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Extreme avalanche runout in space and time

D.M. McClung

Abstract: The distribution of avalanche runout varies in space and time for individual avalanche paths and from moun
tain range to mountain range. In this paper, such variations are considered based on the assumption (supported by data
worldwide) that the spatial distribution of extreme avalanche runout follows a Gumbel distribution and that the arrival

rate of avalanches can be modelled as a Poisson process. The input required is a set of extreme avalanche runout dis
tances for the mountain range and a knowledge of avalanche frequency at the beginning of the runout zone for the

path in question. Such information allows theoretical estimation of the effective return period as a function of position,
which is very important in zoning applications. In addition, general expressions are derived to relate Gumbel parame
ters for different mountain ranges to a frequency index to explore general frequency implications from one mountain
range to another. The estimated Gumbel parameters imply consistent relationships for expected avalanche frequency
and terrain from one mountain range to another.

Key words snow avalanches, runout distances, return period, frequency, terrain.

Résumé: La distribution des parcours d'avalanches varie dans I'espace et dans le temps tant pour les cheminements
individuels des avalanches que d'une chaine de montagnes a une autre. Dans cet article, I'on considere de telles varia
tions en partant de I'hypothése (appuyée par des données a travers le monde) que la distribution spatiale des parcours
extrémes d’avalanches suit la distribution de Gumbel et que le taux d’'arrivée des avalanches peut étre modélisé comme
un processus de Poisson. Les entrées requises est un ensemble de distances extrémes de parcours d’avalanches pour |
chaine de montagnes et une connaissance de la fréquence d’avalanches au début de la zone de parcours pour le
cheminement en question. De telles informations permettent une estimation théorique de la période de récurrence pos-
sible en fonction de la position qui est trés importante dans les applications du principe de zonage. De plus, I'on

dérive des expressions générales pour mettre en relation les paramétres de Gumbel pour différentes chaines de
montagnes, a un indice de fréquence donné pour explorer les implications générales des fréquences d’'une chaine de
montagnes a une autre. Les paramétres estimés de Gumbel impliquent des relations consistantes pour la fréquence
d’avalanches et le terrain prévus d’'une chaine de montagne a une autre.

Mots clés: avalanches de neige, distances de parcours, période de récurrence, fréquence, terrain.

[Traduit par la Rédaction]

Introduction slope angle first declines to 10° proceeding downslope from

for zoning in snow avalanche prone terrain. The traditional
method since the work of Voellmy (1955) has been to selec
friction coefficients in a dynamics model in a deterministic
sense or with return periods attached to input friction ceeffi
cients related to expected fracture heights (e.g., Salm 199
1997). However, the work of Bovis and Mears (1976) and
Lied and Bakkehgi (1980) introduced an entirely new
method. These researchers found that extreme runout (va

topographic terrain parameters for a set of avalanche patr?s
in a mountain range from probability and statistics with un
certainty quantifiable statistically. The key result of Lied and
Bakkehgi is the definition of a reference point from which to
measure runout distances (called fhpoint). This point is

Specificati ¢ ted t dist d ret the start position. This statistical method (including the ref
pecimcation or expected runout distances and return periy o 0o position) is now used in many countries and jurisdic

ods in the runout zone is the first and most important SteRions in the world but the dynamics method is still very
k)opular.

One criticism of the topographic (or statistical) method
(B. Salm, personal communication, 1996) is that there is no
%bvious way to specify expected return period increases in

e runout zone as the runout distance increases. The pri
mary focus of the present paper is to remove this criticism
Ry considering runout to vary in space and time in the-run
ut zone. The avalanches are assumed to arrive according to
Poisson distribution with a known or estimated return pe
riod upslope of the runout zone. The distribution of runout
distances in space is assumed to follow a Gumbel distribu
tion, as shown by McClung and Mears (1991), with parame
ters estimated from the historical record of extreme runout in

shown in Fig. 1 as the position along the incline where thd€ mountain range in question. The combination of these
two assumptions results in a theoretical prediction of effec

able return periods of 50-300 years) can be predicted frorf!

tive return period in the runout zone for direct input into

Received September 15, 1998. Accepted June 14, 1999. zoning calculations.

D.M. McClung. Department of Geography, University of The previous discussion refers to procedures for a specific
British Columbia, 1984 West Mall, Vancouver, BC V6T 172, avalanche path. However, the variation of avalanche runout
Canada. in space and time should also be related to the terrain and
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Fig. 1. Geometry for regression and runout ratio (RR) caleula  record from a given mountain range; and (2) an estimate of
tions, where RR #Ax/Xg. a, angle sighting from extreme runout avalanche frequency (or return period) at some reference
position (return period 50-300 years) to start position ar@gle; point (initial value) upslope of the runout zone. Given these

angle sighting from position where the slope angle first declines inputs in combination, empirical estimates are provided of

to 10° proceeding downslope to the start positidnangle sight return period into the runout zone increasing from the initial

ing from a to B positions; H, vertical drop t@ position. value (at the reference point) according to the probability

distribution of extreme runout in space.

