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Estimate of uncertainties in avalanche hazard mapping
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ABSTRACT. The present work addresses the urgent demand for methods of quantifying
the uncertainties inherent in the current procedures for avalanche hazard assessment. A Monte
Carlo approach to hazard mapping is proposed for this purpose. This statistical sampling-
analysis method allows us to evaluate the probability distributions of the relevant variables
for avalanche hazard assessment — essentially runout distance and impact pressure — once
the release variables and the model parameters are expressed in terms of suitable probability
distributions. In this way it is possible to explicitly account for uncertainties both in the input-
data definition of the dynamic models and in the mapping results. The overall methodology is
presented in detail and applied to a real-world avalanche mapping problem. The one-dimen-
sional version of the VAR A models is used for avalanche dynamics simulations.

INTRODUCTION

Dynamic models for calculating snow-avalanche motion have
gained growing importance for avalanche hazard assessment in
the last few years. Conversely, the degree of precision required
in hazard-mapping applications is far beyond that presently
achievable by dynamic models. Substantial uncertainties
characterize the definition of the avalanche starting condi-
tions (release area and depth) and of the model parameters
(friction coefficients). It is also the case that all dynamic
models in common use are remarkably sensitive to both these
types of input data. A detailed analysis on a group of dynamic
models of hydraulic type, performed within the European
Union Fourth Framework project SAME (Snow Avalanche
Mapping and Warning Systems in Europe) (Barbolini and
others, 1998, 2000) has clearly shown that even relatively
small variations of the friction coefficients (within 15%) can
produce remarkable variations of the model output, in terms
of either runout distance (up to the order of 10> m) or impact
pressure (up to the order of 10'kPa at a fixed location). The
sensitivity to release conditions was found to be lower, but
sufficiently strong to obtain different mapping scenarios as a
consequence of realistic variations of the release variables.

The uncertainties inherent in the model input-data
specification, although well acknowledged, are usually not
explicitly incorporated into the analysis and considered in
the mapping results. These sources of error are normally
addressed through conservative estimates of the parameters
or, in some cases, by sensitivity analysis. However, each of
these approaches has limitations for assessing the statistical
implications of uncertainties. In the present paper some pre-
liminary ideas are put forward for working in this direction
in order to allow more appropriate risk assessment in ava-
lanche-prone areas.

METHOD

A Monte Carlo approach to avalanche hazard mapping is
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proposed. The method combines statistically-based criteria
for the evaluation of the input data of the dynamic models
and deterministic avalanche modelling techniques. The
uncertainties inherent in the use of dynamic models for
mapping applications are explicitly accounted for by
expressing the release variables and the friction coefficients
in terms of “site-specific” probability distributions. These
are then used to randomly generate samples of values for
each model input, which are transformed into samples of
mapping output by successive applications of the dynamic
model. Thus, the mapping variables — essentially runout
distance and impact pressure — are given in a form suitable
for statistical analysis, and the effects of uncertainties can be
formally considered in the hazard maps.

The specific methods introduced in order to estimate the
site-specific frequency distributions for the release variables
and for the friction coefficients are detailed in the rest of this
paper. A brief presentation of the dynamic model used for
avalanche calculations is given in the next section. In the
concluding application, the hazard assessments are made
according to the Swiss mapping criteria (Salm and others,

1990).

DYNAMIC MODEL

The VARA avalanche computational models have been
developed in the Hydraulic and Environmental Engineering
Department of the University of Pavia since the early 1990s
(Natale and others, 1994; Nettuno, 1996; Barbolini, 1998).
They use a hydraulic approach for the simulation of snow-
avalanche flows; the equations are in fact similar to those
originally derived and commonly applied for free-surface
hydraulic flow simulations. Consequently, they are only
applicable to dense snow avalanches.

