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Abstract. The currently adopted approach to avalanche hazcurrent approaches to avalanche hazard mapping include
ard mapping in northern lItaly includes avalanche dynamicavalanche dynamic modelling (e.g. Christen et al., 2002; An-
modelling, coupled with statistical analysis of snow depth cey et al., 2004) coupled with statistical analysis of snow
at avalanche start. The 30-years and 300-years return pealepth at avalanche start (Barbolini et al., 2002; Bocchiola
riod avalanches at a given site are modelled and their ruret al., 2006). In avalanche hazard mapping exercise7 the
out zone and pressure are evaluated. The snow depth in theears return period avalanches at a given site are computed
avalanche release zone is assumed to coincide with the thresnd their run out zone and pressure are evaluated. The snow
days snow fall deptlif7, featuring a return period of 30 years depth at release is often assumed to coincide with the snow
and 300 years, respectively. In the Italian alps only short sedepth precipitation in the three days before the event, or three
ries of observed snow depth are available, covering a periodiays snow fall depthH7, (Salm et al., 1990; Ancey et al.,

of 20 years or so, thus requiring a regional approacimdex  2004). TheSwiss proceduréhereonSp e.g. Salm et al.,
valueapproach for the purpose of high return period quantile1990), also used as a reference in Italy (e.g. Barbolini et al.,
estimation. Based of former studies, here we apply the in2003), provides mapping criteria for dense snow avalanches
dex value approach developed for the Lombardia region, irrequiring as an input for each avalanche site the evaluation
northern ltaly, for hazard mapping in a particular avalancheof the T-years value offi7; for 7T=30 and7=300, at least.
site. A dynamic avalanche model is tuned using the runoufThe statistical estimation of thE-years quantiles off72 is

data for two major observed avalanche events. Then, the 3Carried out by distribution fitting of the single site maximum
years and 300-years runout zone and dynamic pressure aennual observed values éf7,. According to the theory of
calculated. It is then shown that the obtained hazard mapgxtreme values (e.g. Kottegoda and Rosso, 1997; De Michele
are more accurate than those obtained using the evaluatiosnd Rosso, 2001) to provide reliable estimates ofithesars

of H7, as deduced from distribution fitting in a single site.  quantiles using empirical distribution fitting, a least number
of observations is required, in the orderQfys=T7/2. For
T=300 years, this amounts to about 150 years of sampled
data. In the Italian alps, unless for a very few cases, only
short series of observed snow depth are available, covering
a period of 20 years or so (e.g. Bocchiola and Rosso, 2007).
Bocchiola et al. (2006) have shown that the lack of observed

1 Introduction

The Alpine and pre-Alpine area of Lombardia region, in

northern ltaly, is characterized by relevant tourism during data for distribution fitting of extreme values & can be

winter and features many ski resort areas. Every year . . ST
. . i bvercome by using thandex valueapproach. This implies
several avalanches occur therein, and in the period fron}

1990 to 2000 at least 7200 avalanche events were mappeorat values OT a hydrological va_riable_ that are scaled,_ i.e_. di-
with at least 215 casualties (Regione Lombardia, Regiona _ided by an mde_x VaIL.je _have_|dent|cal frequency distribu-
Avalanches Information System, SIRVAL, 2002) th,us claim- 1ONS across all S|tes_W|th|n agen homogenous area, or re-
ing for reliable avalanche hazard management and land usg " (see €.g- Bocchiola et al., 2006). Bocchiola et al (200(.5)
lanning (Barbolini et al., 2003: Ancey et al., 2004). The and Bocchiola and Rosso (2007) have shown that the consid-
P 9 v ' y v ' ered region is homogeneous with respect to the distribution
Correspondence tdD. Bocchiola of the greatest annual value Hf; and of the daily snow fall,

(daniele.bocchiola@polimi.it) thus making suitable the regional approach. Here, the authors
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202 D. Bocchiola and R. Rosso: Application of a regional approach for hazard mapping

chiola et al. (2006) and Bocchiola and Rosso (2007) for de-
tailed description of the data base.

