 
precipitation (rainfall, mm y-1 in liquid equivalent) and (d,h) solid precipitation fraction (defined 323 
as the ratio of solid precipitation and total precipitation) using WRF–CTRL and WRF–PGW 324 
simulations. The difference (%) between the two simulations (PGW–CTRL) for annual (i) total 325 
precipitation, (j) solid precipitation (snowfall and graupel), (k) rainfall, and (l) solid 326 
precipitation fraction. 327 

Both precipitation amounts and phase change in warmer conditions. Projected 328 

changes in the amount of total precipitation indicate an increase of up to 40–60% across 329 

the study area (Fig. 5). At higher elevations, the increase is less than 20%, while it is 330 

higher at lower elevations, including over the Canadian Prairies. There is also a large 331 
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rainfall increase at lower elevations west of the continental divide. In contrast, solid 332 

precipitation indicates a decrease, particularly over the mountains west of the 333 

continental divide (Fig. 1). This is also shown by the solid precipitation fraction on Fig. 334 

5. These numbers are consistent with the CMIP5 ensemble projection for the 2071–335 

2100 period under RCP8.5 conditions (Liu et al. 2017). 336 

4. Climatology of atmospheric conditions during rain–snow transitions 337 

a. Historical climate 338 

The occurrence of the 0°C level during rain and mixed precipitation was highly 339 

variable throughout the year for both Calgary and Kootenay (Fig. 6). Rain–snow 340 

transitions occurred most frequently in June at both locations (more than 300 341 

occurrences), while they were the least frequent in February at both locations.  342 

The range (25th to 75th percentile) of the 0°C level elevation (above sea level) 343 

was smaller in Kootenay than in Calgary. The largest range for the 0°C level, 344 

approximately 1.25 km, occurred in Calgary, from October to December. At Kootenay, 345 

the range was smaller by nearly 1 km in November and December, although it was only 346 

smaller by 0.25 km in October. The most extreme variations in the 0°C level (5th to 95th 347 

percentiles) occurred in May, September, and October in Calgary. Kootenay showed no 348 

clear tendency for 0°C-level variation, although the largest variations occurred in 349 

September and October.  350 
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 351 

Figure 6. Boxplots of the elevation above sea level (ASL) of the 0°C level in the CTRL (black) 352 
and PGW (red) simulations for (a) Kootenay, BC and (b) Calgary, AB during rain or mixed 353 
precipitation events. Whiskers represent the 5th and 95th percentiles and the boxes are the 25th 354 
and 75th percentiles of the distributions. The number of occurrences (N) is shown along the x-355 
axis.  356 

The mean annual elevations in the 0℃ level between the CTRL simulations for 357 

both locations were 2441 m ASL in Calgary and 2392 m ASL in Kootenay. The climate 358 

normal based on ECCC records shows that the mean diurnal surface temperature 359 

variation in Kootenay is approximately 10°C in November to January, while it is up to 360 

13°C in Calgary. Despite the two meteorological stations being only 150-km apart, the 361 

Calgary area is influenced by larger temperature swings during winter. This could be 362 

due to strong downslope flow known as Chinook winds (MacDonald et. al., 2018), and 363 

the migration of artic air masses across the Prairies. Kochtubajda et al. (2017) showed 364 

that freezing rain, which is associated with a melting layer aloft, can be produced by the 365 

warm air lifting over the cold Arctic air mass over the Prairies. However, Chinook 366 

events are generally drier (MacDonald et al. 2018) with almost no precipitation. 367 

A subsaturated layer is often present at the top of the melting layer aloft during 368 

rain and mixed precipitation events at both locations (Fig. 7). Although the median 369 

depth of the subsaturated layer is between 100 m and 300 m, the monthly range can 370 

exceed 800 m. This layer was present only a few times in Calgary during the fall and 371 

winter, which may be due to the fewer rain and mixed precipitation events. These 372 
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subsaturated conditions can be associated with westerly flow and the Chinook winds 373 

that result in warm and dry conditions on the lee side of the Canadian Rockies. 374 