Start position
s p

Specific avalanche paths: extreme runout
and return period variations in the runout
zone

This section contains the analysis for specifying avalanche
runout in space and time for individual avalanche paths
N given that avalanche runout obeys a Gumbel distribution (or
another appropriate distribution) determined from the histor

Extreme . . . -
y [ runout ical record f_or the mountain range in question an_d thgt ava
A . _ position lanches arrive according to a Poisson distribution in the
N runout zone, where the arrival rate may be found from re
X cords or vegetation damage or some other means at some
- Xp g AXH‘ point along the path. Given these inputs, a simple model can

be produced from the fundamental theorem of extremes to
predict exceedance probability (or return period) as a-func

general snow climate of the mountain range. McClung andion of position in the runout zone. Keylock et al. (1999)
Mears (1991) considered the effect of general climate fronf!@ve also made spatial predictions for return period as a
one mountain range to another but they did not relate runodtinction of position on avalanche paths by developing a sim-
distances to climate and expected avalanche frequency. iation model using Monte Carlo techniques based on ava-
this paper, the general avalanche frequency is related to ej@nche runout data.

treme-value (Gumbel) distributions estimated for eight (1) Temporal variation Avalanche occurrences may be
mountain ranges. The analysis indicates a consistent relatighought of in first approximation as random, discrete, rare
between Gumbel parameters from one mountain range to afidependent events. Fohn (1975, 1978) and Smith and McClung

other and it appears possible to relate general avalanche frEl997) showed to a good approximation that the temporal ar-
quency in a mountain range to the historical record ofrlval of avalanche events can be modelled as a Poisson pro-

extreme runout for that range. cess. For a Poisson process, #utual arrival rate of events
The paper contains two important new results: predictiorlS @ random numben, and theexpectechumber of events is

of effective return period in the runout zone for individual 9iven byl = L /To, wherey, is the Poisson parametdl, is

avalanche paths from a statistical method, and the relation dhe return period in years at a reference position near the be

expected avalanche frequency and terrain to extreme av&inning of the runout zone, aridis the time exposed, taken

lanche runout data for different mountain ranges. Both renumerically as 1 yeani, = 1/T,) to represent annual arrival

sults are achieved by assuming that avalanche events arrivate. The probability mass functid®, is given by

in a temporal sense according to a Poisson process (Smith N

and McClung 1997). [1] exp(io)u o

Pn(l'lO- n): n!

Return period in the runout zone for

individual avalanche paths (2) Spatial variation The spatial cumulative distribution

function (CDF) of extreme runout is represented-aé«) for

Consider first a method for predicting return period-spa a Gumbel distribution of extreme runout distances deter
tially in the runout zone based on a knowledge of empiricalmined for a mountain range, wheXerepresents the variable
probabilistic relations for extreme runout as a function ofRR = Ax/Xs, andx represents a particular value of RR. The
position. The problem simply stated is as follows: given arunout ratio RR =Ax/Xg, wherex is the runout distance
flux of independent, discrete events which arrive at the run(horizontal reach to the runout position from tRepoint),
out zone with an estimated annual frequency (mostly eeterandXg is the horizontal reach from the start position to fhe
mined by snow supply) and given a probabilistic point (Fig. 1). See Appendix 1 for a definition @x/Xgin
determination of runout distance downslope from the positerms of angles and the slope profile for an avalanche path.
tion of the frequency estimate, what is the expected returdMcClung and Mears (1991) showed tHa{(x) is adequately
period of events as a function of position in the runout zoneepresented by a Gumbel distribution of runout ratidor

The analysis in this paper provides a mathematical fermudata from five different mountain ranges representing more
lation of the problem. The two inputs required are: (1) anthan 500 avalanche paths, and further evidence is provided
empirical relation for the cumulative distribution function in this paper (see fits in Table 1) with data from three more
(CDF) for extreme runout spatially, based on the historicakanges. A brief description of a method for determining the
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Table 1. Frequency index and spread parametarfor the exponential Poisson crossing model.

Mountain range n a Remarks R? N
Sierra Nevada 6.5 0.20 Maritime 0.98 90
Alaska 55 0.11 Maritime 0.97 52
Norway 4.4 0.09 Maritime 0.98 127
Northwest Iceland 4.2 0.13 Maritime 0.94 25
Colorado 4.2 0.20 Continental 0.98 130
British Columbia coast 3.4 0.09 Maritime 0.97 31
Canadian Rockies 2.5 0.08 Continental 0.96 125
Eastern Iceland 1.7 0.13 Low frequeficy 0.96 20

Note: Mean frequency by regression 4R, squared correlation coefficient for the fit of runout ratios to the Gumbel distribubipn;
number of paths. The parameteranda are from eqgs. [15] and [16] evaluated by least squares fit to the Gumbel distributions (Appendix
1).

“Eastern Iceland is expected to have a low frequency of avalanching.