2.2 Regional estimation of +]

Bocchiola et al. (2006), using proper statistical tests, showed
that the considered region is homogeneous in terms of snow
precipitation and therefore thiadex valueapproach can be
reliably adopted for the three days snow depth quantiles es-
timation. According to thendex valueapproach, values of

a snow depth observed at a specific siteat are scaled, i.e.
divided by anindexvalue, have identical frequency distribu-
tions across all the sites within the homogenous area. The
index value is usually estimated by the single site sample av-
erage, at the specific site

Y.
1 i
Whpi = — Y Hiaiy, @

Fig. 1. Case study area. Light dots are ARPA stations, dark dots ) ]
are AINEVA stations. The dark area is Val Malenco. The black line whereY; is the number of years of observation and the suf-

divides the subregions S-W and N-E for index value assessmenfix y indicates theyth year. The related standard error of

The Vallecetta mountain avalanche site is indicated. estimation is
O Hypi
G}LH 2i = ’ (2)
N7

adopt the regional approach to provide hazard mapping for a . . .
particular avalanche site in the considered region. This is th .'tth, U_IFLZ" samlp:je stland:ﬁr[d d?watur)]n ﬁn.f"."t thtz thec'ﬂc
Vallecetta avalanche, endangering the town of Bormio andfSI e’a i N ane value aiiz2 at each specilic sitas there-
the roadway on the river Adda valley. First a dynamic model ore detined as

(AVAL-1D®, Christen et al., 2002) is calibrated for the con- g* _ Hr2 ~F(1..). ©)
sidered site and validated against data from two (extreme) M Hri

historical avalanche events. Then, the regionally estimated The symbolF indicates the regional cumulated probabil-
snow depths are used as an input to the model for hazargy distribution of H3,, valid at each site inside the homoge-
mapping according to thBp A comparison is then carried nous region. The average 6, is obviously 1 and the
out with the hazard maps as deduced from single site evalugemaining moments need to be estimated from data. Boc-
tion of the statistical distribution affi72. An analysis is then  chjola et al. (2006) used empirical distribution fitting against
carried out to evaluate the range of uncertainty of the hazarghe samples ot from the whole region (609 values) to
maps due to the uncertainty in the snow depth input. identify the frequency distributio”. This is well accom-
modated using a General Extreme Value (GEV) distribution.
The GEV quantiles featuring-years return period are eval-

2 Regional approach to frequency estimation of Hp uated as

HiAT) = 8 + 2= (1= exp(—kyy7)) @
2.1 Study area and available data base p

with yr Gumbel variable yy=—In(—In((T—1)/T)). The
The study area (Fig. 1) covers the mountainous area of th@arameters of the considered distributien=0.785, loca-
Lombardia region, in the central Alpine and pre-Alpine area.tion «,=0.370, scale and,=—0.005, shape, are estimated
There, 40 snow depth measurement stations are preserdccording to thel.-momentsapproach (e.g. Kottegoda and
mainly adopted for avalanche warning purposes, propertyRosso, 1997). Also, the confidence limits of a given quantile
of the Interregional Association for Snow and Avalanchescan be evaluated @7,y (T)=H7,(T)x®y0H,,+(T), Where
(AINEVA, 33 stations), located at the Snow and Meteorolog- ®,, is the I-«/2 quantile of standard Normal distribution,
ical Center of Lombardia Region in Bormio city (see Fig. 1b) N.ST(0;1) andoy,.,.(T) is the standard deviation of the es-
and of the Regional Agency for the Protection of the Envi- timated value ofH7,(T), calculated as (De Michele and
ronment (ARPA) of the Lombardia region (7 Stations), lo- Rosso, 2001)
cated in Sondrio city (see Fig. 1b). The altitude of the sta-

