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Characteristics of rain-snow transitions over the Canadian Rockies

and their changes in warmer climate conditions

The southern Canadian Rockies are prone to extreme precipitation that often
leads to high streamflow, deep snowpacks, and avalanche risks. Many of
these precipitation events are associated with rain—snow transitions, which
are highly variable in time and space due to the complex topography. A
warming climate will certainly affect these extremes and the associated
rain-snow transitions. The goal of this study is to investigate the
characteristics and variability of rain—snow transitions aloft and how they
will change in the future. Weather Research and Forecasting (WRF)
simulations were conducted from 2000 to 2013 and these were repeated but
in a warmer pseudo-global warming (PGW) future. Rain—snow transitions
occurred aloft throughout the year over the southern Canadian Rockies, but
their elevations and depths were highly variable, especially across the
continental divide. In PGW conditions, with future air temperatures up to
4-5°C higher on average over the Canadian Rockies, rain—snow transitions
are projected to occur more often throughout the year, except during
summer. The near-0°C conditions associated with rain—snow transitions are
expected to increase in elevation by more than 500 m, resulting in more rain
reaching the surface. Overall, this study illustrates the variability of rain—
snow transitions, which often impact the location of the snowline. This
study also demonstrates the non-uniform changes under PGW conditions,
due in part to differences in the types of weather patterns that generate rain—

snow transitions across the region.

Keywords: precipitation, convection permitting climate models, mountain

meteorology, rain—snow transition, climate change
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1. Introduction

The climate in the Canadian Rockies has been rapidly changing for the past 50
years (DeBeer et al., 2016). Although all model projections indicate continued warming,
they widely differ regarding precipitation (IPCC, 2021). Understanding future changes
in precipitation volumes, rates, timing, and phases is critical because of their impact on
snowpacks. In terms of precipitation, its vertical evolution is driven by atmospheric
conditions aloft. An increase in the elevation of the 0°C-isotherm aloft will lead to rain
at higher elevations and less snow storage during winter. This can alter soil moisture
and surface temperature gradients (Minder et al., 2018) leading to a change in
precipitation distribution (Wallace & Minder, 2021). This will in turn impact the reach
of glaciers and affect the management of water resources such as hydropower and

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

The Canadian Rockies are prone to extreme precipitation events that can lead to
high streamflow, high snowpack variability, and increased avalanche hazards. Given the
region’s complex topography (Fig. 1), flooding can be rapid, which increases the risk
for communities and industries. The western edge of the Canadian Rockies is also
directly affected by atmospheric rivers, which can produce exceptional amounts of
precipitation in the region (Radi¢ et al., 2015). Atmospheric rivers are often associated
with high temperatures, which raises the likelihood of rain-on-snow events that can lead

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

The eastern side of the Canadian Rockies, although associated with a dry
climate, can also be subject to extreme precipitation and flooding events. The
devastating drought of 1999-2005 (Hanesiak et al., 2011), for example, gave way to

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

Pomeroy et al., 2016; Teufel et al., 2017). However, the 2013 event is not unique in the
context of modern history: previous floods, such as those in the late 19th and early 20th
centuries, rivalled the 2013 event in terms of impact (Flesch & Reuter, 2012; Whitfield

& Pomeroy, 2016).

3000

2000

1000

Elevation (m)

-100

118°W 116°W 114°W 112°W

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

During storms that can last to up to several days, the phase of precipitation can
have a strong impact on the severity of flooding. The catastrophic flooding in 2013,
which occurred in Alberta, happened in part because precipitation fell as rain at many
elevations in the mountainous terrain. This rapidly melted the alpine snowpack and
accelerated runoff (Pomeroy et al., 2016). Later in the storm, the elevation of the 0°C-
isotherm aloft decreased, leading to snow at the surface, and additional flooding was

mitigated because of this phase change.

Spring storms in this region have been studied during atmospheric-related field
campaigns in the Kananaskis Valley in Alberta in 2015 (Thériault et al., 2018). During

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



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

94  temperatures up to 8°C due to the dry ambient conditions. This increased the complexity
95  of rain—snow transition analyses because the transition does not necessarily occur at

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

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

98  psychometric equation improves the phase partitioning diagnostic with air temperature

99  over Marmot Creek, near the Kananaskis Valley.

100 Previous studies have conducted further analyses of the amounts and phases of
101  precipitation that occur across the continental divide. The Storms and Precipitation
102  Across the continental Divide Experiment (SPADE) from April-June 2019 in the

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

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

105  exclusively on the west side, whereas a mixture of precipitation types was reported on
106  the east. The occurrence of a rain—snow transition is common in mountainous regions,
107  including the Canadian Western Cordillera. For example, Almonte and Stewart (2019)
108  examined surface-related variables and showed that surface rain—snow transitions

109  occurred during 93% of the days in the region from January to April 2010 and that the
110  total hours of occurrence increased by 24% in warmer climate conditions. They also
111  pointed out that the type of associated precipitation, such as the presence of rimed

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

113  snowpack and the likelihood of avalanches.