CDF W't,h the geometry defined as in Fig. 1 is provided in Fig. 2. (a) Discrete avalanche events spaced randomly in time
Appendix 1. . L and runout magnitudexj. (b) Probability density functions

(3) Extremal temporal and spatial variation8y the fun  (ppF) for avalanche runouij andV, runout in spacexj and
damental model of extremes (see, e.g., Benjamin and Cofime (). After Maes (1986). The bar on the left side of the PDF

nell 1970, p. 271), if a random number of extreme jpgjcates the contribution fon = 0 in eq. [2], the probability of
avalanche events occur per year and it is assumed that thgy occurrence.

all obey the same parent CDF, then the extremal, spatial
CDF for extreme runout is given byF[(x)]". A similar as (a)
sumption that all runout distances obey the same parent CDF
is implicitly made when topographical models are used to m
specify runout in applications.

Now consider the variabl®¥ = V(x, W), which describes x4
the temporal and spatial CDF of extreme runout at position
x: Fy (v) with a Poisson arrival of events entering the runout
zone. The extremal CDF of at positionx is given by the H

compound distribution (e.g., Benjamin and Cornell 1970, p. o
307; Maes 1986) TIVME
21 R) =Y R DRI =expl-pol - R(H)] ) Exromal PO of V-

n=0 Avalanche runout

in space and time

This important relation combines the spatial distribution ~ — g’ﬂ,’;’,gg,";paﬁa,

of extreme runout for a mountain range (mostly dependent distribution of

on terrain) with the temporal expectation of extreme annual avalanche runout

avalanche arrival at a reference locatipry: = 1/T, (mostly

dependent on snow supply; Smith and McClung 1997). The

exceedance probability is then given By(v) = 1 — Fy (v), o

and the effective return period as a function of positiois

T(X, Ho) = 1/Py(v) = 1/[1 —F (v)]. Figure 2 shows schemat

ics of the probability density functions of extremal distrbu

tions andX(t) following Maes (1986), where is time.
Calculation of the return period (or exceedance probabil X

ity) requires (1) an analysis of extreme runout for a set of

avalanche paths in a mountain range to input information

about the historical record of extreme avalanche runout ifFy(x) represents the conditional cumulative distribution of

the range in question (e.g., the CDF of a Gumbel distribuevents given that they reach or exceed the reference posi

tion of runout ratios (RR) or another suitable CDF), andtion. At the reference position, the return periodTis As

(2) a knowledge of the expected arrival rate (or return pewritten, eq. [2] supplies this condition for the initial value

riod, To) of extreme avalanches for the avalanche path inlowest value) ofx in Fy(x). The material in Appendices 1

question. A reference position must be selected for extremand 2 and the theoretical development later in this paper

avalanche arrival rate, for example, return period at fhe contain information toenable eq. [2] to be used with any

point. No further statistical information is needed and thereferenceposition if Fy(x) is chosen as a Gumbel distribu

use of more extensive extreme value analysis is avoided. tion or an exponential distribution. For positions downslope
In practice, eq. [2] is applied for positions downslope from the reference position, the return period increases ac

from the reference position chosen for the arrival rate, andording to eq. [2] a$«(X) increases with an increase in
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Fig. 3. Runout zone width for unconfined avalanche paths fitted alanche path centreline. The functiéq(w) then represents

to a Gumbel distribution for data from Iceland. The ordinate is the CDF of coordinate distance for extreme avalanche width
the half width divided by the mean of the data (232 Rj;= starting at the centreline and the value of the exceedance
0.99 and standard error = 0.035. The abscissa is the reduced probability at positionw is given by 1 —F,(w). Assuming
variate —In(-InP)), whereP is the nonexceedance probability for Fy(w) andFy(X) are statistically independent gives the CDF
the distribution 1 — exceedance probability. as a function ofx, w, andp

1.5 T T

81  Fz(2) = exp[4o(1 - Fx())(1 - Fw(W))]

whereZ = Z(uqo, X, W). The width prediction contained in
eg. [3] contains only one extreme width applied to the entire
runout zone. A more sophisticated width model with in
crease in width downslope into the runout zone is given by
Keylock et al. (1999). There are not yet enough data to
check the assumption of statistical independence in eq. [3].

From eq. [3] the exceedance probability may be calcu
lated at any spatial position in the runout zone (e.g., past the
B point) from the historical record of extreme runout and
width for avalanches in the mountain range and the return
period at thep point (or another reference), = 1/T,. The
return period in the runout zone is then

HALF WIDTH/MEAN

[4] T(2 = T(% WHo) = m
z

-In(-in(P)) .
Encounter probability
The encounter probability is of central importance in zon-

For example, if the spatial exceedance probability for avaing applications in combination with return-period estimates.
lanche runout at a location is 0.E(= 0.9) (the 1:10 runout) |t is defined (e.g., McClung 1999) as the chance of ava-
and if the return period at a reference position upslope is 1@anches reaching a spatial positiarat least onceduring a
years, the effective return period at the location is about 10@me periodL with a return periodr. For eq. [1], the Poisson
years for direct input into risk calculations. parametep is represented by (x, w, o) = L/T(X, W, [,) and