2 05
tions ranges from the 660 ma.s.l. of the CUC station to the =122 ) ex exo(—1.823%. —0.165 5
2675ma.s.l. of LCA station. The reader is referred to Boc-UHm*( ) |:<ntot p(yr exp(-1. p=0169)| (5
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The value ofoy,.,.(T) depends for the regional case on Bor min
the whole sample sizey (i.e. 609 values). When single  *™
site distribution fitting is carried out, Eq. (5) still holds, pro-
vided ntot is changed with the number of years of observa- © ot BOR
tions at the single sitey;. The uncertainty of th& -years HP2(T) 5 ngle stte
single site quantile estimation, of direct interest in avalanche 250 4| - ... \pm + sihgle site =136
g?zg(r)%g;appmg, is calculated as follows (see Bocchiola et e ATy -singie st am14)
K ———HTA T reg
oTi = \/05H72i012172* + 0F2172*M%172i + 05H72i H7*22’ (6) S . HIALD - regional(a=T)
------ HF 2 Ti+regional{ 1%

Notice thato,, 1, always depends on the number of ob-
served yearsl;, while the value ob g, (T) depends for re-
gional distribution fitting on the whole sample sizg; (i.e. 150 1
609 values here) and, for single site distribution fitting, on the
number of sampled yeark,. Bocchiola et al. (2006) showed
that the value o&7; is considerably smaller for the regional
case than for the single site case, particularly for 300-years |
return period (see Fig. 6 therein). In Fig. 2, it is shown for
illustrative purposes the case of the BOR station, the clos-
est one to the Vallecetta avalanche site (see Fig. 1). Notice
the very high uncertainty in the single site quantile estima-
tion for considerable return periods, as compared with the
regional approach.

H 72 [zm]

3 Hazard mapping at an avalanche site: the Vallecetta
Mountain T rears]

000

3.1 Introduction and methodology Fig. 2. Regional and local estimation @f-years quantiles ofi72

and related uncertainty (1% confidence range) for the Bormio sta-
The regional approach is used to provide hazard maps for Hon-
particular avalanche site in the alpine area of Lombardia re-
gion, the Vallecetta mountain (Fig. 3), situated in the village
of Valdisotto, south of Bormio city. The avalanche track is May, reaching the Adda river (longest path ever) and occu-
situated in the west side of the Vallecetta mountain, left sidepying the state road SS 38 in the valley below for 500 m, also
of Adda river valley. The release area of the avalanche is incausing one casualty. More recently, on 12 March 2004, a
a wide amphitheatre placed above 2400 ma.s.l. (see Fig. 3gnow avalanche in the channel reaching 2300 ma.s.l. killed
The narrow Vallecetta channel starts at about 2100 m a.s.la cross country skier. Because the avalanche track consider-
and it almost runs straight in north-west direction. The chan-ably affects the city of Bormio and the valley infrastructures,
nel slope is considerably high, ranging from about #the  also influencing land use planning, reliable hazard mapping
initial part, and reaching about 3(n the final part. Where is necessary. Hazard mapping for dense snow avalanches, of
the mountain toe is reached, at about 1300 m a.s.l., the charnnterest here, is carried out with reference to8meThey are
nel spreads into a vast, more gently sloping alluvial fan andbased on the definition of a more dangerous red zone (im-
the avalanche track bends towards left, taking west direcpact pressurér>30kPa andl" <300 years, oiPr<30kPa
tion and reaching the deposition zone. More than twentyand7 <30 years) and of a less dangerous blue zone (impact
avalanche events of increasing magnitude occurred at thipressurePr <30 kPa and 38 7'<300 years). Two main tools
avalanche site ever since 1886, when the first recorded everire necessary. The first is a numerical model, allowing dy-
is reported. Thereafter, avalanche events have been sporadamic simulation of a flowing avalanche, which is shown to
ically mapped by the Rangers (Guardia Forestale) of Sonbe reliable by comparison against some observed avalanche
drio city and, only since 1981, a full avalanche cadastre isevents. The software AVAL-1D is used here, developed at
available. Two events of considerable magnitude occurredhe Swiss Federal Institute for Snow and Avalanches Re-
in May 1983. On 1 May the avalanche reached the alluvialsearch (SLF), in Davos. Because the model is suitable for
fan and stopped at 1174 m a.s.l. and the deposited snow blaextreme (i.e. of considerable magnitude) avalanche events,
ket paved the way for a second avalanche, occurring on 16he two greatest observed events (i.e. on 1 and 16 May 1983)
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Fig. 3. Vallecetta avalanche site. Mapped release and runout of the two largest observed events on 1 and 16 May 1983. Red dots show the
track chosen for dynamic simulation with AVAL-1D. Also, runout mapped using AVAL-1D is reported for the two events.

