Avalanche Hazard Mapping
The objective of the avalanche hazard mapping project was to perfect a model for predicting avalanche potential based on digital elevation model (DEM) data.
 A series of macros was written to fully automate the avalanche modeling process. The avalanche model predicted snow avalanche likelihood based on assessment of the terrain and snow accumulation. TRIM was the primary source of raw data. TRIM contains a series of elevation points or spot heights, and breaklines, which are features that break-up the terrain e.g., a ridge. First a triangulated irregular network (TIN) was derived from the raw DEM data from TRIM. Polygon coverages representing slope and curvature were derived from the TIN. Breaklines were buffered to create elevation class polygons. The TIN, slope, curvature, and buffer coverages were then overlaid and the resultant coverage was queried using the avalanche prediction model. The results of this modeling process allowed our client to minimize risk associated with activities in avalanche prone areas. As well, resource potential can be protected through careful planning.
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Abstract
Avalanches kill people and cause damage to roads, railways, and property every year in Canada. Most avalanche incidents are triggered by people during their recreational activities. During the period between 1984-1996, 811 people were involved in 579 separate avalanches. The three North Shore Mountains in the Greater Vancouver area, Cypress, Grouse, and Seymour Mountains, are popular alpine recreational resorts. Recent deaths of out-of-bound snowboarders and a hiker on the popular Grouse Grind Trail indicate that people are at risk from avalanches. Where are the avalanche-prone areas and can these areas be defined and mapped? 

Landsat 7 ETM satellite imagery and a digital elevation model (DEM) are used in a GIS to map climate (aspect) and terrain factors that influence the location of avalanche start zones. Four factors are important for the initiation of avalanches - slope, aspect, terrain shape, and groundcover. Each factor is mapped and input into a multi-criteria evaluation (MCE) analysis, a decision support system that assigns the suitability of each pixel in an image to meet a particular condition. The result is a suitability index map showing the degree of suitability for avalanche trigger sites across the North Shore Mountains. 

The areas not suitable for avalanche trigger sites occur at the flattest areas of the Capilano and Seymour River valleys, near Rice Lake and along the beaches of Indian Arm. The "least suitable" areas for avalanche initiation are restricted to the valleys between the mountains and on densely forested slopes at lower elevations. "Moderately suitable" areas tend to occur on slopes of all aspects and on forested slopes between the critical angles of 25-40 degrees. The moderately suitable areas cover the most acreage at approximately 190 km2 .The "most suitable" areas occur at mountain peaks, along ridges and on less densely forested slopes and bare slopes, at all aspects. The most suitable class covers 56 km2 .

By mapping the suitability of a location for avalanche initiation, based on climate and terrain factors, the suitability index of a mountainous area yields important data to the avalanche forecaster. It has direct relevance to the prevention of avalanche incidents through the identification and avoidance of avalanche terrain. A suitability index also has direct application to the forestry industry, local municipalities, park management, ski hill operators, and search and rescue operations. Above all, suitability mapping of avalanche trigger sites offers an efficient way to warn people about the location of avalanche terrain. 

1. Introduction
Avalanches kill people and cause damage to roads, railways, and property every year in Canada. The Canadian Avalanche Association (CAA) reports that 20 years ago, most avalanche incidents were industrial accidents, occurring when laying railroad and building roads (www.avalanche.ca). Today most avalanche accidents are recreational. Field observations show that people trigger avalanches during their recreational activities (McClung and Schweizer, 1999). Jamieson and Geldsetzer (1996) collected 12 years of data on the type and number of recreational avalanche accidents in Canada. During this period, 811 people were involved in 579 separate avalanches. Of the 58 fatal avalanche incidents that reported the trigger type between 1984 and 1996, 83% was initiated by a member of a skiing or snowmobiling party. The authors believe that some of the "naturally" triggered avalanches during this period may have also been initiated by people well below the snow fracture line. 

The three North Shore Mountains in the Greater Vancouver area, Cypress, Grouse, and Seymour Mountains, are popular alpine recreational resorts. Recent deaths of out-of-bound snowboarders and a hiker on the popular Grouse Grind Trail indicate that people are at risk from avalanches. Where are the avalanche-prone areas and can these areas be defined and mapped? 

The avalanche incident database (Jamieson and Geldsetzer, 1996) contains information on reported avalanches between 1984-1996. Almost all of these events (96%) occurred in the Rockies, Coastal Mountains, or Interior Ranges of B.C. These data reveal that many physical (terrain) factors cause avalanches to occur in specific areas. For example, most avalanches initiate: 

1. At or above the treeline, particularly on rocky exposed surfaces (alpine areas); 

2. On slopes downwind or parallel to the prevailing wind direction; 

3. On slopes between 25-40 degrees; and 

4. On convex slopes, steep planar slopes and along ridges 

A geographic information system (GIS) is a tool for mapping these four characteristics or factors over large geographic areas. Each factor is mapped and a suitability analysis performed to create an index of suitability for avalanche trigger sites over the North Shore Mountains. 

1.1 Avalanches in Canada

Avalanches occur when the weight of snow on a slope exceeds the forces holding the snow in place. The balance between these forces can be changed by fresh snowfall, by internal weaknesses in the snow pack or by the added weight of a person or vehicle. Avalanches trigger in a 'start zone' and follow an avalanche track to eventually deposit snow in a 'run-out' zone. Avalanches can start as a slab of cohesive snow - a slab avalanche, or as a loose mass of snow - a point release avalanche. Both types are classified as dry, moist, or wet. 