 375 

Figure 7.  Boxplots of the depth of the subsaturated layer above the melting layer in the CTRL 376 
(blue) and PGW (red) simulations for (a) Kootenay, BC, and (b) Calgary, AB. The definition of 377 
this variable is given Fig. 4. Whiskers represent the 5th and 95th percentiles and the boxes are the 378 
25th and 75th percentiles of the distributions. The number of occurrences (N) is shown along 379 
the x-axis.  380 

The depths of the rain–snow transitions in Kootenay and Calgary are shown in 381 

Fig. 8. The rain–snow transition is deeper in Calgary than in Kootenay, at 384 m and 382 

318 m on average, respectively. The median depth reached its maximum during the 383 

summer months (e.g., up to 482 m in July in Calgary and up to 422 m in August in 384 

Kootenay). It was generally deeper in Calgary from April to November. The depths of 385 

the rain–snow transition varied from 100 m to up to 1 km in July, which is also the 386 

month during which the 0°C level was highest, at almost 5 km (Fig. 6). The seasonal 387 

variation of the depth of the rain-snow transition could be associated with an increase in 388 

solid precipitation (mainly graupel) at the top of the rain-snow transition in the summer. 389 

This increase in solid precipitation would lead to slower melting rates and, in turn, 390 

deeper rain-snow transitions. 391 
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 392 

Figure 8. Boxplots of the depths of the rain–snow transitions in the CTRL (blue) and PGW (red) 393 
simulations for (a) Kootenay, BC, and (b) Calgary, AB. The definition of this variable is given 394 
Fig. 4. Whiskers represent the 5th and 95th percentiles and the boxes are the 25th and 75th 395 
percentiles of the distributions. The minimum and maximum values of the whiskers are the 5th 396 
and 95th percentiles, respectively. The number of occurrences (N) is shown along the x-axis.  397 

b. Changes in warmer conditions 398 

The temperature structure associated with the rain–snow transitions changed in 399 

warmer conditions using the PGW simulation. The changes were not uniform for 400 

Kootenay or Calgary. 401 

The changes in the 0°C level are shown in Fig. 6. Both locations showed greater 402 

occurrences of a melting layer aloft in PGW conditions, except during the summer 403 

months. The difference between the CTRL and PGW simulations was greater during the 404 

winter compared to the spring. Although the number of occurrences varied throughout 405 

the year, the elevation of the 0°C level increased throughout the year for the PGW 406 

simulations (Fig. 6). For example, the monthly median 0°C level elevation increased 407 

between CTRL and PGW by 224 m (January) and 973 m (August) in Kootenay and by 408 

324 m (March) and 1030 m (August) in Calgary. The mean annual variation in the 0oC 409 

level between the CTRL and PGW simulations was 74 m higher in Calgary (ranging 410 

from 2559 m to 2925 m ASL) compared to Kootenay (ranging from 2502 m to 2794 m 411 

ASL) throughout the year. Hence, the two locations are consistent with the more 412 
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significant warming in Calgary than in Kootenay. At both locations, the increase of the 413 

median elevation of the 0°C level was greater (over 800 m) from July to October, and it 414 

was lower (under 500 m) from March to May, and in November.  415 

The depth of the subsaturated layer at the top of the melting layer in PGW 416 

conditions remained somewhat constant in Kootenay, while it became generally thicker 417 

in Calgary (Fig. 7). Atmospheric conditions became drier in May and June in Kootenay, 418 

while drier conditions occurred from July to October in Calgary. 419 

Finally, the average depth of the rain–snow transition is deeper at both locations 420 

(426 m and 371 m, respectively) and remained deeper in Calgary than in Kootenay in 421 