are selected from the available avalanche cadastre to test thevolume at releas®, of more than 210° m2. It reached
model, which is thereafter used for avalanche simulation.the lowest altituded g=1144 m a.s.l., at an estimated run out
The necessary data base is therefore provided by the chadistanceR=5172m.

acteristic data of the avalanches. The second tool is the input

snow depth at release, which is defined according to a statis- First, t? t(_:arry OfL.Jlt alb ;lmulatjlf)hr? of th% avaIafr:che, a
tical distribution. Here, the regional distribution developed representative profile was chosen. Thiswas done after a pre-

by Bocchiola et al. (2006) is used. The necessary data baslgninary analysis, taking the avalanche track leading to the
is given by the daily snow depth measurements reported ilgreat'est observed runou't for bp th the observed events, shown
Sect. 2.1. on Fig. 3. The geometric variables of the avalanches were
fed to the model. Then, the model parameters were set up
o according to the model guidelines (Christen et al., 2002).
3.2 Validation of AVAL-1D These are the dry and turbulent friction parametarsind
&, both depending on avalanche size, local topography (i.e.
In Fig. 3, a view of the release and runout zone for open hill slope, channel or gully), range of altitude and ap-
the two considered avalanche events is given, as deducegaroximate return period of the avalanche (30 or 300). In view
from avalanche cadastre data, kindly made available by th@f the considerable magnitude of the two events here con-
Rangers of Sondrio city. The main features of the observedidered (the greatest observed since 1886), a return period
events are reported in Table 1. The greatest avalanche on 1df 300 years is assumed for model estimation. The results
May 1983 started at altitudéo=3140 ma.s.l. (greatest alti- of the simulation are reported in Table 1. The avalanche
tude), with an estimated fracture degih=1.3 m and an esti- events seem to be well described by the model in terms of
mated fracture lengthp=1254 m and width%y=1300m, for ~ runout distance. In Fig. 4, the results of the model are shown

Adv. Geosci., 14, 201209 2008 www.adv-geosci.net/14/201/2008/
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Table 1. Vallecetta avalanche events on 1 and 16 May 1983 and Validation of Aval-1D. Symbols explained in text. Symbol // indicates an
input value to the modelE; is the percentage error in runout distance evaluation by the model.

Source Ag[mas.l] Ag[masl] R[m] Egr[%] Hs[m Wo[m] Lg[m] W [m3]
Observed 1 May 1983 2950 1174 4877 - 0.9 800 1110 P.99E
AVAL-1D 1 May 1983 I 1176 4838 —0.5% ) ) 1 1
Observed 16May 1983 3140 1144 5172 - 1.3 1300 1254 2918E
AVAL-1D 16 May 1983 I 1149 5110 -1.1% I I I I

3150

in terms of maximum evaluated snow depth for the 16 May
event. Also, the adopted values of the dry friction parameter
wu are given, particularly affecting runout distance evaluation
(Christen et al., 2002). The values of the turbulent friction
parametek in the four considered zones a&e2500, 1800, _
1500 and 2000, respectively. In view of the reasonably good £ 21so |
results obtained with the proposed setup of the model, the<
authors feel confident in proceeding to hazard mapping for

the Vallecetta site.

— Altitude
— Max flowheight
— Mu*10

Max # [m], 2*10 [.]