In Canada, slab avalanches account for 95% of the recreational accidents occurring between 1984-1996. Jamieson and Geldsetzer (1996) suggest that this is likely because people seek out dry snow conditions to pursue their activities. A slab avalanche occurs by the failure of a weak internal layer of the snow pack, which when sheared (e.g. weight is applied by a skier) produces a crack around the perimeter of the slab. The cracking and failure of the slab is often very rapid. In the Coastal Mountains of B.C. where temperatures fluctuate and rain and snow fall intermittently, the snow pack is often unstable, particularly at lower elevations. Wet, seasonal snow packs are often associated with full-depth avalanches, where the entire snow pack to the ground is released (Clarke and McClung, 1999). Full-depth avalanches are unpredictable and dangerous because of the massive amounts of snow involved. Clarke and McClung (1999) conclude that 50 to 75% of all avalanche occurrences in the Coquihalla area of B.C. can be attributed to rain-on-snow events 12-24 hours before the avalanche incident.

1.2 Avalanche Forecasting

"The fundamental problem with backcountry avalanche forecasting is a knowledge of the temporal and spatial distribution of snow instability which cannot be known exactly."
McClung and Schweizer (1999) 
The measurement and simulation of snow pack stability and the observation and prediction of meteorological conditions are the primary methods used for avalanche forecasting (e.g. Brun et al. 1992; McClung and Tweedy, 1994 and Durand et al. 1999). Sophisticated computer technology and expert systems simulate meteorological conditions and model the mechanical properties and stratigraphy of the snow pack over small geographic areas. In the French Alps, for example, avalanche forecasters predict snow pack stability for the subsequent 48 hours, based on the present state of the snow cover (Durand et al. 1999). In this expert system, the meteorological model is the weak component because it cannot model wind fields with a spatial resolution less than 100 m and it cannot estimate precipitation by the hour. Researchers find that extending their predictive models over longer periods and over whole mountain ranges is a problem. 

Snow pack stability is dependant on many factors including slope angle, snow thickness, snow cover stratigraphy (accumulation history), micro-terrain features (friction/roughness of the ground-snow interface), and micro-climatic conditions such as rain, wind loading, temperature and loading (skier). The knowledge of the temporal and spatial distribution of snow instability cannot be known exactly (McClung and Schweizer, 1999). In this study therefore, the stability of the snow pack is assumed highly variable and difficult to predict. In an ungroomed backcountry area, it is assumed that the risk of an avalanche is never zero. Further, in areas where human triggering is a factor, avalanche forecasting based on snow pack stability alone is maybe not appropriate (McClung and Schweizer, 1999). McClung and Schweizer (1999) contend that avalanche forecasting should be conducted through risk analyses. A risk analysis incorporates the consequences of an avalanche i.e. the potential damage to people and property, into an assessment of the avalanche hazard of a region.

While snow pack and meteorological models for avalanche forecasting continue to be an important facet of avalanche prediction and explosive control management, new research is focusing on assessing avalanche risk as a function of location (Keylock et al. 1999; Smith and McClung, 1997). The frequency of avalanches at a given location is the primary consideration in an avalanche risk analysis. Smith and McClung (1997) studied the relationship between avalanche frequency, terrain and climate at Roger's Pass, in the B.C. Interior. They suggest that the frequency of naturally occurring avalanches (ones not triggered by explosives) is more strongly correlated to terrain than climate (snow supply). They conclude that climate variables (wind exposure or aspect) and terrain parameters (trigger site and avalanche track incline) are the most important variables affecting avalanche frequency at a particular location. 

1.3 Avalanche Hazard Maps 

A product of avalanche expert systems is an avalanche hazard map, which details the size, frequency, and areal extent of potential avalanches. Manually produced hazard maps have been created from field observations over small areas in the Alps since 1878 (Frutiger, 1980). These avalanche-cadastre maps show where avalanches have occurred; they have no predictive components and only consider extreme avalanche events with maximum run-out zones and pressure forces. Over the past three decades, digital topographic maps combined with climatic records, field observations of the snow pack and avalanche occurrence data are used to create hazard maps. Most avalanche hazard maps cover relatively small areas. More recently, Gruber and Haefner (1995) evaluated the use of satellite imagery for assessing the avalanche hazard in large remote areas of the Swiss Alps. Their hazard maps show three degrees of hazard, which correlates 85% with manually produced avalanche-cadastre maps.

1.4 Suitability Mapping of Avalanche Trigger Sites 

Terrain and climate (wind exposure) factors influence where avalanches are triggered and where they run-out (Smith and McClung, 1999; Jamieson and Geldsetzer, 1996). While some studies have successfully mapped avalanche paths from satellite data (Forsythe et al. 1995), there seems to be little, if any, research on mapping potential avalanche initiation sites. A map showing degrees of suitability for avalanche initiation may serve as a base map for avalanche occurrence data; especially in alpine areas experiencing increased recreational use. A suitability map may also be a component of a risk analysis in an area where avalanche paths are known and avalanche frequency data exists. 

