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ABSTRACT: The Canadian Rockies are a triple-continental divide, whose high mountains are 
drained by major snow-fed and rain-fed rivers flowing to the Pacific, Atlantic, and Arctic Oceans. 
The objective of the April–June 2019 Storms and Precipitation Across the continental Divide 
Experiment (SPADE) was to determine the atmospheric processes producing precipitation on the 
eastern and western sides of the Canadian Rockies during springtime, a period when upslope 
events of variable phase dominate precipitation on the eastern slopes. To do so, three observing 
sites across the divide were instrumented with advanced meteorological sensors. During the 13 
observed events, the western side recorded only 25% of the eastern side’s precipitation accu-
mulation, rainfall occurred rather than snowfall, and skies were mainly clear. Moisture sources 
and amounts varied markedly between events. An atmospheric river landfall in California led to 
moisture flowing persistently northward and producing the longest duration of precipitation on 
both sides of the divide. Moisture from the continental interior always produced precipitation on 
the eastern side but only in specific conditions on the western side. Mainly slow-falling ice crystals, 
sometimes rimed, formed at higher elevations on the eastern side (>3 km MSL), were lifted, and 
subsequently drifted westward over the divide during nonconvective storms to produce rain at the 
surface on the western side. Overall, precipitation generally crossed the divide in the Canadian 
Rockies during specific spring-storm atmospheric conditions although amounts at the surface 
varied with elevation, condensate type, and local and large-scale flow fields.
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The Canadian Rockies form a triple-continental divide, separating drainage basins to the 
Arctic, Pacific, and Atlantic Oceans (Fig. 1). Their high, partly glacierized peaks are the 
water towers for rivers that support vast areas of western Canada and northwestern United 

States; in total, 17% of North America lies within river basins receiving water from this region.
The region’s hydrology is dominated by a long, cold, snowy winter from October through 

March, followed by the melt of the seasonal snow cover from April to July; this latter period 
is also associated with peak precipitation, which may fall as rain or snow. This wet period 
is then followed by a drier late summer period during which streamflow is dominated by 
groundwater discharge, glacier melt, and rainfall runoff.

This pattern of hydrology is sensitive to atmospheric features and change. From a  
continental scale, a small spatial shift of storm tracks along the continental divide can lead 
to substantial changes in the fraction of precipitation draining to the Pacific Ocean, Arctic 
Ocean, and Atlantic Ocean (Rood et al. 2005). Extreme spring and early summer precipita-
tion events coinciding with snowmelt-driven freshets are common in the southern Canadian 
Rockies. They often lead to major flooding events such as in June 2013 (Pomeroy et al. 2016), 
impacting the local economy, infrastructure, agriculture, and tourism.

A key governing factor to continental-scale hydrology is the amount of moisture aloft 
crossing the Canadian Rockies’s portion of the continental divide. Additionally, landfalling 
atmospheric rivers directly impact western coastal areas, bringing abundant precipitation to 
the region (Sharma and Déry 2020). The eastern slopes of the mountains, although associ-
ated with a dry climate, can be subject to heavy precipitation from westward moisture fluxes 
traveling from the Canadian Prairies and the interior United States, sometimes resulting in 
massive spring flooding (Pomeroy et al. 2016; Flesch and Reuter 2012). The June 2013 flood 
in southwestern Alberta (AB) and southeastern British Columbia (BC), which was one of the 
most expensive natural disasters in Canadian history at the time (Liu et al. 2016; Kochtubajda  
et al. 2016; Whitfield and Pomeroy 2016), provides a good example. During this event,  
moisture crossed the continental divide from southern AB into southeastern BC.

Extreme flooding events in the region are often due to rain-on-snow augmenting streamflow 
while a transition from rainfall to snowfall can mitigate that effect (Pomeroy et al. 2016a,b; 
Whitfield and Pomeroy 2016; Vionnet et al. 2020). Precipitation phase estimation is thus 
critical for flood forecasting. For example, during the 2013 flood, the Global Environmen-
tal Multiscale (GEM) model (Girard et al. 2014; McTaggart-Cowan et al. 2019), which is the 
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Canadian numerical weather prediction model, did not accurately capture the amount and 
phase of precipitation over the southern Canadian Rockies, resulting in an underestimation 
of the forecasted streamflow.

Numerous factors influence where and what type of precipitation reaches the surface in 
mountainous regions. In addition to the large-scale environment, these include atmospheric 
stability (Minder et al. 2011), wind, temperature, and moisture patterns in proximity to the  
topography, as well as features of the associated precipitation aloft such as hydrometeor densities 
and fall velocities (e.g., Morales et al. 2019; Poirier et al. 2019). Near-surface humidity patterns 
are also important; solid precipitation, often rimed, can reach the surface at temperatures up 
to 8°C within dry ambient conditions (Harder and Pomeroy 2013; Thériault et al. 2018).

Rain–snow transitions and snow formation have been studied in mountainous regions  
across different parts of the world. In North America, such processes were explored 
in the Sierra Nevada (Marwitz 1986), in Washington State during the Improvement of  
Microphysical Parameterization through Observations Verification Experiment (IMPROVE; 
Stoelinga et al. 2003) and the Olympic Mountains Experiment (OLYMPEX; Houze et al. 2017), 
in the Canadian Coast Mountains during the Science of Nowcasting Winter Weather for the 
Vancouver 2010 Olympics (SNOW-V10; Isaac et al. 2014), and in the Rocky Mountains of 
Idaho State (Tessendorf et al. 2018). Studies in other continents include, for example, the 
Swiss Alps (Steiner et al. 2003) and the Haituo Mountains north of Beijing (Ma et al. 2017). 
To the best of our knowledge, none of those projects focused on the processes associated 
with precipitation crossing a continental divide.

