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Note 
From 1999 to 2012, versions of this document supplemented a graduate course in Civil Engineering and – 
a few times –  in Geoscience at the University of Calgary. With modest changes, the course could also 
have been offered, in my opinion, as a fourth year technical elective in either department. 

At the University of Calgary, instructors and professors retain the copyright to instructional materials that 
they develop. I have registered the copyright to this document. 

Versions of this document (course notes) supplemented lectures, assigned readings, field trips to 
avalanche forecasting programs, discussions in the classroom, as well as problem solving in and out of 
the classroom. While this document was not intended to stand alone, there have been a few requests for 
the document from past graduate students, technically inclined students of non-academic avalanche 
courses, and others. Although I am unsure of these value of this document beyond the courses I taught, I 
have published this document so that anyone can choose to read and, hopefully, learn from the document. 

I grant permission for anyone to download this document, extract and distribute chapters for education, 
including for-profit training courses. This page must be attached to any extracted chapters. Extraction or 
distribution of parts of chapters or figures is prohibited without my written permission. 

Readers who find major errors can inform me at bruce.jamieson@snowline.ca. While I may occasionally 
correct major errors, this document is primarily presented as a 2012 snapshot of a set of course notes. 

 

Disclaimer 
Although I tried to keep the document up to date until 2012, I am sure there are errors and sections that 
are out of date. I hope the extensive references and suggested readings will help the reader learn in spite 
of the shortcomings of this document.  

   

Bruce Jamieson, February 2016 

SnowlineTM Associates Ltd. 
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Snow Avalanche Formation and Release 
 © Bruce Jamieson 

September 1999, revised September 2000-12 

1. Introduction 

1.1. Reading 
Avalanche Handbook (McClung and Schaerer, 2006), 14-20, Appendices D, F. 

1.2. Definitions 
A snow avalanche is a mass of at least several m3 of snow moving down a slope at visible speed. Ice, 
soil, rocks, wood, etc. may be contained within the flow. 

Snow stability is the chance of avalanches not starting. Analyzed in terms of triggering level over space 
and time. In Canada, the ratings are Very Poor, Poor, Fair, Good, Very Good. Can be effectively 
qualified with regard to depth of instability. The probable magnitude and probable consequences of the 
expected avalanches should not, by definition, influence the ratings but do influence the ratings of some 
forecasting operations. Currently in Canada, avalanche danger ratings in Canada are independent of 
probable consequence, and hence, danger is defined only in terms of the probability of avalanching. . For 
example, ski guides are concerned about the probability of avalanches that that may injure skiers. 

Avalanche forecasting is the prediction of current and future snow stability, avalanche hazard or risk in 
space and time relative to specified triggers (e.g. skier, explosive, spontaneous, etc.). (After McClung, 
2002) 

Hazard is the source of harm or a situation with the potential for causing harm in terms of human injury, 
damage to health, property or the environment (CSA, 1997). 

Hazard mitigation involves permanent and/or temporary measures. 

In public bulletins in most countries including Canada, avalanche danger is the potential effect of 
avalanches on backcountry recreationists. It combines avalanche frequency and magnitude. It is not 
terrain specific except where qualified by aspect, elevation band, etc. Often (internationally) classified as 
Low, Moderate, Considerable, High and Extreme. 

Risk the probability or chance of death or adverse effects of health, property, the environment or other 
things of value (CSA, 1997). Some more recent definitions refer to risk as the combination of the 
probability of an outcome and its consequence (e.g. ISO/IEC Guide 73). Note that this definition includes 
good and bad outcomes. 

1.3. ISO 31000 
Definitions of risk and its components have traditionally varied widely between sectors such as finance 
and engineering. In 2009, the International Standards Association published ISO 31000 Risk 
Management - Principles and Guidelines (ISO, 2009; CSA, 2010) to provide common terminology, 
principles and guidelines for risk management within enterprises or organizations. There are several key 
elements to ISO 31000 that stand out (Shortread, 2010). 
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 Risk is defined as the “effect of uncertainty on an organization’s objectives.” Hence, risk 
management involves all the activities of an organization that involve uncertainty. 

 A structured and explicit consideration of all forms of uncertainty in making decisions. 
 Risks can have negative outcomes, e.g. a snow avalanche destroying a power pylon, or positive 

outcomes, e.g. a construction project completed under budget. For example, consider a deflection 
dike that reduces the risk to passengers and commercial vehicles on a highway. The net present 
worth (NPW) from the reduced risk (uncertain) can be compared to the cost of constructing the 
dike (uncertain) and its environmental impacts (uncertain). 

 When the reduction of negative risks and the enhancement of positive risks are compared to cost 
of risk management and controls, the net effect for the organization must be beneficial. 

 Designation of a “risk owner” who is accountable for how well a risk is managed. Technical 
experts must thoroughly advise and consult with the risk owner about the uncertainties so the risk 
owner can take responsibility for the risks. 

 Risk is often expressed as a combination of potential events and associated consequences. This 
statement in ISO 31000 reflects how risks have been assessed for slope hazards and many other 
fields for decades, e.g. IUGS (1997). Chapter 2 expands on risk as a combination of event 
probability and consequences. 

Note definitions vary. Etkin and others (2004) define vulnerability as the propensity to suffer some degree 
of loss, which includes exposure. 

1.4. Quantitative risk 
The risk for an avalanche with specific scenario i is Ri = Pi Xi Vi where Pi is the probability of the specific 
avalanche reaching or exceeding a specified location, Xi is the exposure of the element-at-risk, and Vi is 
the vulnerability of the element-at-risk (thing-of-value) to the specific avalanche event. Hence Vi is the 
probable fraction of loss given that event i occurred and that the element was hit by the avalanche (Pi Xi). 
Implicitly, the vulnerability is conditional on the avalanche occurring (Pi) and the element being exposed 
(Xi). 

The random variables Pi, Xi and Vi should be defined so they are independent of each other, in which case 
the expected value E(Ri) can be calculated E(Ri) = E(Pi) E(Xi) E(Vi). In some basic risk analyses, only the 
expected values are calculated or estimated. 

When there are multiple independent scenarios, e.g. a dry and a wet avalanche, the total risk, Rtotal is the 
sum of the specific risk due to each scenario  

Rtotal = i (Pi Xi Vi).  

Consider an unprotected powerline tower in the middle of the runout of a large avalanche path. Scenario i 
is defined as an avalanche with destructive potential (size) Di reaching the runout zone. Since the tower is 
in the middle of the runout zone, Xi = 1.  
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Table 1: Expected values for a hypothetical risk calculation for a tower in an avalanche path 

Scenario 

(size ~ 
destructive 
potential) 

Annual probability of 
reaching the tower 

(Pi) 

Exposure 

(Xi) 

Vulnerability 
(fraction of loss) 

(Vi) 

 

Annual risk 

D1 0 1 0 0 

D2 0 1 0 0 

D3 0.1 1 0.1 0.01 

D4 0.05 1 1 0.05 

D5 0.01 1 1 0.01 

Total 0.07 

 
Risk perception is the significance assigned to risk by those who believe they may be affected. (CSA, 
1997). Deliberate decisions can be made by comparing perceived benefit with perceived risk. 

Risk management is the systematic or rational application of management policies, procedures, and 
practices, to the tasks of analyzing, evaluating, controlling and communicating about risk issues. (CSA, 
1997). When physical harm or losses are the primary concern, mitigation (or risk treatment) can be 
divided into risk control and risk financing. Risk control is comprised of the measures to reduce the 
frequency and severity of physical harm, e.g. injuries, death, property damage. The term is not widely 
used in relation to avalanche risk. Risk financing consist of the measures for reducing the financial 
consequences, e.g. insurance, legal matters including waivers, documentation of risk control measures, 
etc. 

 Risk Management
(physical risks)

Risk analysis/assessment

Hazard identification

Risk control
(measures 
to reduce
frequency
& severity 
of physical 
harm)

Risk financing
(

insurance,
legal matters)

measures to reduce
frequency & severity 
of financial losses, 
e.g. 
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Acceptable risk is the risk people accept for a specific situation. It depends on factors such as societal 
and cultural values, the number of people exposed, value of the property or environmental impacts, the 
degree of self control and whether the risk is voluntary or voluntary. (CAA, 2002 with changes). 

1.5. Impacts 
 Natural hazard that causes most deaths worldwide – floods 
 Natural hazard that causes most deaths in most developed countries – lightning (Canada ~12 per 

year). Sustained hot weather (heat waves) contributes to many urban deaths, mostly among 
elderly or sick people. If such extreme weather is considered a natural hazard, then it contributes 
to many more deaths than lightning or snow avalanches. 

 Natural hazard that causes most deaths in Canada (and probably mountainous areas of developed 
countries). From around 1995 to 2003, snow avalanche deaths exceeded the average for lightning. 
Short term trend 2003 to 2007 showed a decline in snow avalanche deaths. 

 Roughly 1.5 million avalanches in western Canada, size ≥ 2  
 100 reported avalanches involve people/property, probably 500/y 
 1/3000 potentially harmful avalanches cause harm 
 highway closures: > $5 million/y (not cost of control and maintenance) 
 property damage” $0.5 million/y (much unreported) 
 Timber: millions $/y 
 15-20 fatalities/y (each $2.5M per year) 
 impacts $10M per year plus indirect costs in Canada. If fatalities (most involve voluntary risk) are 

assigned a cost of ~$3.5 million each, then total direct costs of impacts approximate $30 M/y 
 Avalanche control about $10M per year and avalanche research about $0.5M per year in Canada 
 distribution of avalanche fatalities in Canada  
 shift from industry to recreation 
 ~600 reported fatalities since mid 1800’s, many early deaths unreported 
 avalanche impacts internationally Europe, NA, SA, Iceland, Iran, Afghanistan, even England 
 IKAR countries 150 fatalities/year excludes many countries, e.g Afghanistan, Iran, South 

America 
 Huascaran 1962: ice and snow avalanche picked up rock and soil, destroyed 9 towns, killed 4000 

people, livestock, etc. 
 Huascaran 1970: earthquake triggered avalanche/landslide/debris flow, dropped 4 km, 107 m3, 

destroyed Yungay, killing 18,000. 

1.6. Hazard Mitigation 

1.4.1. Temporary Mitigation Measures 
Not all measures apply to all situations 

Recognition / Forecasting 

 - identify when (and where) hazard is getting critical 

Evacuation / Avoidance  

 - including transportation for residential areas 

 - avoidance only for backcountry recreation/travel 
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Closure 

 - confirm area clear (sweep) 

 - maintain closure with signs, guards, barriers 

Control  

- optional for low exposure e.g. ski route, infrequently travelled road 

- explosive, artillery, etc 

- ski control (small slopes in ski areas) 

Recognition / Forecasting 

 - identify when risk is sub critical 

Reoccupation / re-opening 

1.7. References and further reading 
Aven, T., 2008. Risk Analysis – Assessing Uncertainties beyond Expected Values and Probabilities. Wiley, 

Hoboken, NJ, USA. 
Canadian Avalanche Association. 2002a. Observation Guidelines and Recording Standards for Weather, Snowpack 

and Avalanches. Canadian Avalanche Association, Revelstoke, BC. 
Canadian Avalanche Association. 2002b. Guidelines for Snow Avalanche Risk Determination and Mapping in 

Canada (McClung, D.M., C.J. Stethem, P.A. Schaerer, J.B. Jamieson, eds.) Canadian Avalanche Association, 
Revelstoke, BC. 

Canadian Standards Association. 1997. Risk Management: Guideline for decision-Makers. Canadian Standards 
Association CAN/CSA-Q850-97, 46 pp. 

Etkin, D, E. Haque, L, Bellisario and I Burton. 2004. An Assessment of Natural Hazards and Disasters in Canada. A 
report for Decision-Makers and Practitioners. Public Safety and Emergency Preparedness Canada. 45 pp. 

International Organization for Standardization (ISO), 2009. Risk management – principles and guidelines. Standard 
ISO 31000. 

Jamieson, B. 2001. Snow avalanches. In: A Synthesis of Geological Hazards in Canada. Bulletin 548, G.R. Brooks 
(ed.). Geological Survey of Canada, 81-100. 

Jamieson, B. and C. Stethem. 2002. Snow avalanche hazards and management in Canada: Challenges and progress. 
Natural Hazards 26(1), 35-53. 

Smith, M.J. and D.M. McClung. 1997. Avalanche frequency and terrain characteristics at Rogers’ Pass, British 
Columbia, Canada. Journal of Glaciology 43(143), 165-171. 

Stethem, C., B. Jamieson, P. Schaerer, D. Liverman, D. Germain, and S. Walker. Snow avalanche hazard in Canada. 
In press for a special edition of Natural Hazards on An Assessment of Natural Hazards and Disasters in Canada.  

McClung, D.M. and P.A. Schaerer. 2006. The Avalanche Handbook.  The Mountaineers, Seattle, p. 342. 
McClung, D.M. 2002a. The elements of applied avalanche forecasting. Part I: the physical issues and rules of 

applied avalanche forecasting. Natural Hazards 26: 131-146. 
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2. Avalanche characteristics 
© Bruce Jamieson 1999, revised 2001-2012 

2.1. Reading 
 McClung and Schaerer (2006) p.87-95, 123-136, Appendices D, E, G 

2.2. Introduction 
 Avalanche characteristics are a building block for understanding 

avalanche initiation, motion and effects, and provide characteristic 
values of density, velocity, flow depth, etc. for modelling. 

 

2.3. Type of release 

2.3.1. Point release (loose snow avalanche) 
 Initial circular failure of snow with low cohesion 
 Sets additional snow in motion (entrainment) 
 Forms inverted V       
 Most dry point release avalanches are small 
 Some wet point release avalanches are large 

2.3.2. Slab 
 One or more layers of cohesive snow overlying a weaker layer 
 Failure in weak layer grows, fractures in brittle manner 
 Crown fracture then flanks and stauchwall 
 Slab thickness: Human triggered (up to ~1 m at trigger point 

measured vertically) 
 Slab density (50 – 400 kg/m3)    
 Hardness profiles (diagram from Jamieson, 1995) 
 Temperatures at bed surface are usually between -8°C 

and 0°C. 
 Stepping down, scouring down (diagram) 
    

SLAB

flank

stauch-

wall

z

xy
D
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crown fracture
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that release slab avalanches and 
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differences correspond to stiffness 
differences and hence stress 
concentrations. 
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2.4. Sliding surface in start zone 
 Storm: slides within or at base of storm snow 
 Old: slides within old snow 
 Ground: slides mostly on ground. 
 Important: the failure layer is usually but not always immediately above the bed surface. 

2.6 Liquid water content in start zone 
 Point release can be dry or wet 
 Slab avalanche can be dry or wet 
 Dry slab avalanches much more common than wet slab avalanches 
 Recreationists usually caught in dry slab avalanches 
 Most design avalanches are dry slabs  

2.5. Entrainment 
 Additional mass set into motion, sometimes in start zone, often in track 
 Often substantial, e.g. 4-fold increase in mass, difficult to model    
 Sources of entrained snow:  

1. more at same level of snowpack as initial avalanche 
2. lateral  
3. scouring down         

2.6. Avalanche motion 
Character Density 

(kg/m3) 
Speed 
(m/s) 

Depth of Unconfined 
Flow (m) [confined depths 
are greater] 

Gliding (initial motion of slab, < 10 s) 

Blocks sliding on bed surface 

Same as 
slab  
50-400 

0-5 Same as avg. slab 
0.1 – 2.0  

Dry flowing (turbulent) 

Particles up to 0.2 m flow along surface, follow 
terrain channels 

50-150 15-65 0.3 to 2 common but 
sometimes 5 

Dry powder (turbulent)  

Fine suspended particles. Often flow straight, 
ignoring terrain irregularities and can spill over 
channels.  

3-15 20-70 0-40 above dense flow 

Air Blast (less common) 1 20-70+ ? 

Dry flowing and dry powder commonly occur together. 

Wet flowing  

Lumps up to several metres in diameter. Size. 
Often flows in channels. Readily deflected by 
terrain irregularities. Leaves grooves on surface 
and walls of track. 

200-500 5-30 0.2 – 2 but sometimes 10 

 



Snow Avalanche Formation and Release: Chapter 2 – Avalanche characteristics                  B. Jamieson 2012 
 

 

Read note and disclaimer on page i                                2-4 
 

 

2.7. Impact pressure 
Potential Damage Impact Pressure (kPa)  (Mears, 1992) 

Break windows 2-4 

Push in doors, damage walls, roofs 3-6 

Severely damage wood frame structures 10 

Destroy wood-frame structures, break trees 20-30 

Destroy mature forests 50-100 

Move large boulders >300 

 

2.8. Size classes (CAA, 2002; after McClung and Schaerer, 1981) 
Size Destructive Potential 

 

Typical 
Mass 

(t) 

Typical 
Path 

Length (m) 

Typical Impact 
Pressure (kPa) 

1 Relatively harmless to people. <10 10 1 

2 Could bury, injure or kill a person. 102 100 10 

3 Could bury a car, destroy a small building*, or 
break a few trees. 

103 1000 100 

4 Could destroy a railway car, large truck, several 
buildings, or a forest with an area up to 4 ha. 

104 2000 500 

5 Largest snow avalanches known; could destroy a 
village or a forest of 40 ha. 

105 3000 1000 

* e.g. a wood-frame house 

2.9. Deposit characteristics 

2.9.1. Surface roughness 
 Can be blocks or small particles  
 Large dry often leave a smooth deposit of fine particles 
 Wet slides often resembled clumps (“mashed potatoes”), channeled 

2.9.2. Liquid water at time of deposition 
 Dry, wet 
 Can start dry and deposit wet  

2.9.3. Contamination of deposit 
Trees, branches, rock, soil, parts of structures 
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2.9.4. Deposit density 

Typical deposit density 

(after McClung and Schaerer, 1993) 

Avalanche Density (kg/m3) 

Small dry 200 

Medium to large dry 300-400 

High speed dry 500 

Wet 500-600 

Slush flow Up to 1000 

 

2.9.5. Deposits from powder cloud 
 Usually < few cm thick, fine particles 

2.10. Avalanche frequency 
 Statistical distribution of frequency has received little attention. 
 Smith and McClung (1997) found the number of occurrences in particular paths at Rogers Pass 

per winter fit Normal and Poisson distributions. Normal may be more convenient for some 
analyses. 

 Poisson distribution is based on discrete, independent events – well suited to avalanches 
 Most avalanches are independent of one another but an avalanche can unload a starting zone 

delaying subsequent avalanches. 
Poisson distribution with mean  

P (k) = exp (-) k / k!    for k = 0, 1, 2, 3, … 

Standard deviation is 0.5 

Example for = 15 
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Number of avalanches per time period  

Effect of terrain parameters on avalanche frequency is part of Terrain chapter. 

2.11. References and additional reading 
Canadian Avalanche Association. 2002. Observation Guidelines and Recording Standards for Weather, Snowpack 

and Avalanches. Canadian Avalanche Association. P.O. Box 2759, Revelstoke, BC, Canada, 78 pp. 
Jamieson, Bruce and Torsten Geldsetzer. 1999. Patterns in unexpected skier-triggered avalanches. Avalanche News 

58, 7-17. Also reprinted in Avalanche Review 18(3) 4-7.  
Jamieson, Bruce and Colin Johnston. 1998. Snowpack characteristics for skier triggering. Avalanche News 55, 31-

39. 
McClung, D.M. and P.A. Schaerer. 1993. The Avalanche Handbook.  The Mountaineers, Seattle, p. 271.. 
McClung, D.M. and P.A. Schaerer. 1981. Snow avalanche size classification. Proceedings of Avalanche Workshop, 

3-5 November 1980, Vancouver, BC (ed. By Canadian Avalanche Committee), NRCC Associate Committee on 
Geotechnical Research, Technical Memorandum 133, 12-27. 

Mears, A.I. 1992. Snow-avalanche hazard analysis for land-use planning and engineering. Colorado Geological 
Survey, Bulletin 49, 55 pp.  

Mellor, M., 1968. Avalanches. Cold Regions Science and Engineering, Part III, Section A3, U.S. Army Cold 
Regions Research and Engineering Laboratory, Hanover, New Hampshire, 215 pp.  

Perla, R.I. 1977. Slab avalanche measurements. Canadian Geotechnical Journal 14(2), 206-213. 
Perla, R.I., 1980. Avalanche Release, Motion and Impact. Dynamics of Snow and Ice Masses, Edited by S.C. 

Colbeck, Academic Press, New York, 397-462.  
Schaerer, P.A. 1981. Avalanches. Handbook of Snow: Principles, Processes, Management and Use, Edited by D.M. 

Gray and D.H. Male, Pergamon, 475-516.  
Smith, M.J. and D.M. McClung. 1997. Avalanche frequency and terrain characteristics at Rogers’ Pass, British 

Columbia, Canada. Journal of Glaciology 43(143), 165-171. 
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3. Avalanche terrain 
© Bruce Jamieson, September 1999, revised 2000-2012 

3.1. Reading 
McClung, D.M and P.A. Schaerer. 2006. Avalanche Handbook p. 109-123. 

Schweizer et al., 2003. Snow avalanche formation, Reviews of Geophysics, 41(4), 1016,  
Section 2.1 

3.2. Introduction 
 Very important influence on snow stability, avalanche initiation, avalanche motion, runout 
 Features/subtleties often important but hard to quantify for modelling, mapping 
 Terrain usually interpreted with experience and judgement  
 DEM with sufficiently fine resolution for some applications available in some areas 
 Recreationists focus on characteristics that favour frequent avalanching or triggering 
 Land use planning focuses on characteristics that favour large infrequent avalanches 

3.3. Definitions and characteristics 

Avalanche area  

 Area where numerous avalanche paths are grouped together 
 Often managed as a group by control programs for ski areas, highways 

Path  

 consists of start zone, track and runout zone! 
 Parts often difficult to distinguish for small paths (recreation), usually useful for large paths (land use 

planning) 

Start zone  

 where avalanches start 
 usually, but not always, upper part of path 
 sometimes shaped or oriented to accumulate wind-deposited snow (w.r.t. fetch) 
 mainly steeper on average than 28° or 30°. Note different ways to measure start zone slope angle: 

average, or steepest section averaged over 20 m along fall line. 
 small avalanches may stop in SZ, on slopes of about 25° 

Track  

 middle part of path 
 snow often entrained in track 
 small avalanches may stop in track 
 typically 15-25°  
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Runout zone 

 where large avalanches decelerate and stop 

 typically < 15° 
 beta point is a reference point for modeling runout of large 

avalanches. Usually defined as where the slope angle first 
decreases to 10° while descending the path. For paths with 
variable slope angle (benches, etc), the beta point can be taken 
from a parabola fitted to the path profile. More on beta points and 
beta angles in Snow Avalanche Dynamics and Hazard Mitigation, 
and other sources on land\ use planning. 

 

3.4. Factors affecting avalanche formation 

3.4.1. Slope angle in start zone 
 Most important factor affecting avalanche release and frequency! 
 Angle depends on scale of measurement. 20 m is a useful scale for 

avalanche formation. 
 Shear stress due to slab on weak layer/interface xz = gH sin  cos  = gD sin   

where  is the average slab density, g is acceleration due to gravity, H is slab thickness measured 
vertically, D is the slab thickness measure perpendicular to slope and  is the slope angle from the 
horizontal. So for constant slab thickness D, stress increases as sin . 

 If a weak layer/interface exists, then (shear) stress is more likely to exceed (shear) strength on steeper 
slopes during loading (precipitation). Terrain factors are only critical where/when 
meteorological/snowpack factors are critical. 