PGW conditions (Fig. 8). The depth of the rain-snow transition probably increases for a 422 

similar reason than for the deeper rain-snow transition in the summer in CTRL. The top 423 

of the rain-snow transition increases, and that level is associated with higher solid 424 

precipitation amounts. The higher solid precipitation amount, including more graupel, 425 

would melt slower and, in turn, would produce deeper rain-snow transitions. 426 

5. Atmospheric conditions during precipitation events 427 

a. Distribution of precipitation events 428 

The distribution of rain, mixed precipitation and snow events varied between 429 

sites (Fig. 9). In the CTRL simulations, there were more rain events than snow events at 430 

all six locations. The number of mixed precipitation events was almost constant, at 431 

approximately 40 events, with most events lasting less than 2 h. The western side of the 432 

continental divide had more rain events than the eastern side, except in Calgary. Other 433 

stations had about 20 fewer rain events than in Calgary. Banff experienced the highest 434 
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number of snow events. Kananaskis experienced very long events, up to 80 h, which 435 

could have been associated with mixed precipitation. 436 

 437 

Figure 9. Cumulated number of mean annual of solid precipitation (snow and graupel) events, 438 
mixed precipitation (rain, snow, and graupel), rain events, and total events between 2000 and 439 
2013 at six stations in the Canadian Rockies in both CTRL and PGW. 440 

Based on the simulations, the distribution of events is expected to change in 441 

warmer conditions. Total number of events increases in warmer conditions. They tend 442 

to increase more on the western side (up to 20 events) compared to the eastern side (up 443 

to 10 events). The relative number of rain events increases at all sites while the number 444 

of snow events decrease due to the increase of the elevation of the 0°C level aloft. The 445 

number of mixed precipitation events remains mainly unchanged in PGW. Some of the 446 
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snow events evolved into mixed precipitation. 447 

b. Atmospheric conditions in long-duration events 448 

We investigated atmospheric conditions for long-duration events in Kootenay 449 

and Calgary. A composite map of all the long-duration precipitation events that 450 

occurred during the simulation period (CTRL only) was produced (Fig. 10). Eight 451 

events were determined at Kootenay (5 rain and 3 mixed) and 22 events at Calgary (8 452 

rain, 7 mixed and 7 snow). 453 

 454 

Figure 10. Composite atmospheric conditions during long-duration events in (a) Kootenay, BC 455 
and (b) Calgary, AB. Sea level pressure isobars (black contours) and 500-hPa geopotential 456 
height isohypses (blue and red dashed contours). Shading and purple arrows represent the 457 
magnitude and direction of vertically integrated moisture fluxes, respectively. The atmospheric 458 
conditions were averaged at each grid point at the onset of precipitation. Eight events were used 459 
at Kootenay and 22 events at Calgary were used for the composite maps. 460 

 461 

Despite both the Calgary and Kootenay stations being located relatively close to 462 

each other (~150 km), the composite map of synoptic patterns associated with long-463 

duration events show major differences. For Calgary, the composite shows a typical 464 

pattern associated with lee-side cyclogenesis leading to easterly upslope flow over the 465 

eastern slopes of the Canadian Rockies. This synoptic-scale pattern is similar to that of 466 

the June 2013 Calgary flood (Liu et al., 2016; Milrad et al., 2015; Pomeroy et al., 2016), 467 
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which is one of the long-duration events identified at both Calgary and Kootenay. In 468 

contrast, the composite for Kootenay shows low IVT over the site with a general 469 

southwesterly moisture flow to the south of it. The upper-level trough is located farther 470 

west (trough axis at around 130 W) than for Calgary. This is because the stronger 471 

pressure gradient at the surface and aloft over the eastern Pacific Ocean produces a 472 

strong eastward moisture flux. Six of the seven events are associated with easterly flows 473 

on the eastern slope of the Canadian Rockies during the long-precipitation events at 474 

Kootenay. The other event was associated with atmospheric river landfall. Overall, this 475 

suggests that westerly flows from the Pacific Ocean can lead to long-duration 476 

precipitation events in Kootenay without reaching Calgary. In contrast, lee-side 477 

cyclogenesis can lead to long-duration events on both sides of the continental divide 478 