114 As apparent in the above discussions, the phase of precipitation plays a major
115  role in the severity of storms as well as on the snowpack and in turn, affects water

116  resources. This study examines this issue, and it greatly extends the work of Almonte
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and Stewart (2019), who studied rain-snow transitions at the surface during a 4-month
period, by focusing on rain-snow transitions aloft over a 13-year period. The specific
objective of our study is to characterize the rain—snow transitions aloft and the changes
that they undergo in a warmer climate over the southern Canadian Rockies. In this
study, a rain-snow transition refers to the vertical depth between all snow conditions
and all rain conditions. We used the historical and pseudo global warming (PGW)
continental United States (CONUS) Weather Research and Forecasting (WRF)
simulations at 4 km grid-spacing (Liu et al., 2017). It is difficult to use observations to
characterize rain—snow transitions in complex terrain because meteorological stations
are sparse. Models can provide more information, especially at higher elevations

(Lundquist et al., 2019).

The study is organized as follows. Section 2 describes the methodology used.
Section 3 presents the climatology of precipitation amounts and phases, as well as the
distribution of precipitation events. Section 4 presents the climatology of the rain—snow
transitions in the Canadian Rockies in both historical and warmer climate conditions.
Section 5 provides a discussion of the results, and the conclusions are presented in

Section 6.

2. Methodology

a. Model simulations

The simulations conducted by Liu et al. (2017) were used in this study. These
utilized the WRF model using a 4-km grid-spacing. The control (CTRL) simulation was
one-way nested using the 6-h ERA-Interim reanalysis data and for the 1 October 2000
to 30 September 2013 period. A pseudo-global warming (PGW) simulation was

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

For the CTRL simulations, the model was configured using a domain size of
1360 x 1016 grid points with 4-km spacing, covering the continental United States,
northern Mexico, and southern Canada. There were 51 vertical levels, extending to 50
hPa. Spectral nudging was used to reproduce past climate conditions as accurately as
possible. The Thompson aerosol-aware microphysics scheme was employed in the
simulation (Thompson & Eidhammer, 2014). The scheme predicts the mixing ratios of
five liquid and ice species: cloud liquid water, rain, cloud ice, snow, and graupel. The

scheme also predicts the number concentration for the ice categories.

The PGW approach was used to simulate global warming by perturbing
historical weather patterns by adding warmer and moister atmospheric conditions. Liu
et al. (2017) applied the 95-year CMIP5 ensemble-mean change signal under the
RCP8.5 scenario (ACMIP5 = ACMIP52071-2100 - ACMIP51976-2005) 0n eight physical fields
of the ERA-Interim data. The perturbed physical fields were horizontal wind,
geopotential, temperature, specific humidity, sea surface temperature, soil temperature,

sea level pressure, and sea ice.

These simulations estimate the thermodynamic impact of climate change in a
context where the synoptic patterns initiated at the domain boundaries do not change in
the future (Shepherd, 2014). Such high-resolution simulations are needed to capture
small-scale thermodynamic processes that are crucial for the study of rain—snow

transitions, especially in mountainous regions.

b. Evaluation of WRF simulations over the Canadian Rockies

Liu et al. (2017) evaluated the CTRL simulation over the continental United-



164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

States, noting that the 2-m temperature and the surface precipitation were well
represented. To gain additional confidence in the model output we have compared the
CTRL simulation with additional surface observations over the Canadian Rockies.
These are the daily data from six Environment and Climate Change Canada (ECCC)
stations over our domain (Fig. 1) and the Daymet (Thornton et al., 2020) product.
Daymet is a gridded daily product that interpolates and extrapolates surface
observations at 1 km grid-spacing over North America. Daymet provides daily
precipitation as well as minimum and maximum air temperatures over North America.
It starts in 1980 until the latest full calendar year. SNOTEL precipitation gauges are
included into Daymet but they are not adjusted for gauge undercatch by the wind.
Daymet applies a weighted linear regression to adjust the gauge data for elevation

changes.

First, the ECCC stations (Figs. 1) used have a complete set of daily data
throughout the CTRL simulation period. Model outputs from the closest model grid
points to the station locations were compared with the station data. We discuss these
data with respect to the continental divide, which is also the border between British
Columbia (BC) and Alberta (AB). Two stations were located on the western side of the
continental divide (Golden and Kootenay) and four on the eastern side (Kananaskis,
Pekisko, Banff and Calgary). The measured mean annual amount of precipitation was
generally consistent with those of the CTRL simulation, with an average normalized
bias of 5.3 % across all the stations. The bias varies from site to site. Simulated
precipitation at Golden and Kootenay (Fig. 2) on the western side of the continental
divide was underestimated (on average by -14 %), while precipitation was overall
overestimated on the eastern side (on average by 15 %). The precipitation phase was

well reproduced at Kootenay, but solid precipitation was underestimated at Golden and



189

190

191

192

193

194

195

196

197

198
199
200
201

202

203

204

205

206

207

208

209

210

Kananaskis probably because of a warm bias at Golden and less precipitation was
simulated at Kananaskis.