 95% of slabs start on slopes > 30°. Mean 38° (Perla, 1977) (graph) 
 99% of slabs start on slopes > 25°. More wet 

avalanches than dry avalanches start on low 
angle slopes. Slush flows can start on very low 
slope angles ~10° 

 Large infrequent slides often start on low angle 
start zones ~30° ! 

 Frequency of avalanche initiation on slopes 
angles near 38° is likely partly due to amount of 
terrain with such slope angles (angle of repose 
of scree, etc.), and for human-triggered 
avalanches, due to popularity of such slope 
angles for recreation. 

 Using US data, McCammon (2009) found that 
the slope angle of all reported avalanches 
averaged 40° where the snow climate was 
maritime and 38°in other areas. He also found, 
dry loose slides started where the slope angle 
was 51, wet loose 43°, wet slabs 40°, whereas soft and hard slabs occurred where the slope angle 
averaged 38°. There was considerable overlap in the ranges of these distributions.  

 Considering the grain type of the weak layer, McCammon (2009) found avalanches on surface hoar 
released on slopes which averaged 36°, depth hoar 38°, stellar and dendrites 40°, decomposed an d 
fragmented precipitation particles 43°, and wet grains 45°. 
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3.4.2. Orientation to wind (of start zone) 
 Second most important factor 
 Greater localized loading on areas of lee slopes contributes to 

localized greater stress/strain rates, which may be sufficient 
for initial failure in weak layers/interfaces. 

 Lee, wind ward (graph) 
 Most accidents involving recreationists are on lee slopes 
 Avalanche professionals report being most often “surprised” 

on cross-loaded slopes (high variability) (Jamieson and 
Geldsetzer, 1999) 

 Reverse loading: when a slope that faces the prevailing wind gets loaded by a storm with an unusual 
direction – not common but sometimes important both for recreational decisions and long term 
mitigation. 

 Fetch is the particular area from which snow is transported to a start zone.  
 

3.4.3. Aspect 
 In winter shady slopes often have 
stronger temperature gradients than sunny 
slopes. Surface hoar and facet/depth hoar 
layers more likely at depth within the 
snowpack. 
 Weak layers tend to persist in shady 
slopes in winter 
 Sunny slopes have less persistent weak 
layers but stability may be temporarily 
reduced by sun-warming soon after a storm 
 Quadrants 

 N & NE often lee in western Canada 
 S & SW often windward in western Canada 
 Partition vs informal breakdown 
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3.4.4. Size of start zone 
 Larger start zones can produce large avalanches 
 Many recreationists have been surprised by small start 

zones 
 

3.4.5. Downslope curvature (configuration 
or shape of slope) 

 Crown fractures of slabs, especially soft slabs, are often 
observed at convex areas. This may be where shear fracture propagating uphill has less driving force 
(less gravitational pull on slab). So, for the case of a fracture propagating uphill in a weak layer, the 
crown can be where the weak layer fracture stops propagating. [Because the crown fracture marks 
the top of a slab avalanche, recreationists often point to crown as where the avalanche started. Reality 
is more complex.] Also, some weak layer fractures involve 
collapse (B.C. Johnson, 2000) and resulting bending stress 
may cause a fracture down through the slab to stop the 
weak layer fracture at a convex area. Alternatively, for 
recreationists (e.g. skiers) descending, shear stress 
increases with increasing slope angle (convex areas) and is 
therefore more likely to become critical at a convex area 
than on a constant slope or concave area (down-slope 
direction). 

 

3.4.6. Cross slope curvature, including gullies  
 Statistical studies for natural avalanches (Gleason, 1995; McClung, 2001). 
 For natural avalanches, greater cross slope curvature provides areas of thicker slab due to 

increased wind loading (increased stress/strain rate) 
 Increase spatial variability (areas of thin slab prone to human-triggering) 
 For recreationists, gullies increase trigger points (thin areas), make escape difficult, concentrate 

the flow and hence forces on the victim.  
 

3.4.7. Elevation 
 Vegetation bands: Alpine, Tree-line 
(band), below treeline 
 Treeline is band of sparse trees to almost 
forest, often subject to wind effect 
 Greater spatial variability of snowpack 
properties, including thickness, in wind 
effected areas at and above treeline. 
 Weather, which forms many weak 
layers/interfaces, varies with elevation. E.g 
melt-freeze crust below a certain 

elevation.  Or for some surface hoar layers that form where the cloud meets the valley wall, elevation 
band becomes important. 
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31%
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30%
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3.4.8. Ground cover (ground anchor) 
 Rough ground (e.g. boulders) may prevent slabs from starting 

to slide when snow surface shows underlying roughness. So 
less snow is required over smooth ground than over rough 
ground for slab avalanches. 

 Rough ground has little effect on loose snow avalanches. 
 Once snow surface is smooth, rough ground means increased 

variability in snowpack properties and stability! 
 Rocks protruding into snowpack conduct heat and increase 

temperature gradient in the surrounding snowpack, potentially 
providing localized areas for avalanche initiation. 

 Recreationists get surprised by such areas of high variability. 
 For slab avalanche formation, openings between trees must be 

of sufficient size (e.g. few metres) (Gubler and Rychetnik, 
1991). 

 In general, more than 200 trees (with diameter > 16 cm) per hectare produces sufficient irregularities 
to reduce frequency of avalanches. (Schweizer and others, 2003). 

 

3.5. Start zone factors correlating with avalanche frequency  
 

Rogers Pass: Schaerer (1977), Smith and McClung (1995) 

 Roughness (-) 
 Fracture Point Incline (+) (~Angle of start zone) 
 Wind Index (+) 
 30 y max water equivalent  (~Elevation of start zone and location)  (+) 
 Location (East to West) (+) 

 

Most of these factors relate to the supply of snow. See McClung (2001) for analysis related to logging in 
BC. 

3.5.1. Schaerer’s wind (snowdrift) index 
1. start zone completely sheltered from wind by surrounding dense forest 
2. start zone sheltered by an open forest or facing the direction of the prevailing wind 
3. start zone an open slope with rolls or other irregularities where local drifts can form 
4. start zone on the lee side of sharp ridge 
5. start zone on the lee side of a broad rounded ridge or open area where large amounts of snow can by 

picked up by the wind. 
 

3.5.2. Roughness R (Schaerer, 1971) 
Description R (m) 
Open slope with smooth bare rock, scree or grass 0.15 
Gullies with small boulders 0.20 
Gullies with large boulders, rough sides 0.25 
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Open slopes with boulders 0.25 
Open slope covered with scrub and small trees 0.30 

 

3.6. Avalanche terrain ratings 
Statham and others (2006) proposed the Avalanche Terrain Exposure Scale (ATES) rating avalanche 
terrain as Simple, Challenging or Complex. Originally the intended scale was for a primary route, 
although there is interest in applying ATES to slopes. Experts rate the terrain based on slope angle, slope 
shape, terrain traps, avalanche frequency, start zone density, runout characteristics, interaction with 
avalanche paths, route options, exposure time and glaciation. See  
http://www.pc.gc.ca/pn-np/ab/banff/visit/visit7a7_E.asp#tech 

Although the ATES scale was intended for expert ratings, there are attempts to approximate the rating 
process with a GIS algorithm, e.g. Delparte (2007).  

The ratings for many routes are available on web sites, including those of Parks Canada and the Canadian 
Avalanche Association. The ratings can be used in combination with the regional danger rating to advise 
backcountry travelers: Normal Caution, Extra Caution and Not Recommended, e.g. the Avaluator by 
Haegeli and McCammon (2006).  

3.7. Terrain recognition with GIS and remote sensing 
There is good progress at recognizing start zones with GIS and remote sensing of vegetation. Recognizing 
tracks and runout zones remains challenging especially where vegetation boundaries are absent or subtle. 

Maggioni et al. (2003) trained GIS algorithms on paths with well documented release area and frequency. 
They found that mean slope, curvature and distance to the ridge were the most important parameters 
influencing the avalanche frequency. Specifically, higher average slope angles lead to more frequent 
release of smaller avalanches. 

In 2007, Delparte made a first attempt to use a GIS for ATES classification. Factors similar to Maggioni 
et al.’s were useful for classifying start zones – part of the ATES classification. However, Delparte found 
that the width of avalanche runout zones was difficult to obtain from simple flow models in a GIS.  

More recently, the Austrian Samos-AT and Swiss RAMMS have been applied to specific paths to identify 
avalanche runout for large avalanches and hence help identify runout zones. 

Campbell et al. (2012) note that with DEM’s slope angle, slope shape, forest cover, forest density can be 
quantified. With more advanced algorithm’s including runout models (and more assumptions), start zone 
density, interaction with avalanche paths and route options can be extracted (Delparte, 2006). Campbell et 
al. (2012) found that ATES classification could be efficiently done from a DEM with remotely sensed 
vegetation, followed by corrections by experts in the field. 

3.8. Summary: start zone characteristics affecting avalanche formation 
 Slope Angle 
 Orientation to wind 
 Orientation to sun 
 Aspect 
 Area 
 Shape of Slope 
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 Elevation 
 Forest Cover 
 Ground Surface 
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4. Snowpack boundary conditions 
© Bruce Jamieson, 1998, revised 1999-2012 

4.1. Reading 
● McClung and Schaerer, 2006. Avalanche Handbook, p. 36-52. 
● Further reading:  

Stull, 1995. Meteorology Today for Scientists and Engineers, p.15-22, 83-89, 101-105. 
Armstrong, R.L. and E. Brun (eds.). 2008.  Snow and Climate: Physical Processes, Surface 
Energy Exchange and Modeling. Cambridge 
University Press, 1-4, 70-101. 

4.2. Introduction 
 Most weak layers (e.g. surface hoar, near-surface 

facets, low density layers) form at the snow surface 
so understanding boundary conditions is important 
to weak layer formation. 

 Loading (precipitation & wind transport) important 
to natural avalanches 

 Temperature changes affect stability 
 Radiation affects heat flow (& temperature 

gradient) 
 Heat exchange at surface affects grain shape at 

surface (and layer strength & therefore stability of 
resulting layers) 

 Rain heats snowpack faster than snowfall, even if 
both at 0°C 

 

4.3. Background and some definitions 
 Specific heat is the quantity of energy required to raise 1 kg of 

matter 1°C. Associated with temperature change but not phase 
change. Different substances have different values of specific 
heat. 

 Latent heat is associated with phase change but not 
temperature change  
e.g. energy required to melt 1 kg, energy released by freezing 1 
kg, similar definitions for evaporation/condensation and 
sublimation.  

 Vapour pressure is the pressure exerted by a gas, e.g water 
vapour, in air. It is independent of other gases present, 
proportional to temperature (in Kelvins) for ideal gases (e.g. 
water vapour) 

 At the saturation vapour pressure, water vapour is at 
equilibrium (condensation rate = evaporation rate) 
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 Saturation vapour pressure for water vapour over ice is 
lower than over water below freezing, and the 
difference is greatest at about -15°C. (The graph of 
vapour pressure vs temperature is part of the phase 
diagram.) Hence sublimation (vapour to ice) is common 
and ice crystals can grow in preference to water 
droplets (vapour to liquid) 

 Saturation vapour pressure over liquid water = 611 exp 
[17.27T/(237.3 +T)] 

 Excess vapour density (kg/m3) ~ a measure of 
supersaturation with units of density 

 Supersaturation exists in non-equilibrium conditions 
and is very important to crystal growth in atmosphere, 
at snow surface and within snowpack. (Supersaturation 
can also exist when insufficient condensation nuclei are 
available.) 

 Saturation vapour pressure over ice depends on the 
curvature of the surface. When water vapour is 
saturated over a flat surface, it is supersaturated over a 
concave surface and below saturation over a convex surface. 

 In the ice crystal formation diagram, note that with cooling, there is a change from growth in the a-b 
plane (plates), to c axis growth (columns), to the a-b plane, to c-
axis. 

 Note the difference in saturation over ice and over liquid water is 
greatest at about -15°C 

 

4.4. Mass transfer  
 Into snowpack is positive. 
 Negative mass transfer due to sublimation (solid to vapour, 

negative) is small. 
 Positive mass transfer due to deposition from vapour phase, 

e.g. surface hoar growth is small and follows the section on the 
energy balance. 

 Vertical stress v is density  x gravity g x height h = gh. So 
if it is raining at 3 mm per hour the rate at which vertical stress 
is increasing is 

h

Pa

h

m

s

m

m

kg

dt

dh
g

dt

d v 4.29003.081.91000
23

 


 

 Note 1 kg-m/s2 = 1 N. 1 N/m2 = 1 Pa 
 E.g. If snow at 70 kg/m3 is falling at 1.5 cm/h then the rate at which vertical stress is increasing is 

1.03 Pa/h. 

4.1.1. Rain (positive) 
 1 mm/h is steady precip; > 10 mm/h is extreme 
 equivalent to stress rates (where  =0°) of  10 to 100 Pa/h  
 adds mass and heat to the snowpack, especially latent heat 
 calc & compare heat to latent heat  
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4.4.1. Snowfall (positive) 
 Effect of temperature and supersaturation on shape (graph) 
 Water vapour to ice (sublimation) occurs preferentially over water vapour to liquid water because of 

lower saturation vapour pressure over ice 
 Supercooled water droplets may freeze onto ice crystals or objects as rime 
 Precipitation particles (new snow forms) subclassified by shape (international system) 
 When rime obscures shape, particles are called graupel 
 Rate 1 cm/h ( 1 mm HNW/h) is steady; > 10 cm/h is extreme 
 Density of fresh snow is not a simple function of temperature. 
 

Density of Snow by Type  
Based partly on Seligman (1936, p. 144) and Patterson (1994, p. 9)  

Snow description Typical Density (kg/m3) 

Wild snow 20-30 

Fresh snow, immediately after falling in calm 50-70 

Damp new snow immediately after falling 100-200 

Wind slab 100-300 

Hard wind slab, hard cornice 350-400 

Depth hoar 100-300 

Settled snow 200-400 

Drained wet snow 500 

Firn 400-830 

Glacier ice 830-917 

Bubble free ice 917 

Water 1000 

4.4.2. Wind transported snow (positive or negative) 
 On gentle terrain, most snow transport is by saltation (bouncing particles). In mountains, most snow 

transport is by saltation and suspension due to greater vertical component of wind speed. Note 
increase in mass and height with speed in diagram from 
Foehn (1980) 

 Moderate wind speed commonly deposits snow on lee 
slopes at 3 x snowfall rate in terms of SWE (snow water 
equivalent) 

 Wind can increase accumulation rates by 2 to 10 times 
snowfall rate (SWE) (Lehning and others, 2002) 

 Can increases deposit density by 3-4x 
 Precipitation associated with increased wind transport  
 Wind can move snow when no snow is falling, but 

depends strongly on snow surface in fetch. 
 When no snow is falling, wind can remove much more 

snow from fetch (sublimation) than is deposited in lee 
zones (Hartman, 1985) 

 Amount deposited decreases if wind direction > 20° from optimal  
 Surface condition in fetch important (crust, loose snow, etc.) 
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 Snow transport greatest for moderate winds (~25-40 km/h); little below 25 km/h but it depends on 
where wind speed is measured. 

 Stronger winds deposit snow lower in start zones 
 Less snow usually deposited for very high wind speeds (> 86 km/h, Hartman, 1995) 
 Empirically, Föhn (1980) found that for daily average wind speed u < 20 m/s, the additional snow 

deposited in lee slopes was u3 /125 (in cm/d) 
 More recently, Gauer (2001) found amount of snow 

transported increases with increasing wind speed 
(power up to 4) then reduces to power about 2. Mass 
flux may decrease for speed above about 20-25 m/s. 
(72-90 km/h). 

 Higher wind speeds increase fragmentation resulting in 
smaller particles and denser, stronger layers. 
Consequently, relatively strong (slab) and relatively 
weak layers result from common variations in wind 
speed.  

 Small scale 2D wind transport models (e.g. 
Guyomarc’h and others, 2006) currently do not have the terrain resolution to predict individual drifts 
and are computationally intensive. 

 Although SNOWPACK is a 1D model, it produces a flux index for interpretation by forecasters 
(Lehning and others, 2006). Using the wind speed above the threshold for the modelled snow surface 
(grain type) on a virtual 38° windward slope, snow is eroded from the windward slope and deposited 
on the virtual lee slope without sublimative loss. The 
wind speeds for individual stations are normalized and 
combined to produce a regional index in cm of 
deposition per 24 h day. For verification with local 
observers, “negligible” was defined as < 5 cm/d, 
“low” as 5-20 cm/d, “medium” as 20-50 cm/d and 
“high” as > 50 cm/d. There was a 64 to 74% 
agreement rate between the modelled transport index 
and local observers at five stations (Lehning and 
others, 2006). 

 The latest version of Sytron (Guyomarc’h and others, 
2006) uses a 45 m grid and 1 hour time step (& lots of 
computer time). The snowdrift index uses a mobility 
index which is based on the slope scale wind speed and the modelled snow surface condition in the fetch. 
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4.4.3. Mass transfer from ground (positive or negative) 
 Water vapour transfer from warm (ground) to snowpack (cooler) is assumed to be limited.Liquid 

water from melting snowpack or rain can drain into 
ground and is important for hydrology. 

4.4.4. Sublimation (evaporation ~ 
mass loss) 

 Substantial mass loss possible due to dry winds (e.g. 
Chinooks, Föhn winds) 

 Also under low wind speeds (Hachikubo, Fukuzawa 
and Akitaya, 1995)  

 

4.5. Energy budget at snow surface 
Conservation of energy means the snow surface will 
warm if net incoming energy and cool if net outgoing. 

The total  

total SW LW turbulent conductiveQ Q Q Q Q     

Consists of components for short wave (SW), long wave (LW), turbulent and conductive (which is 
usually negligible). Turbulent is often broken down into turbulent sensible (associated with temperature 
change) and turbulent latent (associated with phase change. Each of these can be broken into incoming 
components and outgoing components. Using short wave as an example, these can be written as  

 
SWSWSW QQQ  

In meteorology books and some cryosphere studies 
energy into the atmosphere is positive and energy into 
the snow surface is negative), but the opposite 
convention is used in these notes. 

During day time, the net radiative heat flux is into the 
snow, warming the snow at and near the surface. At 
night, outgoing LW radiation tends to cool the snow 
surface, and is dominant under clear sky. Evaporation 
(liquid water or ice to water vapour) during the day 
cools the snow surface, but is typically less than 
incoming radiative heating. Wind causes a turbulent 
exchange of sensible heat, tending to equalize the 
temperature of the air and snow surface. Even with light wind, this turbulent exchange is usually greater 
than by molecular conduction. 
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4.6. Radiation 

4.6.1. Short wave  

 Incoming solar radiation is 99% 
short wave, avg 0.6 m (short 
wave < 4 m) 

 Incoming at these latitudes 190 
W/m2  (16 MJ/d m2) 

 Albedo, , is fraction of radiation reflected (depends on frequency, grain size, moisture and presence 
of dust or other particles) 

 Net SW is sometimes written as )1( SW
Q  

 Average albedo (50-55° latitude) 15% in summer, 50% in winter, which is indicative of the high 
albedo of snow. 

 

Surface Albedo (%) Emissivity 

Fresh snow 75-95 0.99 

Old snow 40-70 0.82 

Sea ice 30-40 - 

Gray ice 60 - 

Ice - 0.96 

Water  5-30 0.97 

Crops, forests 3-25 0.97 

4.6.2.  
Long wave radiation at snow 
surface  

 Net LW can be positive or negative  
 Outgoing terrestial radiation is 99% long wave (> 4 

m) 
 Radiation emission Re = eT4 

where e is emissivity 
 is Stefan-Boltzman constant 5.67 x 10-8 W/m2 K4 
and T is temperature in K 

 For a black body (perfect radiator) e = 1 
Fresh snow is an efficient radiator, e ≈ 0.99 

 Wavelength  = 2.9 x 10-3/T where T is in Kelvins 
 For typical snow temperatures  = 1.1 x 10-5 m = 11 

m 
 Most terrestrial radiation is between 8 and 18 m 
 Condensed water, water vapour, CO2 and other gases 

can absorb and re-radiate LW (greenhouse effect). 
This includes LW radiation to the snow surface. 

 Under clear skies, outgoing LW tends to cool the snow 
surface. Often a dominant effect on clear nights. 

 In hilly or mountainous terrain, LW radiation from nearby “facing” slopes can be important.  
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 Trees absorb SW radiation (shading the snow surface) and radiate LW. 

4.7. Latent heat transfer 
 Latent heat is internal energy associated with phase change 
 Latent heat transfer is due to phase change: melting, condensation, sublimation (solid to vapour) or 

deposition (aka sublimation from vapour to solid). 
 Rain is an efficient way of transferring heat to snowpack (because rain at 0°C contains more heat than 

snow, especially dry snow at 0C. 
 Evaporating molecules absorb latent heat from adjacent ice and/or air molecules (cooling by 

evaporation) 
 Sublimation from snow to water vapour absorbs latent heat of sublimation (which is large but less 

than the total of latent heat for melting plus latent heat of evaporation.) 
 Sublimation from water vapour to surface hoar releases latent heat of sublimation/deposition (which 

is less than latent heat of condensation plus latent heat of freezing.) 
 Wind increases the latent heat transfer, e.g. Chinooks, Föhn winds, katabatic (downflowing) winds 
 Wind-pumping (and conduction through ice skeleton) allows air temperature and humidity to quickly 

affect below the snow surface. 

4.8. Sensible heat transfer 
 Sensible heat transfer causes a temperature change, i.e. the snow surface warms or cools. 
 Wind increases the sensible heat transfer. 

4.9. Conduction 
 Conduction by diffusion (molecular collisions) at the snow surface is slow and often ignored in calm 

air or considered part of sensible heat transfer. 
 Conduction through ice matrix (skeleton) to or from the 

surface is slow for low density snow but increases with 
snow density and amount of bonding. 

4.10. Near surface temperatures and 
faceting 

 Snow is an efficient reflector and radiator, and poor 
conductor 

 When in shade/darkness under clear skies, long wave 
radiation from snow surface dominates, cooling surface 
to 5-15°C below air temperature, creating strong 
gradients in air and top few cm of snow, especially at 
night and on shady slopes. 

 Heat flows from warm to cold “carrying” water vapour 
often causing sublimation. 

 Strong negative gradients in surface layers of snow at 
night (|TG| > 100°C/m) and positive temperature gradients during the day can lead to near surface 
faceting. Over several nights, shady slopes can grow near surface facets to 1 mm, which are slow to 
round. Near surface facets on sunny slopes usually 0.3 to 0.5 mm and may round quickly when/if the 
next snowfall reduces the gradient. 

 Strong gradients in air can lead to growth of surface hoar if humidity reaches dew point. 
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4.11. Surface hoar growth 
 Surface hoar grows when the vapour pressure in the 

air exceeds the equilibrium vapour pressure of the ice 
at the snow surface. 

 Cooling of snow surface, primarily by LW radiation 
(especially at night and on shady slopes). Air near 
snow cools and reaches dew point. 

 Water vapour from air near surface sublimates as ice 
crystals on snow surface (frost) 

 Clear sky, few clouds in area (moisture supply), morning fog.  
 Rapid growth at perimeter of clouds  
 Light wind (3-7 km/h) supplies water vapour to air near snow. Diffusion associated with completely 

calm conditions limits surface hoar growth. (Colbeck, 1988; Hachikubo, Fukuzawa and Akitaya, 
1995) 

 Higher wind speeds often inhibit SH formation or 
destroy existing SH 

 Growth rate: 2-15 mm/day common; 10 mm/day 
occasional; 2 mm/h reported by Lang (1985)  

 Deposition rate up to 6 x 10–6 kg/m2 s (Hachikubo and 
others, 1995) 

 Shape is product of temperature and supersaturation 
(same as in atmosphere) 

 Orientation varies with crystal type and is important to 
strength  

 Surface hoar can be subclassified into dendrites (feathers 
like, surface temperate –10 to –21°C), sector plates 
(striated wedges, surface temperature –10 to –21°C), 3-d 
forms such as cups, spikes/needles/sheathes (surface 
temperature below –21°C, and composite forms.  