Fig. 1. Study region map showing (a) the major river basins (red outlines) of North America with respect to the Canadian 
Rockies, with the blue arrows indicating the direction in which surface water flows; (b) the Canadian Rockies and major 
headwater basins; (c) the study domain; and (d) the continental divide elevation profile represented by the red line in (c). 
All data used in this map are from the U.S. Geological Survey (USGS).
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Despite the importance of precipitation of varying phases across the continental divide 
in the southern Canadian Rockies, little is known about the atmospheric processes in this 
extreme event-prone region, and few observations linking surface meteorological features, 
precipitation, and atmospheric conditions have been obtained. This problem is not unique 
to this region; Lundquist et al. (2019) pointed out that there is a general need to improve the 
observation of precipitation in complex terrain. Consequently, the goal of the Storms and 
Precipitation Across the continental Divide Experiment (SPADE) is to investigate atmospheric 
conditions and processes leading to precipitation at and across the continental divide in the 
southern Canadian Rockies. The scientific issues are as follows:

•  What are the atmospheric conditions leading to moisture and condensate crossing or being 
impeded by the continental divide?

• What storm types lead to precipitation falling on one or both sides of the divide?
•  What are the precipitation characteristics at the surface within these different storm types?

SPADE was conducted from 24 April to 26 June 2019 across the border between AB  
and BC. This period climatologically covers precipitation being a mixture of rain and snow 
and annual maximum amounts, which sometimes lead to extreme events (Liu et al. 2016). 
The objective of this article is to describe the design and implementation of SPADE and to 
present and synthesize its findings.

Field project design and implementation
Study sites.  The study region lies along the continental divide that forms the southern 
border between BC and AB, Canada, encompassing sections of Banff, Kootenay, and Yoho  
National Parks and Kananaskis Country (Fig. 1). Mount Assiniboine is the highest peak within  
the area, with an elevation of 3,618 m above mean sea level (MSL).

To quantify storms and precipitation across the continental divide, observational sites 
were installed on both sides within the study area (Fig. 2). Two sites were located at Fortress 
Mountain Snow Laboratory, AB, about 30 km east of the divide, at both high and midelevations 

Fig. 2. The Storms and Precipitation Across the continental Divide Experiment (SPADE) experi-
mental design. Two meteorological stations were deployed east of the continental divide at  
Fortress Powerline and Fortress Junction. (a) The meteorological station and (b) the Micro Rain Radar  
and the precipitation gauge (not shown in the photo) at Fortress Powerline. Similar instruments  
were also deployed at Fortress Junction. One meteorological site was deployed west of the divide  
at Nipika. (c) The Nipika site. All three sites are described in detail in Thériault et al. (2021).  
(d) A photo of SPADE participants at the continental divide during a sunny day.
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(Fortress Powerline at 2,076 m 
MSL and Fortress Junction 
at 1,580 m MSL, respectively).  
A third site was located on the 
western side at Nipika Mountain  
Resort (Nipika at 1,087 m MSL), 
BC, about 30 km west of the 
divide. A description of the data 
collected during the experi-
ment is given in Thériault et al. 
(2021).

Observers on site.  A group of  
nine undergraduate and grad- 
uate students were actively  
involved in the design, prepa-
ration, and conduct of the field 
experiment, with guidance from 
research faculty and a project 
coordinator. Their involvement 
was crucial to address technical 
challenges and to install instruments. For example, the site at Nipika was located in a remote 
area and the students had to design the solar panel system to power all instruments, including 
the Micro Rain Radar and the optical-laser disdrometer.

Manual observations were collected during storms on either side of the divide by the 
students. These included macrophotography of solid precipitation particles and report-
ing precipitation phase and types at Fortress Powerline and Nipika simultaneously (see 
sidebar). To determine the observational period, students also produced daily forecasts 
and shared them with all participants. Timing of the observations was then decided 
by consensus. Forecast discussion and storms documented were all posted on a blog  
(gwf-spade.weebly.com).

During sunny days, students shared their knowledge with the local community. Short 
courses on water, extreme events, and the experiment were given to sixth grade classes  
(Fig. 3). Community members were fascinated by the topic because they remembered the 
extreme flooding event of June 2013.

Instrumentation. The instrumentation and data collected during SPADE were introduced 
in Thériault et al. (2021). At all sites, air temperature, relative humidity, wind speed and 
direction, as well as precipitation amount and type at the surface were measured at a  
minimum frequency of 5 min. Characteristics of the precipitation were derived from  
automatic measurements of particle fall speed and size at all sites using an optical-laser 
disdrometer (Battaglia et al. 2010; Angulo-Martínez et al. 2018). Using theoretical fall 
speeds of raindrops, wet/rimed snow and dry snow, the relative fraction of each precipita-
tion type was diagnosed (appendix A).