Second, because rain-snow transition occurs at temperatures near-0°C, simulated
hourly occurrences of surface temperature between -2°C and 2°C were compared with
the observations from three stations (Fig. 2). The mean annual bias of hourly
occurrences was -9.3 h at Kootenay, -18.8 h at Banff, and -20.5 h at Calgary. Stewart et
al. (2023) also found good agreement between the observations and the simulation

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

Third, CTRL simulation output was compared to gridded precipitation and
temperature from Daymet (Thornton et al., 2020) that had been upscaled from 1-km to
4-km grid-spacing (Fig. 3). Over the study domain (Fig. 1b), the bias of the mean
annual accumulated precipitation between the CTRL and Daymet (CTRL-Daymet) over
the 13 years was -68 mm, and the RMSE was 273 mm. The model well-reproduced the
pattern and the values associated with the annual average 2-m temperature. The mean
bias and RMSE for the mean daily 2-m temperature over the 13-years between the
CTRL and Daymet were 0.02°C and 1.02°C, respectively. Furthermore, the elevation-

dependence bias was evaluated (not shown). The 2-m temperature bias decreases with
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increasing elevation. The median of the temperature bias remained within near-0°C
values, which are between -2°C and 2°C (Mekis et al. 2020). In contrast, the bias of
average precipitation amounts increases with increasing elevation. This could be
explained by the lack of observations at higher elevations (Lundquist et al. 2019), which

could have resulted in a bias in the Daymet product.

(a) CTRL (c) (CTRL - DAYMET)

500 1000 1500 2000 2500 3000  —800 —400 0 400 800
Acc Prec (mm y~1) Acc. prec. (mm y~1)

0
T (-C)

Figure 3. (a—¢) Mean annual precipitation amounts between October 2000 and September 2013
produced by (a) the CTRL, (b) Daymet, and (c) the difference (CTRL-Daymet). (d—f) The mean
daily 2-m temperature produced by (d) the CTRL, (e) Daymet, and (b and c) the difference
(CTRL-Daymet). Note that the mean temperature in Daymet was obtained by averaging the
minimum and maximum temperatures from the 13-year simulation.
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To further assess the performance of the CTRL, Daymet was compared to
ERAS5-Land (Appendix A). Differences among the datasets were found, with biases that
are higher than the bias between Daymet and CTRL. Our evaluation is similar to Henn
et al. (2018). They compared multiple datasets over Western US, including Daymet.
They found that most of them agree on the precipitation patterns but not on the annual
amount of precipitation at higher elevations. Their analysis concluded that Daymet
behaves within the range of uncertainties of other datasets over Western US. It is
challenging to evaluate precipitation and temperature simulated by convection-
permitting models over Canada because of the limited products available. Moreover, the
evaluation of complex terrain with reliable data is also difficult. As pointed out by
Lundquist et al. (2019), model results could be better for the precipitation patterns in
mountainous terrain than observations because of the lack of stations at higher

elevation.

To study the rain-snow transitions aloft, the simulated temperature structure was
evaluated using atmospheric soundings. However, there is no sounding station in our
domain, but we decided to use the closest one located near Edmonton, which is north of
Calgary and farther east of the mountains. The CTRL simulation reproduced the
measured height of the 0°C isotherm quite well over Edmonton. The mean biasis -

21.8 m, and the RMSE of 197.5 m.

Given the Liu et al. (2017)’s evaluation, the one by Almonte and Stewart (2019)
as well as this current one, we believe it is appropriate to use the CTRL simulation in

this study. Rain-snow transitions will be characterized using this dataset.

11
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c. Analysis of precipitation events

A precipitation event was defined as consecutive hourly liquid-equivalent
precipitation > 0.2 mm. ECCC defines the threshold value of 0.2 mm over a 24-h period
to filter noise and other measurement errors. Given the models tend to produce high
occurrences of low precipitation, it is necessary to use a threshold value (e.g. Di Luca et
al. 2021). The 0.2 mm h'* value produced a reasonable comparison with observations
(e.g. Almonte and Stewart, 2019) and is between what has been used in other model
studies (e.g. Di Luca et al. 2021 and Dai et al. 2017) and proposed by Kochendorfer et
al. (2017), which is 0.5 mm h%. Precipitation events are separated by at least a 6-h
continuous period without precipitation. Hence, if the interval between two precipitation
episodes was less than 6 hours, the two episodes were treated as a single event.