3.3 Evaluation ofty,, for ungauged sites 1150

T T T T
2000 3000 4000 5000

Projected track length [m]

T
0 1000

For hazard mapping, evaluation &f> needs to be carried

outin the release zone of the avalanche, where no snow ga%:e

is available to calculate the index value. When evaluation o
WHy, 1S required in an ungauged site, its estimation can b
carried out based on altitude. In fact, altitudes possibly

the factor that mostly influences the distribution of snow fall

ig. 4. Vallecetta avalanche site. Simulation with AVAL-1D of the

egreatest observed event on 16 May 1983. Runout zone and maxi-

mum snow depth are reported in the top chart. The dry friction pa-
rametery is reported in the lower chart, and varies with avalanche
volume, topography, altitude and expected return period. The val-

in space (see e.g. Barbolini etal., 2002, Bocchiola and R0SSQ,es of the turbulent friction parametein the four considered zones

2007). TheSpsuggests an increase B, (for T=300 years)
of 5cm with 100 m in altitude (Salm et al., 1990). Frequently,

are£=2500, 1800, 1500 and 2000, respectively.

the index value can be estimated using a linear regression

against altitude, i.e.
(7

with A, altitude of the ungauged site apg intercept for
A=0. Its standard deviation can be evaluated as

6/1.1‘1721”1 = 6E[H72] Vv 1- st (8)

,aHnun =c - Aun + 1o,

the field of flood hydrology, where regional homogeneity of
the growth curve does not necessarily imply homogeneity of
the index flood values (i.e., their relationship with geomor-
phologic attributes, particularly with drainage area), thus re-
quiring a further step in the regionalization procedure (“hi-
erarchic approach” to regionalization, see e.g. Gabriele and
Arnell, 1991). In short, this step consists of testing the pres-

with 611, Observed (sample) standard deviation of the in-ence of sub-regions of the greater homogenous region, where
dex value for the sites used to evaluate the altitude to deptlthe dependence ¢fy,, with altitude A is homogenous. This
equation andk? determination coefficient of the equation it- is accomplished using some statistical procedures, resulting
self. The evaluation of snow depth-altitude relationships forinto a reasonable zoning (i.e. avoiding unreasonable leopard
the considered region is carried out as follows. First, an analskin pattern). Here, based on the present literature, statistical
ysis is made aimed to evidence regional factors into the disgrouping techniques are adopted, including Principal Com-

tribution of the index valug.4,,. In fact, while the analysis
of the dimensionless quantiles éf;, indicates homogene-
ity of the region, it is not a priori known whether the same
homogeneity is observed as far as the distribution gf, in
space is considered. This occurs because the valug;gf

ponents Analysis (PCA), Factor Analysis (FA) and Cluster

Analysis (CA) (e.g. Baeriswyl and Rebetez, 1997), currently

used for regionalization of snow properties. This was done
for 31 stations out of the 40 stations considered here, fea-
turing at leasty;=10 (see Bocchiola et al., 2006), for relia-

interprets the local variability of the processes influencingbility of the procedure. Several attempts were carried out,
the average magnitude of the observed values of three dayssing PCA, FA (also using Varimax rotation) and also CA
snow depth. This issue is often observed, for instance, irof the resulting loadings (e.g. Baeriswyl and Rebetez, 1997).

www.adv-geosci.net/14/201/2008/ Adv. Geosci., 14, ZTB-2008
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Fig. 6. Altitude to average deptp y,, relationships for the two

Fig. 5. Cluster Analysis dendrogram, CA of the observed values rogions 5w and N-E. Sigma bounds are reported for the single site
of H7, (see e.g. Kottegoda and Rosso, 1997). The red dashed I'n@stimates of i1
72°

indicates the two final sub regions.