(e.g. Liu et al. 2016; Flesch & Reuter, 2012). 479 

The associated vertical temperature structure depends on which side of the 480 

continental divide is being considered (Fig. 11). For precipitation events identified in 481 

Kootenay, the environmental air was warmer east of the continental divide. In contrast, 482 

precipitation events at Calgary were associated with colder atmospheric conditions on 483 

the eastern side. The 0℃ level is at approximately 1500 m ASL near the eastern slope 484 

of the Canadian Rockies leading to a rain-snow transition at the surface (Minder et al. 485 

2011). 486 

While precipitation events in Calgary were all associated with similar weather 487 

patterns, this was not the case in Kootenay. It was, however, not possible to associate a 488 

weather pattern with the characteristic of the rain-snow transition aloft because they 489 

occur from October to June. Most of the rain events at both Kootenay and Calgary 490 

occurred in June (10 and 13 events, respectively), are associated with lee-cyclogenesis 491 

and an elevation of the 0oC level of around 2500 m ASL and higher. The other events 492 



 24 

occurred during relatively colder months, such as November, April, and May, so the 493 

0oC level was generally lower (up to 2500 m ASL). The event associated with the 494 

lowest 0oC level diagnosed (up to 2000 m ASL) at Kootenay and Calgary were 495 

associated with moisture coming from the Pacific Ocean but from different directions 496 

and at different times during the year (Kootenay was in November and Calgary in 497 

April). The moisture flux leading to the precipitation in Kootenay was southwesterly 498 

and reached Kootenay while it was northwesterly for the Calgary event and travelled 499 

south eastward to cycle back over the Prairies to reach the eastern side of the Canadian 500 

Rockies. 501 

 502 

Figure 11. Composite temperature (shading) and precipitation cross-section during long-503 
duration events in (a) Kootenay, BC and (b) Calgary, AB. Amounts of total precipitation 504 
(black), snow (blue), rain (green), and graupel (purple) are shown. The yellow star indicates the 505 
location of Kootenay, and the red star indicates Calgary. 506 

These findings differ from those of the 2019 SPADE project (Thériault et al. 507 

2022). No long-duration precipitation event associated with moisture flow from the 508 

Pacific Ocean were documented during SPADE. But, precipitation that crossed the 509 

divide and originating from lee-side cyclogenesis was observed. Sharma & Déry (2020) 510 

suggested that most atmospheric river landfalls occur in September and October, which 511 

is a different period than studied in SPADE. Further analyses are needed to better 512 

understand weather patterns leading to precipitation crossing the continental divide 513 

when the moisture comes from the Pacific Ocean. 514 
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6. Summary and conclusions 515 

Our study investigated the changes in conditions associated with near-0℃ 516 

temperatures that can lead to rain–snow transitions. We examined the 0℃ level, the 517 

presence of a subsaturated layer at temperatures greater than 0℃, and rain–snow 518 

transitions aloft in the western Canadian mountains, near the continental divide. The 519 

WRF 4-km simulations from 2000–2013 in both historical and future conditions were 520 

used. Our analysis led to the following conclusions.  521 

• A melting layer aloft with rain or mixed precipitation can occur throughout the 522 

year over the Canadian Rockies. These occurrences are expected to increase in 523 

future warmer conditions, particularly in winter, on the eastern side of the 524 

continental divide (Calgary). The depth of the subsaturated layer and the rain–525 

snow transitions will change in the warmer conditions, but this change is 526 

somewhat different between Kootenay and Calgary. 527 

• The PGW simulations predict that the mean height of the 0℃ level during rain 528 

or mixed precipitation will increase by 276 m and 346 m in Kootenay and 529 

Calgary, respectively, compared to the CTRL values. The greatest increases in 530 

elevation are predicted to occur between July and October at both locations. This 531 

isotherm is expected to reach mean elevations of 2668 m asl and 2787 m asl in 532 