Finally, simulated precipitation events were categorized based on the
precipitation phase. They were divided into three categories: 1) rain; 2) mixed,
including rain, snow, and graupel; and 3) solid, including snow and graupel.
Precipitation events were computed using the model outputs at the six stations shown in

Fig. 1.

d. Analysis of the atmospheric conditions aloft

The atmospheric conditions aloft associated with rain—snow transitions were
characterized at two locations: Kootenay, BC and Calgary, AB (Fig. 1). Only two sites
were chosen due to the higher computational capacity required to conduct the
calculation over the full domain. The two sites are located on either side of the
continental divide, at the same latitude, and are at approximately the same elevation
(1151 m and 1063 m above sea level (ASL), respectively). Three parameters were

calculated during rain and mixed precipitation events (Fig. 4).

12



269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286
287
288
289
290

First, the elevation of the 0°C isotherm (called 0°C level) was determined. The
0°C isotherm was determined by fitting a linear regression between the temperature and
the associated elevation of two consecutive model levels. The height was determined
using this linear regression if the function crossed 0°C. In the case of multiple 0°C
levels, the highest level was kept because it is the level at which melting of solid
precipitation could start. Mainly rain and mixed precipitation can reach the surface

when considering only this level.

Second, because melting does not necessarily start at 0°C air temperature as it
depends also on the relative humidity, the melting level, at which the wet-bulb
temperature, Tw = 0°C, was calculated. This was determined to be the level at which
solid precipitation, including graupel and snow, starts to melt. It also requires that the

rain mixing ratio is > 0.005 g kg™

Third, the level at which the solid precipitation has completely melted was
determined. This corresponds to the lowest level of the rain—snow transition aloft (Fig.
4). A threshold of ice mixing ratio of 0.005 g kg, including snow and graupel, was

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

———————— T=00°C level

Subsaturated layer

Height I ____:_*_ ___________ T,= 0°C (melting level)
® Rain-snow transition

*
*

————————————————— Complete melting level

Figure 4. Schematic of the three parameters calculated using the WRF CONUS simulations to
analyze the rain—snow transitions aloft. These parameters are the 0°C level, the melting level
(Tw = 0°C), and the complete melting level. The sub-saturated layer is bound by the 0°C level
and the melting level. The rain—snow transition is between the melting level and the complete
melting level. Terminology is defined in the text.
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The depth of the rain—snow transition aloft is defined by the vertical zone in
which mixed precipitation exists. It is the difference between the melting level and the
complete melting level (Fig. 4). Since precipitation often occurs in sub-saturated
conditions over the Canadian Rockies, the difference between the 0°C level and the
melting level can be large. The difference between those levels defines the depth of the
sub-saturated warm layer. Note that, if precipitation was formed through a warm-rain
process (e.g. Huffman and Norman, 1988) in the simulations, no melting level could be

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

e. Long-duration precipitation events

The atmospheric conditions that were present during long-duration precipitation
events (> 24 h) at Kootenay and Calgary from October to June were identified to assess
weather patterns. The sea level pressures, 500 hPa heights, as well as the vertically
integrated moisture fluxes of the first hour of each long-duration event at both locations
were averaged at each grid-point. The occurrences of 0°C aloft were also computed,
with an emphasis on the phase transition period. As shown in Theériault et al. (2022),
storms that reach either side of the divide can be formed from different types of weather

systems.

3. Climatology of precipitation

The mean annual total precipitation, rainfall, snowfall, and graupel distributions
were calculated from October 2000 to September 2013 using both CTRL and PGW
simulations (Fig. 5). The total precipitation amounts were highly variable across the
domain. In general, terrain at higher elevations received more precipitation than lower

elevations due to orographic effects.
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The highest amount of precipitation, which mostly occurred in the form of rain,
was simulated on the western site of the divide (in BC). The maximum simulated
amount was >3000 mm y*, while it was less, <1500 mm y, on the eastern side. While
this again highlights the orographic effects, precipitation amounts on each side of the

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

etal., 2022).
(a) Total (b) Solid (d) Solid precipitation
precipitation (mmy~1) precipitation (mm y~1) (c) Rainfall (mmy~1) fraction (=)
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Figure 5. The 13-year average annual (a,e) total precipitation (mm y? in liquid equivalent), (b,f)
solid precipitation (snowfall and graupel, mm y* in liquid equivalent), and (c,g) liquid
precipitation (rainfall, mm y* in liquid equivalent) and (d,h) solid precipitation fraction (defined
as the ratio of solid precipitation and total precipitation) using WRF-CTRL and WRF-PGW
simulations. The difference (%) between the two simulations (PGW-CTRL) for annual (i) total
precipitation, (j) solid precipitation (snowfall and graupel), (k) rainfall, and (1) solid
precipitation fraction.