The most conservative estimate of avalanche risk is that which assumes a snow pack will be periodically unstable and periodically prone to avalanche. Mapping the most suitable locations for triggering an avalanche therefore, based on climate and terrain parameters, can be an important part of avalanche safety and avalanche mitigation techniques. If avalanche forecasters and the public know where the most suitable trigger sites are - the avalanche terrain can either be avoided when snow conditions are optimal or explosive controls implemented. Avalanche incident statistics show (Jamieson and Geldsetzer, 1996), that many skiers and climbers fail to recognize avalanche terrain. This study maps where the most suitable avalanche trigger sites are in the Cypress, Grouse, and Seymour Mountains of the North Shore, based on 12 years of avalanche incident data in Canada. 

2. Method
Suitability mapping, using a GIS, is a powerful method for assessing and aggregating various factors that control the degree of suitability a specific location has for fitting a particular condition. Multi-criteria evaluation (MCE) is a common method of suitability mapping. It is often used for natural resource allocation and in other decision support systems. In MCE, each factor is a layer of geographic information, normally in raster format, that is weighted and mapped, to produce a single map showing the suitability of each pixel or cell to meet a predefined condition.

Based on the avalanche incidents described by Jamieson and Geldsetzer (1996), the terrain and climate factors important for the initiation of avalanches are:

· Slope 

· Aspect (wind exposure) 

· Terrain shape (i.e. convex or concave slopes) 

· Groundcover (the distinction between alpine and forested areas - which is related to elevation) 

2.1 Data Types and Sources 

The data types and sources for each factor are described in Table 1.

Table 1: Data Sources
	Factor
	Data Type
	Accuracy
	Data Format
	Data Collector
	Provider

	Slope
	Digital topographic contours
	10 m interval; +/- 10 m 
	Shapefile (Vector) 
	TRIM II -
B.C. Gvt.
	DNV

	Aspect
	Digital topographic contours
	10 m interval; +/- 10 m 
	Shapefile (Vector) 
	TRIM II - 
B.C. Gvt.
	DNV

	Terrain Shape
	Digital topographic contours
	10 m interval; +/- 10 m 
	Shapefile (Vector) 
	TRIM II - 
B.C. Gvt.
	DNV

	Groundcover
	Landsat 7 Thematic Mapper 
	Unknown
	HDF (8 bands)
	Landsat ETM+ Sensor
	RADARSAT


DNV = District of North Vancouver
The slope, aspect, and terrain shape factors are derived from a digital elevation model (DEM) using precise topographic data. The groundcover factor is derived from Landsat 7 Enhanced Thematic Mapper (ETM) imagery. The spatial resolution of the Landsat data is 30 m, and so, the resolution of the DEM must be the same. The DEM is used to georeference the satellite image.

The Landsat 7 ETM data, collected on July 12, 1999 is an up to-date information source for classifying the forest and alpine areas of the North Shore Mountains. Existing orthophoto mosaics and topographic maps are out of date; and the manual classification of groundcover types is much more time consuming than the semi-automated classification of satellite images. Figure 1 shows the Landsat 7 false colour composite image of the project area. 
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Figure 1. False Colour Composite Satellite Image of the Project Area
2.2 Cartographic Model 

A cartographic model of the data and analytical techniques is illustrated in Figure 2. Idrisi32 GIS software was used because it has sophisticated procedures for satellite data classification and excellent raster data processing capabilities with advanced MCE functions. Details of the procedures used are described in Appendix A. 

In summary, the DEM was created from topographic data imported into Idrisi32 software. The DEM was used to create the slope, aspect, and terrain shape factor maps. The Landsat 7 ETM was imported into Idrisi32 and georeferenced to the DEM using 19 control points. The satellite data was used to classify forested and non-forested areas of the North Shore Mountains to create the groundcover factor map. The constraint map (urban and water areas not considered by the MCE analysis; in Appendix A) was digitized from a false colour composite image of the project area (Figure 1).

The factor maps were standardized to the same scale of suitability and weighted equally for input into the MCE module in Idrisi32. The MCE analysis determines the degree of suitability on a scale of 0-100 for avalanche initiation sites. The result is a suitability index map - a weighted and summed index of the influence of these factors. The final map was filtered (generalized) to remove isolated pixels by a 5x5 pixel size mode filter.
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Figure 2: Cartographic Model of Avalanche Trigger Site Suitability Mapping
2.3 Avalanche Trigger Site Factors

Figure 3 lists the category weighting of each factor based on reported avalanche incidents between 1984 -1996 in Canada. For example, with respect to the slope factor - of the 184 recreational accidents that reported slope angle, 8% occurred on slopes below 25°, 83% occurred between slopes of 25° and 40° and 9% occurred on slopes greater than 40°. Each category is therefore weighted according to the percentage incidence. The sum of the weights equals one. Not all factors are weighted by the same number of avalanche incidents but by the amount of incidents where the factor is reported. 
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Figure 3: Avalanche Trigger Site Factors with Category Weightings
2.3.1 Slope Factor
The primary terrain feature for inducing an avalanche is a steep slope. Jamieson and Geldsetzer (1996) find that the majority of recreational accidents involve dry slab avalanches, which rarely start on slopes less than 25°. The slope angle of the start zone was between 25° and 40° for 83% of the 184 recreational accidents that reported the slope angle. One of the reasons many incidents occur between 25° and 40° is because people prefer to ski or ride slopes in this range.
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Figure 4    Slope Factor Map 
2.3.2 Aspect Factor
The orientation of a slope to the prevailing wind is an important factor in the triggering of avalanches. Lee slopes tend to experience rapid accumulations of snow and can develop dangerous cornices. Windward slopes experience a shallower and compacted snow cover. It is not always that simple though, as local variations in terrain, wind direction, and vegetation affect where local wind deposits occur. In reality, they can be found on any aspect.