The choice of reference position will affect the errors inthe encounter probabiliti, is the sum of all terms of eq. [1]
return period determination. An example calculation for anexcept the firstif = 0) to give
avalanche path with long return period (Lied et al. 1998) is
presented in Appendix 2 for two different choices of refer 0 L0
ence position. In practice, it is usually possible to find a po —1_ -
sition upslope of the runout zone where avalanche frequenc ol Ep(X WHo) =1 eXpDBf(x, W,p_o)g
is high enough to be estimated from observations or the
methods described by McClung and Schaerer (1993). This

makes the method very practical. For example, ifw = O (the centreline of an avalanche
path), the return period of avalanches reaching the runout
Model for extreme width zone is 10 yearsy = 0.1), Fy at a position is 0.9 (the 1:10

In avalanche land-use planning, often information is€xtreme runout avalanche path), dne 1 year, then the en
sought about the width across the slope perpendicular to theounter probability at the location is 0.01 (a value close to
centreline of the avalanche path and the probability of aval/T(x, 0,lo)). If po=1,L = 1 year, and~x = 0.7 (the 1:3.33
lanche debris striking facilities off the centreline of the path.avalanche runout), then the encounter probability is 0.283
When the runout zone is channelled or with gullies such ter(1:3.52).
rain features can determine the width. However, often the When the ratio LT(X, w, lo) is <<1, the encounter proba
runout zone is unconfined (not channelled or with gullies)bility is equivalent to LT(x, w, l1g), and ifL = 1 year, then
and statistical methods may be of use to determine boundhe annual encounter probability is equivalent to the reeipro
aries across slope. Data from Iceland show that extremeal of the return period (or the exceedance probability) at the
width of avalanches in the runout zone obeys extreme-valubcation. In applicationd is often taken as the useful life
statistics. Figure 3 shows extreme-width data from 34 avatime of facilities or exposure of forest cover in avalanche
lanche paths in Iceland fitted to a Gumbel distribution: theterrain. IfL = 100 years and(x, w, Hp) = 100 years, then
variable used is the distance from the centreline divided by, = 0.63. Thus, if the return period is 100 years at a foca
the mean width of the Icelandic data (232 m). A CDF fortion, there is a 63% chance of observing at least one event
coordinatew is defined from Fig. 3 starting from 0 at the-av with 100 years of observations at the location.
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Fig. 4. Mean (1 + yb) of Gumbel distributions versus standard ~ The runout ratio is represented by, with a value x*

deviation [rt/(6)Y9b. The regression line haR? = 0.86 (whereR denoting a reference position to loeossed It is assumed

is the correlation coefficient) with a slope 1.58. The constant that avalanche events have runout as a functiom*ofith

(intercept) for the line is not significant. an exponential distribution, whedé= 0 is a reference posi

0.6 tion (e.g., the point). Hamre and McCarty (1996) display
5 : : : : data in support of the exponential assumption.

: : : ; ; The runout distanc&(t) is taken as a stationary random

Y SR N S SR A process (e.g., see FigaRand its time derivative aX(t). The
Sierra Nevadd / 1 1 probability thatX(t) andX(t) will be found within , X + dx)

5 : and &, x+dX is (e.g., Sélnes 1997F)(x, X) dx dx = f (x, X) X

dx dt = At f (x, X) X dx, wheref (x, X) is the probability den

® COlOragio:~ v

Rockies : sity function for X(t) and X(t). The time intervalAt is finite
- i i : but is defined such that the probability of two crossings
L 03 e occurring simultaneously is small. For a given valuexbfo
= ? : ; ; ; be exceededX(t) must reachx* and the speed must be
Alaskas /* Northwest : positive. The exceedance probability (assumed small) of
T — s ’Ce’a”d ............. S crossing betweenandt + At is then given by evaluating the
Norway e’ o ~ o ast Ranbe probablllty _den5|ty funcpon aK* over.the short_mterval
(e * East lcoland ' ' At for positive values ofx. The result is (e.g., Rice 1954;
.......... . R T Sélnes 1997, p. 161)
0.1 Canadian : : :
Rockies : ; : : ©
f f f : : [6] P(X > x) = AtJ‘f(x*, X) xd X
0'00.0 0.1 0.2 0.3 0.4 0.5 0.6 0
STANDARD DEVIATION To derive eq. [6]At is assumed small mathematically during
the time integration. However, for rare eventst is not
Frequency and terrain interpretation of ﬁ%ﬁ;ﬁlgeﬁtm ea\lleﬁéclept to preserve the assumption of rare,
Gumbel parameters for different mountain It is now assumed that(x, X) may be represented as an
ranges exponential distribution:

The time and spatial distribution of avalanche runout for a1 0Ox x0O

Gumbel parameters from one mountain range to another i fx %) T ac EXDHE B

investigated in this section. The modelling concepts are re-

{/eil:jiiltoa\t/g?aiiﬁéog;ﬁ;um period in the runout zone for Indl'vvith x> 0,x> 0, anda,c > 0. Substitution in eq. [6] gives
Data on extreme runout from different mountain ranges c H—X*B

show that there is a consistent relation between the scale af@l ~ P(X>X) = Atg expl-—LU= AtA

location parameterg andb, respectively (see Appendix 1 for O O

definitions of u and b): as the Gumbel (or type | extreme- . _

value distribution) location parameter increases so does thil'€r€@ andc are related to the variance andDs by a =