from S-W to N-E, so providing decreased snow precipitation

However, the most reasonable results were obtained by CAN the northern area. The regression equations for the two re-
of the observed values @f7,. Particularly, using direct CA, 9ions are reported in Table 2. Notice that the slopeovides
three main groups were identified (Fig. 5). However, thefor region S-W an increase of the index value of about 4 cm
comparison with the scatter plots of;,, against4, the defi-  (¢=3.7) in 100m, while in region N-E a somewhat smaller
nition of which is the objective of the procedure, showed thatiNCréase is noticed, @f=3.3cm in 100m. For instance, this
the two smallest groups, presenting contiguity on the den-S€€ms consistent with the findings in Ba_rbollnl et al., 2902
drogram, could be in fact joint, so leading to more consistent(¢=3-8 cm/100 m) for some snow gauges in the Mallero river
patterns (Fig. 6). Contrarily to the case bfmomentsof ~ Valley (here, inregion N-E, grey areain Fig. 1). Notice thatin
the dimensionless quantilesif,, where no spatial patterns  the scatter plotin Fig. 6 a degree of superposition is present
could be observed (in Bocchiola et al., 2006), here a more or9f the data points related to the two regions, particularly for
ganized spatial pattern was observed, i.e. one with quite cledi® two stations APR and LAR (APA was not used in the
separation, without isolated spots. A few adjustments Weré)rocedure bgcau§e<1_0). The def'”_'t'on of t_he boundaries
necessary, only based on geographical continuity, but witH" Fhat area is uncertain and.more information would be re-
no change in the general observed patterns. It is evident thgtuired therein. The two stations BOR and, to a greater ex-
the two regions so obtained roughly indicate a difference oftent, SCA, have been found to provide a somewhat different
the snow fall process from south-west to north-east. The firsPehavior from the remaining gauges. This is probably the re-
sub-region covers th@robiePre-alps and the western part of sult of_ some local (micro) cI|mat_|C condition and should be
theReticheAlps. The second sub-region covers the central tot@ken into account when evaluating the values gf, for the
north-eastern part of tHeeticheAlps. The Oglio river valley ~ Vallecetta area.

(south-east in Fig. 1) is split in two parts and the boundary is
approximately drawn following the river valley. This could
be due to different aspects of the eastern and western SIOpeﬁere, the design values aff7»(T) featuring T=30 and

Henceforth, the two regions will be referred to as S-W andy_34 yeqrs are estimated in the release area of the Val-
NE The.boundary between the two regions ha; been drawp,ceqq avalanche, which is situated at an average altitude
by including the related gauges and by following as much 5 —3300ma.sl. The gauged station closest to the Valle-

as possible the watersheds boundaries and the river Va"eyl'i,etta avalanche release zone is the BOR station (see Fig. 1).

providing natural divides. In Fig. 6, the altitude-depth rela- Again notice from Fig. 6 that in the BOR area considerably

tionships are given, showing for the region S-W higher snowq, a1yes ofy. 57, seem to occur as compared to the remain-

dgpths than fgr th_e reglon_N-E. This looks reasonable, Cor‘ing part of the N-E region, as also witnessed by the observed

sidering the climatic conditions of the area and also some for'values ofiu 1., in SCA station. Therefore, we evaluate
; . ; 72 . ) 72

medr results b2y the a“tE,Or? (Bocch|ola et alh iOOG, BOCCT'OI% the release area by increasing its observed value on BOR

and Rosso, 007,)' This Is con3|s.te'nt \_N't _t e meteoro O9station by an amount proportional to the rate of increase with

cal patterns leading to snow precipitation in the c0n3|deredaltitude observed in the N-E region

area, with intrusion of air masses, draining moisture from

the Como lake (on the left part in Fig. 1) and then moving A iy,un = RHzpga + ¢ - (Aun — Aga) , 9)

3.4 Estimation of Hx(T) for the Vallecetta avalanche site

Adv. Geosci., 14, 201209 2008 www.adv-geosci.net/14/201/2008/
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Table 2. Relationship between y,, and A in the regions S-W and N-E.

Region Ns[.] c¢[cm/100m] puq[cm] R? [1 pll Eluggllem]  Ggpmyy [em] o [emim] 6, pypun [M]

S-W 15 3.7 5.40 059 10 64.41 15.63 0.009 10.07
N-E 14 3.3 -9.87 072 104 51.18 9.15 0.006 4.85

Table 3. Estimated values aff7>(T) for the Vallecetta avalanche release area.