Vertically pointing Micro Rain Radars (MRR) were used to measure reflectivity and par-
ticle Doppler velocity, which is the vertical velocity relative to the ground of precipitation  
condensate aloft. The depth of the precipitation layer was characterized using reflectivity 
information. Particle growth process and phase changes were analyzed using both reflectiv-
ity and particle Doppler velocity. For example, the height of the melting level is identified at 
levels with a maximum reflectivity aloft associated with high vertical gradients of particle 

Fig. 3. SPADE students and project coordinator conducted 
outreach activities during SPADE with sixth graders at a  
middle school in Canmore, AB.
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Snowflake macrophotography
Documentation of solid hydrometeors at the surface is essential to better understand their formation mecha-
nisms and to improve their representation in models. Nevertheless, no instrument can precisely measure 
crystal type characteristics or 
precipitation phase automatically, 
hence the development of pho-
tographic methods to document 
hydrometeor form is useful. Early 
records of snowflake photography 
come from Wilson A. Bentley, a 
farmer living in Jericho, Vermont. 
He photographed up to 5,000 
snowflakes between 1885 and 
1931, none of which were identical 
(Bentley and Humphreys 1962). 
Bentley used a feather to transfer 
the ice crystals to a microscope to 
be photographed without being 
damaged. Since the 1950s, many 
ice crystal habit-classification  
tables have been developed,  
including Nakaya (1954) and  
Kobayashi (1957). These tables 
have been used worldwide to iden-
tify the environmental conditions 
in which the various types of ice 
crystals grow. Manual observa-
tions and photography therefore 
enhance automated data by pro-
viding insight on the shapes and 
types of precipitation particles, 
which consequently allow one to 
infer associated atmospheric con-
ditions aloft. With the evolution of 
technology, the photography setup 
from Bentley has been updated. It 
is now possible to easily build a macrophotography setup using a digital single-lens reflex camera and, for  
example, with a 60-mm macro lens (Fig. SB1). This can be used to document single ice crystals or a population 
of precipitation particles. A micro lens attached to a smartphone can also be used, as shown by Kumjian et 
al. (2020). Recently, the multi-angle snowflake camera (MASC) offers the possibility to analyze snowflakes 
by capturing high-resolution images of crystals as they fall (Garrett et al. 2012). Manual observations of 
precipitation particles provide an ideal opportunity for students and atmospheric scientists to learn firsthand 
about the complexity of particle shapes, densities, and sizes. To do so, precipitation particles are collected 
on a black velvet pad, for example, every 10 min when the environmental temperature is <0°C. The collec-
tion pad is then placed under the lens and a series of nine independent images are taken to capture all the 
particles on the pad. The photographic database can then be analyzed poststorm where ice crystal types and 
sizes are recorded in addition to parameters such as the degree or riming and/or occurrence of aggregations. 
Overall, manual photography still has many benefits. Human observers can identify unusual precipitation 
particles or the presence of particles smaller than what automated instruments can measure. It is now easier 
than ever to do and its analysis is much easier with digital imagery. Observers, experienced or not, are usually 
humbled by the complexity of the individual particles and by the wide diversity of particles that often fall 
simultaneously. This important type of measurement still has an important role in today’s world.

Fig. SB1. Field participant (André Bertoncini) with the macro 
photo graphy setup installed in an ice fishing tent.
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Doppler velocity. This combination between reflectivity and Doppler velocity can indicate 
slow-falling particles, such as snow, melting into faster-falling particles, such as rain. The 
local flow field in association with precipitation initiation in the planetary boundary layer 
was measured with an all-sky scanning Doppler lidar.

Other datasets.  To complete the SPADE dataset, the fifth generation of the ECMWF  
atmospheric reanalysis (ERA5; Hersbach et al. 2020) was used to create surface and upper-
air analysis charts of mean sea level pressure, 1,000–500-hPa thickness, 10-m winds, and 
500-hPa geopotential height. Moisture and condensate fluxes were also computed from this 
dataset (appendix B).

Storms and precipitation documented during SPADE
Overview of air temperature and precipitation at the surface. Atmospheric conditions 
varied across the continental divide during SPADE. Owing in part to its lower elevation,  
Nipika was on average 3.5° and 5.8°C warmer than Fortress Junction and Fortress  
Powerline, respectively. When reduced to the same elevation as Nipika, however, Fortress 
Powerline and Junction were generally warmer than Nipika, depending on the assumed 
lapse rate used (appendix C). Temperature differences also varied from storm to storm. This 
may be related to higher occurrences of clear skies at Nipika (9.7%) compared to Fortress 
Powerline (4.3%).

Between 24 April and 26 June 2019, 13 precipitation events were documented (appendix C). 
Total liquid equivalent accumulated precipitation was 195 and 133 mm at Fortress Powerline 
and Fortress Junction, respectively. In contrast, Nipika received only 71 mm. This period was 
slightly drier than the 1981–2010 climatology, in particular on the western side (Environment 
and Climate Change Canada 2021). Four precipitation events with accumulations > 20 mm 
at Fortress Powerline were classified as major events (events 1, 5, 9, and 13) while the other 
nine were minor events. Nine events on the western side had precipitation amounts < 5 mm.

Liquid precipitation was almost exclusively reported on the warmer western side compared 
to solid precipitation on the cooler eastern side (Fig. 4). The reported precipitation phase cor-
responded to the distribution of fall speeds measured by the optical-laser disdrometers; faster 
falling particles were mainly measured at Nipika compared to Fortress Powerline.

Photos of ice crystals taken during six precipitation events at Fortress Powerline, chosen to 
demonstrate the various habits and features, are shown in Fig. 5. Solid precipitation particles 
occurred either as single crystals, in various aggregated forms, or as a variety of combinations 

Fig. 4. (a) Occurrence (%) of fall speed values (bins of 0.5 m s−1) at all three sites and (b) occurrence  
(%) of precipitation types diagnosed using the fall speeds and diameters measured with the  
optical-laser disdrometer.
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of habit growth such as capped columns, capped dendrites, radial plates, and bullet rosettes. 
The most common type during all events was dendritic. They were followed by irregulars, 
columns, and plates. Bullets only occurred during events 1 and 13 (not shown). The occurrence  
of snow pellets was lower than most other types of precipitation although ice crystals were 
often rimed.