Gumbel scale parameter. Figure 4 shows a plot of the mea n)'('z t'n?gdgt;(*(%)thér;l-he crossing frequency (crossings per

valueplg = u + yb (wherey is Euler's constant or 0.57721) unit time) :

versus the standard deviatiore (11/(6)Y)b for eight different 1 X *
mountain ranges representing over 600 estimates of extreni] A== eXDB‘*H
runout. The data imply (see Fig. 4) thag/o = 1.58 @ = To 0o ad

0.86) from ordinary least squares analysis witk 0.001 or _ .

essentially thai ; ando are proportional (a constant added to Where 1Mo = n/At, andn is the total average number of
the analysis is not significant). The model below is <on CrOSSings at reference positiah = 0 over the time interval
structed to provide interpretations pf/o and o in terms of At The parameten is taken to be drequency indexor a

snow climate and terrain for different mountain ranges. ~ 91veén mountain range. _
Note thatf (X) could have been taken as a spike such as

Exponential crossing model the Dirac delta functio®(x — d) (or a sum ofd functions as

Consider a Poisson process to interpret variations of th& Fig. 2a) and the form of eq. [9] would not changexfand
ratiop /0 in terms of a frequency index to enable frequency* are statistically independent. For example, if
and terrain interpretation of Gumbel parameters for the dif n
ferent ranges. First consider a Poisson crossing process as a f(X) = 1 Z C (X~ d)
function of runout ratio X*) whereby avalanches reach or Co s
exceed a location* in the runout zone with temporal Peis
son arrival of events. The problem is to estimate the frethen withn spikes in time interval\t, with strengthsC,, c in
guency of events crossing a positighin the runout zone. eq. [8] may be replaced by the expectationxpE(X):
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n

Z cod Fig. 5. Gumbel probability density functions (PDF) for runout
Kk Gk

n ratio for three mountain ranges. The spread (scale parameter) of
Kl with Cy= z Cy the distributions depends on terrain steepness and the ratio of mean
Co k=1 to standard deviation depends on frequency. In order of increasing

avalanche frequency the ranges rank as follows: Canadian Rockies,
eNorway, and Sierra Nevada. The distribution parameteasd b
were determined by least squares fits to extreme runout data (see

In general, the form of eq. [9] does not change given th
assumption of statistical independen€éx] x) = g(X)f (X)]:

c - EX). .
Now consider the arrival events to be Poisson distributedAppend'X 1.
such that the probability* is exceeded depends only on the 5

duration of the time intervalAt, no events occur simuka
neously, and all events are statistically independent. The
probability mass function is then

10]  Rag = AAY" el:P("\ At)

Canadian Rockies

When the distance* increases, the time interval between
Poisson crossings increases and the probability of one-crossg
ing is given asymptotically by o

[11] P, = At

The probability that x* will not be crossed duringt is
(from 10 withk = 0)

[12] Py = exp (AAt)

Equation [12] is analogous to an asymptotic form of eq. [2].
Substituting the form oA At from the crossing model gives
Py as the probability of no crossings from eq. [12]:

[13] R = exp-cexp- =N [
0 d a Wi}

Sierra Nevada

1.0 1.5 2.0

RUNOUT RATIO

Equation [13] represents a Gumbel distribution whBgeis  values found by least squares fits for lines through the ava-
equivalent to the nonexceedance probability evaluated at |anche runout data as described in Appendix 1. Figure 4
whenAAt is small (long runout distances). From eq. [18],  shows variations in the ratio for eight different mountain
is expressed in quantiles: ranges, and Fig. 5 shows Gumbel plots from calculated pa
* — - In(_ rameters for the Canadian Rockies, Norway, and the Sierra
(141 x* = aln(n) + al-In(In(Po))] Nevada: low-, medium-, and high-frequency ranges. In these
From eq. [14], the location parameter ia [n(n)] and the plots, the location parameter increases with an increase in
scale parameter ia. The mean value of the distribution is frequency (generally higher in the maritime ranges: see Ta
ble 1), but the spread of the distributicen, does not depend

[15] pg = E(x) = aln(n) + ya on frequency according to the model.
and the standard deviation is Table 2 shows the relationship between the spread param
eter @ and the steepness of terrain (represented by the
[16] © =Na mean value ofa, where tana is the mean slope of a path
J6 anda is defined in Fig. 1) for the seven mountain ranges.