The avalanche incident data on aspect and avalanche incidents show a distinct distribution pattern across all slope orientations. Most of the avalanche incidents occur on northeastern, eastern, or southeastern facing slopes because of the southwesterly, westerly and southerly prevailing winds in Western Canada. The resulting snow slabs on these lee slopes tend to be unstable. People also tend to seek out deeper snow for their activities, bringing them close to unstable snow packs. Figure 3 lists the percentage incidence of avalanches, according to the aspect quadrants, as a series of weights that add to one.
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Figure 5    Aspect Factor Map
2.3.3 Terrain Shape Factor
Avalanches tend to start on recognizable geomorphological features, such as convex slopes, planar slopes or along ridges with cornices. They also initiate at changes in slope profile or at changes in groundcover - treeline (Section 2.3.4). Terrain shape influences the shape of accumulated snow and where snow pack weaknesses will occur. For example, on a convex slope, the weight of snow on the steeper part of the curve sets up stresses in the snow pack in the rounded upslope part of the curve. Gruber and Haefner (1995) found that in the Swiss Alps, areas in serious danger are those with a flatter, trough shaped starting zone above steep slopes, allowing for heavy snow accumulation.

In the avalanche accident report, 86 incidents recorded start zone terrain features. In the event that more than one terrain feature was involved i.e. a small convex slope at the top of a gully, only the predominant feature was noted. Most avalanches (37%) started on convex slopes, 26% started along ridges or peaks, 24% on planar slopes and 13% in gullies. These percentages are reflected as category weights in Figure 3.
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Figure 6    Terrain Shape Factor Map
2.3.4 Groundcover Factor
Avalanches are greatly affected by groundcover type because it affects the stability of the overlying snow pack. The rougher the ground surface, the more snow depth is required before an avalanche will take place. When the snow pack is thick, avalanches are not influenced by surface roughness. Groundcover becomes an important factor when the snow pack is thin, in early winter or late spring (Gruber and Haefner, 1995). 

Dense and healthy coniferous forests within a start zone offer the best protection against avalanche initiation (Gruber and Haefner, 1995). Shrubs and regenerating forest stands tend to create irregular snow packs with destabilizing internal air pockets. Exposed rock surfaces can develop weak overlying snow packs. The most defining element for avalanche initiation is whether a slope is forested or not, because forest cover reduces the effect of wind exposure on snow pack distribution. Areas above the treeline, scree faces, rock outcrops and cut blocks are more exposed to the effect of wind on snow distribution. Forested areas offer considerably more shelter from the wind and therefore do not tend to accumulate dangerous snow packs. In reality, this is not always the case; for example, a forested gully below a ridge or convex slope could pose a serious risk to travelers.

In the avalanche accident report, Jamieson and Geldsetzer (1996) did not strictly identify avalanche incidents in forested and non-forested areas, but did identify the incidents that occurred at, above, or below the treeline. Of the 80 incidents that reported the avalanche start zone with respect to the treeline, 89% occurred at or above the treeline and 11% occurred below the treeline (in dense forest). In this study, the groundcover is divided into two categories. Forested areas (below the treeline) are given a weight of 0.11 (11% of avalanche incidents) and non-forested areas are given a weight of 0.89 (89% of avalanche incidents) (Figure 3). Non-forested areas include those that are snow covered on the satellite image (taken July 12, 1999), exposed rock, clear cuts, scree, forestry roads, and power lines. 
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Figure 7    Groundcover Factor Map
2.4 Multi-Criteria Evaluation (MCE) 

In the MCE analysis, four factors represent the decision variables for suitability for an avalanche start zone: slope, aspect, terrain shape, and groundcover. Each factor may work in isolation or together in defining the degree of suitability, because each may enhance or detract from the suitability for starting an avalanche at a particular location. In this case, the factors are said to fully "trade-off" i.e. a factor with high suitability in a given location can compensate for other factors with low suitability in the same location. The constraint is the urban and water areas of the North Shore and these are removed from consideration in the MCE by a Boolean (logical) map (Appendix A). On the Boolean constraint map, urban and water areas are given a value of zero and areas included in the evaluation are given a value of one. The MCE therefore is a weighted linear combination of factors and the decision rule is a crisp set membership function.

Before the factors can be combined, they need to be standardized so that they represent the same scale of suitability. Each factor is standardized to a continuous scale of suitability from 0 to 100, where the higher the value, the greater the suitability. Each pixel (30x30m) is given a value representing the degree of suitability for an avalanche trigger zone. 

The degree to which one factor compensates for another is determined by its factor weight. The sum of the factor weights must equal one. Each factor is given a weight based on their relative importance to each other. The relative importance of climate and terrain factors - slope, aspect, terrain shape, and groundcover, for triggering an avalanche are not reported in the literature. In this analysis therefore, they are given an equal weighting of 0.25 (Appendix A).