Overview of atmospheric conditions. The 13 precipitation events were categorized based 
on synoptic patterns and the direction of the incoming moisture flux toward the study 
area. The weather patterns identified in SPADE were similar to findings from Moran et al. 
(2007) and Sinclair and Marshall (2009). They studied meteorological conditions leading to  
precipitation over Haigh Glacier, AB, and Opabin Glacier, BC, located in the southern  
Canadian Rockies using stable-isotope signals.

Fig. 5. (a) The 30-min normalized occurrence (number of counts with respect to each color category)  
of various types of ice crystals, riming degree (Ri) and aggregation (Ag) during the entire field 
project when precipitation only occurred on the eastern side (Fortress, blue bars) and when pre-
cipitation crossed the continental divide (both sides, red bars). Note that mainly rain reached the 
surface at Nipika. The types of ice crystals observed were bullets (bu), columns (co), dendrites (de),  
irregular (ir), needles (ne), plates (pl), and snow pellets (sp). They also occurred concurrently.  
(b)–(h) Example images of ice crystals and aggregates taken during event 5 using macrophotography  
equipment. Panels (b) and (c) are examples of aggregates of stellar plates (1040 UTC 16 May 2019) 
and needles (1443 UTC 17 May 2019), respectively, (d) shows a combination of stellar-type habit, 
including (e) showing a capped dendrite (0240 UTC 18 May 2019), (f) is a double capped column 
(1401 UTC 18 May 2019), (g) is a combination of graupel and refrozen wet snow (1941 UTC 18 May 
2019), and (h) shows bullet rosettes that had different sizes (1541 UTC 18 May 2019). The scale is 
indicated in each panel.
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Fig. 6. Synoptic-scale atmospheric conditions during the four major events; these are (a)–(c) event 1 at 0000 UTC 28 Apr 
2019, (d)–(f) event 5 at 0000 UTC 18 May 2019, (g)–(i) event 9 at 0600 UTC 7 Jun 2019, and (j)–(l) event 13 at 0600 UTC  
21 Jun 2019. (left) The sea level pressure (black lines), the 1,000–500 hPa thicknesses that are ≤540 dam (blue dashed lines) 
and >540 dam (red dashed lines); (center) the distributions of vertically integrated moisture flux vector (Q; arrows) and 
its magnitude (IVT, color shaded); and (right) the distributions of vertically integrated condensate flux vector (Qc; arrows) 
and its magnitude (ICT; color shaded) during the four major storms computed with ERA5. Times were chosen during the 
four major events near the onset of precipitation on the eastern side of the divide. Note that the domain used for (a), (d), 
(g), and (j) is different from the other panels. The variables used in this figure are detailed in appendix B.
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Four major precipitation events were documented (Fig. 6). Six events (1, 6, 7, 9, 12, and 13) 
were associated with westward flow on the eastern slopes, moisture fluxes coming from the 
Canadian Prairies (eastern Alberta, Saskatchewan, and Manitoba), and low pressure systems 
located southeast of the SPADE domain. Four events (2, 4, 8, and 10) had moisture originating  
from the northwest, parallel to the divide, with low pressure systems located north of the 
SPADE domain. Two events (3 and 11) were associated with a low pressure system in north-
western Canada transporting moisture across BC. Finally, event 5 was unique and occurred 
after an atmospheric river landfall on the California coast; during that event, moisture from 
the Gulf of Mexico and the Pacific Ocean merged over the interior United States, and flowed 
northwestward, parallel to the Rocky Mountains (Fig. 6e).

Examples of meteorological conditions and precipitation aloft during westward moving 
precipitation events are shown in Fig. 7. On 27–28 April 2019 (event 1), a snowstorm produced 
33 mm of liquid water equivalent at Fortress Powerline while only <2 mm (unknown type) 
reached the western side. In contrast, on 21 June 2019 (event 13), snow transitioned to rain at 
Fortress Powerline and Fortress Junction, and Nipika received 37% of the measured precipita-
tion at Fortress Powerline during this event. The precipitation layer from MRR measurements 
was higher at Fortress Powerline during event 13 than during event 1.

The highest precipitation amounts produced at Nipika that did not come from the eastern  
side occurred during event 9, which was the only event that produced only ~5 mm  
difference between Fortress Powerline and Nipika. Event 9 was divided into two precipitation 
periods. For the first 14 h of that event, precipitation reached Nipika only, although detectable 
radar reflectivity values occurred aloft above Fortress Powerline. During the second period,  
reflectivity values increased significantly, and solid precipitation was measured at the surface 
at Fortress Powerline. During that time, the low pressure system produced southwestward 
low-level flow favorable for orographic lifting and precipitation on the eastern slopes of the 
Canadian Rockies.

Similarities in the wind patterns prior to precipitation were found (Fig. 8). From the  
Fortress Junction Doppler lidar velocity–azimuth display (VAD) scans (Lhermitte and Atlas 
1961; Browning and Wexler 1968), the flow was mainly eastward and laminar above the 
continental divide (>3,500 m MSL). At lower vertical levels, the flow was northwestward 
with turbulent eddies. While the smooth laminar flow quickly transitioned to complex 
turbulent flow aloft prior to event 1, almost no change was observed during event 5. Winds 
blowing up-valley during event 5 were consistent with the constant moisture flux flowing  
northward along the mountain slopes. During event 9, winds above the continental divide 
were stronger and more laminar than within the valley, where they remained relatively 
calm. In contrast to event 1, winds were relatively calm and experienced almost no changes 
during both events 12 and 13.