4.11.1. Surface hoar growth from 
valley cloud 

Surface hoar growth requires air near snow surface at dew 
point, little wind and cooling (little wind and cooling means 
the cooling is usually due to net outgoing LW radiation to 
relatively clear sky. Clouds will absorb and re-radiate the LW radiation, some back to the earth (part of 
green house effect), greatly limiting the net outgoing LW radiation. So SH growth requires air at the dew 
point near the snow surface but not much condensed water vapour in clouds or fog above the snow 
surface. 
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Valley clouds that form in successive evenings can horizontally supply the moisture (Breyfogle, 1987; 
Schweizer et al., 1989; Tremper, 2001). Where the cloud 
meets the valley wall, the cloud will strongly attenuate 
radiant cooling except in a narrow band at the cloud top. 
When the cloud thickens and its top moves up the slope 
in the late afternoon and evening, the narrow cloud-top 
band can deposit surface hoar on the slope (Colbeck and 
others, 2008). During stable weather, this can occur at 
the same elevation band night after night. Also, some of 
Steve Crowe’s videos (Colbeck and others, 2008) 
showed the top of stratus clouds lapping at the valley 
walls, thereby alternately supplying moisture and 
cooling. This air movement occurs at a few metres per 
second, roughly the same speed as Hatchikubo and others (1995) found optimal for surface hoar growth.  

4.12. Heat flux at ground  
 Ground gains heat over summer  
 Heat gain decreases with latitude  
 Ground releases heat during winter (positive heat flux) into snowpack 
 Heat flux decreases during winter. In a dry snowpack much of the heat from the ground is conducted 

up through the snowpack. In an isothermal snowpack, the heat flux from the ground melts the snow at 
the base of the snowpack. 

 Very roughly, 4 watts/m2 (350 kJ/d) under a deep 
snowpack in temperate latitudes but varies 
considerably (+-400 kJ/d)  

 Wet ground (poor drainage, etc) slower to cool 
and freeze than dry ground (before snow 
accumulates) 

 Local variations are not well understood, rarely 
measured (Tremper, 1985). 

 A cold fall with little or no snow cover will draw 
heat from the ground resulting in less available to 
warm the lower snowpack later in the winter. 

 Heavy autumn snowfall will insulate the ground, 
resulting in more stored heat to warm the lower 
snowpack later in the winter. 

 In relative terms, more heat will flow through a rock in the ground than surrounding organic soil since 
the rock is a better conductor. 

 A rock extending well into the snowpack is a conductor and will draw heat from the ground and 
transfer heat into the surrounding snowpack. 
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4.13. Summary 
 Many weak layers form at the snow surface 
 Understanding energy exchange at snow surface is key to understanding the formation of many 

weak layers. 
 When air below 0°C is cooled to “saturated” water vapour will preferentially form ice (ice 

crystals or snow) rather than water. 
 Wind transported snow can be deposited at 2 to 10 times the precipitation rate. 
 The wind speed at which snow is eroded depends strongly on the grain type e.g. fresh 

precipitation particles vs a refrozen surface. The threshold wind speed is not well defined but 
used for models. 

 When the snow surface is loose, wind can transport snow to lee slopes without precipitation. 
 Especially at low relative humidity, a portion of the snow from the fetch will sublimate and not be 

deposited in lee slopes. 
 The amount of snow that wind transports to lees slopes increases with the 3rd to 4th power of wind 

speed up to about 20 m/s (daily average) beyond which it levels off or decreases. 
 Rain at 0°C contains the latent heat of melting and hence will warm the snowpack more than dry 

snow at 0°C. 
 Under sunny skies, maximum warming takes place in top few centimeters. 
 Under clear skies on shady slopes and at night, long wave radiation can cool the snow surface to 

8°C or more below the air temperature. Near surface faceting and surface hoar growth may occur.  
 Heat flows from warm to cold and, under near saturated conditions, takes water vapour with it. 
 According to a Japanese study, surface hoar grows fastest under light winds. 
 Surface hoar can grow when cold air pools in valleys at night. 
 Surface hoar can grow at specific elevation bands when and where clouds touch and ascend the 

sides valley walls in the afternoon/evening. 
 Because of small and large scale variations in aspect and the energy exchange, the formation of 

surface hoar can vary on these same scales. These variations can affect the presence or shape of 
surface hoar. 

 Surface hoar crystals can grow at night and evaporate (shrink) in the day. Day time shrinkage will 
typically be greater on sunny slopes, so shady slopes often grow large crystals over many nights 
(provided atmospheric conditions are favourable). 

 

4.14. Appendix A  
Laws of thermodynamics 
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0. Thermodynamic equilibrium: When two systems are put in contact with each other, energy and/or 
matter will be exchanged between them unless they are in thermodynamic equilibrium. 

1. Energy is conserved in a closed system. The heat flowing into a system equals the increase in 
internal energy of the system minus the work done by the system. 

2. A system operating in contact with a thermal reservoir cannot produce positive work in its 
surroundings. Or entropy (disorder) increases. (Entropy measures the spontaneous dispersal of 
energy: how much energy is “spread out” in a process, or how widely spread out it becomes – as 
a function of temperature.)  

3. All processes cease as temperature approaches absolute zero (so absolute zero is unattainable.) 

4.15. Appendix B 
Phase diagram for water 

The evaporation temperature is very sensitive 
to pressure but the melting temperature is 
not. 
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5. Snowpack processes 
© Bruce Jamieson, 1999, revised 2000-2012. 

5.1. Reading 

 McClung and Schaerer, 2006. Avalanche Handbook, pp. 52-72, 318-320. 

5.2. Introduction 
 Snowpack processes are important because layering and layer properties are key to slab stability, 

forecasting, avalanche size and changes in mechanical properties over time 
 Because of difficulty measuring stability and mechanical properties, grain shape and size are often 

used as indicators of mechanical properties and their changes over time. 
 Recent studies (Schweizer and others, 2004) have shown that properties of weak layers (grain type, 

grain size, hardness, depth) and properties of the interfaces (difference in hardness, difference in grain 
size) are predictors of instability for skier triggering. 

 Snowpack is layered. Interactions between layers are important (stress concentration, permeability, 
etc.) 

 Properties change over time (metamorphism, densification, etc) and vary in space (over terrain) 
 Definitions for crystal and grain vary. Some texts use the term interchangeably. The molecules in a 

crystal are aligned in crystal lattice. Grains may consist of more than one crystal, hence exhibit more 
than one lattice, distinguishably under polarized light and low magnification.  

 The temperature gradient |TG| = |dT/dZ| that affects metamorphism in dry snow. There is a threshold 
|TG| = TGF  that determines whether equilibrium metamorphism or kinetic growth metamorphism 
occurs. This threshold is roughly 10°C/m to 20°C/m and depends on size of pore spaces and 
temperature. Practitioners typically assume TGF = 10°C/m. 

5.3. Liquid water content 
 Dry snow exists at or below 0°C 
 Moist or wet snow exists only at 0°C 
 Liquid water content by volume denoted   
 Classified as “moist” if forms snowball with light squeeze (with glove) but liquid water not visible at 

10 x. Less than 3% water by volume. (This is not a very good tests since snow at -1°C or -0.5°C is 
sometimes classified as moist by careful testing.) 

 Classified as “wet” if liquid water visible at 10 x but cannot be squeezed out. 3-8% water by volume. 
 “Very wet” if liquid water can be squeezed out by hand 
 “Slush” – snow is flooded with liquid water 
 The wetter the snow the weaker it is. 

 

Researcher jargon:  

Pendular regime: up to 8% liquid water by volume. Most grain growth is by vapour flux. 

 Funicular regime (very wet snow): 8 to 15% liquid water by volume. Heat is transferred though liquid 
water. 
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5.4. Heat flow 
 So heat flows partly by vapour through connecting pore spaces, partly by grain-to-grain sublimation 

through pore space, and partly by conduction through ice skeleton. (Pore spaces are too small for 
convection to be important.) Heat flow through the ice skeleton is limited for low density snow but 
conductivity k increases roughly with density squared. 

 Rather than separate the processes for heat transfer, snowpack modelers and many researchers use 
effective conductivity. 

 Heat flux (energy/area) is given by Fourier’s law Q = -k(dT/dz) where k is the conductivity. (This is 
the 1D version.) 

 Fresh snow 0.046 W/m K (good insulator), for old dense snow 0.326 W/m K 
Water is 0.57 W/m K   

 Dry sand 0.29 W/m K 
 Wet sand (40% water by volume ratio) 2.2 W/m K 
 See typical temperature profiles in ground and snow  
 keff = 10(0.002650  -1.652)    where keff is in W m-1 k-1 and  

is in kg m-3 for dry non-faceted snow (Sturm et al., 1997) 
 For faceted snow, there is little density dependence. 
 

5.5. Movement of water vapour 
 Water vapour in pores spaces is near saturation, or 

slightly supersaturated. The assumption of saturation is 
commonly used to calculate vapour pressure from 
temperature. 

 Warmer air holds more water 
vapour (and higher vapour 
pressure) than colder air. So as 
heat flows from warm to cold, 
water vapour diffuses from high 
vapour pressure (warm) to 
lower vapour pressure (cooler) 

 In midwinter at temperature 
latitudes snow surface is 
generally cooler than base of 
snowpack. So water vapour 
usually moves upwards, partly 
by diffusion through connecting 
pore spaces and partly by grain-to-grain transfer of water molecules through pore space, and partly by 
conduction through ice skeleton.  

 Wind pumping near the surface may completely alter the assumption of saturation. 
 To sustain the same temperature difference, more vapour will flow through the pore spaces in a layer 

with small bonds than in a layer with larger bonds. See diagram. 
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5.6. Metamorphism 

5.6.1. Reduction of surface- to-
volume ratio 

 Supersaturation in the snowpack is 
much lower than conditions in the 
atmosphere when crystals are 
growing. 

 Ice curvature effects are initially 
dominant for many forms of 
precipitation particles with high 
surface-to-volume ratio. 

 Since the saturation vapour 
pressure is greater over concave than convex surfaces, there is a net loss of mass from the highly 
convex surfaces (e.g. tips of branches) and a net deposition at the highly concave surfaces.  

 Dendritic forms (branched): branches shrink, or detach through vapour transport in dry snow. 
 Some texts consider this an “early stage of rounding” but it can occur for |TG|  > TGF 
 Particles decrease in size (length).  
 Faster process at warmer temperatures 

5.6.2. Equilibrium metamorphism (Rounding) 
 A dry snow process, at or below 0°C 
 Usually occurs when |TG| < TGF 
 Faster when warm, say, -5° to 0°C 
 Preferential deposition of water vapour as ice at 

concavities. Particles become more blob-shaped 
through vapour transport since sphere is a equilibrium 
form 

 Most contacts are concave and grow as bonds through 
deposition of water vapour as ice 

 Rounded grains grow very slowly in the seasonal 
snowpack, hard to measure growth. 

 Small grains shrink and eventually disappear 
 

5.6.3. Kinetic growth (Faceting) 
 A dry snow process, at or below 0°C 
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 Usually occurs when |TG| > 10°/m but Miller and others 
(2002) propose that |TG| > 25°/m may be required for 
larger grains. 

 Threshold for faceting can also be given in terms of water 
vapour pressure or excess vapour density. 

 Faster when warm, say, -5° to 0° 
 Faster in low density snow (less heat flow through ice 

skeleton and hence tendency for more by grain to grain 
transfer). 

 Particles become more angular, grow corners and flat 
faces 

 Advanced forms exhibit layered/stepped/hollow 
growth 

 Growth of grains/crystals is measurable over 
weeks, sometimes over days 

 Small grains shrink and disappear 
 Ice is deposited on the cool part of crystals (usually 

bottom) 
 Ice is not preferentially deposited at contacts/bonds 
 Relatively small bonds limit conductivity through ice 

skeleton and hence more heat 
flows by grain to grain 
transfer through the pore 
space 

 Strength can decrease, remain 
the same or slowly increase. 

 Strength increase in high 
density snow can be due to 
grains growing into 
neighbouring grains 

 

5.6.3.1. Near surface 
faceting 

 Snow is an efficient reflector 
and radiator, and poor 
conductor 

 When in shade/darkness under clear skies, long wave radiation from snow surface dominates, cooling 
surface to 5-15°C below air temperature, creating strong gradients in air and top few cm of snow 

 Heat flows from warm to cold “carrying” water vapour often causing sublimation 
 Strong negative gradients in surface layers of snow at night (|TG| > 200°C/m) and positive 

temperature gradients during the day can lead to near surface faceting within hours. 
 Strong gradients in air can lead to growth of surface hoar if humidity reaches dew point. 
 As temperature gradient reverses, growth can occur on the opposite sides of the grains. 
 Small facets (< 0.5 mm) with many fine striations (technically depth hoar) can form within hours. 
 Small facets can lose their striations within hours if the temperature gradient is reduced and the 

temperature is warm, say, -5 to 0°C. 
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5.6.3.2. Near wet-layer faceting 
 When dry snow falls on wet snow, 

strong temperature gradients occur in 
the dry snow due to latent heat in wet 
layer. (Interface remains at 0°C until 
wet layer freezes in hours to days)  

 Faceting can occur above and below 
the wet layer within hours. 
Temperature gradients often greater 
above than below due to liquid water 
drainage, favouring more faceting 
above. 

 Process may be augmented by 
cooling of snow surface by radiation 
and typical winter air temperature 

5.6.3.3. Near crust faceting  
 Faceting observed just below and 

above crusts when temperature 
gradient (measured every 10 cm) appears insufficient for faceting (|TG| < 10°C/m).  

 upward flux of water vapour hits a less permeable layer 
such as a crust and deposits ice on the lower surfaces of 
grains 

 [For steady thermal conditions, effective heat flux is 
conserved q + LJ = q0 + LJ0 where q is diffusive heat 

flux, L is latent heat of sublimation, and J is 
water vapour flux. (Colbeck, 1991).] 
 Just below less permeable layer, vapour 
flux decreases, increasing condensation, 
potentially favouring faceting 
 Inside less permeable layer, vapour flux 
is low and heat flux is high.  
 Just above a low permeability layer, 
vapour flux increases, increasing evaporation, 
potentially “eating” away at crust (Colbeck, 
1991). Crusts are observed to disappear over 
weeks or months in a snow climate with a 
strong temperature gradient, e.g. arctic, or 
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continental snow climate in early and mid winter. For forming facets above a crust, this is a slower 
and probably less important effect than near wet-layer faceting. 

 Field observations support faceting below crust or plastic layer for some temperature gradients less 
than 1° measured over 10 cm. Of course as the temperature gradient approaches 0°/m, the vapour 
flow will diminish and no faceting is expected below less permeable layers. 

 Even for temperature gradients < 1°C measured over 10 cm, Smith and Jamieson (2009) report that 
crusts became increasingly “crumbly” over weeks. This suggests changes in bonding perhaps due to 
small scale temperature gradients. Thermal imaging of the pit wall (e.g. Shea et al., 2012) shows grain 
scale gradients in melt-freeze crusts that offer an explanation for faceting and weakening of crusts. 

 

5.6.4. Melt-freeze metamorphism 
 Melting & freezing occurs at 0°C 
 Small grains shrink and disappear. 
 At low water content (< ~8%, pendular regime), 

grain growth dominated by vapour flow to 
concave surfaces; liquid water held to grains and 
contacts by surface tension; clusters and bonds 
form when it freezes 

 Low water content is common because liquid 
water tends to drain 

 Funicular regime: 8-15% liquid. Layer becomes very strong when frozen. 
 

5.7. Bonding in dry snow 
 Area of bonds and number of bonds per grain (coordination number) are important. 
 Strengthening of layer can occur due to increase in area of bonds and/or increase in number of bonds 

per grain (coordination number)  
 Sintering is intergranular bonding below the melting 

point.  
 Various processes for bond growth: deposition of 

vapour from pore space, outward migration (diffusion) 
of molecules along grain boundary, as well as along 
surfaces. Maeno (1983) argued that surface diffusion 
contributes little mass to the bond.  

Ice
Grains

Liquid water

Freeze

Melt freeze
(common during thaws, spring)

.

.

.

diffusion
along
grain
boundary

vapour 
deposition
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Grain boundary diffusion (Colbeck’s (1997) grain boundary groove theory). When two crystals first 
contact, there is a groove around the contact area. (This is most obvious for spherical crystals.) Since the 
molecules within a crystal are aligned in a lattice, a grain boundary will consist of a plane of with 
different alignments on either side. Ice molecules should be diffuse faster along the boundary although 
this mobility has not been quantified. Molecules should migrate along the plane outward from the centre 
where contact stress is highest to the surface where contact stress is lower. The bond will increase in area, 
and the angle at the groove between crystals will 
increase, in theory to 145° for spherical crystals. This 
theory assumes grain boundary diffusion is the dominant 
mechanism for bond growth. It predicts a grain boundary 
groove and not a neck-shaped bond. 

Recent SEM images by Adams and others (2001) 
sometimes show a tiny ridge at grain boundaries, 
suggesting that molecules are migrating from the centre 
of the grain boundary (bond) to the periphery. This ridge 
has a short radius of curvature and is expected to lose 
molecules quickly to the vapour phase. An alternative 
explanation proposes that it is not ice but impurities that 
accumulate in the ridges. 

Vapour deposition (e.g. Hobbs, 1974). As for 
equilibrium metamorphism, vapour pressure differences 
move molecules from the convex surfaces through the 
vapour phase to the concave surfaces, which includes 
contacts and bonds. 

So which is dominant?  

 Microphotographs reveal both neck-
shaped bonds and bonds with grain 
boundary grooves.  

 Colbeck (1997) did not consider 
overburden pressure, leading to pressure 
sintering at bonds. (Overburden stress on 
bonds causes increase in bond area and 
hence strength (Brown and others, 2001)). 
Pressure sintering is probably dominant 
beyond a critical load/depth. Conway and 
Wilbour (1999) propose the load effect on 
densification to be dominant below 5-10 
cm and their strength model based on 
densification appears to work for storm 
snow. Pressure sintering will favour grain 
boundary diffusion for load bearing bonds 
but not all bonds in the ice skeleton are 
load bearing. Perhaps vapour diffusion is 
dominant for non-load bearing bonds, resulting in necks? 
 

 

Bonding processes in dry snow
- vapour diffusion (explains necks)
- grain boundary diffusion (explains grooves)
- pressure sintering (dominant at depth?)
- some SEM images show grain boundary ridges!

Theory suggests angle should increase to 145 

Do most photos show necks or grain boundary 
grooves?
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Special cases 

 During kinetic growth, bonding may increase in high density snow due to grains growing into one 
another. 

 Ratio of bond radius to grain radius increases more slowly for larger grains (Colbeck, 1998); hence, 
layers of larger grains gain strength slower than layers of smaller grains given similar temperature and 
vapour pressure conditions. 

5.8. Densification of layers 
 density symbol  (rho) 
 Initially fast then slows 
 Density commonly increases by factor of 4 over winter in temperate climate (dry) 
 Temperature, grain type (microstructure), temperature gradient and load are factors 
 Warmer temperature contributes to faster densification 
 For storm snow, Conway and Wilbour (1999) propose gravity (not metamorphism) dominates 

densification (and consequently strength) more than 5-10 cm below the surface 
 New snow forms, decomposing forms and rounds densify faster than facets and depth hoar. Facets 

and depth hoar very slow to density above ~280 kg/m3. Rounds very slow to densify above ~450 
kg/m3 

 TG affects microstructure and therefore affects densification 
 More load implies temporarily faster densification (Kojima, 1954). 
 Drained wet snow slow to densify above 500 kg/m3 
 

5.9. Strength change of dry weak layers 
 Strength changes (usually increases) due to changed (unusually increased) number of bonds per 

grain (coordination number) 
and/or change size of bonds 
(one effect of metamorphism). 

 Increased load tends to cause 
the strength of weak layers to 
increase, but there is a delay so 
some weak layers (colder and 
perhaps coarser grained) may 
be slower to respond to the 
increase in load. 

 In Columbia and presumably 
Coast Mountains strength 
losses are rare; more often 
weak layers remain (relatively) 
weak because adjacent layers 
are gaining strength faster. 
Consider a weak layer B under 
slab A and on top of stronger 
layer C. A few days after a 
snow storm, all layers will likely have gained strength but layer B may be still be weaker than 
layers A and C. 
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5.10.  Settlement of snowpack 
 Downward displacement of snow surface due to densification of layers 
 Densification rate increases with load but not linear for low-density snow. 
 Settlement in new snow = 100% ( HN – HST)/  HN  
 For new snow forms, 10% is considered low for fresh dry snow in a temperate mountain climate and 

stabilization of associated layers will be slow 
 > 50% settlement possible in first 24 hours at 0°C  
 Settlement of new snow, storm snow and old snow can be calculated separately if the heights of snow 

on the appropriate snow boards are measured. 

5.11.  Evolution of buried surface hoar 
 Layers observed to thin over days, weeks  
 Theory indicates crystals should not shrink in mass or volume but, under rounding metamorphism, 

may become more spherical (equilibrium form) . Decrease in size observed in field is due to 
decreased size of particles extracted (broken) from the snowpack. 

 Two mechanisms for thinning: creep tilting crystals, crystals penetrating into layers above and 
below.  

 Since base of most crystals is narrower than the tops, penetration is likely faster at the base. 
 Penetration leads to new contacts and bonds. So thinning is associated with strength increase 
 Penetration (and strengthening) is likely faster when surface hoar lies above a soft layer. 

Consequently, when surface hoar overlies a crust, it will be slow to penetrate and likely slow to gain 
strength. 

 In a snowpack with a low temperature gradient, striations disappear and small rounded grains adhere 
to surface hoar crystals, appearing as bumps on the larger crystals. 

5.12.  Movement of liquid water 

 Liquid water is driven by gravity and sometimes by capillary action. 

 Melt water descends in channels or moves along layers 

 On slopes much liquid water moves along layers 

 Can contribute to slab failure by spreading along a layer (but not as common as 
previously thought) 

 Capillary action can draw liquid water up-slope and across slope along specific layers 
(e.g. fine connecting pore spaces) 

 Wankeiwicz (1979) describes interfaces as impeding or accelerating. At a low flow rate, 
coarse-grained snow over fine-grained snow is an accelerating interface and fine-grained 
snow over a coarse-grained layer is an impeding interface. At a high flow rate, the 
impeding and accelerating effects are reversed. At an accelerating interface such as 
coarse over fine grained snow at low flow rates, the liquid water will flow downwards in 
the fine-grained snow in many fingers. At an impeding interface such as fine-grained 
snow over coarse-grained snow at low flow rates, the liquid water will flow downslope 
along the fine-grained snow. Where the liquid water accumulates, e.g. a hollow, the 
pressure will build to a critical level, then flow into the lower layer and spread laterally in 
a widening pipe, draining the accumulation. 
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 Liquid water at low supply rates will commonly spread downslope along the top of an old 
surface hoar layer presumably due to higher capillary forces in the finer grained snow 
above. Some water will enter the surface hoar layer. Although Wankeiwicz (1979) does 
not explicitly consider thin coarse layers, his theory suggests liquid water will 
preferentially flow in coarse-grained snow layers, such as surface hoar, at high flow rates. 

 Freezing of either kind of channels will add to stability, potentially “bolting” through 
some layers. 

5.13. Snowpack structure, profiles 

 Record site & weather information 

 Record properties of layers: thickness, moisture, grain types, grain size, hardness, density 

 Perform strength/stability tests and record results 

 Application limited by spatial variability! 