Rank correlation of the mean afanda for the seven moun
tain ranges in Table 2 is —0.93 with significanpe= 0.01,
He _In(n) +y i.e., a highly significant relationship. The model, in combi
o n/6 nation with the runout data, suggests that gentle terrain has a
higher spread of runout distances and that avalanche fre
The ratio (mean to standard deviation) then depends only ofiuency and overall features of terrain steepness (mean of
an index of frequency of events W(for the assumptions Or tangent of mean ofi) are separate issues.
made. The implications of eq. [17] on the implied frequency The exponential Poisson crossing model fits the descrip
index are explored by computing the mean and standard déion of Gumbel distribution characteristics derived from
viation from Gumbel parameters for eight mountain rangesvorldwide experience: the location parameter increases with
and equating the results to eq. [17]. Equation [17] containshe spread of the distributions (i.e., in the model) but there is
the prediction that the ratio increases with the frequeney inno significant relation between the scale parameter and the
dex, implying higher overall frequency as the ratio increasespredicted avalanche frequency in the model as implied by
Table 1 gives frequency index values) (for the different the extreme-value data (see Table 1). The spread parameter,
mountain ranges (from eq. [17]) and the distribution meara, depends mostly on terrain, whereas the avalanche

and, therefore, for the assumptions, the ratio is

[17]
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Table 2. Relation between steepness (mean value o&nd spread parametar

Mountain range Meam a N Remarks

Canadian Rockies 27.8 0.08 125 Continental

Norway 29.4 0.09 127 Maritime

British Columbia coast 26.8 0.09 31 Maritime

Alaska 25.4 0.11 52 Maritime

Iceland 23.6 0.13 45 Maritime — low frequency
Colorado 22.1 0.20 130 Continental

Sierra Nevada 20.1 0.20 90 Maritime

frequency is more closely related to snow supply, SO Nnoraple 3. Mean values of Gumbel distributions for the runout

strong relation is expected between the two. ratio RR (AX/Xp).
Gaussian crossing model Mountain range Mean N Remarks
If f (x) andf (X) are statistically independent Gaussian-pro Sierra Nevada 0.49 90 Maritime
cesses, instead of exponential, then Colorado 0.41 130 Continental
) Northwest Iceland 0.26 25 Maritime
[18] f(x) = 2 expd-= x>0 Alaska 0.25 52 Maritime
A/ 2TD, 2D, Norway 0.18 127 Maritime
British Columbia coast 0.16 31 Maritime
with a similar expression fox by replacingx with x. Eastern Iceland 0.14 20 Low frequency
Given eq. [18], repeating the derivations above gives thiCanadian Rockies 0.11 125 Continental
result derived by Rice (1954) and Solnes (1997, p. 162): Note: The mean value is proposed as an index of runout.
O 2
[19] A =N exp[-;-(xk) 0
At 0 2Dx g higher frequency index regardless of the choice of crossing

) S ) ) model. These definitions imply ranges with the longest run-
The result is a Gumbel distribution Wlﬂx*oz instead ofx* out distances require both a h|gh frequency and a h|gh
as the runout variable: spread parameter (implying gentler terrain on average), with
[20]  (x*)2 = 2D, In(n) + 2D,[-In(=In(Py))] the sprea_d para_meter dommatmg (Taple 2). _
If the distribution (eq. [6]) is generalized to include offset
From eq. [20], the ratio of the mean to the standard deviavaluesa, X — X — 0, such that it is not peaked at= 0,
tion of the distribution is the same as that given by eq. [17]then the form of the location parameter generalizea j&
Therefore, the general frequency interpretation of the ratio igin(n) and the scale parameter remains the same, so the form
unchanged if the distribution variable is (#instead of x*. of the parameters matches that quoted by Solnes (1997)
Extensive runout data show that the runout ratigather  as general properties of asymptotic extreme-value distributions:
than §&*)? provides a better fit to the data, so the exponentialocation parameter. o, + o, In(n), and scale parametes
model is favoured over the Gaussian model for the fre a;. Therefore, my choice of a distribution peakedkat O af
guency interpretation here. Calculations of Gumbel paramefects the form of the extreme-value parameters but not the
ters using the Gaussian model also change the frequengeneral conclusions made about frequency indexes and ex
rankings slightly compared with those in Table 1. For fivetreme runout based on the crossing model. A model peaked
mountain ranges, the calculations similar to Table 1 give that o, implies that the ratiqug/o is inversely proportional to
following: Sierra Nevadar(= 1.91,R? = 0.92), Alaska it = the spread of the distribution for the exponential crossing
1.80,R? = 0.91), Colorador{= 1.47,R>=0.81), Norway 1=  model.
1.00, R? = 0.94), and Canadian Rockiea € 1.00, R? =
0.84). From a physical and mathematical point of view, then,
| favour the exponential rather than the Gaussian crossinpiscussion
model because it ranks frequency index predictions in the
maritime and continental ranges closest to experience and, The important points made in this paper are given below:
more importantly, provides the best fits to extreme runout (1) The criticism that the topographic method applies to
data. only one return period is addressed in this paper. A model
The standard errors at long runout distances derived frorhas been produced to specify extreme runout in space and
fits to the Gumbel distributions imply longer runout dis time in the runout zone to provide estimates of return period
tances and have greater uncertainty either within a mountaias a function of position in the runout zone. It is not neces
range in generabr between mountain ranges. For different sary to assume that the extreme avalanche obeys a Gumbel
ranges (e.g., Fig. 5), the mean of the Gumbel distributiordistribution as done in this paper. However, the formalism
u + yb is taken as the index of runout, where a higher meanmequires the CDF of extreme runout for application. The
implies longer runout (see Table 3), and the ratio of theother assumption is that avalanches arrive randomly aecord
mean to the standard deviatiopg(o) is taken as the index ing to a Poisson distribution (Fohn 1975, 1978; Smith and
of frequency (see Table 1), where a higher ratio implies aMcClung 1997; McClung 1999) as rare, independent events.
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lected papers on noise and stochastic procedsaited byN.  measurements from eight different mountain ranges, the RR
Wax. Dover, New York. obeys a Gumbel distribution. McClung and Mears (1991)

