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ABSTRACT 

Mountain snowmelt contributes the majority of runoff in Western Canada. An enriched 

understanding of snowpack dynamics in headwater regions is essential to water resource 

management in the face of unpredictable climatic patterns associated with climate change. Current 

snowpack monitoring in southern Alberta does not provide an accurate representation of the 

seasonal snowpack due to the large spatial variation in mountainous terrain attributes, for example 

slope, aspect and elevation. Research was carried out in the West Castle watershed as part of a 

Government of Alberta funded water resource monitoring research project. Depth measurements 

were collected using airborne LiDAR data (September, February 2014; April 2016) with snow-on 

surveys occurring in mid-winter and at the onset of spring melt. using in-situ meteorological station 

data and lidar snow depth models, relationships between the various micro and macro scale 

catchment processes provide an improved understanding of the terain chaRacteristic influence on 

snow accumulation and persistence. Preliminary results show that elevation and aspect are key 

influences on snow depth distribution in the West Castle Watershed. Both the identification and 

quantification of the terrain characteristic influence on snow accumulation and persistence enable 

the modelling of depth across larger areas thus providing the precise data required to make informed 

water resource management decisions.  
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INTRODUCTION 

Seasonal snow is often the largest contributor to runoff and streamflow in mountainous headwater 

watersheds. Runoff in many major rivers in Western Canada (e.g. the Bow and Oldman Rivers 

which join to form the South Saskatchewan, Figure 1) has been declining since the early 1900s 

(Schindler & Donahue, 2006). At least 70% of runoff in the Oldman watershed is derived from 

snowmelt (Byrne et al., 2006), most of which (>90%) is used for irrigation (OWC, 2010). The heavy 

reliance on dams for water storage and irrigation makes water supply forecasting critical for 

economic prosperity of local farmers, food security, and to mitigate against flooding.  Currently a 

network of four snow pillows and four snow courses provide measures of snow water equivalent 

(SWE) for the Oldman Watershed, which is ~26,000 km2 in size (Figure 1). At the watershed scale, 

snow depth is heterogeneous due to highly variable mountainous terrain (Pomeroy et al., 2002). The 

natural range in depth can be up to four times that of density (Steppuhn, 1976), making a more 

spatially complete record of depth that reflects variation in mountainous terrain essential to 

improved SWE forecasts.  
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The object of this study is to develop an optimal sampling routine for airborne LiDAR snow 

surveys using a snow accumulation unit (SAU) approach. Snow accumulation units are defined as 

the various independent variables that influence snow accumulation such as elevation, slope and 

aspect (Elder et al., 1991). Airborne LiDAR is advantageous for measuring snow depth compared 

to manually acquiring depth measurements as it can provide millions of depth values over large 

spatial scales in a matter of hours. A disadvantage of LiDAR is its high cost and we are seeking to 

make airborne LiDAR more economically viable for snowpack monitoring with an optimized 

sampling routine. There are several stages to this project and the preliminary results of the initial 

stage, examining SAU trends at two different points in winter (mid-winter accumulation and melt 

onset), are presented here.  

 
Figure 1. The South Saskatchewan watershed is comprised of the Oldman, Bow and Red Deer River basins 

(Government of Alberta, 2016). 

 

 

Study Area 

 

    Research for this project is carried out in the headwaters of the Oldman Watershed in 

partnership with the Government of Alberta and Castle Mountain Resort. The West Castle 

watershed (Figure 2) is located immediately west of the Continental Divide. The study watershed 

is approximately 103 km2 in area. Runoff from the West and South Castle watersheds flows into 

the Castle River, one of five major tributaries of the Oldman River (OWC, 2010). As part of the 

greater South Saskatchewan watershed (Figure 1), snowpack monitoring research conducted in the 

Oldman Watershed is vital to ensuring that sufficient natural flows remain in stream to meet 

interprovincial and international trans boundary water sharing agreements (Figliuzzi, 2002) while 

also meeting domestic, municipal and ecological demands in Alberta.       
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Figure 2. The West Castle watershed is located in southwestern Alberta, near Canada-United States border 

(white line). Satellite imagery was acquired from the ArcGIS World Imagery Library. 