 Most measurements and observations follow international conventions 

1.  

5.14.  Snowpack evolution models 
 Predict snowpack profiles from meteorological inputs throughout winter. Require standard weather 

instrumentation plus long and short wave radiometers. Radiometers can be pointed up (requiring some 
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reliable mechanism for clearing snowfall), or pointed 
downwards to measure reflected radiation (requiring that 
the albedo of the snow surface be assumed or estimated) 

 Typical time step, 15-60 minutes 
 Predict snow depth, temperature profiles, liquid water 

discharge, density (by layer), liquid water content (by 
layer), grain type (by layer) 

 Developed in US, Switzerland, France, etc. 
 Snowpack processes are modeled based on physics … 

except metamorphism in most current models. 
 US early Swiss models ignore grain type, which is 

important for settlement, layer density, stability, etc. 
 Crocus (France) models metamorphism using Brun 

triangle (see diagram) based on physics and empirical 
metamorphism  

 Swiss model SNOWPACK undergoing rapid 
development 

5.14.1. SAFRAN – CROCUS – MEPRA (France) 
 SAFRAN predicts weather by aspect and elevation on the mountain range scale based on automatic 

and manual weather measurements at fixed sites 
 CROCUS predicts snowpack based on weather from automatic station or SAFRAN. If the weather 

inputs are on the mountain range scale then so is the simulated snowpack. 
 MEPRA predicts stability based on expert system and mechanics (stability indices, etc.) 
 Research finished 1992. Operational application to 22 forecast regions in French Alps in progress 

started 1998. 
 For operation use, the snowpack in each massif (about 400 km2) is simulated for 7 aspects (W, N, E, 

SE, S, SW and level) and up to 10 elevation 
bands and 3 slope angles (Durand et al., 1999). 
The splitting of the south into SE, S and SW 
reflects the need to model the effect of radiation 
for small changes in aspect. 

5.15.  Summary 
 Low density snow is an insulator. 
 Melt-freeze metamorphism: Small grains 

shrink and disappear when free water is 
present. Snowpack is usually drained; liquid 
water is held at concavities and bonds, layers 
become relatively strong crusts when they 
freeze. 

 Rounding: water vapour moves from small 
grains (surfaces with short radius of 
curvature), to less convex surfaces (larger 
grains, convex surfaces including bonds). 
Small grains slowly shrink and disappear. 

 Layers of larger grains gain strength slower 
than layers of smaller grains given similar temperature and vapour pressure. 
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 Faceting: Heat flows from warm to cold and (under saturated conditions) takes water vapour with 
it. Vapour moves through pores space condensing on slightly cooler surfaces creating flat 
surfaces, angular shapes. Small grains shrink and disappear. 

 Near surface faceting: strong temperature gradients in the top few cm especially under clear skies, 
cause water vapour to condense onto slightly cooler (upper or lower) surfaces. Temperature 
gradient typically reverses between day and night. Small facets or striated “facets” (depth hoar) 
common, but can become small rounds within hours. 

 Above wet layer faceting. Wet layers buried by dry snow typically take hours to a day or so to 
freeze during which time a strong TG just above the wet layer is likely to facet. 

 Near crust faceting: TG increased above and below crusts. May be sufficient for gradual faceting 
even though thermometers 10 cm apart indicate < 1°C difference. 

 Bonding: Vapour flow which forms neck-shaped bonds may be dominant under low TG. 
Although not considered in Colbeck’s (1997) theory, overburden pressure may contribute to grain 
boundary grooves in load bearing bonds. Both shapes of bonds exist. These two process may co-
exist and compete. Pressure sintering is probably important at depth, perhaps as shallow as 10 cm. 

 Densification: As PP become DF and become RG. Density typically increases from ~80 kg/m3 to 
400+ kg/m3 over months. Densification for facets and depth hoar is slower and usually “tops out” 
near ~300 kg/m3. 

 Settlement is a result of densification. Settlement in storm snow is easily calculated from HN and 
HST readings. 

 Evolution of buried surface hoar: small particles become attached and preserved as bumps. 
Layers thin and gain strength as a result of tilting (on slopes) and penetration of crystals into layer 
above and below. Pieces of SH crystals extracted get smaller over weeks due to penetration.  

 Movement of free water driven by gravity and capillary action. Preferred boundaries for water 
movement e.g. fine over coarse grained snow, likely reversed at high supply rates. 

 Snowpack evolution models (France, Switzerland) take frequent inputs from weather sensors 
including radiometers and predict snowpack including weak layers. Active research topic. 
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6. Introduction to snow mechanics 
© Bruce Jamieson 1998, revised 1999-2012 

6.1. Reading 
McClung, D.M. and P.A. Schaerer. 2006. The Avalanche Handbook.  The Mountaineers, Seattle, p. 73-

87. 
Schweizer et al., 2003. Snow avalanche formation, Reviews of Geophysics, 41(4), 1016,  

Section 3, 3.1-3.3 
Shapiro, L.H., J.B. Johnson, M. Sturm, and G.L. Blaisdell. 1997. Snow Mechanics: Review of the State of 

Knowledge and Application. US Army CRREL Report 97-3. 
http://www.crrel.usace.army.mil/techpub/CRREL_Reports/reports/CR97_03.pdf 

6.2. Introduction 

 Mechanics is defined as the response of a material to its environment (or sometimes just to external 
forces) based on general principles of physics. In the chapter, some observed responses, which lack 
physical explanations, are included. 

 Snow deformation and failure are key to stability, stability indices and an understanding of 
contributory factors to avalanche forecasting. 

 For snow mechanics, continuum mechanics are sometimes used (but snow is porous, not 
continuous), sometimes soil mechanics (but intergranular bonding is different). Porosity of many 
weak layers is 80-90%. Recent suggestions that foam mechanics would be useful but as yet this 
theory is limited. Various approaches used but assumptions behind any theory must be considered. 

 Deformation, failure and fracture depend on snow stiffness (modulus), viscosity and peak. stress 
(strength) 

 Slab failure starts in weak layer and spread from 
there to crown then flanks and stauchwall 

 Initial failure in weak layer is usually modelled 
as a shear failure in thin weak layers or 
interfaces.  

 Spontaneous (natural) avalanching involves slow 
loading (ductile failure) and a progression to 
brittle failure 

 Human triggering involves rapid loading and 
direct brittle failure 

6.3. Stress and strain 

 Strain is a dimensionless measure of deformation 

 Two fundamental types of strain: axial (compression, tension) and shear (distortional) 
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 Axial strain can be thought of as change in a dimension (e.g. length, width) per unit length  = L/L.  

 Consider a cube-shaped portion of a material. In theory, 
we should consider an infinitesimally small cube. Any 
deformation of the cube can be broken down into a 
combination of normal (axial) and shear strains. Usually, 
we consider the faces of the cube to face in the x, y and z 
directions. Shear strain in the x direction is usually denoted 
x or xx. 

 In two dimensions consider a square face of the cube. 
Shear strain  can be thought as the change in angle at the 
corner (see diagram). For calculations, shear strain must be 
in radians. On the face of the cube perpendicular to the x 
axis, axial strain in the z direction is usually denoted xz or 
sometimes xz. There are two shear strains and one normal 
strain on each face of the cube. The complete set of strains 
is usually represented as a 3x3 matrix known as the strain 
tensor. In most cases, there are only six unique strain 
components because xz = zx, etc. 

 Stress is the force per unit area in a material. It has units of 
N/m2, commonly denoted Pa, (or kN/m2, usually denoted 
kPa). 

 Like strain, stress has axial (tension or compression) 
components and shear components. Stress at a point can be represented as a 3 x 3 matrix known as the 
stress tensor. As for strain, usually there are only six unique components at any point within a 
material. 

 Axial stresses on the x, y and z faces are usually denoted xx, yy and zz. 

 On the face of the cube in the x direction, shear 
stress in the z direction is usually denoted xz or xz 

 In most 3-dimensions loading conditions, any strain 
component can depend on multiple stress 
components, and calculations are usually done with 
matrices. 

 Mohr circles (see 2D diagram) show the major and 
minor principal stresses 1 and 3 in the planes 
where the shear stress  = 0.  
The maximum shear stress is max = (1 - 3)/2. This 
is at 45° to the direction of the major principal stress 
in the material and at twice that angle in the Mohr’s circle. The Mohr’s circle allows the shear and 
axial stresses to be calculated in any plane, including along a weak layer in a layered material. 
Anisotropic granular materials are prone to failure when the maximum shear stress reaches the shear 
strength. However, other failure criteria exist. 
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 The Mohr-Coulomb failure envelope roughly 
applies to ductile failure. It is usually written  
* = c + zz tan where c is the cohesion or 
shear strength when the normal stress is zz = 0 
and tan  is the rate of increase of ductile shear 
strength with increased normal stress. The 
normal stress from slabs ranges up to at least 5 
kPa. (The graph on p. 85 of McClung and 
Schaerer (2006) shows a strong increase in shear 
stress for rounded homogeneous snow (not a 
weak layer) measured in a cold lab.) 

 The brittle shear strength of weak layers exhibits 
a weak effect of normal load. This has been 
measured in the field. The graph is mostly for 
persistent weak layers of faceted crystals or 
surface hoar. Using different symbols (to distinguish the normal load effect for brittle shear strength of 
persistent weak layers from the Mohr-Coulomb effect)  = 0 + zz  where  is the brittle shear 
strength for negligible normal load, and the normal load adjustment is  ≈ 0.21.  
 

 Well away from the edges of a uniform 
snow slope, the concepts and calculations 
can be greatly simplified by assuming 
plain strain and focusing on two 
dimensions: x (downslope) and z 
(perpendicular to the slope, usually either 
measured from the ground or snow 
surface). This leads to simple equations of 
the form xz = f(xz). 

 To understand the functions relating stress 
to strain, we first need to understand the 
rate dependence of snow and stiffness. 
 

6.4. Strain rate and mechanical 
behaviour 

 Since strain, including shear strain, is 
dimensionless, strain rate has units of s-1. 
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 The mechanical behaviour of snow depends strongly 
on the strain rate. Within seasonal snowpack on a 
slope, deformation is viscous. The shear strain rates 
(creep) are approximately 10-8 s-1. In the simplest case 
(2-dimensional Newtonian viscosity), shear stress is 
proportional to the shear strain rate xz = - dxz/dt 
where  is the viscosity coefficient with units of Pa s. 
For such behaviour, the viscosity coefficient indicates 
the “stiffness”. The viscosity coefficient depends on 
temperature, snow density, grain size, etc. 

 Rapid localized surface loading due to 
explosions, skiers, etc can lead to shear strain rates > 
10-4 s-1. At such strain rates, the behaviour is snow is 
approximately linear elastic. Linear implies stress is 
proportional to strain. Elastic indicates that if the load 
(stress) is removed the deformation (strain) will 
immediately disappear. 

 For simplest cases of linear elasticity, the stress 
is proportional to the strain xx = E xx where E is the 
Modulus of Elasticity often know as Young’s 
Modulus. For shear, xz = G xz where G is the Shear 
Modulus or the Modulus of Rigidity. These moduli 
have the same unit as stress and are often given in 

MPa. For rapid loading, these moduli are the “stiffness”. 

 During experiments to measure stress and strain, 
the stress-strain curve is often not quite linear, 
and is approximated by a tangent modulus. 

 These “stiffness” moduli depend on 
temperature, snow density, grain size, etc. 
Young’s modulus increases from 0.2 MPa for 
100 kg/m3  to ~100 MPa for 400 kg/m3 (rounded 
grains) 

 Combinations of elastic and viscous behaviour 
are important at intermediate strain rates and 
some loading conditions. 

 Stiffness decreases with warming (Schweizer, 
1998) and this is a key to the effect of warming 
on stability (McClung and Schweizer, 1999). 

6.5. Failure and fracture 
 In material science, failure is usually defined as 

the peak on the stress-strain curve, i.e. the point at which the material will not carry more load. (In 
structural engineering, failure occurs when a structure no longer performs its intended function.) At 
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the slow strain rates for creep, snow will continue to deform (strain) but not fail. At higher strain rates 
snow will fail or fracture.  

 Ductility refers to irrecoverable deformation prior to failure or fracture. 

 Fracture is the breaking of (molecular) bonds, usually on a macroscopic scale, resulting in physical 
separation of the material into two or more pieces. In brittle fracture, the pieces can be fitted together 
(because the deformation at the crack tip is elastic). Where there is some permanent deformation 
(energy loss) at the crack tip, the material may be called quasi-brittle (at the relevant strain rates).  

 See graph of deformation and failure of snow. Stress-strain curve a has the slowest deformation rate, 
typically 10-8 s-1. Curves b, c and d are associated with progressively faster strain rates. Brittle fracture 
is usually observed for strain rates > 10-4 s-1.  

 Rapid loading typically leads to linear elastic behaviour and brittle fracture. 

 For slower strain rates, snow will deform irrecoverably before either failure or fracture. 

 At intermediate strain rates snow has been observed to strain soften. It fails to support as much load 
(stress) but does not fracture. (This is important to our understanding of deficit zones in the next 
chapter.) 

 The maximum stress for a stress strain curve is called the peak stress, failure stress, or “strength”. 
“Failure stress” is more commonly used for the stress at which ductile failure occurs. “Strength” is 
more commonly used for the maximum stress at or prior to brittle fracture. 

 Stress strain curves as well as failure stress or strength values exist vary for tension, compression, 
shear. These vary with temperature, density, grain type and size. 

 Slow loading (< 10–4 s-1) leads to ductile failure ~ reaching a peak stress on stress-strain curve then 
continued strain at same stress or decreased stress (strain control). No cracking except near ductile-
brittle transition. 

 Ductile brittle transition depends on strain rate (~10-4 to 10-3 s-1) and grain structure (10-4 s-1 for depth 
hoar vs 5 x 10-4 s-1 for rounded grains). 

 There are models for combined rapid (elastic) and slow (viscous) loading: Maxwell (dashpot and 
spring in series); Voight (spring and dashpot in parallel) and Maxwell-Voight models (Burgers) 
models 
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6.6. Strength of layers 

 Roughly strength proportional to 
density to power 2-2.5 for dry snow 

 Usually measured in Pa or kPa 

 Snow is sensitive to stress history. 
Failure stress is higher if rapid stress 
is preceded by a low load (Brown and 
others, 1973). Some strength 
estimates are high because of stress 
history e.g. centrifugal tests. 

 Normal load. For soils, the effect of 
normal load on ductile shear strength 
is called internal friction  where the 
shear strength increases as c + zz tan 
 where c is the cohesion (shear 
strength with no normal load) and zz 
is the normal load. For dense snow 
under slow shear, normal load effects 
have been well documented (e.g. 
McClung, 1977). For low density 
snow under rapid shearing (to brittle 
fracture) normal load effects have recently been identified for low density weak snow layers 
(Zeidler, 2004). 
 

6.7. Hardness of layers 

 Usually defined as resistance to penetration with units of force and penetrometer size/shape 
known. For simple shaped blunt penetrometers e.g. disk, hardness sometimes has units of 
force per unit area. There are many ways to measure hardness. 

 Most hardness indices proportional to brittle strength and stiffness (elastic modulus) 

 (stiffness is important for stress distribution in a layered snowpack subject to localized 
surface load) 

 Only an index of strength, but tests such as hand hardness are widely used because of ease 
and simplicity but are subjective 

 Also drop-hammer penetrometers like Swiss ramsonde (poor for thin layers) but ~objective 

 Digital resistance penetrometers under development. May detect weak layers as thin as 1 mm  
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6.8. Effect of temperature on snow 

 Greatest effect is on stiffness (modulus, 
initial slope of stress-strain curve) with 
lesser effect on peak stress (strength) 

 For fine grained snow about 220-250 kg 
m-3, Schweizer and Camponovo (2002) 
found an effective elastic shear modulus of 
750 kPa at –10°C. The modulus decreases 
with increasing temperature and follows 
an Arrhenius relationship [proportional to 
exp(-Q/RT)] below –6°C where Q = 0.2 
eV is the activation energy, R is the gas 
constant and T is temperature in Kelvins. 
The modulus decreased faster above –6°C, 
showing a strong temperature effect in 
much of the temperature range for dry slab 
avalanche release. 

6.9. Fracture toughness of snow 

 Fracture propagation is often analyzed in 
terms of energy release rate and fracture 
resistance. Probably more important property 
than weak layer strength for avalanche 
release. 

 Fractures can propagate in three ways: 
tension (Mode I), in plane shear (Mode II), 
out-of-plane shear (tearing or Mode III). 
Many fractures in many materials are mixed 
mode, but a single mode is often assumed for 
modeling and calculations. Compression alone is insufficient for fracture propagation.  

 The stress concentration at the crack tip is known as stress intensity K and is proportional to 
 a1/2 per unit width, where  is the stress away from 
the crack tip (far field stress) and the crack length is 2a 
(Broek, 1986, p. 11). The stress intensity is different 
for each mode and denoted KI, KII and KIII. There are 
critical values, called fracture toughness, denoted KIC, 
KIIC and KIIIC. Fracture propagation is expected when 
K reaches KC. In the presence of a crack, comparing K 
to KC is likely a better indication of criticality than 
comparing stress to strength.  

 Low toughness is associated with brittle materials. 
Snow has the lowest values of fracture toughness ever measured for any material. Like 
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measures of strength, fracture toughness depends on density, temperature, grain type and 
size.  

 Using cantilever beam tests, Schweizer et al. (2004) found that fracture toughness decreased 
with increasing temperature up to about -8°C. Above that considerable scatter was observed, 
suggesting an increase in toughness towards the melting point. The infrequency of wet slabs 
compared to dry slabs indicates that toughness is greater for moist or wet snow than for dry 
snow. (Toughness increases with the area under the stress-strain curves for load or stress 
control experiments. Hence, the effect of temperature on toughness cannot be inferred from 
the deformation or strain control diagram in the previous section.)  

 Linear elastic deformation to brittle fracture in Mode I (tension) is simplest. The fracture 
toughness KIcc (a)1/2
where  is the far field (applied) stress, the crack length is 2a and is the surface energy 
(energy required to create new surfaces).  

 For fracture propagation along the weak layer or interface, KIIC is of greatest interest. 
Roughly around 1000 Pa m1/2. A few recent lab studies and one field study of fracture 
toughness. 

 Fracture toughness should depend on far field stress and crack length, but unexpected effects, 
including specimen size effects, have recently been discovered (Faillettaz and others, 2003; 
Schweizer and others, 2004). 

 Using propagation saw tests, Schweizer et al. (2010) found the fracture energy of weak snow 
layers to be 0.3 to 2.2 J m-2, higher than previous estimates because of revised estimates for 
the elastic moduli. 

 This approach of linear elastic behaviour to pure brittle fracture probably does not apply to 
snow (Bazant et al., 2003). More complex formulations for a quasi-brittle material are likely 
required, but the principle of comparing the energy release rate with the fracture resistance, 
or of comparing stress intensity with fracture toughness, holds promise. 

The effect of warming on failure and fracture toughness is weak and complicated. McClung and 
Schweizer (1999) estimate a slight increase in failure toughness (to the peak on the stress-strain curve) 
with warming. Schweizer et al. (2004) measured a decrease in fracture toughness up to ~-8°C then an 
increase with wide variability in measurements. 

6.10. Fracture resistance  

 Consider Mode I first. Following the ideas of Griffith for a brittle material, the energy 
released as the crack grows da is G = dU/da per unit width. The work required for the crack 
to grow da (fracture resistance) is R = dW/da per unit width. Fracture propagation is 
expected when G exceeds R. 

 For elliptical crack in plate of unit thickness, GI = 2 2 a / E, which remarkably, is KIC
2/E, 

where E is Young’s Modulus. This implies the energy criterion and the stress criterion are 
reached simultaneously! 
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 Crack of length a will grow when G ≥ GIc = 2 c
2 a / E 

 For a very brittle material R = dW/da = KIC
2/E  consists of surface energy so KIc  

     

 For plain strain GIc = (1 - 2) KIc2 / E 

 Similar for Mode II (in plane shear).  
Energy release rate (in shear for isotropic continuous material) GII = KII

2/E where KII is stress 
intensity factor (in shear).  

 Slab avalanches with jagged crown and flanks are probably evidence of fracture tough areas 
that stopped the fracture. 

6.11. Collapsing fractures in 
porous materials (anti-cracks) 

The preceding sections are based on fracture 
mechanics for solids. Porous materials can also 
collapse (like a parking garage), reducing the 
pore space. This collapse can propagate as an 
anti-crack, which is also called Mode -1 
cracking since it is the opposite of a crack 
opening in tension (Mode 1) (Fletcher and Pollard, 1981). The description of collapsing snowpack layers 
and its relation to propagation and slab avalanching is not new (Bucher, 1948; Bradley and Bowles, 1967; 
Johnson, 2000; van Herwijnen, 2005; Sigrist and Schweizer, 2007; Gauthier, 2007). The theory for 
propagation has been developed and recently applied to the layered snowpack (e.g. Heierli and others, 
2008). 

6.12. Summary 
 Snow can be viewed as a foam of ice, or as a bonded granular structure; however, theories linking 

the mechanical behaviour to microstructure are lacking and currently empirical relationships are 
used. 

 Strength and fracture toughness of snow layers are relevant to avalanche release; however, foam 
mechanics are not well developed.  

 Consequently, solid fracture mechanics and empirical relationships for soil mechanics are used. 
The mechanics of collapsing weak layers (Mode -1 or anti-crack) are undergoing active research 
and offer an explanation for fracture propagation on the flats. 

 The behaviour of snow, including its stiffness or moduli are very sensitive to strain rate and 
temperature, but also sensitive to density, grain type and grain size.  

 Mellor (1975) called snow “the most bewildering material of engineering significance” 
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7. Slab avalanche release 
© Bruce Jamieson, 1998, revised 1999-2012. 

7.1. Reading 
 McClung, D.M. and P.A. Schaerer. 2006. The Avalanche Handbook. The Mountaineers, Seattle, 

p. 87-107. 
 Schweizer et al., 2003. Snow avalanche formation, Reviews of Geophysics, 41(4), 1016,  

Section 3, 3.1-3.3 

7.2. Introduction 

 Slab failure starts in the weak layer and spreads from 
there to crown then flanks and stauchwall. 

 Initial stage of release by localized dynamic (near –
surface) loading (LDL) e.g. skier, snowmobiler, 
explosive, cornice fall, is different from the initial stage 
with only quasi-static loading, e.g. warming, snowfall. 
The latter is sometimes called “natural avalanching” but 
here it is called spontaneous release because cornice 
falls are also “natural” (CAA, 2007).  

 Spontaneous slab avalanching involves progression 
from a ductile failure of a deficit zone in the weak 
layer/interface to brittle fracture propagation along 
weak layer/interface. 

 Localized dynamic loading causes an initial brittle fracture in the weak layer/interface, which if it is 
long enough, leads to fracture propagation. 

 A fracture (contiguous rupturing of bonds) that does not self-propagate is said to have initiated. 

 Once the weak layer fracture begins to propagate, the initial stage (LDL or quasi-static) no longer 
matters.  

 While failure initiation appears to be driven by slope parallel shear, propagation often (always?) 
involves slope normal collapse. 

 Effect of temperature on stability can be explained by increase in stain rate in weak layer/interface as 
near surface layers loose stiffness. 

 Fracture propagation along weak layer/interface includes shear component and is controlled by 
balance between energy release rate and work of fracture (fracture resistance), which can be 
formulated in terms of balance between stress intensity and fracture toughness. Fracture toughness is 
a material property, which like strength, depends on density, grain type, grain size, temperature, etc. 