Both precipitation amounts and phase change in warmer conditions. Projected
changes in the amount of total precipitation indicate an increase of up to 40-60% across
the study area (Fig. 5). At higher elevations, the increase is less than 20%, while it is

higher at lower elevations, including over the Canadian Prairies. There is also a large

15
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rainfall increase at lower elevations west of the continental divide. In contrast, solid
precipitation indicates a decrease, particularly over the mountains west of the
continental divide (Fig. 1). This is also shown by the solid precipitation fraction on Fig.
5. These numbers are consistent with the CMIP5 ensemble projection for the 2071—

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

4. Climatology of atmospheric conditions during rain—snow transitions

a. Historical climate

The occurrence of the 0°C level during rain and mixed precipitation was highly
variable throughout the year for both Calgary and Kootenay (Fig. 6). Rain—snow
transitions occurred most frequently in June at both locations (more than 300

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

The range (25" to 75" percentile) of the 0°C level elevation (above sea level)
was smaller in Kootenay than in Calgary. The largest range for the 0°C level,
approximately 1.25 km, occurred in Calgary, from October to December. At Kootenay,
the range was smaller by nearly 1 km in November and December, although it was only
smaller by 0.25 km in October. The most extreme variations in the 0°C level (5" to 95"
percentiles) occurred in May, September, and October in Calgary. Kootenay showed no
clear tendency for 0°C-level variation, although the largest variations occurred in

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

The mean annual elevations in the 0°C level between the CTRL simulations for
both locations were 2441 m ASL in Calgary and 2392 m ASL in Kootenay. The climate
normal based on ECCC records shows that the mean diurnal surface temperature
variation in Kootenay is approximately 10°C in November to January, while it is up to
13°C in Calgary. Despite the two meteorological stations being only 150-km apart, the
Calgary area is influenced by larger temperature swings during winter. This could be
due to strong downslope flow known as Chinook winds (MacDonald et. al., 2018), and
the migration of artic air masses across the Prairies. Kochtubajda et al. (2017) showed
that freezing rain, which is associated with a melting layer aloft, can be produced by the
warm air lifting over the cold Arctic air mass over the Prairies. However, Chinook

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

A subsaturated layer is often present at the top of the melting layer aloft during
rain and mixed precipitation events at both locations (Fig. 7). Although the median
depth of the subsaturated layer is between 100 m and 300 m, the monthly range can
exceed 800 m. This layer was present only a few times in Calgary during the fall and

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

that result in warm and dry conditions on the lee side of the Canadian Rockies.
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Figure 7. Boxplots of the depth of the subsaturated layer above the melting layer in the CTRL
(blue) and PGW (red) simulations for (a) Kootenay, BC, and (b) Calgary, AB. The definition of
this variable is given Fig. 4. Whiskers represent the 5™ and 95" percentiles and the boxes are the
25th and 75th percentiles of the distributions. The number of occurrences (N) is shown along
the x-axis.

The depths of the rain—snow transitions in Kootenay and Calgary are shown in
Fig. 8. The rain—snow transition is deeper in Calgary than in Kootenay, at 384 m and
318 m on average, respectively. The median depth reached its maximum during the
summer months (e.g., up to 482 m in July in Calgary and up to 422 m in August in
Kootenay). It was generally deeper in Calgary from April to November. The depths of
the rain—snow transition varied from 100 m to up to 1 km in July, which is also the
month during which the 0°C level was highest, at almost 5 km (Fig. 6). The seasonal
variation of the depth of the rain-snow transition could be associated with an increase in
solid precipitation (mainly graupel) at the top of the rain-snow transition in the summer.
This increase in solid precipitation would lead to slower melting rates and, in turn,

deeper rain-snow transitions.

18



392

393
394
395
396
397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

2 1200+ —— CTRL | 1200+

QO —~ — PGW

S E 1000/ 1000

({1\’

£ < 8001 800+

o O

S5

— 2 600 6001

o

c

c © 400+ 400+

— =

Q_H

o 200/ é 2001 H

(] =) —
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 0 Jan Feb Mar AprMay jun Jul Aug Sep Oct Nov Dec
ok R 2S RA £ BF 82 8¢ - 88 95 73 ng 9% 85 88 32 85 ]9 S 4 o my

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

b. Changes in warmer conditions

The temperature structure associated with the rain—snow transitions changed in
warmer conditions using the PGW simulation. The changes were not uniform for

Kootenay or Calgary.

The changes in the 0°C level are shown in Fig. 6. Both locations showed greater
occurrences of a melting layer aloft in PGW conditions, except during the summer
months. The difference between the CTRL and PGW simulations was greater during the
winter compared to the spring. Although the number of occurrences varied throughout
the year, the elevation of the 0°C level increased throughout the year for the PGW
simulations (Fig. 6). For example, the monthly median 0°C level elevation increased
between CTRL and PGW by 224 m (January) and 973 m (August) in Kootenay and by
324 m (March) and 1030 m (August) in Calgary. The mean annual variation in the 0°C
level between the CTRL and PGW simulations was 74 m higher in Calgary (ranging
from 2559 m to 2925 m ASL) compared to Kootenay (ranging from 2502 m to 2794 m

ASL) throughout the year. Hence, the two locations are consistent with the more
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significant warming in Calgary than in Kootenay. At both locations, the increase of the
median elevation of the 0°C level was greater (over 800 m) from July to October, and it

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

The depth of the subsaturated layer at the top of the melting layer in PGW
conditions remained somewhat constant in Kootenay, while it became generally thicker
in Calgary (Fig. 7). Atmospheric conditions became drier in May and June in Kootenay,

while drier conditions occurred from July to October in Calgary.