According to Nettuno (1996), the unit-width one-dimen-
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sional equations for the conservation of mass and momentum
of an avalanche flowing downslope can be written as follows:

oh Ouh

o e ! (1)
ohu  O(wh) . oh
W4— or ghsma—ghcosa<ax+=}>, (1b)

where u1s the depth-averaged value for the downslope velocity
component, h is the local flow depth, J is the dynamic friction
coefficient, which incorporates the dissipation at the flow bed,
and « is the local slope angle. Equations (la) and (Ib) are
numerically integrated using an upwind second-order finite-
volumes scheme (Nuyjic, 1995).

The form of the dynamic friction coefficient J is similar
to the one first proposed by Voellmy (1955), with n? equiva-
lent to 1/£ in the original Voellmy model:

J=p+n? % 2)

p 1s interpreted as a Goulomb friction at the flow bed,
whereas the quadratic term may be interpreted with refer-
ence to the resistance developed in a granular material
within the “inertial” flow regime (Bagnold, 1954). However,
in practical applications the friction coefficients pr and n are
estimated by model calibration.

The unit-width version of the one-dimensional VARA
model is appropriate for the description of flow on an open
slope, which is the case for the avalanche path considered in
this paper. As starting conditions this model requires a snow
fracture height (H, in the following) and a longitudinal re-
lease length (L, in the following).

PROBABILITY DISTRIBUTIONS OF RELEASE
VARIABLES

Release depth

According to Salm and others (1990), for given return
period T and release-zone average altitude z the release
depth H, (T, z) may be expressed as a function of the 3 day
snow precipitation Pro(T, z), the snowdrift overload Psp
and the average slope of release zone 6 as follows:

Hr(Tv Z) = [P72(Ta Z) + PSD]f(e)a (3)
where f(#) is a slope factor, accounting for the reduction of
released snow with increasing release-zone inclination. This
paper explicitly considers the uncertainties in the determin-
ation of Pry(T, z) for an assigned return period and release-
zone location by using suitable probability distributions.
Equation (3) is then applied straightforwardly, with the
values of f(6) and Psp estimated according to the proposal
of Salm and others (1990).

The estimate of Pro(T, z) is made on the basis of a re-
gional analysis of the snowfall regime. The “index-value”
technique is used for this purpose (Kite, 1988). The data of
different gauging stations from a given geographical area
are made dimensionless (F7,) by dividing by their average
value. In this way, once the statistical homogeneity of the
different stations has been checked by suitable tests (Kite,
1988), all the recorded data can be put in a unique extended
dimensionless sample. This data sample is then fitted to a
generalized extreme-value (GEV) distribution (Hosking
and others, 1985; Li-Hsiung and Stedinger, 1992) so as to be
able to estimate the values exceeded with various design
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probabilities, i.e. related to assigned return periods. By
inversion of the GEV cumulative distribution function, the
following expression for the quantile P, (T") can be derived
(Li-Hsiung and Stedinger, 1992):

PL(T) = b+%{1 - [111(1%)}}6}, (4)

where a, b and k are scale, location and shape parameters of
the distribution. Quantile estimators are random variables
whose precision depends on the parent distribution, the
parameter estimation method and the sample size. Follow-
ing Hosking and others (1985), the variance of the GEV/
PWM (probability weighted moments) quantile estimator
can be calculated from the following equation:

a?

Var[Pn(T)] = 5 [f(k, 7)), (5)

where N is the sample size and f(k,T) is an implicit alge-
braic function, whose values are tabulated in Li-Hsiung and
Stedinger (1992).

Equation (4) is used to compute the mean value of the T'-
year event P%(T); to define the confidence interval of this
estimate, it is assumed that the estimation error is normally
distributed, with standard deviation given by Equation ().

The value of the 3day precipitation at the location of
interest (for selected T') is obtained by multiplying its dimen-
sionless value P, (T') with the average 3 day precipitation at
the altitude representative of the release zone Pro(z). This
latter variable is estimated by linear regression of the average
3day precipitation of different stations (Pr;) with their
relative altitudes, which may be considered one of the most
relevant parameters for explaining differences between snow-
fall records from separate gauges belonging to a given geo-
graphical area (Salm and others, 1990). The regression error
may be used as an appropriate error function. Thus, the
values for Pry(z) are assumed to be normally distributed
about the mean, with the standard deviation corresponding
to the regression error.