App T Ap UHy,  H72(T)  Gubzpun  OHppun H72(T)+(A%)  H72(T)—(1%)
[years] [ma.s.l] [cm] [ecm] [em] [em] [em] [em]
Reg 300 3000 72.5 212.0 43 17.7 257.5 166.4
Reg 30 3000 72.5 148.4 43 9.9 174.0 122.9
Site 300 3000 - 181.3 - 49.8 309.5 53.1
Site 30 3000 - 135.7 - 16.4 177.9 93.5

with Ag, altitude of the gauged site (here, BOR station). The 1w
estimation variance is

—8- Blue zone regional (a=1%)
—&-Blue zone single site (a=1%)

A ~ ~ 2 1250 = -
UMH72un — \/0_2 + GL2 . (Aun _ Agu) . (10) Red zone regional (a=1%)

H7pga
ni728 —8-Red zone single site (a=1%)

The related value ofty,, is reported in Table 3. This is
then multiplied by the growth factok7,(T) calculated as ~
in Eq. (4) for T=30 years and’'=300 years. The so ob-
tained values are also reported in Table 3. Also, the same™ 1o l‘;
calculation is carried out by considering the estimated value
of the quantileH72(T') obtained by using the single site ap-
proach. This is obtained by the presently adopted approact . e o o e
in avalanche hazard mapping according to$igei.e. taking Runout [m]
the estimated value off72(T) in the closest observed sta-
tion, i.e. BOR station in this case and then increasing it byFig. 7. Vallecetta avalanche site. Sensitivity analysis of avalanche
5 cm every 100 meters in altitude. Notice the considerablehazard zoning to the input in terms of snow depth at release. Re-
difference in the estimated values Hf»(T) obtained using gional and single site case. Notice the considerably smaller uncer-
the regional approach, as compared to those from the singlEinty when the regional approach is used.
site approach.

)
=
=1

titude [m asl]

4 Hazard maps

4.1 Regional and single site estimation of")
the alluvial fan, placed at 1350 ma.s.l. (Fig. 4) and passing

The values offi75; (T) estimated in Sect. 3.4 are used as anthrough the corresponding point in Fig. 7. The so obtained
input to AVAL-1D, after proper correction for local slope zones are reported in Fig. 8a, referenced on a photograph of
(e.g. Salm et al., 1990). The model provides calculation ofthe Vallecetta avalanche area, showing the presence of inhab-
the avalanche volume, the length of the runout zone and théed areas at the bottom of the valley, the roadways and the
impact pressures (e.g. Barbolini et al., 2002; Ancey et al.,Adda river. Also, the zoning procedure is carried out using
2004), used for the evaluation of the red zone and the blu¢he expected values of snow depth calculated by the single
zone, according to thBp The so obtained zones are shown site approach. The results are shown in Figs. 7 and 8b. No-
in Fig. 7 for the chosen avalanche profile, giving the longesttice that both the red and blue zones extend much farther
avalanche track for fixed snow depth, as verified in a pre-when using the regional approach. This stems from the sub-
liminary analysis. To extend each zone to a bi-dimensionalstantially underestimated values Hf»(T) obtained by the
chart, a circle is taken with its centre in the starting point of single site approach (compare Table 3).
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method, together with the corresponding confidence limits,
for a confidence levedk=1%. The latter limits indicate the
degree of uncertainty obtained when estimating the quantiles
of H7(T) for considerable return periods (here, 30
andT=300 years). Also, the same values are reported when
calculated for the single site approach, i.e. using the observed
distribution at BOR station. It is obvious that the confidence
limits are considerably smaller when the regional approach
is used (as also shown in Fig. 2, valid at BOR station). To
obtain a sensitivity analysis of the hazard maps to the uncer-
tainty in snow depth quantile estimates, the red and blue zone
are re-evaluated using the estimated value§0{T) corre-
sponding to the upper and lower confidence limitsafef %,
shown in Table 3. This analysis can of course be carried out
for different levels of confidence. In Fig. 7, the confidence
limits of the red and blue zone using the regional approach
are shown. Also, they are reported in Fig. 8a. Note that, due
to the relatively small variation off7>(T) for T=30 years