Kootenay and Calgary, respectively. 533 

• Synoptic-scale conditions during which long-duration rain–snow transitions (> 534 

24 h) occurred were different depending on whether the event occurred on the 535 

western or eastern side of the continental divide. No long-duration events 536 

occurred on both sides of the divide simultaneously. Furthermore, during the 537 

Calgary flooding event in 2013, a long-precipitation event was simulated in 538 
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Calgary but not Kootenay. 539 

There are some limitations to this study. While the PGW method can 540 

demonstrate a realistic thermodynamic response to global warming, it can only simulate 541 

minimal changes for large-scale atmospheric circulation. The variables used for the 542 

three-dimensional analysis (such as mixing ratios, temperature aloft, geopotential 543 

height) were only available at 3-hour intervals, compared to the hourly data that were 544 

available for surface precipitation fields. This may lead to an underestimation of the 545 

occurrence of short-duration events (< 3 h). The elevations at which the melting 546 

processes started and stopped were approximated to the nearest vertical levels of the 547 

model, which are not necessarily at regular spacings (hybrid levels). The linear 548 

interpolation used to estimate the height of the 0°C isotherm could have led to some 549 

errors in the calculation. Both these issues introduce some uncertainty to the computed 550 

variables when characterizing the precipitation transitions aloft. In addition, it is 551 

recognized that further analyses should be conducted on the weather and other factors 552 

leading to the features of rain-snow transitions aloft that were examined in this study, 553 

including studies on the effect of Chinook and atmospheric rivers over the west coast.  554 

Overall, this study illustrates critical features of the complex atmospheric 555 

conditions aloft in connection with rain–snow transitions across the continental divide 556 

in the southern Canadian Rockies. Large variations in the current and future climates 557 

were demonstrated, associated with moisture aloft and not just temperature. These 558 

variations were shown to greatly influence the types of precipitation that occurred at the 559 

surface. In turn, these precipitation types cause a host of issues related to the 560 

development and evolution of the snowpack (e.g. Musselman et al. 2017) and the 561 

degree to which flooding, and avalanches occur. 562 
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Appendix A 574 

Liu et al. (2016) have performed an evaluation of the simulations mainly over 575 

the Continental United States. Given that our study region is located in southern 576 

Canada, additional evaluation of the temperature and the precipitation has been 577 

performed.  578 

A1. Evaluation of the precipitation amount 579 

Precipitation from Daymet (Thornton et al. 2020) and ERA5-Land (Hersbach et 580 

al. 2020) were compared against each other and to the CTRL simulation (Figs. A1). The 581 

bias varies with the data dataset used for comparison. ERA5-Land underestimates 582 

annual precipitation amounts compared to CTRL and Daymet; the biases are, 583 

respectively, -29.4 mm and -89.6 mm, whereas Daymet overestimates precipitation 584 

amounts produced by CTRL, with a bias of 68.1 mm. Between all products, the root 585 

https://www.calculquebec.ca/
https://www.computecanada.ca/
https://rda.ucar.edu/datasets/ds612.0/
https://climate.weather.gc.ca/historical_data/search_historic_data_e.html
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mean square error (RMSE) are all within the same values, which vary from 223.4 mm to 586 

273 mm.  587 

To compare ERA5-Land with Daymet, Daymet was upscaled to a grid-spacing 588 

of 9 km (Fig. A1). The bias over the study area between ERA5-Land and Daymet is the 589 

largest (-89.6 mm). From Fig. A1, ERA5-Land is slightly wetter over the Prairies and in 590 

the valleys and drier over most of the mountainous regions. The largest difference is 591 

west of the continental divide in the Purcell mountains. In contrast, the CTRL 592 

simulation is wetter over the Prairies with respect to ERA5-Land and in the 593 

mountainous regions. Finally, the CTRL simulation is also wetter than Daymet over the 594 

Prairies, drier over the Purcell mountains, and wetter in the north side of Canadian 595 