Moisture and condensate fluxes across the continental divide
Moisture fluxes. Approximately 60% of the total accumulated precipitation on the eastern  
side was produced during the six events with a westward component of the moisture 
flux (Fig. 9). The moisture flux during events 6 and 7 came initially from northern AB 
and traveled southwestward. During events 1 and 12, the moisture flux originated off 
the Washington State coast, traveled eastward, and was recirculated westward over the  
Canadian Prairies by cyclonic flow across southeastern AB. The second half of event 9, 
and the entirety of event 13, were similar to events 1 and 12 but the moisture originated 
off the Californian coast. During the first half of event 9, the moisture traveled north-
eastward perpendicular to the divide and was farther north than during other storms, 
producing precipitation at Nipika before Fortress. Precipitation at both Fortress stations 
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was only produced when the wind shifted southwestward, perpendicular to the Canadian 
Rockies.

Most precipitation events associated with eastward moisture fluxes from the Pacific 
Ocean brought relatively lower amounts of precipitation to the SPADE domain (events 3 
and 11); event 3 was produced by generating cells (not shown). Similarly, small amounts of 

Fig. 7. Time series of (a)–(c) the Micro Rain Radar (MRR) reflectivity fields at 10-s intervals, including the 5-dBZ height 
of the Nipika MRR (black line), (d)–(f) MRR particle Doppler velocity fields at 10-s intervals, (g)–(i) precipitation amounts 
and types at Fortress at 30-min intervals, and (j)–(o) the precipitation rate, particle diameters, air temperature (Ta), and  
dewpoint temperature (Td) on both sides of the continental divide. The dashed horizontal line in (j)–(o) is the 0°C isotherm. 
In particular, (j)–(l) are from Fortress Powerline on the eastern side and (m)–(o) are from Nipika on the western side. Note 
that the MRR and optical-laser disdrometer at Nipika were not operational during event 1. Downward particle Doppler 
vertical velocities are positive.
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precipitation were observed on either side of the divide during events 2, 4, 8, and 10, which were  
associated with a southeastward moisture flux along the Canadian Rockies.

Condensate fluxes. Condensate flux, mainly cloud ice and snow condensate, crossed the  
divide during only six events (events 1, 3, 5, 9, 12, and 13) over the SPADE domain, although 
almost no moisture flux crossed the divide during event 1 (Fig. 9). Only a small amount of 
liquid condensate also crossed during events 9, 12, and 13. The snow condensate crossing 
the divide in event 13 was produced at higher elevations than during event 1 and was also 
characterized by a higher precipitation layer (Fig. 7). The condensate crossing the divide 

Fig. 8. The 24-h continuous vertical wind profiles from the Fortress Junction Doppler lidar VAD scans on (a) 26 Apr 2019, 
(b) 15 May 2019, (c) 6 Jun 2019, and (d) 20 Jun 2019, corresponding to times preceding events 1, 5, 9, and 13, respectively. 
Blank areas represent unavailable data (insufficient lidar signal to process the wind profile or a thick cloud base attenuat-
ing the beam). VAD wind profiles provided the local (in-valley, <3.5 km MSL) and synoptic (above-valley > 3.5 km MSL) 
wind fields preceding the major precipitation events. Black horizontal lines indicate the heights of Fortress Powerline  
(2 km MSL) and the continental divide (3.5 km MSL). The red vertical line in (a) represents the time that precipitation event 
1 took place [not available for (b)–(d)]. Note that event 12 ended only a few hours before event 13 (appendix C).
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during event 1, however, did so predominantly south of Nipika, resulting in a small amount 
of precipitation being measured at that site (appendix C).

Precipitation condensate aloft was measured by MRRs located on each side of the  
continental divide (Fig. 10). The reflectivity and particle Doppler velocity profiles were clas-
sified into three categories based on the direction of the moisture and condensate fluxes. The 
most common direction during SPADE was westward fluxes (Table C1), producing the highest 
amount of precipitation. This could be caused by greater moisture flux convergence when 
the flow was perpendicular to the mountains, yielding higher precipitation (Mo et al. 2019, 
2021). However, strong flows could also lift the precipitation so much that it may pass over the 
mountain peak (Berg et al. 2017). The three other categories are the southeastward-moving 
precipitation on the eastern side of the Canadian Rockies, the eastward-moving precipitation 
on the western side, toward the continental divide, and the northwestward-moving precipita-
tion (not shown in Fig. 10).

During westward moisture flux events, precipitation usually occurred on the eastern slopes 
before reaching Nipika; event 13 is a good example of such a system. These events were charac-
terized by high occurrences of ice condensate at 7 km MSL, and increasing reflectivity down to 
~5 km MSL. At Fortress Powerline, the increase of reflectivity values, in combination with the 
small increase of particle Doppler vertical velocities at ~1 m s−1 indicated ice particles falling, 
and possible occurrence of aggregation. Some precipitation reaching Nipika during westward 
moisture fluxes could be related to the spillover of ice condensate over the continental divide 
as ice particles fall slower than raindrops, hence, could drift farther downwind. Increases in 
reflectivity from 4 km MSL to the surface at Nipika, coupled with increasing particle Doppler 
velocities, suggest melting.