3. Results and Discussion
Figure 8 shows the suitability index for avalanche trigger sites on the North Shore Mountains. The perspective view of this map is illustrated in Figure 9. On these maps, the higher the suitability index, the more suitable a site is for an avalanche trigger zone. The suitability map is grouped into three classes based on the histogram of the image (Appendix A). The area (in km2) of each class is given in Table 2. Figure 10 shows an enlarged view of the Grouse and Seymour Mountains overlain with backcountry trails.

The areas not suitable for avalanche trigger sites (value 0-9) occur at the flattest areas of the Capilano and Seymour River valleys, near Rice Lake and along the beaches of Indian Arm (Figure 8). The "least suitable" areas for avalanche initiation (values 0-28) are restricted to the valleys between the mountains and on densely forested slopes at lower elevations. "Moderately suitable" areas (values 28-48) tend to occur on slopes of all aspects and on forested slopes between the critical angles of 25-40 degrees. The moderately suitable areas cover the most acreage at approximately 190 km2 .The "most suitable" areas occur at mountain peaks, along ridges and on less densely forested slopes and bare slopes, at all aspects. The most suitable class covers 56 km2 .

Table 2: Area of Suitability Indices
	Suitability Index
	Area (sq. km) 

	0 to 9 "not suitable"
	1.27

	9 to 28 "least suitable"
	136.73

	28 to 48 "moderately suitable"
	190.50

	48 to 60 "most suitable"
	55.84

	Total
	384.34


The result of the MCE analysis is a conservative estimate of avalanche trigger zones because the snow-covered area, as seen on the satellite image on July 12, 1999 (Figure 1), is classified as "alpine" or above the tree line. In reality, these snow-covered areas may include snow-covered forest areas, because the North Shore Mountains experienced above average snowfall in the winter of 1998/1999 (Canadian Meteorological Centre: (www.cmc.ec.gc.ca). The alpine area therefore, may be over estimated.
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Figure 8: Suitability Index Map for Avalanche Trigger Sites, North Shore Mountains 
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Figure 9: Suitability Index Map for Avalanche Trigger Sites Perspective View 
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Figure 10: Suitability Index Map for Avalanche Trigger Sites 
with Grouse Mountain and Mount Seymour Trails 
3.1 Avalanche Trigger Zones on the North Shore Mountains 

There is almost 56 km2 of "most suitable" avalanche trigger zones on the Cypress, Grouse, and Seymour Mountains. Some of these areas are near to residential areas and along a power line (Figure 8), and in backcountry recreational areas (Figure 10). The "most suitable" areas where the outcome of an avalanche is potentially dangerous to people and property are discussed below.

3.1.1 Residential Areas 
The upslope areas above Hollyburn Heights in West Vancouver and the Forest Hills residential area in North Vancouver are "moderately" to "most suitable" avalanche trigger zones (Figure 8). Part of the coastal area along Indian Arm is also "most suitable" for avalanche trigger zones. The waterfront here is partially developed up to Vapour Creek, with sporadic summer cabins located further along the coast to the north. The creeks draining into Indian Arm are debris flow and debris flood hazards (Kerr Wood Leidal & Associates Ltd., 1999), and there is growing evidence that a strong link exists between avalanche events and debris flow events (www.geog.ubc.ca/avalanche). 

Figure 8 shows the location of the high and very high debris flow and flood hazards of North Vancouver, after a study conducted by Kerr Wood Leidal & Associates Ltd. for the District of North Vancouver in 1999. Of particular concern is the west shore of Indian Arm, and McKay Creek and Mosquito Creek at the base of Grouse Mountain. Most of these debris flow hazards coincide with "most suitable" avalanche trigger zones, supporting the hypothesis that there is a connection between avalanche and debris flow events in the Coastal Mountains of B.C. 

3.1.2 Ski Hill and Backcountry Areas 
The three ski hills, Cypress, Grouse and Seymour are "moderately" to "most suitable" avalanche start zones (Figures 8, 9 and 10). The "most suitable" areas are at higher elevations and at all aspects. North of the Mount Seymour ski hill, trails in the Mount Seymour Provincial Park travel through "most suitable" avalanche start zones. The Elsay Lake Trail is closed to the public during the winter months because of the risk of avalanches.

The Lynn Peak Trail and trails north of Norvan Falls (Figure 8) also travel through or adjacent to "most suitable" avalanche start zones. Clearly there is a need for education on avalanche safety for people traveling in these areas. 

3.1.3 Harvested Areas 
There are "most suitable" areas for avalanche trigger zones on the south facing slopes above Eastcap Creek (Figure 8). Landsat data reveals that these areas are harvested blocks (Figure 1). Over the project region, many of the harvested areas are a "most suitable" area for avalanche initiation. There is evidence that harvested areas can become avalanche trigger zones, even where there is no history of avalanche activity (www.geog.ubc.ca/ avalanche/ARG_KevinCurrentproj.html). Regenerating cut blocks and the mature tree stands below them are damaged by avalanches starting in harvested terrain. These avalanches may also damage logging roads, power lines, and streams. Part of a power line on the south slope of Mount Seymour is identified as a "most suitable" avalanche trigger site (Figure 8). This is because the power line is treeless and cuts across a slope of between 25-40 degrees. Gruber and Haefner (1995) report that on a slope of 35 degrees, an opening in the forest as small as 10 m in width and 50 m in length can initiate an avalanche. 