Rockies. 596 
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 597 

Figure A1: Average total annual precipitation amount between 2000-2013 from the (a) Daymet, 598 
(b) ERA5-Land and (c) Daymet - ERA5-Land. Daymet was upscaled to the grid-spacing of 599 
ERA5-Land, which is 9 km. (d-f) are the comparison between CTRL and ERA5-Land. The 600 
resolution of the CTRL was upscaled to the same as ERA5-Land (9 km grid-spacing). (g-i) are 601 
the comparison between CTRL and Daymet. Daymet was upscaled to 4 km grid-spacing as 602 
CTRL.  603 
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The precipitation patterns are overall the same, but Daymet features more details 604 

than ERA5-Land (9 km) in the amount of precipitation due to the fine spatial grid-605 

spacing of 1 km; this is particularly obvious in the mountains. When focusing over our 606 

study region, the bias between CTRL and ERA5-Land is lower (in absolute value) than 607 

between DAYMET and ERA5-Land. However, each dataset has their limitations. While 608 

ERA5-Land is a reanalysis hourly product, it is at coarser resolution compared to 609 

Daymet, which is a daily product, at much finer resolution.  610 

A2. Evaluation of the 2-m temperature 611 

The 2-m air daily average temperature from Daymet was compared with ERA5-612 

Land over the study area (Fig. A2). Daymet was again upscaled to the resolution of 613 

ERA5-Land. Daymet is generally warmer than ERA5-Land over the mountains and 614 

slightly colder over the Prairies. The overall daily bias is, however, only 0.4oC. The 615 

temperature bias is similar between the CTRL and ERA5-Land (0.4oC, Fig. A2) but the 616 

bias between CTRL and Daymet is lower (0.01oC). The RMSE between Daymet and 617 

ERA5-Land and CTRL and ERA5-Land were identical at 1.5 oC, while it is only 1oC 618 

between CTRL and Daymet. As for the precipitation comparison, the bias and RMSE of 619 

CTRL-Daymet were lower than between the ERA5-Land and Daymet, giving us 620 

confidence in the simulation.  621 
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 622 

Figure A2: Same as Fig. A1 but for the 2-m air temperature.  623 

 624 
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Figure captions 786 

Figure 1. Location of the study area. (a) Domain of the simulations including the topography 787 

and the cross section (red line) along which temperature and precipitation were analyzed 788 

(Section 5b) and (b) the sub-domain of interest. The meteorological stations used in this study 789 

are indicated by the black dots. The elevation of each station and the closest model grid point 790 

(in parentheses) are Banff: 1396.9 m (1579.9 m), Calgary: 1081.9 m (1078.2 m), Fernie: 1001.0 791 

m (1199.2 m), Golden: 784.9 m (922.5 m), Kananaskis: 1391.1 m (1474.4 m), Kootenay: 935.0 792 

m (1150.9 m) and Pekisko: 1415.0 m (1509.9 m). 793 

Figure 2. Comparison of the (a) average accumulated precipitation at the six stations (Fig. 1) 794 

using daily precipitation amounts and (b) of the hourly 2-m temperature occurrences at 795 

Kootenay, Banff CS and Calgary. These were the only stations with hourly 2-m temperature 796 

data. 797 

Figure 3. (a–c) Mean annual precipitation amounts between October 2000 and September 2013 798 

produced by (a) the CTRL, (b) Daymet, and (c) the difference (CTRL–Daymet). (d–f) The mean 799 

daily 2-m temperature produced by (d) the CTRL, (e) Daymet, and (b and c) the difference 800 

(CTRL–Daymet). Note that the mean temperature in Daymet was obtained by averaging the 801 

minimum and maximum temperatures from the 13-year simulation. 802 

Figure 4. Schematic of the three parameters calculated using the WRF CONUS simulations to 803 

analyze the rain–snow transitions aloft. These parameters are the 0℃ level, the melting level 804 