Different reflectivity and particle Doppler velocity patterns were measured when the 
moisture and condensate fluxes moved in the other directions (Fig. 10). These precipitation 
events produced less precipitation than those moving westward. Southeastward flux events 
produced virga at Fortress and Nipika (event 8), which is characterized by lower normalized 

Fig. 9. (a) ERA5 domain (black dots) used to compute the (b) advected moisture and (c) advected condensate fluxes across 
the continental divide. The fluxes are estimated perpendicular to the continental divide. Red dots show the locations of 
the stations on both sides of the divide; (b) shows the sum over time of domain-averaged vertical profiles of moisture 
flux (appendix B) during each event (Table C1); and (c) shows the sum over time of domain-averaged vertical profiles of 
condensate flux (appendix B) during each event. Positive values are eastward flux whereas negative values are westward 
flux. Horizontal black lines represent the elevation of the divide (~3 km) in (b) and (c).
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frequencies in reflectivity (wide range of reflectivity) at ~3 km MSL on both sides of the di-
vide. At that elevation, Doppler velocity increased rapidly downward at Nipika, suggesting 
melting of solid precipitation that did not sublimate, while snow reached the surface on the 
eastern side. In contrast, the reflectivity and Doppler velocity patterns suggest solid precipita-
tion melting into rain at lower levels at Nipika during the eastward flux events. Mainly solid  
precipitation reached the surface at Powerline, which is supported by Doppler velocities  
~ 1–2 m s−1 and relatively constant reflectivity with height.

Discussion
Precipitation across the continental divide.  The examination of the precipitation aloft 
(Figs. 7 and 10) and the moisture and condensate fluxes (Figs. 6 and 9) during the major 
precipitation events (e.g., 1, 9 and 13) suggest that precipitation crossed the divide when 
the precipitation is higher (>6 km MSL), which is well above the divide. For example, if a  
precipitation event was caused by broad synoptic-scale forcing, it brought a larger amount of 
moisture over a thicker precipitation layer within the troposphere and precipitation crossed 
the divide (e.g., event 13). Under different conditions (e.g., event 1), an intense low pressure 

Fig. 10. Normalized contour frequency by altitude diagram (CFAD) of (a)–(f) reflectivity and (g)–(l) particle Doppler velocity  
from the MRR measurements at Nipika and Fortress Powerline during westward moisture flux in (a), (b), (g), and (h),  
including events 1, 6, 7, 9, 12, and 13; southeastward moisture flux in (c), (d), (i), and (j), including events 2, 4, 8, and 10; 
and eastward moisture flux in (e), (f), (k), and (l), including events 3 and 11. MRR measurements during event 5 were not 
included as this event was the only one with a northwestward moisture flux. Downward particle Doppler vertical velocities 
are positive.
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system in southern AB caused high amounts of orographic precipitation on the eastern side 
but almost none crossed the divide.

When precipitation crossed the divide, slow-falling ice crystals were probably occurring 
aloft (Fig. 7). The presence of these particles above the continental divide could be captured 
by the horizontal wind and transported across the continental divide. This interpretation is 
supported by the relatively low particle Doppler velocity and MRR reflectivity values, and by 
the deep precipitation layer above the continental divide (i.e., event 13).

Fig. 11. (a) Map of the study area showing the direction of the moisture flux leading to precipitation  
across the divide (black arrow), precipitation staying on the east side (red arrows) and precipita-
tion staying on the west side (purple arrows). A summary of the 13 documented storms during 
SPADE is provided in appendix C. Note that the northwestward arrows are both associated with 
event 5. (b),(c) Schematic diagrams of the atmospheric conditions and precipitation characteristics  
when precipitation crossed the divide and when the precipitation did not cross the divide,  
respectively. In (b), the warmer cloud contains liquid droplets and ice particles, and in (c) the 
colder cloud mainly consists of ice crystals. The direction of propagation of the cloud and precipi-
tation is shown. The cloud droplets and raindrops are smaller and larger blue circles, respectively.
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Differences in precipitation characteristics were also observed when precipitation was  
recorded at both sides of the divide simultaneously (Figs. 4, 5, 7, and 10). By comparing events 
1 and 13, precipitation occurred simultaneously across the divide when larger and mixed  
precipitation particles were observed. This is consistent with the measured deeper precipita-
tion layer, allowing particles to melt or to grow by deposition, aggregation, and riming.

Conceptual model. Based on an examination of all the collected information, it is appar-
ent that the relative amount of precipitation and condensate crossing the divide depended 
on the weather pattern, precipitation characteristics as well as moisture and condensate 
fluxes. This insight is pulled together into a conceptual framework that is based on the four 
synoptic-scale patterns, and related features, that led to precipitation on either side, or both 
sides, of the continental divide (Fig. 11).

Weather patterns led to moisture flux nearly perpendicular and parallel to the divide. 
When the moisture flux was perpendicular to the divide, either from the east or the west, 
more precipitation was produced on the side from which the moisture originated. In addition 
to the orientation of the moisture flux, precipitation only occurred on both sides when suf-
ficient moisture crossed the divide and when the condensate did not sublimate or evaporate 
while falling into relatively dry conditions on the other side. In contrast, precipitation never 
occurred simultaneously on both sides when the moisture flux was nearly parallel to the 
continental divide and originated from the northwest. When the moisture flux originated 
from the southeast, it produced precipitation on both sides of the divide without crossing it; 
the moisture producing precipitation was available on each side of the divide simultaneously.