DATA & METHODS 

Three LiDAR surveys were required to provide the data for this preliminary study. To produce 

snow-on rasters, the mid-winter and melt onset airborne LiDAR surveys were conducted in February 

2014 and April 2016, respectively. The snow-off DEM was generated from a September 2014 

survey of the same area. All digital surface models (DSMs) were gridded at a 1m resolution. Snow 

depth models were then produced by subtracting the snow-off DEM from both of the snow-on DSMs 

in ArcGIS.  Field validation was carried out along an elevational gradient at Castle Mountain Resort 

(Figure 2, outlined in blue), which confirmed the sub-decimeter accuracy of LiDAR (Hopkinson et 

al., 2012). 

 

Elevation, aspect and slope are established determinants of snow depth distribution (Elder et al., 

1998) thus they were chosen as SAUs for this preliminary analysis, with the intention to include 

other independent variables in future analyses. ArcGIS was used to produce elevation (100m bins), 

aspect (45° classes except for flat, which is from -1 – 0°) and slope (30° bins) polygons from the 

September 2014 DEM. The terrain-based polygons were used as inputs for the Extract by Mask tool 

to acquire snow depth statistics from the 2014 and 2016 LiDAR snow depth models (LSDMs). 

 

LSDMs often have minimum and maximum depth values that are beyond the feasible range for 

snow accumulation. Negative values arising from multipath in the canopy were eliminated in pre-

processing. High positive values can arise on steep slopes >55° when generating an LSDM due to 

horizontal registration errors (Deems & Painter, 2006). LSDM quality control measures include 

eliminating slopes >55°  (Kirchner et al., 2014), introducing a canopy height model-based threshold 

(Zheng et al., 2016) to reduce the study site to only open areas where LiDAR error is the least 

(Hopkinson et al., 2004) or identifying an outlier threshold based on topographic depressions and 

field measurements (Banos et al., 2011). We examined the histograms of snow depth in the 60-90° 

slope bins where we observed that small number of erroneous values were present in both 2014 and 

2016. 
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RESULTS & DISCUSSION 

For both 2014 and 2016, a linear relationship between snow depth and elevation was observed to 

the approximate elevation at tree line (2100 masl, Figure 3). The minimum mean depth occurred at 

<1400 m elevation for both years, indicating that the valley was snow covered during both surveys, 

on average.  These results are consistent with the findings of other snow accumulation studies using 

airborne LiDAR (Hopkinson et al., 2012; Kirchner et al., 2014; Moeser et al., 2015; Zheng et al., 

2016;) where maximum depth corresponded with tree line and minimum depth was in the first 

elevation bin. The Pearson Correlation coefficient for the 2014 and 2016 elevation-delineated depth 

data sets was 0.707, p < 0.01. A linear increase in snow depth with elevation that peaks at treeline 

is typically due to canopy interception (Hopkinson et al., 2012), with the interface between open 

and forested areas exhibiting the most heterogeneity in snow accumulation and ablation processes 

(Moeser et al., 2015). We observed peak depth of ~2m at tree line (2100-2200 masl), above which 

canopy cover sharply declines. Canopy cover is often minimal in high alpine areas thus the increased 

potential for wind erosion and reduced shading by vegetation promotes lower and/or non-linear 

snow accumulation with elevational gains above treeline (Grunewald et al., 2014; Zheng et al., 

2016).  

 

 

Figure 3. Mean depth of 100m elevation bins for 2014 and 2016. 

Orographic precipitation and environmental lapse rates can also contribute to the elevation-

delineated LSDMs as displayed in Figure 3 due to differential precipitation inputs along an 

elevational gradient (Kirchner et al., 2014). While upper elevations receive heavy snowfall, the 

magnitude of precipitation can decrease, become completely absent or change phase downslope. 

Rain on snow events add thermal energy to the snowpack (Garvelmann et al., 2015), enhancing melt 

in areas that may already be prone to reduced snow inputs relative to upper elevations. 

Environmental lapse rates can also promote melt at low elevations while air temperature is 

simultaneously below freezing at higher elevations (Pigeon & Jiskoot, 2008). The secondary peaks 

in depth occurred at 2600 and 2700 masl for 2014 and 2016 respectively, which may be due to the 

interaction between differential precipitation inputs, wind redistribution and environmental lapse 

rates that promote more persistent snow at higher elevations after the onset of melt.  