Release length

The release length L, is completely defined once the upper
(Zy,) and lower (Z)) release limits are located along the longi-
tudinal path profile. Within the framework of the present
paper, the uncertainties inherent in the definition of this
release variable are explicitly taken into account by consider-
ing its lower limit Z) movable. This latter assumption does not
appear to be too restrictive; in practical applications a high
degree of uncertainty typically arises in the definition of the
lower limit of release zones (the so-called “stauchwall”),
whereas the identification of the upper limit is usually less
problematic.

We propose to randomly locate Z) by means of a triangular
probability distribution function (see Fig. 1), which represents
one of the simplest ways to describe the variability of a
quantity, accounting for a most probable value (Z; in Fig. 1)
and two limits (Zimin and Zpax in Fig. 1). The three par-
ameters of the distribution (Ziy, ZiMax and Zl) should be
set on the basis of the specific topography of the considered
release zone, as well as personal experience and/or know-

ledge of the site.
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Fig. I Triangular probability distribution function for Z .

PROBABILITY DISTRIBUTION OF FRICTION
COEFFICIENTS

To date, the only reference table for friction coefficients that
provides well-defined ranges in relation to the avalanche
features (snow conditions, avalanche frequency) and path
features (degree of channelling, vegetation) is that contained
in the Swiss Guidelines (Salm and others, 1990). However, as
shown by Barbolini and others (1998, 2000), these reference
values, which result from the calibration of the Voellmy—Salm
model, cannot be applied to other dynamic models, even if
they use similar expressions for the flow resistance. Further-
more, these ranges have been demonstrated to be too wide to
allow reasonable precision in the model results, given the
sensitivity of the models (Barbolini and others, 1998, 2000).

The alternative and usual procedure is to perform a dir-
ect “on-site” calibration of the model on the basis of suitably
recorded historical events. Apart from the common lack of
data on avalanche events appropriate for model calibration,
it should also be noted that the release of a given snow
volume can produce different runout distances depending
on the released-snow characteristics and on the snow-cover
properties along the track.

We suggest capturing such inherent variability, resulting
from physical processes that are not explicitly modelled (e.g.
erosion—deposition), by expressing the friction coefficients in
terms of site-specific probability distributions that are also, in
accordance with the Swiss Guidelines, assumed to be depen-
dent on the avalanche frequency. Furthermore, to overcome
the usual lack of site-specific avalanche data needed to infer
these probability distributions, we propose to evaluate their

Table 2. Average values for the friction coefficient n

Degree of channelling Average value
sm 2
Open slope n = 0.017
Partly channelled n = 0.019
Fully channelled n = 0.021

parameters at a regional scale, i.e. by using friction coeffi-
cient values calibrated on different avalanche sites.

Model calibration

The model previously described has been calibrated against a
group of adequate historical events (namely, with known
release conditions and runout positions) related to avalanche
sites belonging to separate regions within the Italian Alps,
and representative of occurrences with different return peri-
ods. With regard to this latter aspect, the avalanche events are
tentatively assigned to two general frequency classes: (a) rela-
tively frequent events; (b) extremely rare events. A synthesis
of model calibration is given in Table 1; more details can be
found in Barbolini (1999).

Friction coefficient n

A statistical analysis of the available calibration values shows
that a separation of the general calibration sample made on
the basis of the avalanche frequency does not produce a signif-
icant difference in the mean value of the coefficient n. How-
ever, significant differences (at the 5% level) arise when the
degree of channelling of the path is used as the discriminating
variable (seeTable 2), as proved by a one-way Anova test. The
n values listed in'Table 2 increase with the degree of channel-
ling of the path, according to the observation of a general
tendency for channelled avalanches to flow more slowly than
those occurring on open slopes (see Equation (2)).