(Tw = 0℃), and the complete melting level. The sub-saturated layer is bound by the 0℃ level 805 

and the melting level. The rain–snow transition is between the melting level and the complete 806 

melting level. Terminology is defined in the text. 807 

Figure 5. The 13-year average annual (a,e) total precipitation (mm y-1 in liquid equivalent), (b,f) 808 

solid precipitation (snowfall and graupel, mm y-1 in liquid equivalent), and (c,g) liquid 809 

precipitation (rainfall, mm y-1 in liquid equivalent) and (d,h) solid precipitation fraction (defined 810 

as the ratio of solid precipitation and total precipitation) using WRF–CTRL and WRF–PGW 811 

simulations. The difference (%) between the two simulations (PGW–CTRL) for annual (i) total 812 

precipitation, (j) solid precipitation (snowfall and graupel), (k) rainfall, and (l) solid 813 

precipitation fraction. 814 

Figure 6. Boxplots of the elevation above sea level (ASL) of the 0°C level in the CTRL (black) 815 

and PGW (red) simulations for (a) Kootenay, BC and (b) Calgary, AB during rain or mixed 816 

precipitation events. Whiskers represent the 5th and 95th percentiles and the boxes are the 25th 817 
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and 75th percentiles of the distributions. The number of occurrences (N) is shown along the x-818 

axis.  819 

 820 

Figure 7.  Boxplots of the depth of the subsaturated layer above the melting layer in the CTRL 821 

(blue) and PGW (red) simulations for (a) Kootenay, BC, and (b) Calgary, AB. The definition of 822 

this variable is given Fig. 4. Whiskers represent the 5th and 95th percentiles and the boxes are the 823 

25th and 75th percentiles of the distributions. The number of occurrences (N) is shown along 824 

the x-axis.  825 

Figure 8. Boxplots of the depths of the rain–snow transitions in the CTRL (blue) and PGW (red) 826 

simulations for (a) Kootenay, BC, and (b) Calgary, AB. The definition of this variable is given 827 

Fig. 4. Whiskers represent the 5th and 95th percentiles and the boxes are the 25th and 75th 828 

percentiles of the distributions. The minimum and maximum values of the whiskers are the 5th 829 

and 95th percentiles, respectively. The number of occurrences (N) is shown along the x-axis.  830 

Figure 9. Cumulated number of mean annual of solid precipitation (snow and graupel) events, 831 

mixed precipitation (rain, snow, and graupel), rain events, and total events between 2000 and 832 

2013 at six stations in the Canadian Rockies in both CTRL and PGW. 833 

Figure 10. Composite atmospheric conditions during long-duration events in (a) Kootenay, BC 834 

and (b) Calgary, AB. Sea level pressure isobars (black contours) and 500-hPa geopotential 835 

height isohypses (blue and red dashed contours). Shading and purple arrows represent the 836 

magnitude and direction of vertically integrated moisture fluxes, respectively. The atmospheric 837 

conditions were averaged at each grid point at the onset of precipitation. Eight events were used 838 

at Kootenay and 22 events at Calgary were used for the composite maps. 839 

Figure 11. Composite temperature (shading) and precipitation cross-section during long-840 

duration events in (a) Kootenay, BC and (b) Calgary, AB. Amounts of total precipitation 841 

(black), snow (blue), rain (green), and graupel (purple) are shown. The yellow star indicates the 842 

location of Kootenay, and the red star indicates Calgary. 843 

Figure A1: Average total annual precipitation amount between 2000-2013 from the (a) Daymet, 844 

(b) ERA5-Land and (c) Daymet - ERA5-Land. Daymet was upscaled to the grid-spacing of 845 

ERA5-Land, which is 9 km. (d-f) are the comparison between CTRL and ERA5-Land. The 846 

resolution of the CTRL was upscaled to the same as ERA5-Land (9 km grid-spacing). (g-i) are 847 

the comparison between CTRL and Daymet. Daymet was upscaled to 4 km grid-spacing as 848 

CTRL.  849 
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Figure A2: Same as Fig. A1 but for the 2-m air temperature.  850 

 851 