3.2 Suitability Analysis and Avalanche Forecasting 

The data available to an avalanche forecaster fall into three categories (McClung and Tweedy, 1994). These data types are defined by their ease of interpretation and direct relevance to avalanche prediction. Type 1 data are taken from snow pack stability tests and avalanche occurrence data. Type 2 data are the result of snow stratigraphy tests and snow pack temperature measurements. Type 3 data are meteorological and snow parameters measured at or above the snow surface. Type 3 data are the most difficult to interpret and have the least relevance to avalanche prediction. By mapping the suitability of a location for avalanche initiation, based on climate and terrain factors, the suitability index of a mountainous area yields important type 1 data to the avalanche forecaster. It has direct relevance to the prevention of avalanche incidents through the identification and avoidance of avalanche terrain. Suitability indices would also have direct application to the forestry industry, local municipalities, park management, ski hill operators, and search and rescue operations.

4. Conclusions
The mapping of avalanche trigger sites as a function of location, using GIS and satellite imagery, is a powerful tool for the initial assessment of avalanche terrain over mountainous areas, at any scale. Suitability mapping of avalanche terrain may be used as:

1. A base map for plotting avalanche incidents. This will test the validity of the suitability analysis. 

2. A reconnaissance mapping tool for defining potentially hazardous areas, in regions with no avalanche frequency data and in alpine areas experiencing increased recreational use. For example, of special interest to the North Shore Search and Rescue is the potential path of avalanches and their coincidence with commonly traveled trails (Frank van Hooft, pers.comm., 2000). 

3. A component of an avalanche risk analysis for assessing avalanche safety over large geographic areas. 

Selective suitability mapping of individual mountains and slopes is possible with high-resolution satellite data and precise topographic data. In a GIS, suitability maps can be updated on a timely basis showing changes to the landscape through forestry practices, erosion, natural deforestation, and urban development. Suitability mapping of avalanche trigger sites offers an efficient way to warn people about the location of avalanche terrain.

4.1 Further Work

Climate and Terrain Factors: More research is required on the relative importance of climate and terrain factors on the location of avalanche trigger sites, paths, and run-out zones. The effect of other important relief parameters such as the horizontal extent of trigger sites should also be considered. Certain terrain features may not trigger an avalanche but may become a deadly terrain trap in an avalanche path or run-out zone. For example, a gully or cliff next to a start zone poses a serious risk to backcountry travelers. The mapping of terrain traps should form part of any risk analysis.

Forest Cover: Current avalanche models do not consider the forest cover and the effect it has on avalanches entering a forested area, the extent of the damage, and how a forest slows it down (Gruber and Haefner, 1995). Here, the delineation of forest density and the distinction between forests and shrubs is important. Gruber and Haefner (1995) found that there is a critical size of forest opening (30-50 m depending on slope angle) for avalanche initiation. The resolution of Landsat 7 ETM data (30 m) is too coarse for such a task. 
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Appendix A - Suitability Analysis Procedure
Software routines are in capital letters and digital files are in italics. 

1. DEM Creation

Import North Shore 10 m interval contour data (cont_10m.shp) into Idrisi using the SHAPEIDR import routine. Create vector file cont_10m.vct.

Create raster file (image) from vector file using INITIAL routine. Output data type = integer, initial value = zero, rows = 681, columns = 825 (same as cropped satellite image). Create image initial.rst. Use LINERAS to convert vector contour data to a raster image. Create cont_10m.rst.

The elevation field in the attribute table for vector file cont_10m.vct is of real data type. An integer field can only be assigned to the integer image created in the INITIAL routine. Open attribute table in DATABASE WORKSHOP and create new field "elevation" with integer as data type. Populate new field with elevation values from the old elevation field. Create attribute value file by linking unique identifier field "idr_id" to new data field "elevation". ASSIGN attribute value file (cont_10m.val) to raster image cont_10m.rst. Create image contour.rst.
Interpolate contour data to create a surface. Use INTERCON for inter-contour interpolation. Input image is contour.rst; output image is surface.rst. Estimate corner heights by using cursor query tool. In COMPOSER, under metadata, set flag value = zero; flag definition = background and data type = real.

ASSIGN a zero value to a height range of 0-50 m. This cleans out the ocean areas and small islands from the DEM (ns-dem.rst). 

2. Factor Map Creation

Create the slope and aspect maps using the SLOPE and ASPECT modules in Idrisi. Create aspect.rst and slope.rst files of real data type. 

Slope Factor Map: Create slope.rst image of real data type. RECLASS to three classes: 
Assign 1 to values between 0-25 degrees. 
Assign 2 to values between 25-40 degrees. 
Assign 3 to values greater than 40 degrees.
In COMPOSER, under metadata, change minimum value and display value to zero to create slope.rst.

Aspect Factor Map: CONVERT aspect.rst from real to integer data type. Need to divide aspect map into four quadrants (0-90, 90-180, 180-270, 270-360 degrees). ASSIGN integer values to each of these four quadrants: 
Assign zero to values between -1-0 
Assign 1 to values between 0 - 90 degrees 
Assign 2 to values between 90 - 180 degrees 
Assign 3 to values between 180 - 270 degrees 
Assign 4 to values between 270 - 360 degrees 
Create aspect-quad.rst image. 