Salm, B. 1993. Flow, flow transition and runout distances of flow fgund very good fits to the Gumbel distribution, particularly
ing avalanches. Annals of Glaciology8: 221-226. at exceedance probabilities greater than 0.5, representing po

Salm, B. 1997. Principles of avalanche hazard mapping in Switzergjtions where applications are found. If RR x, then the
land.In Snow engineering: recent advancEslited byM. Izumi, CDF is given by ’

T. Nakamura, and R.L. Sack. A.A. Balkema, Rotterdam, The
Netherlands, pp. 531-538. O —u%
Smith, M.J., and McClung, D.M. 1997. Avalanche frequency andlA2]  Fx(X) =exp- [?XP'BXT
terrain characteristics at Rogers Pass, British Columbia, Canada. O 0 Wi
Journal of Glaciology43(143): 165-171. . .
Sélnes, J. 1997. Stochastic processes and random vibrations. Jowiereu is the location parameter, amds the scale parame
Wiley & Sons, Chichester, U.K. ter. In terms of quantiles, eq. [A2] is
Voellmy, A. 1955. Aber die zerstérungskraft von lawinen. _ - In(_
Schweizerische Bauzeitung3: 159-165, 212-217, 246-249, 3] X = U+ bl=In(=In(P)]

280-285. whereP is the nonexceedance probability. In this paper, the
constantal andb have been determined by a least squares fit
Appendix 1. Gumbel distribution applied to to eq. [A3] by defining Hazen plotting positions in terms
runout datax; _a_nd the nonexceedance probability Ris= (l - O.S)N,
wherei is the rank of the RR for avalanche pathandN is
A method for prescribing the CDF for extreme runout for the number of paths in the analysis.
a given mountain range based on Gumbel statistics was pro
posed by McClung and Lied (1987) and extended and ex iy Ou 0
panded byMcClung et al. (1989), McClung and Mears (1991), que:d_lx t2h Calculattlon offtheB:'e!:urr':I
and Nixon and McClung (1993). See Lied and BakkehgiP€rtod In the runout zone for Bieie, Norway
(1980), McClung and Mears (1991), and Johannesson (1998) Here, estimates of return period are presented as a func-
for descriptions of the data including errors. McClung andtion of position in the runout zone for an avalanche path at
Mears showed the necessity of using data from a givemleie, Norway, which has very long return periods associ-
mountain range to specify runout in that range, i.e., there argted with it according to the description given by Lied et al.
considerable differences between Gumbel parameters frop1998). Figure Al shows the path profile. It was assumed
one mountain range to another. that the end of the avalanche path has a total horizontal
The runout parameter is the runout ratio (RR): the ratio ofreach of 3600 m with vertical drop of 1300 m, theangle is
the horizontal reactx (extreme runout from th point) to  19.9°, and the angle is 23.25° as specified by Lied et al.,
Xg, the horizontal reach from the start position to fygoint  who described avalanche occurrences for the avalanche path
(see Fig. 1). The idea is physically appealing, since a set afith annual occurrences reaching 500 m asl and below. Two
extreme values (runout) should follow an extreme-value disavalanches have travelled to 300 m asl (one in 1776 to about
tribution. In addition, the RR explicitly contains a length 300 m asl) and another in 1994 reached the Bleie farms
scale and implicitly accounts for slope of the terrain in the(3600 m horizontal reach) to yield an approximate return pe
runout zone in terms o the angle obtained by sighting riod of about 100 years at 300 m asl (approximately 2900 m
from the extreme runout position (tleepoint) to theB point.  reach).
In terms ofa, 3, andd the runout ratio is For the model here, the Gumbel scale parameter depends
Ax _ tanB - tam mostly on terrain and the location parameter depends_ on
[Al] RR=—=——— frequency and terrain. The general form of the location
Xp tana - tam parameter for a Gumbel distribution may be represented, by