Finally, the average depth of the rain—snow transition is deeper at both locations
(426 m and 371 m, respectively) and remained deeper in Calgary than in Kootenay in
PGW conditions (Fig. 8). The depth of the rain-snow transition probably increases for a
similar reason than for the deeper rain-snow transition in the summer in CTRL. The top
of the rain-snow transition increases, and that level is associated with higher solid
precipitation amounts. The higher solid precipitation amount, including more graupel,

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

5. Atmospheric conditions during precipitation events

a. Distribution of precipitation events

The distribution of rain, mixed precipitation and snow events varied between
sites (Fig. 9). In the CTRL simulations, there were more rain events than snow events at
all six locations. The number of mixed precipitation events was almost constant, at
approximately 40 events, with most events lasting less than 2 h. The western side of the
continental divide had more rain events than the eastern side, except in Calgary. Other

stations had about 20 fewer rain events than in Calgary. Banff experienced the highest

20



435  number of snow events. Kananaskis experienced very long events, up to 80 h, which

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

441 Based on the simulations, the distribution of events is expected to change in
442  warmer conditions. Total number of events increases in warmer conditions. They tend
443  to increase more on the western side (up to 20 events) compared to the eastern side (up
444 to 10 events). The relative number of rain events increases at all sites while the number
445  of snow events decrease due to the increase of the elevation of the 0°C level aloft. The

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

b. Atmospheric conditions in long-duration events

We investigated atmospheric conditions for long-duration events in Kootenay
and Calgary. A composite map of all the long-duration precipitation events that
occurred during the simulation period (CTRL only) was produced (Fig. 10). Eight
events were determined at Kootenay (5 rain and 3 mixed) and 22 events at Calgary (8

rain, 7 mixed and 7 snow).
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Figure 10. Composite atmospheric conditions during long-duration events in (a) Kootenay, BC
and (b) Calgary, AB. Sea level pressure isobars (black contours) and 500-hPa geopotential
height isohypses (blue and red dashed contours). Shading and purple arrows represent the
magnitude and direction of vertically integrated moisture fluxes, respectively. The atmospheric
conditions were averaged at each grid point at the onset of precipitation. Eight events were used
at Kootenay and 22 events at Calgary were used for the composite maps.

Despite both the Calgary and Kootenay stations being located relatively close to
each other (~150 km), the composite map of synoptic patterns associated with long-
duration events show major differences. For Calgary, the composite shows a typical
pattern associated with lee-side cyclogenesis leading to easterly upslope flow over the
eastern slopes of the Canadian Rockies. This synoptic-scale pattern is similar to that of

the June 2013 Calgary flood (Liu et al., 2016; Milrad et al., 2015; Pomeroy et al., 2016),
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which is one of the long-duration events identified at both Calgary and Kootenay. In
contrast, the composite for Kootenay shows low IVT over the site with a general
southwesterly moisture flow to the south of it. The upper-level trough is located farther
west (trough axis at around 130 °W) than for Calgary. This is because the stronger
pressure gradient at the surface and aloft over the eastern Pacific Ocean produces a
strong eastward moisture flux. Six of the seven events are associated with easterly flows
on the eastern slope of the Canadian Rockies during the long-precipitation events at
Kootenay. The other event was associated with atmospheric river landfall. Overall, this
suggests that westerly flows from the Pacific Ocean can lead to long-duration
precipitation events in Kootenay without reaching Calgary. In contrast, lee-side
cyclogenesis can lead to long-duration events on both sides of the continental divide
(e.g. Liu et al. 2016; Flesch & Reuter, 2012).

The associated vertical temperature structure depends on which side of the
continental divide is being considered (Fig. 11). For precipitation events identified in
Kootenay, the environmental air was warmer east of the continental divide. In contrast,
precipitation events at Calgary were associated with colder atmospheric conditions on
the eastern side. The 0°C level is at approximately 1500 m ASL near the eastern slope
of the Canadian Rockies leading to a rain-snow transition at the surface (Minder et al.

2011).