Terrain Shape Factor Map: Before using the TOPOSHAPE module in Idrisi32, perform a Fourier analysis on the DEM for best TOPOSHAPE results. The Fourier transform produces results that are more meaningful with better continuity of topographic features. Use ZEROPAD to create a DEM image where both rows and columns are divisible by 2. Use FREQDIST to look at the distribution of frequency data. Then use a low band pass filter with a cutoff frequency of 180. OVERLAY the filter over the real and imaginary images and perform a REVERSE Fourier transform back to the DEM. Create ns-dem-fourier.rst. ASSIGN a zero value to a height range of 0-50 m in the Fourier transformed DEM. This cleans out the ocean areas and small islands from the DEM not required for terrain shape classification. Create ns-dem-reclass.rst.

Use the TOPOSHAPE module on the Fourier transformed DEM ns-dem-reclass.rst. TOPOSHAPE creates 12 terrain shape categories in image toposhape.rst. The suitability analysis requires classes 2, 5, 7, and 9 for the factor map. These are highlighted below in bold.

	1. Peak 
2. Ridge 
3. Saddle 
4. Flat 
5. Ravine (gully) 
6. Pit 
	7. Convex Hillside 
8. Saddle Hillside 
9. Slope Hillside (planar) 
10. Concave Hillside 
11. Inflection Hillside 
12. Unknown Feature 


In toposhape.rst image ASSIGN:

Assign zero to classes (1,3,4,6,7,8,10,11 and 12) 
Assign 1 to class 2 - ridge 
Assign 2 to class 5 - ravine (gully) 
Assign 3 to class 7 - convex hillside 
Assign 4 to class 9 - planar hillside to create terrainshape.rst factor map. 

Groundcover Factor Map: Landsat 7 TM Processing and Classification
Importing: Satellite images are in L1G format. Each band is imported manually into Idrisi v.2. Create a document file and change the file name to nsbandx.img. Idrisi 2 now reads the Landsat data. Convert Idrisi v.2 files to Idrisi32 files with new Idrisi32 import facility IDRISI FILE CONVERSION 16/32 BIT.

Georeferencing: The satellite images are projected in UTM (NAD83 Zone 10), however the image does not match the DEM UTM coordinates. Create a correspondence file of over 20 control points to RESAMPLE the satellite imagery to fit a polynomial transformation surface, which matches the DEM. A drainage vector file was used to pick corresponding river and tributary junctions. Nineteen points were selected with a RMS error of 15.88m. The error varies over the project area by 4.3 - 32.2 m. The aim is to reduce the RMS error to approximately half the pixel size of the image (30 m). The summary of transformation is given below.

Resample: Summary of Transformation
Computed polynomial surface: Quadratic (based on 19 control points)

	Coefficient 
	X
	Y

	b0
b1
b2 
b3
b4 
b5 
	19085972.7500000000000000
-0.2140064239501953
-6.6678534597158438 
-0.0000000522281880
0.0000001862251793
0.0000005853656120 
	-61702870.0000000000000000
-2.3356323242187501 
24.1716427803039584
-0.0000001042426447
0.0000004689354682
-0.0000021745242975 


Note: Figures are carried internally to 20 significant figures. Formula shown is the back transformation (new to old).

Control points used in the transformation: 

   Old X          Old Y          New X           New Y       Residual
-----------------------------------------------------------------
520907.287032 5547040.794267 508175.278531 5747007.221349   4.310040 
522099.891838 5546506.508291 508722.955739 5477403.240819   17.733221 
519240.468373 5543936.687209 504211.972481 5474008.369716   12.231027 
519705.402067 5543716.225803 504753.245308 5473552.223420   19.453035 
507636.242303 5539965.191690 488114.317450 5470823.834523   21.059143 
508534.038866 5541306.710860 489682.554217 5472710.099844   24.614534 
506416.834485 5542746.331822 487545.844559 5475619.317251   5.611688 
509711.933341 5544395.401052 492281.140598 5477406.213014   22.207776 
521122.613056 5549010.870893 508375.257111 5481767.123440   16.396372 
517206.508045 5548255.526596 503144.389714 5481645.615109   4.037071 
521748.888973 5546214.607692 508182.384905 5477007.034947   7.735969 
513074.551996 5545534.197678 496963.380391 5478325.512898   11.014024 
507329.177729 5541424.773663 488237.132241 5473245.347140   4.408483 
506439.165449 5542720.524982 487546.053545 5475619.606554   omitted 
507897.850227 5546086.759454 490633.177843 5480674.994748   32.202481 
517390.536602 5542755.684765 501444.779703 5472616.734807   20.452232 
514466.766780 5542882.448467 497790.738960 5473620.929271   6.299642 
517869.565657 5547799.200859 503825.282704 5480669.794193   16.132841 
507329.177729 5541424.773663 488237.132241 5473245.347140   4.408483 
512872.957978 5545756.563653 496776.625792 5478744.428168   9.887739 
509896.954560 5539838.629531 490886.003412 5469976.159736   omitted 
Overall RMS = 15.883256 m
Satellite Image Classification: Perform supervised classification of Landsat data because the required groundcover types are broad and they are known from experience. In supervised classification, a statistical description of known groundcover types is provided by digitizing training sites from a false colour composite. A classifier is used to evaluate the likelihood that each pixel belongs to one of these classes. Create false colour composite image using bands 2,3 and 4 for use in digitizing groundcover-training sites. The false colour composite is very good for identifying vegetation because it represents the percentage moisture and organic content of the groundcover. On the false colour composite, bright reds represent dense vegetation. Soils with no or sparse vegetation appear white to green to brown. 