When calibrating a dynamic model on a given site,
usually very limited information on the dynamical features
of historical events is available: typically runout distances
only. It is then possible and advantageous to set the coeffi-
cient n to a constant value and to reproduce different ava-
lanche events by varying the coefficient p only. This is due
to the strong sensitivity of runout distance to this latter coef-
ficient, with n influencing this variable much less (Barbolini
and others, 1998, 2000). Therefore, within the current

Table 1. Descriptive statistics for the calibration values of 1 (no unit) andn (sm )

General sample Frequency sample Regional sample
Relatively frequent Extremely rare Veneto Lombardia* Valle dAosta”

I n I n I n 1 n 7 n u n
Sample size 42 42 30 30 12 12 32 32 7 7 3 3
Meanvalue ~ 0.28 0.019 0.31 0.019 022 0.019 0.30 0.019 0.27 0.022 0.17 0.014
Std dev. 0.067 0.004 0.053 0.004 0.051 0.005 0.064 0.003 0.033 0.004 0.016 0.004
Min. 0.15 0.01 0.21 0.01 0.15 0.01 0.15 0.01 0.24 0.017 0.15 0.01
Max. 041 0.026 041 0.026 0.29 0.026 041 0.026 0.33 0.026 0.18 0.018
* Only relatively frequent events were available for model calibration.
¥ Only extremely rare events were available for model calibration.
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Fig. 2. Overview of the Solco avalanche site. The runout positions
of more frequent events (a) and of the biggest known event for the
site (b) are marked; the former refers to an avalanche event in
January 1994 and was used for model calibration on thus site.

calibration procedure, it appears reasonable to restrict the
variability and the related analysis of uncertainties to p,
and to use for n a constant value related to the site features
only, according to the values listed inTable 2.

Friction coefficient p
Both parametric and non-parametric tests demonstrate, at a

significance level of 5%, that the calibration samples for
relatively frequent events and extremely rare events belong

to different populations; for the rarer events a lower mean
value of p 1s obtained (see Table 1; Salm and others, 1990).
For our dataset, the calibration samples related to events
from different regions also belong to different populations.
An original method based on weighted moments is
introduced in order to derive the site-specific probability dis-
tribution for g For a given mountain range and frequency
class the mean value and standard deviation of the friction
coefficient p on the jth avalanche site are defined as follows:

M

> Hiwg;
_ =l
Bj=—r—

T (6)

o=

M ,
> (pi — 1) wi;
T E— (7)

M
2 wij
i=l1

where M is the number of calibration values available within
the considered sample, and w;;, defined as

wi; = (1-dj)), (8)

is the weight applied to a calibration value from the ith site
(p;) when used to derive the frequency distribution of p on
the jth site. d;j;, defined as

U(N)j:

represents a Euclidean distance between separate paths,
which has proven effective in capturing topographical simi-
larities between avalanche sites that result in close values of
calibration for the friction coefficient p (Barbolini, 1999). The
topographical parameters xj, are listed and briefly described
in Table 3. The variables are standardized (subtracting the
mean and dividing by the standard deviation) to avoid
varying importance emerging purely as a consequence of the
different units in which they are expressed. The asterisk in
Equation (8) means that the distances are rescaled to a [0, ]
range; it follows that the friction coefficient values related to
the jth site itself, when available, have a weight of 1, whereas
those of the “furthest”site of the sample carry no weight at all.
Although all the topographical parameters selected for the
weighting procedure (Table 3) are physically reasonable and
were found to be relevant to the purpose, additional research

Table 5. Parameters used to measure topographical similarities between avalanche paths

Symbol of parameter (xy,) Parameter description

6(°) Average inclination of avalanche track, measured betwen starting point and point of 14° inclination along terrain proﬁle*
o (%) Average inclination of runout zone, measured from point of 14° inclination along terrain profile

¥ (%) Average inclination of the whole avalanche track, given by the ratio between total vertical drop and length of path

H (m) Total vertical drop of the path

y” (m Clurvature of the best-fit parabola

R* () Squared coefficient of correlation of the best-fit parabola with the real path profile

Zg (mas.l) Average altitude of the release zone

Zp (mas.l) Average altitude of the runout zone

ECT Path exposure (in the case of path with bends the exposure of the release zone should be considered)

This reference inclination of the /3 point has been chosen to allow as wide a class of sites as possible to be included in the analysis.
The site exposure is measured in degrees from north. In order to account for the fact that most relevant differences between snow conditions are related to

north and south exposures, the difference between east and west playing a less relevant role, we set equal values for the exposure in the east and west
quadrants, i.e. we measure E in the following way: N =0°; NE/NW =45°; E/W =90°; SE/SW =135°; S =180°.
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is still needed to attempt to describe the optimum formulation
of the multivariate avalanche terrain space.