Whether precipitation did or did not cross the divide also depended on finer-scale processes 
including condensate features (Fig. 11). For example, during westward flow fields, particles 
were slightly larger at Fortress Powerline when precipitation crossed the divide. This is  
consistent with deeper precipitation layers over Fortress, favoring hydrometeor drift and spill-
over across the divide (Mo et al. 2019), as well as particle growth by deposition, aggregation,  
and riming (Kim et al. 2021). Deep precipitation layers also occurred during events with higher 
available moisture for diffusional growth and when slow-falling particles aloft melted into 
mixed precipitation and rain.

The deeper precipitation layer produced ice crystals aloft (>5 km MSL), which were advected 
to the other side of the mountain range. The side onto which precipitation particles fall also 
depends on the growth time (Houze 2012). If particles are denser upstream of the divide, 
they will likely fall on the same side. In contrast, pristine ice crystals aloft are advected to 
the other side as they continue to grow by deposition, riming, and aggregation. Additionally, 
the drier conditions on the western side slows down the melting process but not enough to 
produce solid precipitation at the surface. Findings are consistent with Zagrodnik et al. (2021) 
over the Olympic Mountains with the moisture and flow field coming from the east and the 
continental interior instead of from the west and the Pacific Ocean.

Concluding remarks
SPADE addressed key questions related to water availability and processes associated with 
water partitioning at a major continental divide. Thirteen precipitation events occurred over a 
2-month period from 24 April to 26 June 2019. The ensuing analyses have led to the develop-
ment of a conceptual model for the occurrence of precipitation across the continental divide. 
This conceptual model incorporates numerous driving factors including weather patterns, 
vertical air motions as well as particle size, phase, and density.

It is recognized that these conditions are based on observations over a relatively short  
period in which in situ sampling was constrained to only three remote sites. Further research, 
including high-resolution modeling, is needed to precisely assess atmospheric conditions 
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leading to precipitation crossing the divide. Future efforts should also explore the degree to 
which our findings are applicable to other snowmelt seasons and to other periods of the year. 
Overall, SPADE provides a rich database for improved understanding and model representa-
tion of precipitation processes in complex terrain during the snowmelt season and it lays a 
solid foundation for future field campaigns in the region.

Implications
Several mechanisms, including orographic lifting, the seeder-feeder mechanism and  
atmospheric stability impact the precipitation gradients along the mountain slopes. A linear 
regression analysis using nine years and 60 stations located at a variety of sites suggested 
that elevation explains only half (R2 = 0.51) of the total annual precipitation accumulation, 
which increases at a rate of 0.39 mm m−1 of elevation (Mitchell 2022). This precipitation– 
elevation relationship vanishes when only the continental divide’s western side is consid-
ered. This could be explained by the atmospheric patterns leading to variable precipitation in 
the Canadian Rockies as found in SPADE. Nevertheless, results remain generally consistent 
with prior efforts showing the importance of elevation on precipitation accumulation in the 
Canadian Rockies (e.g., Smith 2008).

The process and rate of moisture conversion into condensate is particularly important 
in mountain areas. Growth processes into various ice crystal habits, which often occurred 
simultaneously during SPADE and as found previously (Thériault et al. 2018; Poirier et al. 
2019), are not yet considered in most atmospheric models. This would affect the particle 
drift aloft, growth/decay processes along their trajectories, and in turn, the distribution of 
precipitation at the surface. This could in part explain, for instance, substantial biases in 
simulated precipitation using 4-km grid spacing, with major implications for hydrological 
modeling (Fang and Pomeroy 2019).

Local water cycling is impacted by these precipitation-related mechanisms because 
surface water is being redistributed among major drainage basins. For example, moisture 
from the Canadian Prairies would lead to precipitation that can cross the continental 
divide and flow into the Pacific Ocean instead of remaining within the same drainage 
basin. This would have significant implications on water availability across the often dry 
Canadian Prairies.

Finally, water distribution across the continental divide may be substantially impacted by 
climate change. Assuming no difference in wind speed, warmer and more moist conditions 
may lead to deeper precipitation layers and consequently enhancing precipitation crossing the 
divide. In contrast, these warmer conditions would also produce more fast-falling rain lead-
ing to reduced horizontal transport, and in turn, to reduced precipitation crossing the divide.
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Appendix A: Micro Rain Radar and the optical-laser disdrometer data analysis
The Micro Rain Radar data are postprocessed following Maahn and Kollias (2012) to improve 
data quality for solid precipitation. The spectra and particle Doppler velocity data were  
recorded every 10 s, and within 31 range gates, ranging from 200 to 6,200 m above ground 
level with a vertical resolution of 200 m for Fortress Powerline and Nipika, and from 35 to 
1,085 m MSL with a vertical resolution of 35 m for Fortress Junction.

The optical-laser disdrometer recorded at 1-min interval the number of hydrometeors 
within 32 diameter bins and 32 fall speed bins, ranging from 0.062 to 24.5 mm (midclass 
values) and from 0.05 to 20.8 m s−1 (midclass values), respectively. The weighted average 
fall speed in each diameter bin was estimated based on measured particle count. The 1-min 
samples of weighted average fall speed were then classified as dry snow, wet/rimed snow, 
and rain by finding the closest empirical fall speed–diameter relationship (Rasmussen et al. 
1999; Ishizaka et al. 2013). Only hydrometeors with diameters > 1 mm and fall speeds < 40% 
above which raindrop falls were considered (Yuter et al. 2006).