Initial training sites were digitized for water, alpine, forest, urban, clear-cut and outcrop (bare rock). Clear-cut, outcrop, water, and urban areas are very similar in their spectral signatures, which caused incorrect classification. To simplify the procedure, create an urban mask (digitized from the false colour composite), and a water mask, so that these categories do not need to be classified. The primary interest is the classification of forest and non-forested areas on the mountains. 

Digitize the mask; use POLYRAS to convert the polygon vector data to a raster image. RECLASS so that the urban area = zero and area to be classified = 1. OVERLAY (multiplication) over the band 4 image. Create ns-mask.rst which includes the mask for urban, ocean and lake areas not necessary for the classification. 

New training sites were digitized for alpine, forest and unforested areas. Alpine areas were considered those under snow cover on July 12, 1999, the date of the satellite image was taken. Unforested areas include clear-cuts, bare rock, scree and power lines. Create signature file base on these training sites by using MAKESIG on the ns-training.sig file. SIGCOMP compares the signatures of the three classes. Band 5 is the only band with crossover signatures (see below). The signatures of each cover type was distinguished the best by band 4 (infra-red band).
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Use MAXLIKE classification, omitting band 5. Generalize the groundcover map by removing isolated pixels. Use FILTER and a mode filter with 3x3 kernel size. Create gc-final.rst. 

3. Constraint Map Creation

The constraint is the urban and water areas of the project area. Digitize urban and water boundaries using the DIGITIZE tool in Idrisi32. Create vector file constraint.vct. Convert the vector file to a raster image using POLYRAS. Create constraint.rst. Create a Boolean mask by assigning zero to urban, water areas, and the value 1 to all other areas using ASSIGN. Create project-mask.rst.

[image: image12.png]Constraint Map - Horth Shore Mountains.
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4. Factor Standardization

All factors are categorical therefore assign weights on a scale of 0-100 based on the percentage incidence of avalanche events in the CAA database (Figure 3).

Slope Factor: Suitability rating of 9 = >40 degrees; 83 = 25-40 degrees and 8 = <25 degrees. Use RECLASS to assign a value of: 
8 from value 1 to 1 (<25 degrees) 
83 from value 2 to 2 (25-40 degrees) 
9 from value 3 to 3 (>40 degrees) 
CONVERT image to byte binary data type for input into MCE analysis. Create slopefactor.rst image. 

Aspect Factor: Suitability rating of 33 = NE Quadrant; 27 = SE Quadrant; 18 = SW Quadrant and 22 = NW Quadrant. Use RECLASS to assign a value of: 
33 from value 1 to 1 (NE Quadrant) 
27 from value 2 to 2 (SE Quadrant) 
18 from value 3 to 3 (SW Quadrant) 
22 from value 4 to 4 (NW Quadrant)
CONVERT image to byte binary data type for input into MCE analysis. Create aspectfactor.rst image. 

Terrain Shape Factor: Suitability rating of zero = unrequired geomorphological features; 26 = ridge; 13 = gully; 37 = convex slope and 24 = planar slope. Use RECLASS to assign a value of: 
26 from value 1 to 1 (ridge) 
13 from value 2 to 2 (gully) 
37 from value 3 to 3 (convex slope)
24 from value 4 to 4 (planar slope) 
CONVERT image to byte binary data type for input into MCE analysis. Create terrainfactor.rst image. 

Groundcover Factor: Suitability rating of 11 = forest areas and 89 = alpine areas. Use RECLASS to assign a value of: 
89 from value 1 to 1 (alpine) 
11 from value 2 to 2 (forest) 
CONVERT image to byte binary data type for input into MCE analysis. Create groundcover.rst image. 

5. Multi-Criteria Evaluation Analysis

In the MCE analysis, each pixel (30x30m) is given a value representing the degree of suitability for an avalanche start zone. The constraint is a Boolean (logical) map used to remove urban and water areas from consideration (value=0). Those included in the evaluation are given a value of 1. Each factor must be assigned a weight reflecting its relative importance to the other factors. In this analysis, the four factors, slope, aspect, terrain shape and groundcover are given the same weight of 0.25 in the pairwise comparison matrix created using WEIGHT:

Pairwise Comparison Matrix 
	groundcover: 0.2500 
aspectfactor: 0.2500
terrainfactor: 0.2500 
	slopefactor: 0.2500 
Consistency ratio = 0.00. 
Consistency is acceptable. 


Use the MCE module with weighted linear combination, select project-mask.rst as the constraint and slopefactor.rst, aspectfactor.rst, terrainfactor.rst and groundcover.rst as the four factors. Create MCE result image avalanche.rst. Use FILTER with a 5x5 mode filter to remove isolated pixels in the image. Create aval-suit.rst.
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