 For wet slab avalanches and glide avalanches, see McClung and Schaerer (2006, 100-104) 

 

7.3. Snowpack deformation: creep, glide, settlement 

 Settlement is vertical compaction due to densification (& usually associated with 
strengthening) 

SLAB
flank

weak layer/interface
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crown fracture
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 Glide is movement of snowpack along ground, usually associated with free water at 
ground-snow interface 

 Creep is deformation due to shearing and settlement (but not gliding) 
 Snow surface speeds on 30-40° slopes are very roughly 1 cm/day for fresh snow to 

1 mm/day for old snow. 
 Shear strain rates for settled snow on a 30° slope 

are 1 – 2 x 10-8 s-1 
 Creep profiles are triangular, implying viscosity 

increases with depth (function of density) 
 Stiffer layers above and below concentrate the 

shear strain in the weak layer 
 Usually assume linear viscosity ~ strain rate 

proportional to stress but this is a simplification. 
Used for creep, shear strain in weak layers due to 
slow loading (precipitation)  

 Viscous deformation leading to visco-plastic 
deformation at high stress  

 Above a certain stress which depends on grain 
structure, strain rate depends on powers of stress 
>1 (non-linear viscosity) 

 Viscosity depends on grain structure, temperature and density 
 

7.4. Shear stress on a weak layer 

 Shear stress at depth h (measured vertically) is gh sin  cos  where  is the average 
density of the overlying snow 

 Derive from free-body diagram 

(from 
Schweizer and 
Jamieson, 
2002b) 
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7.5. Fracture initiation for dry slab avalanches due to slow loading or 
warming (spontaneous release) 

 Average shear strain rates in the creeping 
snowpack are around 10-8 s-1. Shear strain rates 
sufficient for fracture (~10-4 s-1) are not 
observed on slopes (at average places in 
snowpack) 

 Higher strain rates likely during precipitation, 
but these are, by themselves, not sufficient for 
fracture. 

 Higher strain rates likely near terrain features 
but these are not believed to be sufficient, by 
themselves, for fracture (Also, avalanches 
sometimes observed to start in middle of 
uniform slope.) 

 Higher strain rates likely in weak layers and 
weak interfaces, especially if an adjacent stiff 
layer concentrates strain, but these are, by 
themselves, not believed to be sufficient for 
fracture. 

 Since all materials are flawed, perhaps necessary strain rates are achieved at flaws in weak layers 
(deficit zones, super-weak zones). Various effects that 
concentrating strain (loading, terrain, stiffness difference 
at interface, perimeter of flaws) may combine.  
 Formation of an initial flaw (which can lead to a 
deficit zone) is not well understood. 
 As strain rate increases at weak layer/interface, 
strain softening becomes likely. 
 “Deficit zone” is preferred term since “super-
weak zone” is used ambiguously. 
 A 
deficit zone 
(or super-

weak zone) does not support the overlying 
snowpack in shear. 
Shear strength s < gh sin  cos   
where  is the average density of the slab, h is slab 
thickness (measured vertically) and  is slope 
angle. 

 A deficit zone is a localized failure where the weak 
layer/interface does not support the overlying slab 
in shear. 

 Deficit zones can grow (bond fracturing exceeds 
sintering) or heal (sintering exceeds bond 
fracturing) (Louchet, 2001a) 

 Deficit zones may also increase in size by coalescing. 
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 Shear stress is concentrated around perimeter of a deficit zone. 
 At critical downslope length (10 cm to 10 m) ductile failure becomes propagating brittle shear 

fracture (Schweizer, 1999). 
 (Shorter critical downslope length (10 cm to 1 m) is associated with rapid loading, e.g skier 

triggering. See next section.) 

 Life of deficit zones probably a few hours or less for persistent weak layers, much less for non-
persistent weak layers. 

 Deficit zones are just a theory. 
Plausible but not proven. (See 
Schweizer, 1998,  1999)  

 Deficit zone theory is appealing 
because it explains how critical 
strain rate is achieved in weak 
layers/interfaces (and snow 
behaviour/failure is very 
sensitive to strain rate.) 
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Initial failure in a weak layer is usually modelled as a slope-parallel shear failure in thin weak layers 
or interfaces. A cold lab study by Reiweger and Schweizer (2010) involving a 5 mm layer of surface 
hoar supports the assumption.  

 However, using particle image velocimetry (deformation measurements) of PST tests, van Herwijnen 
et al. (2010) did not detect a shear crack ahead of the propagating collapse front. 
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7.7 Effect of temperature on fracture initiation for dry natural slab release 

 When warmed within hours, a slab is less stiff, strain rate will increase in weak layer/interface 
potentially becoming critical for strain softening, favouring deficit zone and deficit zone growth 
(McClung and Schaerer, 1993; McClung, 1996; Schweizer and Jamieson, 2010) 

 Behaviour of layered materials are sensitive to stiffness of outer layers, which is where warming will 
reduce stiffness! 

 No need for warming temperatures to reach weak layer, but the warming front must penetrate enough 
of the slab to affect its stiffness. The fraction of the 
slab that needs to be affected is currently. 

 Long term effect of warming will increase sintering 
and strength of weak layer/interface. 

 The effect of warming on failure and fracture 
toughness is weak and complicated. McClung and 
Schweizer (1999) report a slight increase in failure 
toughness (to the peak on the stress-strain curve) with 
warming. Schweizer et al. (2004) measured a 
decrease in fracture toughness up to ~-8°C then an 
increase with wide variability in test results. 

 Reuter et al. (2012) used a snowpack penetrometer to 
measure a decrease in stiffness of near surface layers 
with daytime warming. “An average reduction in 
stiffness by a factor of about 2 was observed in near-
surface snow layers when the cumulative energy 
input at the surface exceeded 300 kJ m−2. At the depth 
of the weak layer (~ 40 cm) changes were rather 
small.” No effect on the fracture energy was observed 
with warming, perhaps because the warming did not 
reach the weak layer. Reuter et al. (2012) showed a 
decrease in PST cut lengths with warming of the 
upper slab. For warming to promote stability 
instability, an existing weak layer appears to be required. 

 Exner (2012) proposed that daytime warming could cause dry snow of low cohesion to form a dry 
slab, stiffer than an underlying layer, thereby promoting slab instability where hours before there was 
no snow and no weak layer. This was supported by some reports of unexpected avalanches. 

 Exner and Jamieson (2009) used time-lapse photography to show accelerated creep during daytime 
warming. 

7.8. Fracture initiation for localized dynamic loading (e.g. human triggering) 

 Skiers, hikers, snowmobiles, explosives, cornice falls can produce sufficiently high strain 
rates in weak layers/interfaces for brittle fracture. 

 Critical downslope length for brittle fracture propagation proposed to approximate 10 cm 
to 1 m.  

0.2

0.6

0.8

0.4

0.2

0

0.4

0.6

0.8

80 kg

200 Pa

300

400

Calculated shear stress due to 
a stationary skier on a homogeneous 
snowpack

(Salm, 1977; Fohn, 1987)

Dist
ance

 (m
)

D
e

p
th

 (
m

)



Avalanche Formation and Release: Chapter 7 – Slab avalanche release                                   B. Jamieson 2012 
 

Read note and disclaimer on page i                                 7-7 
 

 For shallow slabs, skiers 
consistently fracture the weak layer 
but slab release is rare suggesting 
that fracture propagation is critical 
(stress intensity < fracture toughness 
or energy not delivered effectively 
to the crack tip). Thick slabs, say 
60-100 cm thick, are often triggered 
from thin places, suggesting that for 
such thick slabs, fracture initiation 
is critical (shear stress < shear 
strength in most places but once a 
fracture starts, it may propagate.) 

 Deficit zones not required to explain 
most cases of human triggering, but 
perhaps for slabs >~1 m thick at trigger point (rare) 

 Skier stress decreases with depth. 
 Most skier-triggered slabs are < 60 cm thick, rarely more than 100 cm at trigger point 
 Since ski penetration is often 20-30 cm, skiers are efficient triggers when skis are within 

~50 cm of weak layer (effective slab depth) 
 Stress depends on slab properties 
 stiffer slabs have wider, shallower stress 

bulbs (bridging)  
 nearby loads (e.g. skiers) can cause stress 

bulbs to add (superpose) only if skiers are 
roughly 1 m apart or less. Consequently, 
group triggering probably does not involve 
constructive interference of stress waves 

 colder slabs are stiffer, hence wider, 
shallower stress bulbs, harder to trigger 

 converse: warmer slabs are less stiff and 
have deeper stress bulbs, easier to trigger a 
softer/warmer slab. 

 The stress bulb can be calculated only for a 
homogeneous snowpack. One way to 
calculate the stresses below skiers for a 
layered snowpack is with a finite element 
model. Haberman and others (2008) 
showed that stiff layers—even this stiff 
layers—located above the weak layer 
spread out the stress and hence reduce the 
maximum shear stress in the weak layer. A stiff substratum (layer immediately below the 
weak layer or bed surface layer) will increase (concentrate) the shear stress in the weak 
layer. 
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7.9. Fracture propagation along weak layer/interface 

 If down slope length of deficit zone in weak layer/interface reaches critical, ductile failure 
becomes propagating brittle fracture 

 Limited observations on nearly level terrain suggest speeds ~20 m/s (B.C. Johnson, 2000; van 
Herwijnen and Jamieson, 2005), where collapse of weak layer may accompany essential shear 
component. Fracture speed 
may be controlled by 
bending wave in slab.  

 Whereas fracture 
initiation may be best 
understood in terms of 
applied stress and 
strength, fracture 
propagation is best 
understood in terms of 
energy release rate and 
fracture resistance.  

 Fracture toughness 
(opposite of “brittleness” quality) is a quantitative measure of resistance to fracture 
propagation. A mechanical property that, like strength, depends on density, temperature, 
grain type and size. 

 Fractures in solids can propagate in three ways: tension (Mode I), in plane shear (Mode 
II), out-of-plane shear (tearing or Mode III). Compression alone is insufficient for 
fracture propagation. Critical values in each mode are denoted KIC, KIIC and KIIIC. 
 

 Although many fractures are a combination of other modes, researchers often assume a 
single mode. For fracture propagation along the weak layer or interface, KIIC is of greatest 
interest. (For crown fracture, which follows the fracture in weak layer/interface, mode I 
and KIC are relevant.) 

 Jamieson and Johnston (1992) argue that the energy to drive the fracture – predominantly 
laterally  - in the weak layer is elastic energy released from the slab by the crown 
fracture, and that the gravitation energy released by the slab moving downslope does not 
contribute energy to the crack tip. Slabs that fracture but remain in place support this 
idea. The energy released by the slab moving down slope is so large that, if effective at 
the crack tip, weak layer fractures should propagate until a barrier is encountered. 

 Fracture should slow (or stop) when energy release rate G drops below the fracture 
resistance (work required to start propagating the fractures R = dW/da). Resistance to 
Mode II fracture in weak layer/interface equals KIIC

2/E where E is Young’s Modulus 
 Critical values of KIIC around 1000 Pa m1/2, making snow the most brittle material 

known! (It is actually quasi-brittle.) 
 Slab avalanches with jagged crown and flanks are probably evidence of fracture tough 

areas that stopped the fracture. 
 Wet snow has relatively high fracture toughness, potentially explaining the infrequency 

of wet slabs and ineffectiveness of explosives for triggering wet slabs. 
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shear fracture
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 Crown and perimeter fracture follow the fracture in the weak layer/interface and lead to slab 
release unless basal friction (usually on low angle slopes) and/or perimeter support (usually on 
very short slopes) are sufficient. (See remarkable photo on page 181 of Daffern (1999) for a slab 
on a large slope that fractured but did 
not release, probably because of bed 
surface friction and perimeter support)  

 Crown fracture is tensile (Mode I). 
Flank fracture is mostly shear (Mode 
II) through the slab thickness although 
there may be sections of tensile 
fracture along the flanks (“zags”). The 
stauchwall fracture involves shear and 
compression. All these fractures are 
(quasi) brittle. 

 Fracture propagation in weak layers on 
low-angle terrain appears to require 
fracture through the thickness of the 
layer. Such fracture includes a component of compression (slope-normal collapse) due to 
disaggregation.  

 Weak layers are porous and most or all 
collapse as they fracture, releasing gravitation 
energy—even on level ground—which can 
drive fractures in weak layers (e.g. Heierli, 
2005; Sigrist, 2006). This differs from the 
traditional fracture mechanics theory 
developed from solid mechanics. Associated 
with the weak layer collapse, the slab bends. 
Johnson (2000) proposed that slab bending 
could control the fracture speed.  
Sigrist (2006) modelled the collapse as a saw 
cut and calculated the driving energy for pure 
shear with and without collapse as a function 
of slope angle. There was no driving energy 
from pure shear on level terrain but 
substantial energy from slab bending. With increasing slope angle, shear contributed more energy 
and bending contributed less. At about 50°, the driving 
energy due to bending was negligible. 
 
At the tip of a collapsing fracture, the maximum shear 
stress is probably critical; however, it is not the slope-
parallel shear stress used in theories of shear fracture 
propagation. 

 Heierli and others (2008) suggest the critical length for 
collapsing fractures may be much less than for pure 
shear fractures. 
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7.10. Arrest of fracture propagation in weak layers 

Fractures in weak layers will arrest when the energy available at the crack tip is less than the work 
required to advance the fracture. This can occur when  
a. the work of fracture (or fracture toughness) increases, e.g. the weak layer ends and the fracture 
arrives at a locally homogenous snowpack, (jumping to another weak layer is also possible) 
b. the driving energy diminishes, e.g. the slope angle decreases, the weak layer collapses less, or the 
slab thins. 
c. Some combination of a 
and b. 
d. Gauthier (2007, p. 167-
170; Gauthier and 
Jamieson, 2010) pointed 
out that the slab has a 
limited ability to transfer 
the energy. The slab can 
fracture and cut off the 
driving energy to the 
crack tip. More than one 
slab fracture (en echelon 
fractures) can occur can 
occur when the weak 
layer fracture is sufficiently ahead of the slab fracture. 

7.11. Summary 

 Failure/fracture in weak layer/interface is first step to dry slab avalanche release. Perimeter fracture 
follows starting at crown. 

 Presently, existence and growth of a pre-existing deficit zone is believed to be essential for 
spontaneous dry slab avalanche release, but not slab avalanches triggered by localized dynamic 
loading, e.g. skiers, explosives.  

 Although neither verified nor contradicted by field observations, deficit zones are currently the best 
theory for spontaneous slab release. The theory is based on fracture mechanics and the strain rate 
sensitivity of snow. 

 For spontaneous slab avalanches, formation and growth of a deficit zone in the weak layer/interface 
is followed by brittle fracture propagation when the deficit zone reaches critical downslope length, 
believed to be 10 cm to 10 m. 

 Deficit zones can grow or heal. A deficit zone can exist for minutes or possibly hours for persistent 
layers. 

 Short term surface warming of slab increases strain rate in weak layer/interface potentially reaching 
critical value. Surface warming or rain do not need to penetrate to the weak layer to reduce stability. 

 Human triggered avalanches are mostly caused by skiers/snowboarders/snowmobiles directly 
triggering a brittle fracture in a weak layer. 

 50% of skier triggered slabs are less than 0.5 m thick, 97% are less than 1 m thick. 

 The stress bulb under a skier is wider and shallow for hard slabs than for soft slabs. 
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 Stresses under skiers do not add for a skier a ski length or more apart. 

 Fracture propagation is controlled by competition between energy release rate and fracture resistance 
(or fracture energy). The energy release rate can be expressed in terms of the stress intensity. The 
fracture resistance can be expressed in terms of fracture toughness, and this is commonly done. 

 Fracture toughness is an active topic, but already we know snow has the lowest fracture toughness 
measured for any material (very “brittle” for rapid loading). Schweizer et al. (2011) estimated that 
weak layer fracture toughness is on the order of 1 J m-2. More studies were recommended since this 
is higher than estimated by previous studies. 

 Weak layers are porous and most or all collapse as they fracture, releasing gravitation energy—even 
on level ground—which can drive fractures in weak layers (e.g. Heierli, 2005; Heierli and others, 
2008).  

 An increase in slab avalanching with warming is likely attributable to a decrease in stiffness of near 
surface layers and consequent increase in the strain rate at the weak later rather than a change in 
toughness of the slab and weak layer combination (Reuter et al., 2012; Schweizer and Jamieson, 
2010). This explanation would only apply for shallow slabs up to, say, 50 cm (McClung and 
Schaerer, 2006, p. 97). 
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8. Stability tests and indices 
© Bruce Jamieson, 1999; revised 2000-2012 

8.1. Reading 
McClung, D.M. and P.A. Schaerer. 2006. The Avalanche Handbook. The Mountaineers, Seattle, p.166-
181. 

Birkeland, K., J. Schweizer, B. Jamieson. 2009. Fracture propagation: Recent research and implications. 
The Avalanche Review 27(4), 28-29. 

8.2. Introduction 

 Snowpack tests are essentially “point” observation/measurements, and cannot be assumed to 
be representative of the places and scale at which avalanches initiate. They are only index 
values or indicators that must be interpreted along with other data. 

 Tests of weak layer strength are largely independent of the properties overlying slab (load). 
E.g. Shovel test, shear frame test 

 Tests of snow stability indicate likelihood of triggering. Include properties of weak layer and 
slab (load). E.g. Rutschblock test, compression test, stuffblock test, test skiing, etc. 

 In practice, the strength of weak layers and stability indices for the slab over the weak layer 
are strongly correlated (Föhn and Camponovo, 1997)  

 Shear frame tests give quantitative values of brittle shear strength than can be used to 
calculate stability indices.  

 Shear frame stability indices exist for natural avalanches and for skier-triggered avalanches, 
on a slope and regional scale. Verification of the indices for natural avalanches is poor; 
verification for skier triggered avalanches is good. 

 Most snowpack tests and stability indices correlate with avalanche activity, and the 
snowpack tests are used by many avalanche forecasting programs. 

 All tests and indices give a percentage of false stable and false unstable results (errors) when 
applied on the slope scale or regional scale. False stable results have potentially greater 
consequences than false unstable results. The effect of false stable results on decisions is 
reduced by considering data from other sources including other seemingly redundant data.  

 Slope stability depends strongly on the spatially variable properties of terrain as well as of 
the slab and weak layer. These spatial variations are covered in Chapter 9. 

8.3. Three stages of avalanche release: (review) 
For spontaneous avalanches: 1. ductile grown of deficit zone to critical length, roughly 1-10 m, then 
fracture propagation  
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For localized dynamic loading e.g. human triggering: 1. Brittle fracture in weak layer under dynamic 
load. Critical length roughly 10 cm to 1 m. 

2. Start of propagation (same for spontaneous and localized dynamic loading) 

3. Sufficient fracture propagation for avalanche release, roughly > 5 m 
 

The sequence can stop before 2 (insufficient length of initial failure) or before 3 (insufficient length of 
propagating fracture) 
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8.4. Strength tests of weak layers  

8.4.1. Shovel test 
See Canadian Avalanche Association (2002) for technique. 
Overlying snow should be harder than Fist, possibly harder 
than 4-finger (Schaerer, 1991; Canadian Avalanche 
Association, 2007) 

Advantages 

● Can be applied on a wide range of slope angles 

● Can be done at any depth! 
Disadvantages 

● Difficult to get good repeatability especially for 
moderate or relatively strong weak layers 

● Requires good technique. Sensitive to length of cut of 
back wall. Back cuts that are too deep can result in a 
missed weak layer. 

● Only a few possible results (very easy, easy, moderate, 
hard). Some people also use easy-moderate and 
moderate-to-hard. 

● Subjective, qualitative score 

● Not reliable for soft near-surface layers 

8.4.2. Shear frame test 

 See  Perla (1977), Perla and Beck (1983), 
Sommerfeld (1984), or Jamieson and Johnston 
(2001) for technique.          

 Measure of brittle shear strength used in stability 
indices with varying success 

 Because larger frames can include the effect of a 
larger flaw in the weak layer, strength measurements 
require adjustment for frame size to get estimate 
(asymptote) for very large specimen (Sommerfeld 
and others, 1976; Föhn, 1987a). 

 Tested area is very small e.g. 100 or 250 cm2. 
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Shear strength for soils (granular material) are adjusted for normal load. In slow failures, shear strength 
increases with normal load due to “internal friction”, which interpreted as grains moving over and past 
other grains. For slow shear of homogeneous snow in cold lab, normal load effects are evident. For 
(brittle) shear frame tests of weak layers, normal load effects vary but are usually significant.  

8.5. Stability tests 
Spatial variability limits the applicability of any point 
observation of the snowpack. Specifically, poor site section can 
lead to misleading results. Even with good site selection 
approximately 15-30% of high rutschblock scores (and probably 
results of other tests) over-estimate stability. 

Strength and stability tests are strongly correlated. 

Test results can be correlated with avalanches on same slope, 
with regional avalanche activity, or with the results of adjacent 
stability tests, e.g. rutschblock. 

8.5.1. Rutschblock test 
See Föhn (1987b) or Canadian Avalanche Association (2002) for 
technique. 

For a given RB score, there is a higher frequency of triggering 
for persistent than for non-persistent layers. 

Advantages 

 Correlates well with skier triggering.  

 Dynamic human load, dynamic load (like skier) 

 Tests slab and weak layer together 

 finds weak layers and indicates stability  

 large area (3 m2) 

 objective score 

 interpretation based at least partly on data.  

 Also, failures are so dramatic that it is an excellent 
teaching tool. 
 

Disadvantages 

 requires two people for at least 20 minutes 

 requires skis/board/snow shoes (and shovel) 

 requires slope of at least 25° 

 only tests weak layers in top metre (approximately) 

 can miss weak layers as a result of ski penetration.  

 Also, the visual impact of the test causes some recreationists to overestimate the importance of results 
of rutschblock tests.  
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 Less reliable for high scores on persistent weak layers (but fracture 
character or release type may help the interpretation.) 

8.5.2. Compression test 
For technique see Jamieson (1999), Canadian Avalanche Association 
(2002). 

Advantages 

 faster than rutschblock test 

 correlates with frequency of skier triggering and rutschblock test 
scores (Jamieson, 1999; van Herwijnen and Jamieson, 2004) 

 Tests slab together with weak layer 

 can be done on a wide range of slope angles. Scores have limited 
sensitivity to slope angle 

 partly objective score, 

 interpretation based at least partly on data 
 

Disadvantages 

● tapping force and consequently score varies with operator,  

● only tests 0.1 m2 

● not skier-like loading 

 Compared to shovel test, compression tests is easier to 
learn, results are less variable, much less sensitive to length 
of back cut (technique). Shovel test is better for deeper 
weak layers, at least 1 m below surface. 

 Spatial variability limits the applicability of any point observation of the 
snowpack. 

8.5.3. Stuffblock test 

● 4.5 kg bag is snow is dropped from 10 cm, then 20 cm etc. onto shovel 
which is on top of column. For technique, see Johnson and Birkeland 
(1995). 

● Similar to compression test (30 cm x 30 cm column) 

● Requires stuff sack and fish scale to weigh snow in sack. 

● More objective than compression test  

● Has been correlated with rutschblock test scores but not yet with 
frequency of skier triggering 

● Possibly less sensitive than compression tests since there are only about 
5 loading steps (~50 cm max drop height) compared to 31 for 
compression test. 

● Currently more popular in US than in Canada. 

    Columbia Mountains 1997-2004
(van Herwijnen and Jamieson, 2004)
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8.5.4. Other stability tests 

● Rammrutsch (drop hammer), quantified loaded column test, test skiing, etc 

8.6. Fracture character and shear quality 

● Goal is to combine description of fracture with score to improve interpretation and correlation with 
frequency of avalanching 

● Schweizer and Wiesinger (2001) note the “release type” i.e. amount of rutschblock that slide (whole 
block, most of block, or only an edge), as well as fracture type (“clean”, “partly clean” or “rough”.  
Release type correlates with frequency of human triggering (Schweizer and Jamieson (2003). 