Appendix B: Moisture and condensate flux calculation
The moisture flux at each pressure level (qadv in g kg−1 m s−1) and condensate flux at each 
pressure level (qcadv in g kg−1 m s−1) were calculated as follows:

 q q V V= ( , ) , ,adv adv q qc c  (B1)

where q and qc are the water vapor and condensed water mass mixing ratios (g kg−1), respec-
tively, and V is the horizontal wind vector at each pressure level (m s−1). From these fluxes, the 
vertically integrated moisture flux (Q in kg m−1 s−1), and the vertically integrated condensate 
flux (Qc in kg m−1 s−1) were determined (e.g., Mo et al. 2019):

 Q Q q q∫=10− −( , ) ( , ) ,3 1
adv advg dpc cp

p

o

t

 (B2)

where g is gravitational acceleration (m s−2), p is the pressure (Pa), and p0 and pt are the pres-
sures at the surface and at the top of the air column (Pa), respectively. The magnitude of Q is 
referred to as the integrated water vapor transport (IVT; in kg m−1 s−1) and the magnitude of 
Qc is referred to as the integrated condensate transport (ICT; in kg m−1 s−1).

Appendix C: Summary of documented precipitation events
A summary of the meteorological conditions on both sides of the continental divide during 
the 13 SPADE events is given in Table C1.

The duration of the events was based on the timing of the manual observations and 
whether a period of <6 h occurred between two events. The amounts of precipitation were 
obtained from the weighing precipitation gauges at each site. The type of precipitation 
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Table C1. Summary of the 13 precipitation events recorded between 24 Apr and 26 Jun 2019. No. is the number of the event, 
start time is the time and day in 2019 at which the event started, Pcpn is precipitation, Tm is the mean air temperature, RHm is 
the mean relative humidity, and the eighth column is a general description of the synoptic-scale conditions. The three rows 
in the Pcpn amount, Pcpn phase (where R = rain, S = snow, M = mixed), Tm, and RHm correspond to each of the three SPADE 
sites. From west to east, the first row is Nipika, the second is Fortress Powerline, and the third is Fortress Junction. AR means 
atmospheric river.

No. Start time Duration (h)
Pcpn  

amount (mm) Pcpn phase Tm (°C) RHm (%)
Moisture flux direction/associated 

with AR

1 2250 UTC 26 Apr 2019 36.17 3.2 R 2.7 76.2 Westward/no

32.5 S −5.4 86.5

10.7 M −1.4 81.2

2 1900 UTC 30 Apr 2019 6.5 0.1 — 6.6 31.5 Southeastward/no

4.2 S −5.8 79.5

0.6 S −1.6 68.2

3 1700 UTC 4 May 2019 18.33 2.3 R 9.4 58.7 Eastward/prior to AR

15.3 S −4.7 91.2

7.6 S −1.2 87.2

4 1800 UTC 8 May 2019 6 0.6 — 16.3 25.2 Southeastward/after AR

1.2 S 2.6 66.5

0.0 — 7.4 53.7

5 0500 UTC 16 May 2019 65.5 14.9 R 8.4 83.1 Northwestward/after AR

20.2 M −0.5 95.7

9.5 M 3.0 89.4

6 0445 UTC 24 May 2019 18.5 3.5 R 9.7 75.0 Westward/no

8.5 M 3.2 89.9

5.3 R 6.3 87.9

7 1220 UTC 25 May 2019 11.33 2.3 R 10.4 81.3 Westward/no

14.5 M 0.4 95.1

10.3 R 4.3 90.7

8 1600 UTC 30 May 2019 6.17 1.0 R 11.8 90.1 Southeastward/no

6.5 R 7.8 77.2

1.6 R 10.6 89.6

9 0100 UTC 7 Jun 2019 25 15.8 R 6.5 92.3 Westward/prior to AR

21.4 M 0.1 93.1

12.1 M 3.2 87.9

10 1010 UTC 14 Jun 2019 0.5 0.0 — 10.6 98.2 Southeastward/prior to AR

1.3 R 5.9 88.2

1.0 R 9.7 82.6

11 2000 UTC 17 Jun 2019 3.83 0.6 R 25.2 30.2 Eastward/after AR

1.1 R 12.1 61.5

0.8 R 15.9 56.7

12 0830 UTC 19 Jun 2019 35.17 6.2 R 8.5 78.0 Westward/no

12.6 M 2.3 79.8

3.4 R 5.7 76.6

13 0330 UTC 21 Jun 2019 20.17 20.5 R 6.7 88.0 Westward/no

56.0 M 1.6 96.6

70.2 M 1.6 96.3
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was obtained from the manual observations, which compared well with the optical-laser  
disdrometer precipitation type diagnostic explained in appendix B.

SPADE documented four events that produced more than 20 mm at Fortress Powerline. 
These are events 1, 5, 9, and 13. Events 1, 9, and 13 were associated with a low pressure 
system located over the Canadian Prairies. In contrast, the precipitation during event 5 was 
associated with moisture fluxes traveling northward along the Rockies to the SPADE sites. 
The moisture originally came from an atmospheric river landfall on the coast of California. 
During this event, the flow of moisture and condensate was mainly parallel to, and covered 
both sides of the divide.

The average measured air temperature during May and June at Nipika was 10.9°C, whereas 
it was 5.1° and 7.4°C at Fortress Junction and Fortress Powerline, respectively. However, given 
the elevation difference, the air temperatures at Fortress Junction and Fortress Powerline 
were estimated at the Nipika elevation, which was used as a reference (1,087 m MSL). The 
average air temperature was similar at all three sites using a 6°C km−1 moist adiabatic lapse 
rate and warmer conditions on the eastern side using the 10°C km−1 dry adiabatic lapse rate. 
These values, however, vary from storm to storm. Up to seven storms were associated with 
colder conditions on the eastern side using the 6°C km−1 lapse rate.
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