Given the mean and standard deviation for y at the jth
site, once a suitable probability distribution has been chosen,
the two parameters can be straightforwardly derived. A log-
normal distribution is used for this purpose in this study,
implicitly considering the limit & > 0. Use of a parent distri-
bution with more parameters would require estimation of
even higher-order moments.

REAL-WORLD APPLICATION
The case-study

The Solco avalanche site is located in the Italian Alps, in the
inner part of Valmalenco, a tributary valley of Valtellina situ-
ated in Lombardy. It is a southeast-facing open-slope site,
affecting a road and some isolated houses in the valley bottom
(Fig. 2) and characterized by quite intensive avalanche activ-
ity (on average one or two avalanche events per year). The
path length is approximately 1600 m, with a total vertical
drop of about 800 m. The average inclination of the release
area is about 45°, that of the whole path approximately 30°.
The release zone is characterized by two rather distinct
basins, the eastern one being at present largely ineffective
due to the construction of snow bridges (Fig. 2).

Five meteorological stations located within the Valma-
lenco valley at altitudes from about 1000 to about 2100 m
have been considered for analyzing the snow-precipitation
regime pertaining to the considered site (Barbolini, 1999);
the length of records of the different gauges varied from 5
to 29 years.

Application of the Monte Carlo procedure

The methods outlined above were used to derive site-specific
probability distributions for H,, L, and p for the Solco case-
study; the details can be found in Barbolini (1999). In accord-
ance with the Monte Carlo approach, 1000 values for each
release variable (namely, H, and L) and 1000 values for the
friction coefficient p were randomly (and independently)
generated from the related probability distributions, for both
relatively frequent events (say 1" = 30 years) and extremely
rare events (say 1 = 300 years); 1000 dynamical simulations
were subsequently performed for each of the two cases. The
friction coefficient 1 was set to a value n = 0.017ms "? (see
Table 2), kept constant for all the simulations. The reference
profile used for calculations is indicated in Figure 2.

In addition, two cycles of simulations considering the
individual effects of uncertainties on the release condition
and on the friction coefficient p were carried out. Alter-
nately, the friction parameter p and the release variables
H, and L, were held constant at their mean value, while
the other parameter was free to vary.

Results

Figure 3a—b display the results of simulations where the
uncertainties underlying the definition of both the friction
coefficient i and the release conditions are simultaneously
accounted for.

The obtained runout distances vary very strongly, both
for relatively frequent events (up to 65 m) and for extremely
rare events (up to 180 m). The variability of impact pressures,
even if smaller, is still significant: the location of the 30 kPa

https://doi.org/10.3189/172756401781819373 Published online by Cambridge University Press
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(b)

g, 3. Overview of the runout zone of the Solco site. For the
cases T' = 30 years and T' = 300 years, average values and
95% confidence intervals for the runout distances (a) and for
the final locations with 30 kPa impact pressure (b) are indi-
cated along the reference profile (and expressed in meters meas-
ured along the path from the upper release point ). The hatched
rectangles have a length equal to one standard deviation. The
dashed outline indicates the possible extension of the avalanche
deposit, and has been determined from field surveys.

impact pressure limit varies up to 40 m for relatively frequent
events, and up to 120 m for extremely rare events. The degree
of uncertainty of the results 1s strongly related to the consid-
ered return period: the confidence intervals for the case T' =
300 years, for either runout distance or impact pressure, are
about three times wider than those for the case T' = 30 years.
However, it 1s important to note that for this latter case the
difference between the average runout distance and the
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200m