 

Delineating the 2014 and 2016 LSDMs by aspect classes resulted in the strongest Pearson 

Correlation coefficient of 0.968 (p < 0.01). In both data sets, minimum depth occurs in the flat class 

(Figure 4). Further inspection of the flat class shows that the majority of these areas occur in the 

valley bottom, or at extreme upper elevations, thus predisposing them to reduced accumulation from 

elevation dependent effects of orographic precipitation and environmental lapse rates as well as 

wind erosion from open areas as previously discussed. If the flat class is ignored for its extremely 
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small size (0.01% of total area), south and southwest aspects consistently have the lowest snow 

depths in both years.  

 

 

Figure 4. Mean depth of aspect classes for 2014 and 2016.  

South facing terrain often accumulates the least amount of snow (Hopkinson et al., 2012; Kirchner 

et al., 2014; Zheng et al., 2016) primarily due to high solar radiation inputs relative to north-facing 

slopes (Anderson & West, 1965; Haupt, 1951). Maximum accumulation on north and northeast 

facing slopes is partly the result of reduced radiative inputs due to daytime shadowing and solar 

azimuth (Anderson & West, 1965; Haupt, 1951). High winds are common in the West Castle 

watershed (>60 km/hr), with most winds originating from south and south-westerly directions, as 

indicated by ARTeMiS Lab North Ridge Station hydrometeorological data (not shown). A 

combination of varying radiation budgets as well as wind transport (Hiemstra et al., 2002) may be 

significant drivers of differential snow accumulation when comparing south-north and southwest-

northeast facing slopes.  

 

Slope was the only independent variable that did not produce a significant relationship between 

the 2014 and 2016 datasets. After careful assessment of the slope raster and DEM, it is clear that in 

the West Castle watershed, gentle slopes (0-30°) occur at lower elevations whereas steep slopes (60-

90°) are abundant at uppermost elevations (data not shown). For this reason, a linear relationship 

between snow depth and slope is not surprising in 2016 (Figure 5) considering the established 

influences of orographic precipitation and environmental lapse rates on snow depth trends (Kirchner 

et al., 2014; Zheng et al., 2016). In mid-winter, steep slopes displayed the lowest depth value with 

peak depth occurring on moderately sloped terrain (Figure 5). Zheng, Kirchner & Bales did not 

eliminate steep slopes from their analyses and also found in their 2016 study that steep slopes had 

the lowest depth value.  

 

Figure 5. Mean snow depth of 30° slope bins for 2014 and 2016. 
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Conversations with Ski Patrol staff revealed that there are ~135 active avalanche start zones in 

the West Castle watershed. Bombing of these critical areas occurs regularly throughout the winter 

to ensure safety of resort and backcountry winter sport enthusiasts. The combination of increased 

solar radiation on steep slopes (Varhola et al., 2010) and redistribution of snow by avalanches 

(Schweizer et al., 2003) as well as elevational and wind effects are all independent variables that 

could have interacted to produce the 2014 snow depth distribution in Figure 5. If the steep slope 

class is ignored as a quality control precaution, gentle slopes accumulated less snow than moderate 

slopes in both years, which is contrary to what previous studies have concluded about depth 

decreasing with increased slope angle (Varhola et al., 2010; Zheng et al., 2016). These results 

prompt the need for further analysis, and may be explained by the fact that upper elevations appear 

to contain more moderate than gentle slopes, as well as the occurrence of treeline on moderate 

slopes. 

 

CONCLUSION 

The two LiDAR datasets presented in this preliminary analysis illustrate that the influences of 

elevation and aspect on snow depth distribution were similar during the two periods studied. 

Significant relationships between the two datasets indicate that aspect and elevation are important 

drivers of snow distribution within the West Castle watershed. When the LSDMs are examined 

independently, the differences between upper alpine (>2400 masl) as well as neighbouring aspect 

classes (i.e. North and northeast, south and southwest) are relatively subtle for both years. Further 

analyses of slope may involve smaller bins, or combining slope and aspect as other researchers have 

done (Kirchner et al., 2014; Zheng et al., 2016) to produce more definitive results. The inclusion of 

additional independent variables as SAUs will be necessary before conclusions can be made as to 

how much of the snow depth variability can be attributed to each snow accumulation unit.   
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