Fig. Al. Terrain profile for Bleie from Lied et al. (1998). The location at a horizontal reach of 3600 m (extreme runout) has a runout
ratio of 0.714 with the3 point taken at 2100 m. See Fig. 1 for the definition of runout ratio.
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Ao *+ A In(n), and the scale parametertis= A (see, e.g., the Fig. A2. Return period in the runout zone for Bleie with initial
crossing models introduced above or Sélnes 1997). For exeturn periods of 100 and 50 years taken at a horizontal reach of
ample, eq. [14] presents a Gumbel distribution for a refer 2900 m. The return period at 3600 m horizontal reach (runout
encepositionx* = 0 (corresponding to th@ point where ratio = 0.714 and maximum runout position) is 1000 and 500
x* = 0). To extend the prediction to another reference posiyears, respectively.
tion x,, replacemenx* — x* — X, can be made, the exponen 2000
tial distribution (eq. [7]) peaks at* — Xx,, and the location
parameter becomeg + a In(n). This preserves the scale-pa
rameter dependence, and the location parameter can there
fore be increased by the runout ratio of the new reference ; : :
position (0.38 or 2900 m horizontal reach in this case). The . 1500 frrwweeerieeee IR P Al
value of|, is then chosen as the Poisson parameter appro g : /”’t’a/1’ggt}‘/’g;r’;e”°d~ :
priate to the new reference position with longer retura pe : : \
riod. Keylock et al. (1998) employed a similar strategy for . :
choice of reference position in their simulation model. & . | P o s
. . .. 1000 H : :
Given the data at the site, a reference position has beem : . ' ) /
Initial Return Period: /:
50 years \

ERIOD (y

selected at 300 m asl (700 m uphill from the Bleie
farms): o = 0.01. However, since the return period at this 2
position can probably not be estimated by better than a fac |

tor of two, calculations have also been made for the more 500
conservative return period of 50 years at the reference posi
tion. Given these values fagun, (0.01 and 0.02) and the
Gumbel distribution of extreme runout for Norway, plots are
shown of the return period in the runout zone versus the

TURN

runout ratioX (= A/Xg) in Fig. A2. With X; = 2100 m, the %4 05 06 07 08
position at the end of the avalanche path (3600 m) is
0.714 in Fig. Al, a location near the Bleie farms. From these RUNOUT RATIO

plots, the best estimate of the return period for Bleie is about

1000 years, with a more conservative estimate of about 50fr Norwegian data. | calculated the exceedance probability
years. If the return period at the 300 m asl position was agrom the a, regression model at about 0.29 (or the 1:3.5
short as 50 years, then it is highly likely that more ava-avalanche runout) foo = 19.9° estimated at Bleie. This
lanches reaching or exceeding that point would have beegompares with 0.0015 (or the 1:700 avalanche runout) for
recorded (if the return period there is 50 years, then for 20@he Gumbel RR method using Norwegian data.

years of observations the probability of observing at least |f g is abandoned as a reference and statisticsofare
three events is 0.76, whereas only two events have been rgsed alone as an index of runout, again realistic return peri-
corded). ods are not predicted. Lied et al. (1998) state that six of 206

The written history of Bleie dates back to 1293 A.D. Lied avalanche runout distances hawvdess than 21°, which im
et al. (1998) suggest that no earlier major avalanches havslies that Bleie is something like the 1:35 avalanche runout.
hit the farm for the last 1000 years. Lied et al. estimate thatrhe differences in these approaches are dramatic for the
an appropriate return period for the location of the farms isBleie event and they are linked to the strong runout zone
in the range of 800-1000 years based on the local-toposiope angle dependencd) (of the a,  model the probability
graphic and climate conditions and the historical recordsiistributions used (Gumbel or Gaussian) and the methods
from Bleie. used to calculate the probabilities from field data.

The calculations were repeated by taking the referenee po The case history of Bleie is extremely important because
sition at thef3 point (x = 0) with approximately annual occur it clearly highlights the differences in predictions of the ex
rences (1 = 1) according to the descriptions given by Lied et treme-value approach and tlep regression approach. To
al. (1998). These calculations gave a return period at the enachieve an exceedance probability close to 0.0015 (as im
of the paths (3600 m horizontal reach) of about 700 yearsplied for the Bleie farms for the RR approach) using th@
which is in good agreement with the calculations for theregression approach with Norwegian data, the imptieah
300 m asl reference point. gle would have to be near 15°, which is equivalent to a-hori

The results above do not follow from the assumption thatzontal reach near 4700 m, 1100 m farther than that observed.
avalanche runout obeys Gaussian statistics using thiegle  Similarly, if the exceedance probability calculated from the
as a measure of runout wifhas the predictor variable as is o, model (0.29 at 3600 m horizontal reach) is used in
commonly done (e.g., Jéhannesson 1998). A least squares. [2], the implied return period at the Bleie farms is about
regression using Norwegian data gives the following values4 years if the return period at tiffepoint is about 1 year as
o = 0.90B, standard error = 1.86°, 127 avalanche paths withdescribed by Lied et al. (1998). If thee angle is used alone
R? = 0.87 (see J6hannesson 1998 for more information ands a measure of runout, the exceedance probability for Bleie
rationale about the method and equation). According to Lieds near 0.03 to yield an estimated return period at Bleie of
et al. (1998) the value af (19.9°) for the 1994 avalanche at about 30 years using eq. [2] for annual retupn, E 1) at the
Bleie is only about half a standard deviation from the mearf point.
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