While precipitation events in Calgary were all associated with similar weather
patterns, this was not the case in Kootenay. It was, however, not possible to associate a
weather pattern with the characteristic of the rain-snow transition aloft because they
occur from October to June. Most of the rain events at both Kootenay and Calgary
occurred in June (10 and 13 events, respectively), are associated with lee-cyclogenesis

and an elevation of the 0°C level of around 2500 m ASL and higher. The other events
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occurred during relatively colder months, such as November, April, and May, so the
0°C level was generally lower (up to 2500 m ASL). The event associated with the
lowest 0°C level diagnosed (up to 2000 m ASL) at Kootenay and Calgary were
associated with moisture coming from the Pacific Ocean but from different directions
and at different times during the year (Kootenay was in November and Calgary in
April). The moisture flux leading to the precipitation in Kootenay was southwesterly
and reached Kootenay while it was northwesterly for the Calgary event and travelled

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

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

These findings differ from those of the 2019 SPADE project (Thériault et al.
2022). No long-duration precipitation event associated with moisture flow from the
Pacific Ocean were documented during SPADE. But, precipitation that crossed the
divide and originating from lee-side cyclogenesis was observed. Sharma & Déry (2020)
suggested that most atmospheric river landfalls occur in September and October, which
is a different period than studied in SPADE. Further analyses are needed to better
understand weather patterns leading to precipitation crossing the continental divide

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

Our study investigated the changes in conditions associated with near-0°C
temperatures that can lead to rain—snow transitions. We examined the 0°C level, the
presence of a subsaturated layer at temperatures greater than 0°C, and rain—snow
transitions aloft in the western Canadian mountains, near the continental divide. The
WRF 4-km simulations from 2000-2013 in both historical and future conditions were

used. Our analysis led to the following conclusions.

e A melting layer aloft with rain or mixed precipitation can occur throughout the
year over the Canadian Rockies. These occurrences are expected to increase in
future warmer conditions, particularly in winter, on the eastern side of the
continental divide (Calgary). The depth of the subsaturated layer and the rain—
snow transitions will change in the warmer conditions, but this change is

somewhat different between Kootenay and Calgary.

e The PGW simulations predict that the mean height of the 0°C level during rain
or mixed precipitation will increase by 276 m and 346 m in Kootenay and
Calgary, respectively, compared to the CTRL values. The greatest increases in
elevation are predicted to occur between July and October at both locations. This
isotherm is expected to reach mean elevations of 2668 m asl and 2787 m asl in

Kootenay and Calgary, respectively.

e Synoptic-scale conditions during which long-duration rain—snow transitions (>
24 h) occurred were different depending on whether the event occurred on the
western or eastern side of the continental divide. No long-duration events
occurred on both sides of the divide simultaneously. Furthermore, during the

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

There are some limitations to this study. While the PGW method can
demonstrate a realistic thermodynamic response to global warming, it can only simulate
minimal changes for large-scale atmospheric circulation. The variables used for the
three-dimensional analysis (such as mixing ratios, temperature aloft, geopotential
height) were only available at 3-hour intervals, compared to the hourly data that were
available for surface precipitation fields. This may lead to an underestimation of the
occurrence of short-duration events (< 3 h). The elevations at which the melting
processes started and stopped were approximated to the nearest vertical levels of the
model, which are not necessarily at regular spacings (hybrid levels). The linear
interpolation used to estimate the height of the 0°C isotherm could have led to some
errors in the calculation. Both these issues introduce some uncertainty to the computed
variables when characterizing the precipitation transitions aloft. In addition, it is
recognized that further analyses should be conducted on the weather and other factors
leading to the features of rain-snow transitions aloft that were examined in this study,

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

Overall, this study illustrates critical features of the complex atmospheric
conditions aloft in connection with rain—snow transitions across the continental divide
in the southern Canadian Rockies. Large variations in the current and future climates
were demonstrated, associated with moisture aloft and not just temperature. These
variations were shown to greatly influence the types of precipitation that occurred at the
surface. In turn, these precipitation types cause a host of issues related to the
development and evolution of the snowpack (e.g. Musselman et al. 2017) and the

degree to which flooding, and avalanches occur.
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Appendix A

Liu et al. (2016) have performed an evaluation of the simulations mainly over
the Continental United States. Given that our study region is located in southern
Canada, additional evaluation of the temperature and the precipitation has been

performed.

Al. Evaluation of the precipitation amount

Precipitation from Daymet (Thornton et al. 2020) and ERA5-Land (Hersbach et
al. 2020) were compared against each other and to the CTRL simulation (Figs. Al). The
bias varies with the data dataset used for comparison. ERA5-Land underestimates
annual precipitation amounts compared to CTRL and Daymet; the biases are,
respectively, -29.4 mm and -89.6 mm, whereas Daymet overestimates precipitation

amounts produced by CTRL, with a bias of 68.1 mm. Between all products, the root
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mean square error (RMSE) are all within the same values, which vary from 223.4 mm to

273 mm.