Fig. 4. Individual effects of the uncertainties of release conditions
(lefthand side) and friction parameter i (righthand side) on
runout distance calculations. Average values and 95%
confidence intervals are displayed along the reference profile.
(a) T =30years; (b) T = 300 years.

downslope limits for the 95% confidence intervals would
lead to the inclusion of both the main road and a group of
houses in the zone endangered by the more frequent ava-
lanches (Fig. 3a), with relevant consequences in terms of risk
assessment for the considered area. Moreover, the mean
values obtained for the runout distances, both for T =
30 years and for T' = 300 years (Fig. 3a), are very close to the
known extensions of relatively frequent and extreme histori-
cal events, respectively (Fig. 2). This appears to be an import-
ant confirmation of the effectiveness of the method
introduced to define suitable friction coefficients for ava-
lanche sites where the calibration data are limited or even
completely lacking.

With respect to runout distance calculation, Figure 4a—b
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Blue Zone

% Red Zone

(b)

Fig. 5. “Red/blue” hazard maps for given non-exceedance
probabilities. (a) P =0.5; (b) P = 0.975. The lower out-
lines of the hazard zones have been defined by circles drawn
Jrom the apex of the alluvial fan, with radius given by the run-
out position (and/for by the 30 kPa impact pressure location )
calculated along the main flowline.

provide a comparison between the individual effects of the
uncertainties in the release conditions and in the friction
coefficient p.

For the case of relatively frequent events (Fig. 4a) the un-
certainties in the friction coefficient  and those in the release
conditions have comparable effects on runout distance calcu-
lations. The respective 95% confidence intervals are very
close, in terms of both location and width (about 35 m in both
cases). The results for the case where both types of uncer-
tainty are simultaneously accounted for (lefthand side of
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Fig. 3a) seem to combine the two separate effects, with the
width of the 95% confidence intervals for runout distance
(65 m) about twice that of the two previous cases. Conversely,
for the case of extremely rare events (Fig. 4b) the uncertain-
ties in the friction coefficient p produce estimation errors of
the runout distance that are considerably higher than those
generated by the uncertainties in the initial conditions. The
extension of the 95% confidence interval for the first case
(160 m) is about twice that for the latter (75 m), and when
combined (righthand side of Fig. 3a) only a small increase of
the 95% confidence interval extension occurs with respect to
that for the case of the friction coefficient p only (righthand
side of Fig. 4b). This result could have important practical
consequences, if confirmed by further analysis made on other
avalanche sites and using an enhanced module for the defini-
tion of the release variables (also able to account for uncer-
tainties in the estimate of snowdrift overloads, for effects of
release-area width variation, etc.). Provided the uncertainties
in the release conditions for extreme avalanche events have
negligible effects on runout distances relative to those for fric-
tion parameters, it would be possible to calibrate the model
on the known extension of the deposits even where only a
rough estimate of the release conditions is available, as is
often the case for records of historical avalanches.

CONCLUDING REMARKS

The first practical implementation of the proposed method,
without any claim for findings of general validity, supports
its usefulness for reducing the overall degree of subjectivity
in avalanche hazard assessments. Within the framework of a
Monte Carlo approach there is no need to perform an arbi-
trary “a priori” definition of design conditions that can be
thought to produce “safe enough” results. In fact, once the
probability distributions for the various model outputs have
been obtained, one can directly derive hazard maps with
any desired level of reliability, simply by adopting the value
with the appropriate non-exceedance probability P for each
mapping variable (Fig. 5a and b).

One important advantage of the proposed procedure is
connected to its modular nature; the various simplifications
currently introduced in each module do not in principle affect
the validity of the overall approach, and might be removed
once specific investigations and data collection have been
carried out.

From a practical point of view, an immediate follow-up to
the present work could reconsider the existing hazard maps
by way of the proposed procedure, evaluating to what level
of non-exceedance probability the current hazard limits
actually conform. This analysis would present a valuable op-
portunity for standardizing the existing hazard cartography.
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