● Birkeland and Johnson (1999) rate Shear Quality (Q1, Q2, Q3). Q1 is for unusually clean, fast, 
smooth fractures and includes layers that collapse; also includes results in which block slides into pit 
on slopes > 35° and sometimes on slopes around 25°. Q2 is mostly smooth and considered average. 
Q3 is uneven, irregular or rough and may not fracture completely through the column. Also block 
may not slide even on slopes > 25°. Johnson and Birkeland (2002) hypothesized that shear quality 
might be an index of fracture propagation propensity When considered along with score (most data 
from Montana), shear quality improved correlation with “signs of instability” in area, especially for 
higher test scores. 

● U of C researchers formalized “Pops and Drops” system used by some operations in Canada Current 
revision (van Herwijnen and Jamieson, 2003) classifies fractures into Progressive Compression (PC), 
Sudden Collapse (SC), Sudden 
Planar (SP), Resistant Planar (RP), 
and Non-Planar Breaks (B). 
Progressive Compression (PC) 
associated mostly with crushing of 
near surface layers of PP or DF 
grains. Sudden Collapses (SC) 
mostly associated with relatively 
thick layers, mostly of depth hoar. 
Sudden Collapses associated with 
Whumpfs.  Sudden fractures (SP and 
SC) much more frequent on skier-
triggered slopes (van Herwijnen and 
Jamieson, 2004) 
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Fracture 
Character 

Code Fracture Characteristics Typical Shear 
Quality 

(Johnson and 
Birkeland, 2002)

Progressive 
Compression 

PC Fracture usually crosses column with single loading step, 
followed by gradual compression of the layer with 
subsequent loading steps. 

Q2 or Q3 

Resistant Planar RP Fracture requires more than one loading step to cross 
column and/or the block does not slide easily on the weak 
layer. 

Q2 or Q3 

Sudden Planar SP Fracture suddenly crosses column in one loading step and 
the block slides easily on the weak layer. 

Q1 

Sudden 
Collapse 

SC Fracture crosses column with single loading step and is 
associated with noticeable vertical displacement. 

Q1 

Non-planar 
Break 

B Irregular fracture Q3 

No Fracture NF   

 

8.7. Snowpack tests for propagation propensity 

8.7.1. Extended column test (ECT) (Simehois and 
Birkeland, 2006, 2008) 

 Essentially a compression test in which the column is extended 
across the slope to 90 cm. 

 Tap on shovel on one end of column. Note taps, n, to start a 
fracture under shovel 

 Note the number of taps, m, to cause the fracture to propagate 
to the far end of the column. 

 If m = n or n +1 then test indicates propagation is likely. 

 Validated beside slopes that avalanched and slopes that did not, 
including many wind slabs in New Zealand and Montana 
(Birkeland and Simehois, 2008). 
 

8.7.2. Propagation Saw Test  

 Simultaneously developed in Canada and Switzerland (Gauthier 
and Jamieson, 2006; Sigrist, 2006; Gauthier, 2007; Gauthier 
and others, 2008; Ross and Jamieson, 2008) 
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 Exclusively a test for fracture propagation propensity. Not indicative of whether fracture 
initiation is likely. 

 A weak layer is identified by some other method, e.g. snow profile, RB, Deep Tap Test, etc. 

 A column of undisturbed snow is isolated, 30 
cm wide. Down slope length is 1 m or, if the 
weak layer is deeper than 1 metre, then equal to 
the depth of the weak layer. 

 Use a snow saw, typically 2 mm thick, to cut 
along the weak layer from the lower wall 
upwards, noting the point where the fracture 
suddenly propagates ahead of the saw. 

 Three results: arr – fracture arrests at an 
indistinct point; sf – weak layer fracture arrests 
at a fracture through the slab; end – fracture 
propagates to end of column. 

 Current results (e.g. Gauthier and others, 2008) 
indication propagation is likely if fracture 
propagates to the end and less than half the 
length of the column has been cut along the 
weak layer. All other results indicate 
propagation unlikely. 

 In validation study, false stable rate about 25-28% but mostly for soft or shallow slabs. So far, 
false unstable rate is zero. False stable results normally more serious, but in this case, other tests 
work well. 

 In terms of the True Skill Score, which combines prediction of events and non-events, the PST 
outperformed the RB, CT with fracture character, Yellow Flags (Jamieson and  Schweizer, 2005) 

8.8. Threshold sums from a snow profile, aka lemons, yellow flags 
McCammon and Schweizer (2002) developed Lemons, i.e. common layer properties from snow profiles at 
sites representative of recent avalanches. The count of lemons can be used can be used as an index of 
instability. 

Schweizer and Jamieson (2007) used Swiss and Canadian profiles from slopes that had been skier-
triggered and those that had not be triggered to determine thresholds for three layer properties (grain size, 
layer hardness and grain type) and three interface properties (grain size difference, layer hardness 
difference, depth).  

Jamieson and Schweizer (2004) used Canadian snow profiles to simplify the thresholds for practitioners 
(yellow flags). 

Monti et al. (2012) adapted the thresholds for snow profiles simulated by SNOWPACK. Also, they 
plotted the number of variables that are not critical as a bar graph, visually resembling common hardness 
profiles. The results correlated with danger ratings for the Dolomites in the Italian Alps. 
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8.9. Summary of snowpack tests 
Performance of various snow stability tests for various datasets from Schweizer and Jamieson (2010). For 
the threshold sum, the threshold values  5 and  4 are considered (the results for the latter one are given 
in brackets). The base rate gives the proportion of unstable observations. 

Test Data-
set 

Base 
rate 

Sensitivity Specificity Unweighted 
average 
accuracy 

RB: score A 139 0.54 0.48 0.84 0.66 
 B 457 0.444 0.61 0.73 0.67 
 C 146 0.25 0.78 0.90 0.84 
 D 23 0.70 0.63 0.86 0.74 
 F 62 0.44 0.74 0.77 0.76 

RB: score AND release type A 33 0.48 0.44 0.71 0.57 
 B 185 0.33 0.69 0.85 0.77 
 C 146 0.25 0.61 0.99 0.80 
 D 23 0.70 0.50 0.86 0.68 
 F 29 0.45 0.69 1.0 0.85 
RB: score OR release type A 33 0.48 0.88 0.47 0.67 
 B 185 0.33 0.89 0.53 0.71 
 C 146 0.25 0.94 0.75 0.84 
 D 23 0.70 0.75 0.71 0.73 
 F 29 0.45 1.0 0.75 0.88 
CT: score A 139 0.54 0.52  0.81  0.67  
 C 146 0.25 0.90 0.45 0.68 
 D 58 0.71 0.63 0.47 0.55 
CT: score AND fracture character A 33 0.48 0.56 0.76 0.66 
 C 146 0.25 0.93 0.56 0.75  
 D 58 0.71 0.63 0.65 0.64 
ECT C 146 0.25 0.83 0.79 0.81 
 E 311 0.402 0.94 0.82 0.88 
 E1 78 0.58 1.00 0.91 0.95 
 F 47 0.38 0.89 0.97 0.93 
PST D 187 0.604 0.70 0.88 0.79 
 E1 78 0.58 0.56 1.00 0.78 

Threshold sum  5 ( 4) B 426 0.502 0.50(0.74) 0.81(0.58) 0.66(0.66) 
 C 146 0.25 0.86 0.38 0.62 
 D 27 0.63 0.88 0.5 0.69 
Snow micro-penetrometer G 60 0.38 0.78 0.76 0.77  

 

Converting to sensitivity and specificity to false stable and false unstable rates and averaging the values 
for the various studies (generally not recommended), we get the following graph. 
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8.10. Shear frame stability indices 

 In general: ratio of strength to stress (or strength to load) 

 Usually assume failure when shear stress exceeds shear strength (ratio < 1) 

 [However, Bradley and others (1960s) had some success with ratio of penetration resistance to load 
(compressive stress) for natural avalanches in Rocky Mountain snowpack. This index is based on a 
penetrometer, not a shear frame.] 

 Can be extrapolated (applied to surrounding terrain) or slope specific. Researchers have used slope 
specific stability indices to determine if the principles are sound, but avalanche forecasting and control 
programs are primarily interested in extrapolating from a study plot. I.e. measure strength and load on 
level terrain and apply to start zones, usually within 10 km. This extrapolation to areas with more or 
less load on weak layer works because weak layers adjust to the overlying load. 

 Many ways to measure/calculate strength and stress. Strength can be calculated  

 In shear (usually) or in compression (rarely) or … 

 with or without normal load adjustment,  

 with or without empirical adjustment for size of shear frame  = 0.56  and  = 0.65 
 where  and  are the shear strength measured with a 100 and 250 cm2 shear frame, 
and  is the shear strength of an infinitely large specimen 

 Stress can be calculated  
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 for shear or …,  

 with or without loading due to people, machines, explosives, etc. 

 The most widely used “index” is not a true stability index. The Stability Ratio (Schleiss and Schleiss, 
1970; CAA, 2002). Rogers Pass has used SF for forecasting storm snow instabilities that might affect 
the highway since 1962! Kootenay Pass has also used SF for at least 15 years. Some Canadian ski 
areas use it occasionally. 

SF = (shear strength usually measured with a 100 cm2 shear frame) / (vertical load, gh) Avalanche 
Forecasting and Control staff find this index useful but it is often used to help decide when to shoot. 
Perhaps these are better for explosive triggering (rapid loading) than for natural avalanche release? 

 Decisions are never based on any one snowpack observation or weather measurement! However, SF 
< 1 usually implies low stability: slab avalanches on tested weak layer are likely.  
1 < SF < 1.5 implies stability on tested weak layer is transitional/borderline.  
SF > 1.5 implies good stability: slab avalanches on tested weak layer are rare/unlikely.  

 For natural avalanches, stability index is of the form SN = (Csize + zzxz where  is the 
dependence of strength on normal load. See Jamieson and Johnston (1998) for  functions. Similar 
concept to  = c +  tan 
from geotechnical 
engineering but for snow, 
can be nonlinear, depend on 
microstructure, and apply to 
brittle strength. 

 In Föhn (1987), stability 
(natural avalanches) was 
transitional when S (or SN) on 
adjacent slopes was around 
2.5, well above theoretical 
critical level of 1. Jamieson 
and Johnston (1993) found SN 

calculated for 35° slopes to be 
critical around 3 for natural 
avalanches within 30 km of the study plot (regional scale). These high critical values suggest the 
indices may be less representative of the physical process for natural avalanche release (strain 
softening in which strain rate is very important). Further, Jamieson (1995) showed that SN did not 
work when warming rather than snowfall led to the release of avalanches on adjacent slopes. 

 For skiers, stability index is of the form  
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where Pk is ski penetration. Pk and h are both measured vertically. The term h-Pk in the denominator 
means that Sk depends strongly on depth of weak layer and ski penetration, as does skier triggering 
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 For skier-triggered avalanches, stability is transitional for 1 < Sk < 
1.5.  Sk’s critical level is closer to the theoretical critical level of 1 
than is SN probably because  

 Numerator and denominator are dominated by terms involving 
rapid loading and brittle fracture 

 Shear frame tests are done where snowpack conditions appear 
average and skier triggering often occurs where snowpack 
conditions are near average, whereas natural avalanches 
probably start where stability is minimal. 

 Sk is linearly related to rutschblock scores which field workers are 
more comfortable with. RBcalc is rutschblock score that corresponds 
to a given value of Sk, based on many adjacent tests.  

8.11. Calculated stress due to skier 
Skier stress calculation after Föhn (1987) and Schweizer (1997) 

From the geometry shown in the figure 

D = h cos  

And D = r sin  

So r = h cos  / sin 

Based on the Boussinesq solution for a static line load R 
acting on a linear elastic half-space (Föhn, 1987), the 
static stress due to a skier 

xz = (2R/r) sin (+ ) sin  cos                  
[4] 

where R = Mg/L is the line load (500 N/m) due to a skier 
of mass M = 85 kg acting over a length L = 1.7 m. 

For a weak layer of constant depth h, both  and  are 
variables, so following Schweizer (1997) we substitute [3] 
for r to get 

xz = (2R/h cos ) sin (+) sin2  cos                                        
[5] 

which depends only on alpha.  

 

To find the maximum stress, we seek a value of max 

where dxz/dDifferentiating xz with respect to  

dxz/d = [2R/(h cos )] {sin ()[-sin2  sin  + 2 cos2  sin ]                     [6] 
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   + sin2  [-sin () sin  + cos  cos ()] 

   + cos  [2 sin () sin  cos  + sin2  cos ()]} 

= [4R/(h cos )] {2 sin  cos2  sin () – sin3  sin ()  

    + sin2  cos  cos ()} 

which does not substantially simplify. 

Setting dxz/dand solving numerically for max which is the  angle to the maximum stress, we get 
max = 54.8° for  = 35°, max = 54.3° for  = 38° and max = 53.3° for  = 45°. For a weak layer of fixed 
depth, this locates the peak stress just upslope of the skier since max +  > 90° for the interesting range of 
 > 35°. Regressing max on  for 30° <  < 45° gives max = 59.92° – 0.147 where both angles are in 
degrees, or max = 1.046 – 0.147 where both angles are in radians. 

The maximum shear stress due to a skier is 
xz = 2R sin (max + ) sin2 max cos max / (h cos )                                              [7] 

This is the peak at a point. Schweizer (1999), McClung and Schweizer (1999), and Schweizer and 
Camponovo (2001) show that a critical fracture would likely exceed 10 cm in length. 

On a 38° slope, xz in Pa can be approximated by 140 / (slab thickness – ski pen) where slab thickness 
and ski pen are measured vertically in metres (Jamieson and Johnston, 1998). 
 

Strip load solutions also exist for the stress 
distribution. See Föhn (1987) for the stress 
due to a snow cat, Schweizer (1997) or 
McClung and Schweizer (1999) for the stress 
due to a skier. Strip load solutions for a skier 
give more realistic stress close to the snow 
surface but do not differ substantially from 
the line-load solution below about 20 cm. 

 

8.12. Stability indices 
changing over time 

 Stability indices can increase when 
strength increases faster than load, or 
decrease when load increases faster then 
strength.  

 At Rogers Pass, SF was measured once 
or twice a day between storms and at 
least twice a day during storms to help 
time closures and explosive control. 

0.5

1.0

1.5

2.0

2.5

S
k 3

8

23 Feb. 2001 layer at Mt. Fidelity Study Plot

Measured

Estimated

(From Chalmers and Jamieson 2003)

Most avalanches on the 23 Feb layer 
occurred when the index was below 1.5



Snow Avalanche Formation and Release: Chapter 8 Stability tests and indices                       Bruce Jamieson 2012 
 

Read note and disclaimer on page i                                         8-14 
 

8.12.1. Gradual changes for persistent weak layers 

 Persistent weak layers (surface hoar, facets and depth hoar) gain strength more slowly than non-
persistent weak layers (storm snow instabilities)  

 Measure shear strength of persistent weak layer once or twice a week. Forecast strength and stability 
index daily (Chalmers 2002; Chalmers and Jamieson, 2003; Zeidler and Jamieson, 2002; Zeidler, 
2004) 

 Values of Sk38 or RBcalc are calculated from measurements at Rogers Pass and Blue River once or 
twice a week by researchers and shared with avalanche forecasting and control operations. 

 It appears that skier triggered avalanches can be better forecast in the Columbia Mountains with 
RBcalc, meteorological variables and avalanche activity than with just meteorological variables and 
avalanche activity. However, the analysis did not include roving measurements of snowpack 
(Jamieson, 1995). 

 Zeidler and Jamieson (2003) found manually measured snowpack properties, including the shear 
frame stability index Sk38, to be better predictors of skier-triggered avalanche activity in the 
Columbia Mountains than meteorological parameters and previous avalanche activity. Using these 
parameters in a nearest neighbour model resulted in 88% of days with skier-triggered avalanches 
being correctly classified and 83% overall. However, on many of the days with correctly forecasted 
avalanches, the avalanches were readily forecasted with traditional forecasting methods. 
 

8.12.2. Hourly 
changes for weak 
layers in storm 
snow 

 Endo (1991) and Conway and 
Wilbour (1998, 1999) define 
stability indices over time for 
storm snow. They work in a 
maritime snowpack where 
stability changes rapidly and 
most instabilities involve new 
snow. 

 Shear stress (load) is defined 
xz(t) = sin  cos  ∫ P dt where 
P is in terms of the precipitation 
rate in Pa/h since the weak layer 
was buried (assumed initially at 
surface). 

 Shear strength in a particular 
weak layer is defined in terms of 
density xz = A (/ice)2 and 
densification over time is 
calculated from temperature and load 

 (1/z(t))(dz/dt) = [meta(t)+zz(t)] (1/zz(t)) where z is the density at depth z, 
the compactive viscosity is zz(t) = B1 exp[B2(z(t)/ice)] exp(E/RTz) 
E = 67.3 kJ/mol, R = 0.0083 kJ/mol-K and Tz is the temperature of the layer at depth z 
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B1 = 6.5 x 10-7 Pa s, B2 = 19.3, 
normal loadzz(t) = cos2  ∫ P dt     

 Conway and Wilbour assumed used a constant value of meta(t) = 75 Pa so strengthening would be 
dominated by metamorphism near the surface and by load after the depth reached 5-10 cm.    

 validation limited to a few storms (Conway and Wilbour, 1999). 

 SNOWPACK uses SN38, SK38 and a strain rate index (Lehning et al., 2004). 

 MEPRA from the SCMN model chain uses stability indices similar to SN38 and SK38 (Coléou ?) 

 Jamieson et al. (2007) argued that critical values stability indices based on study plot measurements 
would not be useful for surrounding areas, but that the rate of change of such indices was promising 
for surrounding areas. Based on extensive measurements of the shear strength of non-persistent weak 
layers and overburden, Gauthier et al. (2010) developed a stability index for natural storm snow 
avalanches and showed that most avalanches occurred when the index was declining. 

 

8.13. Summary 

● A variety of test techniques exist. Strength tests like shovel test probably correlate with stability tests 
like compression test. 

● Results of stability tests correlate with frequency of skier triggering, but sometimes overestimate 
stability (false stable indications). 

● Rutschblock has advantages of skier loading and larger area. Area probably large enough to include 
transition to fracture propagation. Observation of release type (whole block, most of block, only an 
edge) is by itself predictive. 

● Compression test has advantage of speed but disadvantages of small area and non-skier loading. 
Fracture character (sudden or not sudden) is by itself more predictive than the number of taps in the 
compression test, probably because it captures the start of propagation. 

● Prior to 2006, no tests were specifically for fracture propagation, which is important. 

● Extended Column Test (ECT) indicates fracture initiation and fracture propagation. Validation 
encouraging. In soft snow, test appears to work for 30 to 70 cm slabs (Ross and Jamieson, 2008) 

● Propagation Saw Test (PST) indicates propagation but not initiation. Slower than ECT but works for 
deeper layers. 

● Shear frame stability indices exist for natural avalanches and for skier-triggered avalanches. Skier 
stability indices work better, probably because they better reflect the brittle fracture induced by skiers 
in weak layers. Little operational use. 

● Researchers assess shear frame stability indices with slope-specific tests. Indices calculated for 
average slope angle correlate with regional skier-triggered avalanche activity in Columbia Mountains 
if the weak layer exists on the regional scale. 

● Forecasting program for highway through Rogers Pass uses a simple strength-load ratio based on 
study plot measurements for last 40 years. 

● Stability indices are used in the operational forecasting model MEPRA in France. They are also used 
on trail basis in Switzerland using the SNOWPACK model.  
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9. Spatial variation and slope stability 
© Bruce Jamieson 2000, revised 2002-12 

9.1. Reading 
 Schweizer, J., K. Kronholm, B. Jamieson and K. Birkeland. 2008. Review of spatial variability of 

snowpack properties and its importance for avalanche formation. Cold Regions Science and 
Technology: 51(2-3), 253-272. doi: 10.1016/j.coldregions.2007.04.009.  

 Campbell, C., B. Jamieson, P. Haegeli. 2004. Small scale mapping of snow stability, If not, why 
not. Avalanche News 71, 45-49. Canadian Avalanche Association, Revelstoke, BC. 

9.2. Introduction 

● Spatial variability exists on many scales: between ranges, within ranges (regional), slope scale, 
microscale. This chapter starts with range-scale variations and then focuses on within-slope 
variations. 

●  From a survey of professionals, in which each selected one unexpected avalanche, 33% were 
surprised by location of trigger point, 42% of slopes were cross-loaded slopes, 41% of avalanches 
were remotely triggered. Also, most unexpected avalanches were from areas of thin snowpack 
compared to skier-controlled avalanches. (Jamieson and Geldsetzer, 1999). This shows the 
importance of spatial variability within a slope. 

● Spatial variability on the slope scale has recently been documented using arrays of “stability” tests. 
Stewart (2002) identified clusters of high and low test scores (point stability). Except for slab 
thickness, most of the probable causes of spatial variability have not be statistically associated with 
point stability within spatial arrays.  

● Kronholm and others (2001) have proposed an interpretation of overall slope stability (release 
probability) in terms of mean and variation in point stability. 

9.3. Scales and attributes of scaled measurements  
Scale: between ranges, within ranges (regional), slope scale, microscale. 
Consider differences in snowpack depth and temperature gradient across different ranges. 

Spatial variations in “stability” test scores can be critical e.g. 
identify area of low stability for avalanche initiation, or not 
e.g. due to tree bombs or frozen percolation channels have 
stabilized a particular weak layer. 

Bloeschl (1999) as well as Haegeli and McClung (2001) 
identify three scale attributes of measurements: support is the 
area or volume integrated into a single measurement, spacing 
is the distance between measurements (typically centre to 
centre) and extent is the distance spanned by a set of 
measurements. 

There are scale issues and triplets to be considered between 
the process scale (underlying natural) and measurement scale, between the measurement scale and the 
modeling scale, and between time scales. 
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9.4. Variability between mountain ranges 

 Differences in average snowpack depth and average temperature lead to differences in depth averaged 
temperature gradient. 

 The Columbia Mountains are typically ~2°C warmer and the snowpack is ~2.5 times as thick. 
Consequently, the average snowpack |TG| in the Rockies is ~2.8 times greater than in the Columbia 
Mountains. (G. Johnson, 2000) 

 Moving from the Coast range to the Columbia/Intermountain Mountains and to the Rockies, the 
general trends are: snowpack thickness decreases, density decreases, mean air temperature decreases, 
depth-averaged temperature gradient increases, and stability is sometimes lower. 

 Maps of snow distribution can give a first estimate of range-averaged stability (e.g. thin and weak, 
thick with few deep weak layers) for planning purposes. 