(in Table 3), the model AVAL-1D shows a negligible change
in the upper confidence limit of the red zone when using the
regional approach. Then, the same analysis is carried out us-
ing the confidence limits ofi72(T) calculated by the single
site approach. The confidence limits of the red and blue zone
for the single site approach are reported in Figs. 7 and 8b.
Itis clear that the single site approach provides unreasonably
wide confidence limits as compared to the regional approach.
This results into high uncertainty in sketching of avalanche
prone areas. In this case, use of the regional approach would
result in more certainly defined hazard zones and, therefore,
in more reliable land use planning.

5 Conclusions

(b)

Due to the relative shortness of the snow monitoring data
Fig. 8. Vallecetta avalanche site. Avalanche hazard maps superDase in the Alpine range of Lombardia region, in central Ital-

posed to a photograph of the aré¢a) Regional approachb) Sin- ian Alps, a regional approach is required for avalanche haz-
gle site approach. Black line is the mapped deposit event of 16 Mayard mapping based on snow depth quantiles. Also, uncer-
1983. tainty in quantiles estimation, which is particularly high in

view of the considered return periods, in the order of 300

years or so, must be incorporated. Here it is shown that a
4.2 Uncertainty in hazard maps regional approach previously developed to model the distri-

bution of the values the three days snow fall depth at
The confidence in the red and blue zones is considerablylifferent sites can be used to provide an input for avalanche
influenced by the uncertainties in the evaluation of the in-dynamics models. A particular avalanche site is considered,
put values ofH72 (T) (Barbolini et al., 2002; Ancey et al., where relevant avalanche events have been observed, endan-
2004). It seems therefore warranted to make a sensitivitygering the town of Bormio and the nearby ski area. The
analysis of the hazard maps based on the probabilistic assessse of a well known and reliable avalanche dynamics model
ment of the distribution of the input valué;» (T) (e.g. Bar-  shows that hazard mapping according to 8pEs sensitive
bolini et al., 2002, Table Il). As far as the GEV distribution to uncertain definition of the input values of the snow depth.
is considered, th@-years quantile is Normally distributed Because the regional approach provides estimated values of
(e.g. De Michele and Rosso, 2001). Its average is given byH7, that are considerably less uncertain than those from sin-
the estimated valueti7; (T), and its standard deviation is gle site analysis, currently adopted in avalanche hazard eval-
given byor;, calculated according to Eqg. (6). In Table 3, uation, the resulting maps can be used with more confidence.
the values oby; are reported as obtained using the regional The regional approach is valuable, because it provides a tool
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Nomenclature

A
c

F
H7)
H7o;

*
Hoy,
Hy

kp,ep,ap

Lo
Nobs

ntot

M Hepi

O Hyoi
OE[H7,]

OwH7zi
O Hyox

OTi

Altitude

Rate of increase of index value of three day
snow depth with altitude

Theoretical probability distribution off,
Annual maximum three days snow fall depth
Single site {) annual maximum three days
snow fall depth

H7y; scaled by its single site sample average
Observed snow fracture depth at avalanche re-
lease

Site index of snow measuring stations

Shape, location and scale parameters of the re-
gional GEV distribution

Avalanche fracture length at release

Number of required observations éf;5 to
obtain quantiles with given return period

Total number of observed values B¥» in the
region

Avalanche runout distance

Return period in years

Avalanche volume at release

Avalanche fracture width at release

Year index

Number of available years (winter season) of
observation at site

Dry and turbulent friction coefficients of
AVAL-1D model

Single site {) sample average (index value) of
H7o

Single site {) standard deviation afi72

Sample standard deviation @fy,,; in the
considered snow measurement sites

Single site {) standard deviation of the single
site sample average éf7-

Single site {) standard deviation of the esti-
mated values oH;‘Z(T)

Single site {) standard deviation of th&-
years quantile ot7»
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