To compare ERA5-Land with Daymet, Daymet was upscaled to a grid-spacing
of 9 km (Fig. Al). The bias over the study area between ERA5-Land and Daymet is the
largest (-89.6 mm). From Fig. Al, ERA5-Land is slightly wetter over the Prairies and in
the valleys and drier over most of the mountainous regions. The largest difference is
west of the continental divide in the Purcell mountains. In contrast, the CTRL
simulation is wetter over the Prairies with respect to ERA5-Land and in the
mountainous regions. Finally, the CTRL simulation is also wetter than Daymet over the
Prairies, drier over the Purcell mountains, and wetter in the north side of Canadian

Rockies.
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Figure Al: Average total annual precipitation amount between 2000-2013 from the (a) Daymet,
(b) ERA5-Land and (c) Daymet - ERA5-Land. Daymet was upscaled to the grid-spacing of
ERAS5-Land, which is 9 km. (d-f) are the comparison between CTRL and ERA5-Land. The
resolution of the CTRL was upscaled to the same as ERA5-Land (9 km grid-spacing). (g-i) are
the comparison between CTRL and Daymet. Daymet was upscaled to 4 km grid-spacing as
CTRL.
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The precipitation patterns are overall the same, but Daymet features more details
than ERA5-Land (9 km) in the amount of precipitation due to the fine spatial grid-
spacing of 1 km; this is particularly obvious in the mountains. When focusing over our
study region, the bias between CTRL and ERA5-Land is lower (in absolute value) than
between DAYMET and ERA5-Land. However, each dataset has their limitations. While
ERAS5-Land is a reanalysis hourly product, it is at coarser resolution compared to

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

A2. Evaluation of the 2-m temperature

The 2-m air daily average temperature from Daymet was compared with ERA5-
Land over the study area (Fig. A2). Daymet was again upscaled to the resolution of
ERAS5-Land. Daymet is generally warmer than ERA5-Land over the mountains and
slightly colder over the Prairies. The overall daily bias is, however, only 0.4°C. The
temperature bias is similar between the CTRL and ERA5-Land (0.4°C, Fig. A2) but the
bias between CTRL and Daymet is lower (0.01°C). The RMSE between Daymet and
ERAS5-Land and CTRL and ERA5-Land were identical at 1.5°C, while it is only 1°C
between CTRL and Daymet. As for the precipitation comparison, the bias and RMSE of
CTRL-Daymet were lower than between the ERA5-Land and Daymet, giving us

confidence in the simulation.
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623  Figure A2: Same as Fig. Al but for the 2-m air temperature.
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Figure captions

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

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

Figure 3. (a—c) Mean annual precipitation amounts between October 2000 and September 2013
produced by (a) the CTRL, (b) Daymet, and (c) the difference (CTRL-Daymet). (d—f) The mean
daily 2-m temperature produced by (d) the CTRL, (e) Daymet, and (b and c) the difference
(CTRL-Daymet). Note that the mean temperature in Daymet was obtained by averaging the

minimum and maximum temperatures from the 13-year simulation.

Figure 4. Schematic of the three parameters calculated using the WRF CONUS simulations to
analyze the rain—snow transitions aloft. These parameters are the 0°C level, the melting level

(Tw=0°C), and the complete melting level. The sub-saturated layer is bound by the 0°C level
and the melting level. The rain—snow transition is between the melting level and the complete

melting level. Terminology is defined in the text.

Figure 5. The 13-year average annual (a,e) total precipitation (mm y? in liquid equivalent), (b,f)
solid precipitation (snowfall and graupel, mm y* in liquid equivalent), and (c,g) liquid
precipitation (rainfall, mm y* in liquid equivalent) and (d,h) solid precipitation fraction (defined
as the ratio of solid precipitation and total precipitation) using WRF-CTRL and WRF-PGW
simulations. The difference (%) between the two simulations (PGW-CTRL) for annual (i) total
precipitation, (j) solid precipitation (snowfall and graupel), (k) rainfall, and (I) solid

precipitation fraction.

Figure 6. Boxplots of the elevation above sea level (ASL) of the 0°C level in the CTRL (black)
and PGW (red) simulations for (a) Kootenay, BC and (b) Calgary, AB during rain or mixed

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

axis.

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

the x-axis.

Figure 8. Boxplots of the depths of the rain—snow transitions in the CTRL (blue) and PGW (red)
simulations for (a) Kootenay, BC, and (b) Calgary, AB. The definition of this variable is given
Fig. 4. Whiskers represent the 5™ and 95" percentiles and the boxes are the 25th and 75th
percentiles of the distributions. The minimum and maximum values of the whiskers are the 5%

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

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

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

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

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

location of Kootenay, and the red star indicates Calgary.

Figure Al: Average total annual precipitation amount between 2000-2013 from the (a) Daymet,
(b) ERA5-Land and (c) Daymet - ERA5-Land. Daymet was upscaled to the grid-spacing of
ERAS5-Land, which is 9 km. (d-f) are the comparison between CTRL and ERA5-Land. The
resolution of the CTRL was upscaled to the same as ERA5-Land (9 km grid-spacing). (g-i) are
the comparison between CTRL and Daymet. Daymet was upscaled to 4 km grid-spacing as
CTRL.
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Figure A2: Same as Fig. Al but for the 2-m air temperature.
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