 

 Coast Columbia Rockies 

Comparison of snow climate and snowpack characteristics for ranges in western Canada 

Precipitation heavy moderate light 

Snowpack depth in 
sheltered start zones 
near tree line during 
February, March 

 Often > 3 m Often > 3 m Often 1-2 m 

Freezing levels, and 
crusts 

FL can reach ridge top 
in midwinter, major 
crusts common in mid 
winter 

FL rarely reaches tree-
line from December to 
February, major crusts 
rare in mid-winter 

FL rarely reaches tree-
line from December to 
February, major crusts 
rare in mid-winter 

Wind slabs Yes Yes, perhaps fewer* Yes 

Persistent surface 
hoar layers  

infrequent  Usually several each 
winter. Major SH 
layers can usually be 
found in snowpack for 
most of winter 

Usually several each 
winter but often 
difficult to find in 
snowpack after a few 
weeks 

Facets Thin layers can form on 
surface or near crusts 

Thin layers can form on 
surface or near crusts 

Thick layers common 
in snowpack 

Depth hoar Rare except in shallow 
snowpack areas 

Rare except in shallow 
snowpack areas 

Thick layers common 
in snowpack 

* Some observers report less wind slabs in Selkirks than in Coast or Rocky Mountains. 
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9.5. Variation between slopes within a mountain 
range 

9.5.1. Sources of variation 
 aspect 

 elevation 

 characteristic terrain features 
    - steepness vs elevation 
    - steep-walled gullies 
    - etc 

 Vegetation zones and characteristics 

 Zones of snow climate  
    - light/heavy precipitation 
    - light/high winds 
    - etc  

 Avalanche activity  

 Human use including explosives 

9.5.2. Description of spatial variations within a range 

● Identify zones (sometimes valleys) with distinct snow climate 

● Elevation-aspect rose (diagram) e.g. Atkins (1993) 

● Sketch maps 

● Lists of areas with distinct characteristics 

9.5.3. Within Bridger Range (Birkeland, 1997) 
Numerous observations on two separate days 
Snow depth  

 Increased with increasing elevation 

 Least on south aspect 
 

 Snow temperature 

 Decreased with increasing elevation 

 Decreased for northerly aspects 
 

 Magnitude of temperature gradient 

 Increased on northerly aspects 

 Increased with increasing elevation 
 

 Stability 
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 Decreased with increasing elevation 

 Decreased for northerly aspects 

9.5.4. Regional scale correlation of study plot indices with avalanches 

 Only available results are from Columbia Mountains.  

 Schleiss and Schleiss (1970) report that a stability ratio obtained at Fidelity study plot is useful 
for forecasting avalanches in surrounding paths. This simple strength-load ratio is still in use after 
40 years!  

 More recently, skier stability indices for 
natural and skier-triggering based on study 
plot measurements correlate with regional 
avalanche activity (Jamieson and Johnston, 
1993; Chalmers, 2001; Chalmers and 
Jamieson, 2003; Zeidler, 2004). In graph 
from Jamieson and Johnston (1993), only 
naturals greater than Size 1 are plotted. On 
some days with very low values of stability 
ratio, there were many avalanches of Size 1 
or smaller. 

 Since weak layers adjust to overlying load 
(gain strength in response to increased load), 
strength-load ratios should extrapolate better 
than load or weak layer strength (Jamieson 
and Skjönsberg, 2000). Because of the strong influence of the skier stress term xz in skier 
stability indices, strength-load ratios for naturals are expected to extrapolate better than indices 
with a strong xz term. This may be why highway operations like Rogers Pass and Kootenay 
Pass (with well located study plots) rely on strength-load ratios more than backcountry skiing 
operations (with well located study plots). 

 See Haegeli and McClung (2002) for analysis of scale of persistent weak layers in the Columbia 
Mountains. 

9.6. Variation of stability tests within a slope  

 Need to distinguish between “point” stability (result of a stability test) and slope stability (probability 
of slope not releasing). 

 Spatial variability limits usefulness of point observations (profile, strength/stability test) 

 Stability often related to depth (shallower layers are often weaker/less stable) so some studies of 
variability focus on snowpack thickness.  

 Consider the snow over a buried rock or bush. The snow is thinner so |TG| is greater and the weak 
layer will be weaker. Greater |TG| means the slab will be weaker, ski penetration will tend to be 
greater and the stress on the weak layer will be greater. So for weak layers near rocks, stress is often 
greater and strength is often less. Consequently, stability is much lower. 
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 Initial fracture can occur in facets or depth hoar near 
rocks or bushes and the fracture can propagate along a 
layer that, in documented cases, is too stable to trigger. 
When facets/depth hoar near rocks or bushes extend to 
a persistent weak snowpack layer, triggering from 
isolated weaknesses can occur. Such conditions limit 
the value of stability tests at sites where the snowpack 
properties are typical.  

 Recreationists can test much more of slope by skiing, 
etc. than mechanical tests that involve digging; also 

naturals probably start from areas of low 
stability. So, for intensive slope use, 
minimum stability may be more important 

than average stability. 

 Mechanical tests usually done at 
sites where snowpack properties (thickness 
etc) are judged average. Expected value is 

mean/median stability. Areas of low 
stability (often thinner than average 
snowpack) are interesting/important but 
repeatability problems exist near rocks, 
bushes, ridges, etc. 

 Often we want to know the minimum stability 
but we have an indication of average stability!   

 Arrays of point stability tests often show higher 
scores and more variability near the top of the 
slope. Possible causes include surface hoar 
being damaged by wind while on surface, wind 
action increasing variability, graupel rolling 
downslope, etc. (Jamieson, 1995, p. 169) 

 In recent studies, the weak layer, and of course 
the slab, are continuous over much of the tested 
part of the slope. 

 See photo of rutschblock tests repeated on a slope 

 Combine frequency of deviations from median 
for six arrays to show distribution of point 
stability as a histogram. Distribution is bell 
shaped and symmetric in this mid-winter 
Columbia Mountain study. No reason to assume 
stability distribution is always bell-shaped or 
symmetric 

 Consider terrain or snowpack that would cause 
changes to average stability and changes to tails. 

 Consider stability tests in tails (lower than average or higher than average) and effect on decisions 
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 Consider human-loading on parts of slope where stability is high (right tail of distribution) or low (left 
tail)  

 If variability is high, point observations of snowpack are less useful. 

 Kronholm and others (2001) propose that low mean (stability) test scores and low variability would 
favour avalanching, more than other combinations of mean (point) stability and variability. Kronholm 
and others (2002) provide limited supporting data.  

 Propagation propensity is important to slope stability (release probability). Consider the situation in 
which compression tests yield consistently low 
scores with progressive compressive (PC) fractures, 
yet skier triggering is infrequent. Some measure of 
propagation propensity, perhaps fracture character of 
SP or SC, is likely also required for skier triggering 
to be likely (Jamieson, 2003). 

 Using 39 arrays of 40 to 126 drop-hammer tests 
spaced 60 cm apart, Stewart (2002) found many 
arrays had clusters of relatively high or relatively 
low scores. Some clusters extended beyond the 
arrays, suggesting areas of low and high “point” 
stability more than 6 m in length. 
 

 Stewart (2002) also found arrays with low mean point stability often had low variability or point 
stability. 

 Variograms: 
There are many forms of variograms. In the most common form, half the variance (semi-variance) is 
plotted on the y axis and the (lag) distance between points on the x axis. See the diagram. So the semi-
variance for all the pairs of data points that are close together is plotted on the left and the semi-variance 
for all the pairs of points that are farthest apart is plotted on 
the right. Variograms can be directional or omni-directional. 
The attached variogram shows a well defined sill and range. 
The range is the distance between two points when, on 
average, when they show no "influence" on one another. 
 
Most arrays of closely spaced stability tests exhibit a flat 
variogram (pure nugget variogram). There are many 
explanations for pure nugget variograms but they can result 
from inappropriate spacing between tests, insufficient 
variability or insufficient data. The latter two reasons, or 
more correctly, insufficient data for the given level of 
variability (it takes mare data to identify subtle effects) are 
probably the explanations for the lack of sill and range in most variograms of closely spaced stability 
tests. In other words, variograms often require large datasets than in most arrays of manual stability tests 
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done by two people in one day.

 

Here are some spatial arrays from Campbell (2004).  
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(C. Campbell, 2004)
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 In spite of the variability reported on 
slopes by Kronholm and others 
(2001, 2002), Landry (2002) and 
Stewart (2002), stability test scores at 
sites chosen by experienced people 
correlate with the frequency of skier-
triggered avalanches on the same 
slope. 

 

 

 

 

 

9.7. Change in variability of point stability by mean stability or regional danger. 
Munter (1997, p, 110-111) proposed that the unstable portion of a slope reduced with lower danger 
(higher stability) ratings, and Schweizer and others (2002, 2003) show that the portion of local stability 
ratings of low decreases for lower danger (higher stability) levels. 

Working with starting zones, Stewart (2002) showed the portion of the start zone with low point stability 
(drop hammer tests) decreased on slopes with higher median stability. 

This graph shows the 
distribution of rutschblock 
scores. The horizontal line 
indicates the assumed value for 
point instability. From 
Campbell (2004) with 
permission. 

 

While the point stability below which skiers trigger avalanches (e.g. RB 2) is unknown, there is 
likely such a threshold for stability tests that reasonable mimic skier loading. The portion of the 
start zone with point stability below the threshold decreases with increased danger rating. Of 
course, slope stability (triggering or release probability) also depends on sufficient propagation 
for slab avalanche release.  
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Moderate

Considerable
High

Extreme Low

Stability test results (point stability)

F
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Hypothetical distribution of stability 

(in a start zone or larger area)

V. Low Low Moderate High No result

(Loosely based on CAA, 2002; Stewart, 2002;  Schweizer and 
others, 2002, 2003; Stethem, personal comm, 2001)

Skiers
trigger
avalanches

The graph of variations in point stability for 
various levels of avalanche danger is 
consistent with Schweizer and others (2002, 
2003), but the distributions of stability tests 
for each danger rating have not been verified 
in Canada. 
 

 

Schweizer and others (2003) (below) made point stability ratings based on snow profiles and rutschblock 
tests for Low through Considerable ratings of regional danger. (Swiss regions are smaller than most 
Canadian regions.) The distribution of stability ratings was distinctly different for the different regional 
danger ratings. The distributions for Moderate and Considerable danger were wider than for Low danger. 
The percentage of points with low stability increased as the danger increased from Low to Moderate and 
to Considerable.  
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Munter (1991) reported a similar trend for rutschkeil tests (wedge-shaped rutschblock tests). This led him 
to propose that the “danger potential” doubled from Low to Moderate and from Moderate to Considerable 
avalanche danger (Munter, 2006).  

Based on an expert survey, Jamieson and others (2009) proposed that the frequency of triggering a 
potentially fatal slab avalanche while making fresh tracks down a start zone increased 10x for each 1-step 
increase in the regional danger rating. 

9.8. Sampling strategy for the spatially variable snowpack 
Based on experience and sparse stability tests on the slope scale, Jamieson and Johnson (1993) proposed 
that “independent” tests should be 10 m apart.  

The actual correlation length depends on the processes causing the variations (Birkeland, pers. comm, 
2010 & maybe a paper?).  

Based on two or more pits per slope with two compression tests in each pit, Schweizer and Bellaire 
(2010) proposed that a second pit was not necessary if both tests indicated initiation was likely (low 
number of taps in the CT) and propagation was likely (sudden fractures occurred) in the two tests. 
Otherwise a second pit 10 or so m apart could reduce the number of false stable predictions. 

9.9. Case study 
Throughout much of the northern Monashee and Cariboo Mountains a layer of surface hoar was buried on 
19 January 1993. The layer was unremarkable and no avalanches were reported on this surface hoar layer 
after 26 January. 

On 16 March, the third skier in a group triggered a 
1-metre-thick Size two avalanche on a north-facing 
32° slope just above tree line (Jamieson and 
Geldsetzer, 1996, p. 81-84). The skier who 
triggered the avalanche was carried about 50 metres 
and was not injured.  

Broken rock from the underlying moraine was 
exposed on the bed surface at about five places and 
depth hoar was visible around the exposed rocks. 
The average snow height in the area was 2 metres. 

A profile and tests were observed at the crown the 
next day. The profile revealed that the avalanche 
had slid on the surface hoar layer buried on January 19, which was observed as 2-3 mm facets and surface 
hoar. The rutschblock did not slide on this layer (score 7). Shear frame tests on this layer yielded a 
stability index equivalent to a rutschblock score of 7. 

No avalanches had been reported on this weak layer for almost seven weeks. Tests on this layer in a study 
plot some distance away also indicated stability. The tests on the slope a day after the avalanche also 
indicated stability. While the observations and tests, and the lack of avalanche activity indicate stability, a 
skier triggered a 1-metre-thick Size 2 dry-slab avalanche! The trigger point was not reported but it is 
likely that the skier initiated the fracture where depth hoar surrounded one of the bulges of broken rock, 
and the fracture propagated along the old surface hoar layer. 

crack in bed surface

93-03-17 Slope Tests
RB=7, RBcalc=7

25o
Monashees, 2100 m
93-03-16 Slab Avalanche

N aspect, 32  , size 2o
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V
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Avalanche observations, snowpack observations and tests were, by themselves, not helpful for identifying 
the very localized instability on the slope. However, the risk due spatial variations in stability can be 
reduced as described in the next section. 

9.10. Summary 

● Spatial variation exists on many scales: between ranges, within ranges (regional), slope scale, 
microscale. This chapter starts with range-scale variations and then focuses on within-slope 
variations. 

● Within a small mountain range, Birkeland (2001) has associated the results of stability tests with 
aspect and elevation. 

● In the Columbia Mountains, natural and skier-triggered avalanche activity has been correlated with 
stability indices measured in carefully chosen study plots (Fidelity, Mt. St. Anne) 

● Working mostly in Montana, Landry (2002) found such high variability within uniform slopes that 
tests within one pit (~1 m wide) were not indicative of results within 30 m. 

● Spatial variation on the slope scale has recently been documented using arrays of “stability” tests. 
Stewart (2002) identified clusters of high and low test scores (point stability). Except for slab 
thickness, most of the probable causes of spatial variability have not been statistically associated with 
point stability within spatial arrays.  

● Kronholm and others (2001) proposed an interpretation of slope stability (release probability) in terms 
of mean and variation in point stability. Kronholm and others (2002) present supporting data. 

● Important questions remain about the relationship between average point stability and minimum point 
stability, and between the distribution of point stability and triggering probability. 

● Researchers are developing spatial models for the avalanche formation processes such as wind 
transport and snow surface energy balance over terrain. This may not work on the slope scale and will 
not work on smaller scales, e.g. GIS, primarily because of the small scale variations in wind effects (≤ 
10 m) and in uncertainty in the turbulent energy exchange. Practitioners, especially guides, try to 
anticipate stability variations resulting from the formative processes. For visible effects such as wind 
pillows, anticipation is often good below the slope scale. For hidden effects such as buried surface 
hoar or a poorly bonded crust, the effectiveness of this anticipation/modelling below the slope scale is 
unknown. 

● Collect focused (but limited) information. There is uncertainty due to spatial variability of snowpack 
properties and people. Terrain does not change (certainty) although unfamiliarity and poor visibility 
can cause uncertainty. A greater margin of safety can be used to compensate for a higher level of 
uncertainty (C. Stethem, 2000, personal communication) 
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10. Avalanche forecasting 
© Bruce Jamieson 1999, revised 2000-2012 

10.1. Reading 
McClung, D.M. and P.A. Schaerer. 2006. The Avalanche Handbook.  The Mountaineers, Seattle, p. 146-
213. 

Optional reading:  

Blattenberger, G. and R. Fowles. 1995. Road closure to mitigate avalanche danger: a case study for Little 
Cottonwood Canyon, 1995. Int. J. of Forecasting 11(1), 159-174. Or: The Road Closure Decision in Little 
Cottonwood Canyon. Proceedings of the 1994 International Snow Science Workshop in Snowbird, Utah, 
537-547. 

Vick, S. 2002. Degrees of Belief: Subjective Probability and Engineering Judgment. American 
Society of Civil Engineers, pp. 123-157, 200-2242, 253-299. 

McCammon, I. 2002. Heuristics traps in recreational avalanche accidents: Evidence and 
implications. Proceedings of the 2002 International Snow Science Workshop in Penticton, 
BC, 244- 251. Revised for Avalanche News 68 (2004). Available online. 

Tremper, B. 2009. Staying Alive in Avalanche Terrain. The Mountaineers Books, Seattle, WA. 
279-302. 

10.2. Definitions 

 Snow stability is the chance of avalanches not starting. Analyzed in terms of triggering level 
over space and time (Canadian Avalanche Association, 2002). In Canada, the ratings are 
Very Poor, Poor, Fair, Good, Very Good. Can be effectively qualified with regard to depth of 
instability (slab thickness). The probable magnitude and probable consequences of the 
expected avalanches should not, by definition, influence the ratings but do influence the 
ratings of some forecasting operations. For example, ski guides are concerned about the 
probability of avalanches that that may injure skiers. 

 Avalanche risk involves probability of interaction (between avalanche and something of 
value) and the probable cost/consequences/vulnerability of the interaction. Potentially 
numerical. Consequences/vulnerability includes effects of terrain (traps) and slab properties 
(slab thickness and hardness). 

 Avalanche danger in North America is the potential effect of avalanches on backcountry 
recreationists. Combines avalanche frequency and expected consequences. Not terrain 
specific except by aspect, elevation band, etc. International classes Low, Moderate, 
Considerable, High and Extreme. 

 Avalanche forecasting is the prediction of current and future snow stability or avalanche 
risk or danger in space and time relative to specified triggers (e.g. skier, explosive, 
spontaneous, etc.). (After McClung, 2002, with modification). Most forecasters make risk-
based decisions or recommendations about the exposure of people to harmful avalanches. 
McClung (2002a, b) states that the goal of avalanche forecasting is to minimize the 
uncertainty. 
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10.3. Input variables 
LaChapelle (1980) and McClung and Schaerer (1993) 
proposed the following classification of input variables 

 Class III: weather (high entropy),  
Class II: snowpack including profiles and snow 
temperature (medium entropy) and  
Class I: mechanical state of snow on slope: avalanches and 
stability tests (low entropy).  

 Recent studies of spatial variability have identified 
substantial entropy in stability tests and consequently 
Jamieson (2001) proposed that such tests should be Class 
Ib. Some operational programs consider stability tests to be Class II. 

 In his PhD thesis and subsequent papers, Karl Birkeland proposed that terrain variables be Class 4, 
but the number "4" would suggest increased information entropy (noise) associated with terrain when 
in fact there is little. In these notes, terrain variables are labeled Class 0. 

 The entropy classification is a useful for classifying the variables, but the actual importance of the 
variables depends on: 

- type of forecasting program (highway, mine, forestry, ski area, backcountry, park, etc) 
- availability of data! (LaChapelle, 1980; McClung and Schaerer, 1993, p. 163) 
- extent of forecast area (is the forecaster office based, or field based) 
- climate (snowpack variables are more important in dry climate) 
- time of year (temperature more important in spring) 
- scale of variability (contrast air temperature vs rutschblock) 
- other sources of noise (measurement errors, etc.) 
- forecaster's experience/preference 

10.4. Forecasting errors and costs 
 

Verified 
avalanche 
risk 

Forecast avalanche risk 
Low – access 

terrain 
High – avoid 

terrain 

Low  √ Potentially 
costly 

High (e.g.  
harmful 

avalanche) 

Potentially 
very costly 

√ 

 Analogous to Type I and II errors in 
statistics 

 Avalanche forecasting and control programs are 
risk management programs 

High

High

Low

Low

(After Blattenberger and Fowles, 1995; McClung, 2002)

Error: risk
underestimated

Error: risk
overestimated

Errors in risk-based forecasting decisions

Risk

Operational
  risk band

Note: Blattenberger and Fowles (1995) refer to overly cautious 
errors as Type 1 and McClung (2002) refers to these as Type II.

In some operations, the consequences of under-
estimating risk  are much higher than overestimating 
risk so some over-estimations of risk are tolerable.

Forecasting variables
(After LaChapelle, 1980; McClung and Schaerer, 1993;
Birkeland, 1998; Jamieson, 2001)

III  Weather                                High

II          Snowpack                     Medium

Entropy

   1b Stability tests

        1a Avalanches LowI

0                                 Terrain   None
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 Most forecasters make risk-based decisions or, in some cases, recommendations about the exposure of 
people to avalanches of harmful size. 

 Consider benefits of closure/control vs risk of an incident 

 Simple example:  closure/control for 3 hour will cost $10,000 vs 1% probability of $5M in damages 
(Blattenberger and Fowles, 1995) 

 Such cost analysis can help with critical decisions 

10.5. Conventional avalanche forecasting  
(after LaChapelle, 1980) 

 Uses a wide variety of mostly noisy but 
often redundant variables. The 
redundancy tends to compensate for the 
noise/entropy in the data. 

 Input variables can be broken down into: 
Class III: weather (high entropy),  
Class II: snowpack including profiles and 
snow temperature (medium entropy) and  
Class I: mechanical state of snow on 
slope: avalanches and stability tests (low 
entropy).  

 Recent studies of spatial variability have 
identified entropy in stability tests and 
consequently some people propose that 
such tests should be considered Ib or 
Class II. 

 The entropy classification is a useful for 
classifying the variables, but the actual 
importance of the variables depends on: 

- type of forecasting program 
(highway, mine, forestry, ski area, 
backcountry, park, etc.) 
- availability of data! 
- extent of forecast area (is the 
forecaster office based, or field based) 
- climate (snowpack variables more important in dry climate) 
- time of year (e.g. temperature more important in spring) 
- scale of variability (contrast air temperature vs rutschblock) 
- other sources of noise (measurement errors, etc.) 
- forecaster's experience/preference 

 Some parts of process are deductive and based on the physical interaction of weather, snowpack 
processes and terrain. e.g. critical precipitation rates cause strength to exceed stress in a  weak layer 

 Cumulative process. Forecasts are constantly being revised as more data becomes available 

 Hypotheses about stability are tested often with snowpack tests/avalanches and the forecast is 
confirmed or revised. 

 Forecasting skill depends strongly on experience. Parts of process are intuitive, and hence involve 
heuristics (see next section) 

Weather
Snow Obs & Tests

Terrain
Elements
       & 
exposure

     
by path, run
or feature

Risk

Decisions

Operational
factors

InfoEx:
stability,
veg. band,
(aspect)

Av. Activity

Stability

generalize

Slab 
properties

by veg. band,
aspect, zone

Avalanche forecasting
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 The forecasting process is difficult to explain. Experienced forecasters don’t agree on which variables 
are important! (but probably make good forecasts because of the redundancy of the variables) 

 Uses mostly inductive logic (specific facts to general forecast) 

 Deductive reasoning is also used, e.g. to interpret the effect of snowpack processes on avalanche 
release on specific slopes (general to specific) 

 Safety margins and perceptions of risk influence forecasts and are difficult to separate 

 Forecasting operations (backcountry forecasting for own recreational party, backcountry forecasting 
of public, parks, highways, ski areas, backcountry guiding) differ in  

1. Extent of forecast area 

2. available data and access to start zones 

3. climate 

4. testing and control options 

5. consequences and associated safety margins 

6. ratings: Snow Stability used inside most commercial operations in Canada; 
Avalanche Danger is used for public forecasts; some private forecasting operations 
use “hazard”. 

 

 The checklist approach is one method of systematically reviewing the factors. See example. 

 The process should produce snow stability, sometimes as ratings, with reference to terrain in terms of 
aspect, vegetation zone (alpine, treeline and below treeline) elevation band, drainage/zone, named 
slope, named run, terrain feature, etc. The specification of terrain depends on the type and extent of 
the AFC. 

 The process should also identify gaps in knowledge, often with reference to terrain. 

 The process may provide verbal or automated alarms, conditions which will cause the forecast to be 
re-assessed. E.g. temperature rises above –5°C; wind shifts to SW; snowfall rate reaches 2 cm/h. 
Verbal alarm “call me if … occurs”. Automated alarms are often keyed to automatic weather 
readings: a bell may ring, or a phone number may be called. 
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Daily checklist for evaluating avalanche hazard and other concerns 
Location Date Time Analyst 
Avalanche activity (past/current)                                                                Confiden
 
 

 

Snowpack observations and tests 
Snowpack tests  
 
 

 

Depth of snowpack  
Snowpack structure 
 
 
 

 

Settlement  
Penetration  
Weather observations and readings 

Precipitation  
Wind  
Air temperature  
Solar radiation (effect on upper snow)  
Weather forecast (fronts, 500mb flow, freezing level, wind direction and speed, temperature, 
precip) 

Stability 
Alp 
TL 
BTL        
 
Trend (PM) 
 
Alp 
TL 
BTL        

Danger 
Alp 
TL 
BTL   
      
Trend (PM) 
 
Alp 
TL 
BTL        

Avi. Types                   1                                              2 

Type L Wet Wind strm Prst deep L Wet Wind strm Prst dee

Locn ALP      TL        BTL ALP      TL        BTL 

React. Unr.   Stub   tchy   v.tchy Unr.   Stub   tchy   v.tchy

Prob v.unl  poss.  5050  lkly  
vlkly 

v.unl  poss.  5050  lkly  
vlkly 

Sz 1  2  3  4  5 1  2  3  4  5 
 

Likely routes, concerns and mitigation (consider stability, slab prop., terrain, consequences) 
 
 
 
Non-avalanche concerns (road conditions, personal health, etc) 



Snow Avalanche Formation and Release: Chapter 10 – Avalanche forecasting                        B. Jamieson 2012 
 

Read note and disclaimer on page i                           10-6 
 

10.6. Heuristics and biases 
At the 1994 ISSW in Snowbird, Utah, Jill Fredston spoke about human factors in avalanche accidents 
(Fredston et al., 1994). This landmark presentation and paper struck a chord with other avalanche 
workers, and triggered various articles on the sometimes adverse effects of human factors in decisions 
related to avalanches. The science behind human factors is sometimes called decision science, which is 
part of psychology. The scientific link was not strongly made in the avalanche literature until Ian 
McCammon’s (2002) presentation on Heuristics at the 2002 ISSW in Penticton. While this and other 
papers associated human factors with recreational decisions in avalanche terrain, McClung and Schaerer 
(2006) also applied heuristics to avalanche forecasting. This section is mostly based on Tversky and 
Kahneman (1974), Vick (2002), McCammon (2002), McClung and Schaerer (2006, p. 161-163) and 
Tremper (2009, 279-302). 

Definitions of heuristics vary. I’ll use the definitions in Vick (2002). A heuristic is a simplifying shortcut 
people use in likelihood estimates or decisions, since many decisions involve subjective estimates of 
likelihood. Hence, a heuristic is a mental process. A bias is a measurable sampling error that favours some 
outcomes over others.  

Heuristics are an inherent part of subjective decisions. Though often useful, they can contribute to wrong 
decisions with harmful or potentially harmful outcomes. In such cases, they are sometimes called 
heuristic traps or decision traps (McCammon, 2002). Marketers successfully use heuristic traps to sell 
their products.  

Although not all biases can be traced to a specific heuristic they are often linked and in many cases the 
distinction is not too important when considering avalanche forecasting and decision-making in avalanche 
terrain. McCammon (2002) prefers the term heuristic. McClung and Schaerer (2007) use the term bias. In 
this section, I’ll distinguish between heuristics and biases when the difference is clear. 

Avalanche forecasting and decision-making in avalanche terrain involve many subjective estimates of 
likelihood and hence are prone to heuristic traps and hence biases.  

The heuristics and biases outlined below are important but for a more through treatment, see Tversky and 
Kahneman (1974), McCammon (2002), Vick (2002, p. 200-215), McClung and Schaerer (2006, p. 161-
163) and Tremper (2009, 279-302). 

Availability heuristic:  The instances that come most readily to mind, such as vivid near misses, are 
judged more likely than situations that are more similar or relevant to the current situation 

Confirmation bias: People tend to discount information inconsistent with pre-conceived views. Hence, if 
they are interested in skiing a certain slope, they will focus on indications of stability and not give due 
attention to indications of instability or avalanche risk. McClung and Schaerer (2006, p. 161) call this the 
search for supportive information. Mitigation: Seek information about instability and avalanche risk. 

Recency bias: More recent events are more readily recalled, although older events may be more relevant. 
Mitigation: include pattern recognition in the decision process, e.g. nearest neighbours computer assisted 
forecasting; include older folks with good memories in decisions and allow time for recollection. 

Anchoring (and adjustment) heuristic: An initial value, whether relevant or not, influences the estimate 
of likelihood toward the initial value (Gardner, 2008, p. 42-46). Often, people start with an initial estimate 
and then adjust it based on additional information. This is usually a good process. 
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Anchoring bias: Low initial estimates tend to lead to lower final estimates and visa versa, i.e. the 
adjustment of probability or slope angle or whatever is insufficient. If we are about to say the slope is 
about 35° and someone it is only 25° we are more likely to estimate it to be, say, 30°.  

Mitigation: The process of making an initial estimate and then adjusting it is a good one. Seek objective 
information for initial estimates and for updates. Make frequent updates. Encourage independent thinkers 
to speak. 

Expert halo heuristic (McCammon, 2002): An expert or apparent authority has undue influence on 
matters unrelated to their expertise. For example, an excellent extreme skier’s statement that “the 
avalanche risk in that couloir is low” influences others’ assessment of the risk - although the extreme 
skier has little skill in assessing avalanche risk.  

Mitigation: Formalize the decision process, perhaps with a decision support tool. Although such tools 
may be better suited to less experienced people, checklists and simple decision charts are used by pilots 
and some emergency rooms.  

Representative or familiarity heuristic:  When situation or route is familiar; new or conflicting 
information receives insufficient attention. For example, “I’ve been up here four times before and not 
triggered an avalanche” However, current snow conditions may be different. (Also, the sample is far too 
small but that is a different heuristic.) 

Familiarity bias: (McCammon, 2002) reported that in familiar terrain, people exposed themselves to more 
risk (number of hazard indicators) than in unfamiliar terrain.  

Mitigation: Work and travel with independent thinkers who frequently question current actions. Try a 
decision support scheme. 

Consistency or commitment heuristic: (McCammon, 2002): Preferences for a desired outcome affects 
the decision. People adopt an initial forecast or decision and stick to it.  New or conflicting information 
receives insufficient attention. 

Commitment bias: Groups strongly focused on a goal, e.g. getting to the pass, accepted more risk 
(number of hazard indicators) than groups without a strong goal (McCammon, 2002).  

Mitigation: frequently review observations, risks and goals. Work and travel with independent thinkers 
who frequently question current actions. Try a decision support scheme. 

Social proof heuristic or the “herd instinct”: (McCammon, 2002): Risky actions are not questioned 
because others are doing it.  

Social proof bias: Groups of ski tourers who had met others took more risks (number of hazard indicators) 
than groups of ski tourers who had not (McCammon 2002). This is clearly relevant to travel decisions but 
may also be relevant to forecasting when forecasters read forecasts/summaries from nearby operations, 
e.g. InfoEx.  

Mitigation: Work and travel with independent thinkers who frequently question other opinions. McClung 
and Schaerer (2006, p. 163) advocate formalizing the decision process. 

Scarcity heuristic (McCammon, 2002): The tendency to overvalue something because it may become 
unavailable – sometimes to a competitor. Examples: “Limited time offer”, “Only three left in stock” or 
“Hurry, the run will soon be tracked by other skiers.”  
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Mitigation: Forcing a reassessment in response to a change, e.g. more serious terrain. Allowing time for  
and drawing out independent thinkers in the group. McCammon (2002) advocates a decision support 
scheme. McClung and Schaerer (2006, p. 161) advocate formalizing the decision process.  

10.7. Computer-assisted avalanche forecasting 

10.7.1. Graphical summary 
of weather data 

 Graphically summarize precipitation, 
temperature, wind, etc. from automatic weather 
stations 

10.7.1.1. Advantages 

 Graphical summary of high volume data (hourly) 
let’s forecaster focus on trends and critical 
values, not a page of numbers 

 Can directly use data from remote weather 
stations with little or no manual intervention 

 Calculated variables can be practical e.g. 
calculate density from water equivalent and 
snowfall 

 Easy to graph interactions of variables e.g. 
increasing winds and increasing temperature 

 Alarms are practical: actions like ring a bell or 
phone a number based on meteorological 
variables reaching a critical value 

 easily changed alarms 

 Data for graphical summaries is also available for other forms of computer assisted forecasting 

 Inexpensive software now available  

10.7.1.2. Disadvantages 

 Does not predict avalanches 

 each remote weather station cost $15-40K plus annual maintenance 

 remote weather stations sometimes don’t work during storms, e.g. icing of sensors, damage to 
anemometers, telemetry problems 

 association with terrain is up to forecaster 

 usual hardware and software problems associated with computers 
 

10.7.2. Data-based associative/statistical Computer-assisted 
Forecasting 

 Relates current values of weather and snowpack parameters to values in data base and gives associated 
or predicted avalanche activity 
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 Most methods can use a wide variety of input variables including categorical variables (e.g.  
avalanches the previous day or no avalanches the previous day), ordinal variables (e.g. stability rating 
the previous day, or number of avalanche the previous day), non-normal variables, continuous 
variables 

 Various methods including discriminant analysis, classification trees, regression trees, neural 
networks, Nearest Neighbours 

 Best known system is Nearest Neighbours (e.g. Buser, 1983) 

 Compares current values of weather 
and limited snowpack variables with 
historical values 

 Selects ~10 days with most similar 
conditions 

 Calculates probability of an avalanche 

 Reports avalanches that happened on 
days with similar conditions! Patterns 
of avalanche activity by terrain can be 
interpreted by forecaster 

10.7.2.1. Advantages 

 recalls weather and occurrences prior to 
forecaster's employment 

 relates avalanche activity to weather and, in limited ways, to terrain 

 can draw attention to unusual conditions 

 can confirm or question the forecaster's decision 

 can use data from automatic weather stations with little or no manual intervention 

 uses same/similar data as storm/season profiles 

 By interactively altering inputs, hypotheses can be tested. 

 commercial systems now available at modest cost 

10.7.2.2. Disadvantages 

 requires years of consistent, high quality data from fixed sites 

 requires data entry and checking, especially for snowpack and avalanche data 

 historical data may not be usable due to changes in observation standards or sites  

 no use of intermittent or spot observations to date! 

 may require manual data entry during storms & busy periods when field work is valuable 

 Association of avalanche activity with terrain is either non-existent or simplistic 

 Some systems use subjectively weighted variables 
 

Nearest Neighbours Model vs Forecaster
Parsenn, Switzerland; Jan-Feb. 1984

Buser et al, 1987

Percent
Correct

︵% ︶

All Aspects By Aspect
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10.7.3. Knowledge based (Expert Systems)  

10.7.3.1. Expert System Development 

 breakdown stability evaluation / avalanche forecasting into subproblems/sequence 

 interview experts 

 construct rules 

 trials and refinement 
 

10.7.3.2. Example of simplified expert rule 
Effect of Storm Snow and Wind Speed on Avalanche Danger 

                          Storm Snow (cm)            

Average   <10  10-25  26-40  > 40  

Wind   <10    -1     0     0    0  

Speed   10-24   +1   +2   +2   +2  

(km/h)   >25    0   +1   +1   +2  

if forecast wind speed > 20 km/h then increase danger level by 1 

10.7.3.3. Results of Swiss Modul 
system  
(Schweizer and Föhn, 1995) 

 predicts verified level (of 7) on 73% of days 

 within 1 level on 98% of days 

10.7.3.4. Advantages 

 does not require years of data 
 can use qualitative and quantitative data 
 can potentially use intermittent observations 
 can confirm or question the forecasters decision 

 can be used with data-based system 

10.7.3.5. Disadvantages  

 focuses on results expected by experts 
 may not reflect poorly understood interactions 
 presently costly to develop 
 systems may be site specific 
 may require data entry during storms when field 

work is important 

new snow

wind

snow profile

temperature

probability of 
new snow 
avalanche

snow profile

rutschblock

probability of 
old snow
avalanche

probability of naturals

susceptibility to skier triggering

level of danger

weather, snowprofile, stability tests

noyes

      Subproblems for
simplified expert system

(Based on Schweizer and Föhn, 1995)
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11. Recreational avalanche risk and decision-making 
© Bruce Jamieson, November 2002, revised 2004-2012 

11.1. Introduction 
Risk can be defined as the probability of injury, death or property damage within a period of time such as 
a year, or hundred years. By assigning costs to human lives, structures, disruptions, etc, it can also be 
quantified in terms of cost per year.  

Risk is inherent in many human activities. It cannot be eliminated but it can be reduced to acceptable 
levels. We accept a higher level of risk for voluntary activities such as recreational snowmobiling, than 
for involuntary activities such as employment or living in a house.  

In the United States, the risk of a person being killed in an automobile is approximately 1 in 5,000 per 
year. While this is often a combination of voluntary risk (e.g. driving to a ski area) and largely 
involuntary risk (e.g. driving to work), it is – for an average American – the highest risk due to a specific 
cause.  

Risk related to employment varies widely. Annual risk of death for industrial work is typically 1 in 
50,000. However, between 1959 and 1968, the annual risk of death while deep-sea fishing was 1 in 3,000. 

11.2. Risk due to natural hazards 
While the annual risk of being struck by lightning is less than 1 in 10 million in the United States, the 
annual risk of being killed in any natural disaster is approximately 1 in 500,000. Averaged over 
California, the annual risk of an earthquake fatality is 1 in 500,000. However, in earthquake zones, the 
risk is higher. 

Using the population of British Columbia which rose from 2.5 million in 1975 to 4.0 million in 2000 for 
the number of people exposed, the annual probability of death due to an avalanche on an open road is 
approximately 10-7, which is within the commonly accepted range of involuntary risk due to a specific 
cause of 10–5 to 10-6 (Fell, 1994) and well below the level of 3 x 10–4 due to vehicle accidents. While no 
member of the public had been killed by on avalanche in a public road since 1976 (Jamieson, 2001), 
increasing traffic volumes will increase the risk and may necessitate additional mitigation. 

11.3. Recreational avalanche risk 
Using the number of visits to ski resorts in Alberta and British Columbia from 1979 to 2000 (Canada 
West Ski Areas files) and assuming exponential growth, there have been approximately 150 million skier 
visits since 1950 in these provinces. Within ski area boundaries and posted hazardous areas, this implies a 
risk of death to the public of roughly 1.3 x 10 –7 per skier visit or 1.3 x 10-6 per year, assuming an average 
of 10 skier visits per resort per year (Jamieson and Stethem, 2001). Resort skiing involves voluntary risks 
(e.g. leg injuries) but it is unclear if resort skier’s risk perception includes avalanche risk. However, 1.3 x 
10-6 falls below the range of acceptable involuntary annual risk of death due to a specific cause and well 
below the level due to vehicular accidents. As a result of active control measures and closures, avalanche 
accidents within ski areas are decreasing. 

Avalanche risk in the backcountry is harder to assess. During the 1990s, avalanches killed an annual 
average of 12.5 people in Canada, and most of these were in the backcountry, including commercial 
recreation such as heli-skiing. However, good data are lacking on the number of winter mountain 
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backcountry users. Certainly, the sales of backcountry ski touring equipment is rising faster than the 
fatality rate, suggesting that increased training courses and public avalanche information are having an 
effect (C. Israelson, personal communication, 2002). 

Part of backcountry skiing consists of out-of-bounds skiing. Informal surveys of out-of-bounds skiers 
returning to the Kicking Horse Resort indicate about 15% of out-of-bounds skiers are using transceivers. 
This presents a challenge for training programs. 

11.4. Risk perception 
Soon after a fatal avalanche, the risk in that area is usually perceived as unacceptably high. However, 
several years or decades later, many people feel the precautions and mitigation are unnecessary. For 
example, in February 1999 some people in northwest Iceland resisted an evacuation order although 24 
people were killed in two nearby towns four years earlier.   

11.5. Risk analysis 
The risk RS due to a specific scenario S can be analyzed as the product of three variables that take on 
values between 0 and 1 (e.g. Smith and McClung, 1997; Wilhelm, 1998) 

● the probability of the event (avalanche reaching the element of value) 

● the exposure of people or things of value (0 for not exposed, and 1 for a stationary element of value 
like a house) 

● the consequences (vulnerability) of the interaction (0 for no damage and 1 for total destruction or 
death)  

Risk due to specific (ith) scenario = 

Probability of avalanche reaching a specified location 

x Exposure to avalanche  

x Vulnerability 

Ri = Pi x Ei x Vi 

The total risk is the sum of the specific risks due to the possible scenarios.  

Risktotal = R1 + R2 + R3 + … 

For backcountry recreationists, exposure to a Size 2 or larger natural, and exposure to a human triggered 
(usually self triggered) avalanche could be considered separate scenarios. The scenarios could be 
subdivided by avalanche size for calculation of vulnerability. This subdivision of possible outcomes can 
be formalized as an event tree.  

Vulnerability 

For people caught in landslides or avalanches, vulnerability is the probability of death to an individual 
(PDI). Jamieson et al (2009) proposed adjusting the PDI based on the Canadian Centre’s accident 
database for the (unknown) reporting rate for non-fatal involvements. The following table is from 
Jamieson and Jones (2012).  
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Table: Vulnerability (PDI) for recreationists in Canada by avalanche size, 1984-2011 

 Avalanche 
size 

 

Relative frequency of 
recreationists caught  

(n = 1343) 

Probability of death if caught (all triggers) 

Assumed reporting rate for non-fatal involvements 

All (100%) 10% 5% 

D2 0.55 0.07 0.007 0.004 

D2.5 0.22 0.20 0.02 0.01 

D3 0.17 0.43 0.07 0.04 

D3.5 0.06 0.63 0.15 0.08 

Frequency-weighted vulnerability 0.19 0.03 0.02 

 

11.6. Decisions 
There are many different models for the way decisions are made. Three distinct models are 

1. Stage (or multi-stage or “rational” or deliberate) 

2. Recognition-primed 

3. Rule-based 
The stage model involves gathering information, assessing options including the expected effects of the 
various options, selecting and implementing an option, sometime simulating the effects, and reviewing 
the effects. This is a slow and often expensive process and a good way to make decisions when the cost of 
a poor decision is high and there are adequate resources including time. For many options, people assess 
the balance between perceived costs including risk and perceived benefits. The problems with this 
approach include: 

● Perceptions can be inaccurate, and influenced by irrational human factors 

● Costs and benefits cannot be compared because then are not on the same scale (different “currencies”) 

● The risk often involves low probabilities like 10-4 or 10-5, which cannot be easily estimated. 
In spite of the potential effect of perception on staged decisions, such decisions often yield satisfactory 
results. 

Recognition-primed decisions (RPD) are fast decisions based on experience (Klein, 1999). A person 
recognizes a situation as familiar and does what worked the last time under similar conditions. For 
example, a person may obtain the morning temperature and select a coat for the day because that coat 
worked well previously under similar weather conditions. There is no rational review of the various coats 
in the rack (multi-stage decision) or assessing of the effects of the various choices before selecting a coat. 
Many, many decisions including some high consequence decisions are recognition-primed. Experience is 
required for recognition-primed decisions. Experienced people often have difficulty explaining how they 
reached a particular decision (e.g. LaChapelle, 1980). RPD often yields satisfactory results but is 
occasionally seriously wrong. The popular book Blink (Gladwell, 2005) gives some examples of good 
and bad RPD decisions. RP decisions are fast and hence vulnerable to heuristic traps (decision traps) 
leading to errors and biases. 

Rule-based decisions are based on previously determined rules. These can be If-Then statements, 
checklists, decision trees, or more complex rules. If designed well, rules can avoid patterns that lead to 
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losses, but cannot consider all current factors. One approach to reduce the effect of human factors is to 
apply rule-based decisions based on observable facts.  

11.7. Learning or decision environments  
Hogarth (2002) distinguishes between Kind and Wicked learning environments.  
Kind environments provide good feed back and, depending on how you read Hogarth, wrong decisions 
are of low consequence. Consider learning tennis: a player gets fast, unambiguous feed back after hitting 
the ball to low or too long. Also, at most only a point is lost so the consequence is low.  
Wicked environments provide poor feedback and may be high consequence. For example, an emergency 
room doctor may send a person home or to a specific ward and rarely learn of the high consequence 
decision was correct. 

11.8. Human factors 
From Tremper (2001) 

• Habituation (I have been here before and this slope did not slide.) 

• Herding instinct (following tracks, or passively following a leader) 

• Testosterone poisoning (male impulsiveness) 

• Euphoria and summit fever  

• Headed for the barn (safety measures compromised on the way back to trailhead) 
For a more modern overview of human factors, see the section on heuristics in the previous chapter. 

11.9. Decision-support systems for recreational exposure to avalanche terrain. 
Werner Munter (1997) and others in Europe have developed rule systems based, at least in part, on an 
analysis of avalanche accidents. For example, if the Danger level is Considerable, avoid north and east-
slopes over 30°. Most European systems are based on the public bulletin in Europe, which is more 
frequent and of higher resolution than in Canada. The Swiss Alps are often divided onto more than 20 
forecast areas, but are comparable in area to one forecast area in Canada such as the North Columbia 
Mountains. While some proposed European rule systems exclude field tests due to their inaccuracy, due 
in part to spatial variability, others argue that the coarse and infrequent bulletins in Canada make 
snowpack tests more valuable for recreational decisions. Jamieson and others (2006) show the prediction 
intervals for individual snowpack tests are so wide that the results of 1 or 2 snowpack tests are, by 
themselves, are not a sound basis for decisions about exposure to avalanche terrain. 

The Avaluator (Haegeli and McCammon, 2006; McCammon and Haegeli, 2006; Haegeli, 2010) is a rule-
based decision-support pocket card. The front-side of the card is for trip planning and the back side is for 
slope-specific decisions in the backcountry (McCammon, 2002). The front side is a 5 x 3 table that 
tabulates the recommendation (normal caution, extra caution or not recommended) for five levels of 
avalanche danger and three classes of terrain (Statham and McMahon, 2006). The back side makes the 
same three levels of recommendations based on the number of “yes” answers to seven questions: 
McCammon’s Obvious Clues (McCammon, 2002). For three or four “yes” answers, the recommendation 
is “extra caution”. For 0 to 2 “yes” answers, the recommendation is “normal caution”. For 5 or more 
“yes” answers, the recommendation is “not recommended.” An analysis of US and Canadian avalanche 
accidents indicates that many historical avalanche accidents could have been “prevented” if the card had 
been followed. Note that this is a one-sided analysis since it does not consider the number of non-accident 
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trips that would have prevented if the recommendations on the card had been followed. Consequently, the 
Avaluator and other decision-support systems for travel in avalanche terrain are not based on an analysis 
of risk, which would include exposure. A risk analysis is not currently practical because of a lack of data 
for trips or exposure that does not result in avalanche accidents. 

While the target audience for these tools is recreationists (amateurs), application of decision support tools 
to other more experienced groups is under discussion. 

11.10. Summary 
For analytical purposes, risk can be divided into scenarios, each of which can be evaluated as the product 
(or cross-tab if the variables are discrete) of the probability of the event, the exposure of people or 
property and the consequences.  

North Americans have a surprisingly high tolerance for road risk, compared to risks from natural hazards. 

There are many models for decisions. Three relevant models are stage (or “rational”), recognition-primed 
and rule-based. Staged decisions are slow, thorough and involve several apparently rational stages 
including a review of options (which may be compromised by poor risk perception). Recognition-primed 
decisions are common, fast decisions based on experience. 

Human factors can compromise decisions, especially recognition-primed decisions.  

Rule-based decision support systems have been developed in Europe and Canada for recreationists. When 
assess with historical avalanche accidents, these appear to “prevent” many accidents. These are not risk-
based because of a lack of data for exposure that did not result in avalanche accidents. While the target 
audience for these tools is recreationists (amateurs), application of decision support tools to other groups 
is under discussion. 
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