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ABSTRACT. We present regression models to es timate max imum avalanche run-out 
di stances in the western Cata lan Pyrenees (northeast Spain ). The regression equations 
have been calculated from topographic parameters of 216 well-known avalanche pa ths, 
mapped on avalanche location m aps at a scale of I : 50 000. Historical inform ation about 
avalanche maximum run-out zones has been available [or some avalanche paths but most 
of them have been delimi ted by vegetation and geomorphological indices. 

T he avalanche profil es, which are representative of ava lanche paths, have been classi
fied on the basis of avalanche run-out zone morphology, because this has a considerable 
influence on avalanche behaviour and run-out. T hree classes have been defin ed and re
gression equa tions obtained for each class and also [or the tota l. Fina lly, some examples 
have been calcul ated in order to appreciate the applicability of the m odels to improving 
avalanche mapping. 

INTRODUCTION 

Alti tudes in the study a rea in the Catalan Pyrenees range 
from 500 to 3000 m, with vertical drops of a round 1500 m 
from crests to bottoms of the main valleys. T he bottoms of 
the main valleys a re usua lly narrower than 750 m. This 
region is cha racterized by glacia l forms (from the last Qua

terna ry glaciation ), with a maj ority of U-shaped valleys a nd 
with cirques and topographic thresholds at the highest a lti
tudes. Ava lanches develop on these slopes. A number of vil
lages, tourist complexes and rela ted faciliti es a re being buil t 
in the studied area; hence, the need [or accurate avalanche 
maps. Initia lly, these m aps can be used as a tool for land-use 
planning to avoid, wherever possible, threatened areas. 

Avalanche-location maps at a scale of I : 50 000 have 
been compiled by the Servei Geologic (Institu t Car tografic 
de Catalunya, Generalitat de Cata lunya ) in collaboration 
with the Depa rtament de Geologia Dinamica, Geofisica i 
Pa leontologia (Universitat de Barcelona ) since 1988. Some
times, because of a lack of historical information or because 
the morphologic and vegeta tion indices a re not clear, the 
avalanche max imum run-out zones are very difficult to 
dete rmine and map. In these cases, application of sta ti stical 
models based on topographic parameters can be used to im
prove the car tography. The models use a good-quality set o[ 
known extreme avalanches; from this et, topographic para
meters that describe each avalanche path and the extreme 
run-out distance can be measured obj ectively (in the fi eld 
or from maps) and statistical models can be developed. 

The first work dealing with stati stical run-out distance 
prediction, based on regression a nalysis, was that of Bovis 
and M ears (1976). Later, thi s method was mainly developed 
by the Norwegian Geotechnica l Institute (NGI: Lied and 
Bakkeh0i, 1980; Bakkeh0i and others, 1983; Lied a nd Toppe, 
1989). M cClung and Lied (1987) proposed the "run-out ratio" 

method, based on extreme-value statistics. Adjel (1996) 
compiled a comprehensive review of earlier work on both 
methods of statistica l prediction and appli ed them to the 
French Alps. 

McClung and others (1989) compared data [m m four 
mounta in ranges and concluded there was a significant 
difference in predicted run-out di stances as terrain in moun

tain ranges va ri es, so it would not be advisable to predi ct 
run-out in one range based on data from another. 

T his paper presents the resul ts from the first sta tistical 
models calcul ated fo r the Cata lan Pyrenees. In thi s initia l 
at tempt onl y the regression approach has been followed. 

AVALANCHE DATA AND GIS INTEGRATION 

T he avalanche data used in thi s work we re obtained from 
I : 50 000 scale avalanche-l ocation maps (Furdada, 1996; 
personal communication from Sabot and Furdada, 1996, 

http: //www.ub. es/allaus/tesi.htm ). The cartography was 
done from photo-interpretation, fi eld recognition and, when 
possible, local information. This mapping is complemented 
by the Avalanche Cadastre, in which a description of each 
ava lanche path, and all the historical information available, 
is registered. 

The cartography was integrated in the Arc/ Info (yer
sion 6) geographical-informa tion system (GIS) (Furdada 
and others, 1995) install ed on a SUN SPARC server 
(UNIX ). Digital topographic maps, with an original scale 
of I : 50 000 pmvided by the SGE (Army Geographic Sur
vey), were used as the bas is for the avalanche maps. Ava
lanche envelopes were digiti zed, topology created and 
att ributes defining the origin of the inform ation were codi
fi ed ( uch as photo-interpreta tion, fi eld recognition a nd in
quiri es resulted in data with different degrees ofreliabili ty ). 
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From these maps, a set of "well-known" avalanches was 
selec ted. Avalanches that run up the opposite mountainside, 
with obstacles in the run-out zone and with vertical drops 
less than 300 m were excluded. The historical data (not very 
abundant), the morphologic indices and the vegetation af

fected by extreme avalanches (that recovers in about 
30 years ) imply that the return periods of the cons idered 
"well-known avalanches" range from 30- 300 years. From 
the 307 avalanches selected initi all y, a se t of 216 avalanches 
was retained (most of the rejected avalanches stopped on 
slopes with an angle > 10°, see next section). 

In statistical treatments, such as the present work, ava
lanches can be represented by their longitudinal profil es 
(Lied and Toppe, 1989). Thus, profiles of the set of wcll
known avalanches were also digitized, beginning from the 
top of the starting zone to the end of the run-out zone and 

following the most likely main flux-line of each avalanche. 

One of the capabilities of the Arc/Info TIN module is the 
generation of Tins (triang ul ated irregular networks). Tins 
are digital elevation models (DEMs) constituted by tri an
gles derived from irregularl y spaced sample points, e.g. 
points constituting digital contour lines. An error that pro

duces flat triangles (slope of 0°) sometimes appears in small 
a reas with acute inflexions of the contour lines. This usually 
corresponds to crests and ta lwegs, thus to avala nche profil es. 
Sevel-al tests were performed to build the best Tin from the 
l: 50 000 scale digital maps; the best solution, that has main
tained resolution and avoided generation of these flat trian

gles as much as possible, was reta ined. 
By using theTI J module, the topographic profiles of the 

avalanches were obtained (from digitized profiles over the 
Tin DEM). 

ACQUISITION OF TOPOGRAPHIC PARAMETERS 

The topographic para meters used in this work (Fig. 1) were 
those used in previously by the NGI but slightly modified: 

The topographic profi les generated by Arc/Info were ex

ported to a spread-sheet to calculate the topographic para
meters. As there is very often more than one 10° point along 
a topographic profile (due to small i rregu lari ties, or to the 
ex istence of a ci rque or topographic thresholds in the higher 
parts of some paths), the idea of Lied and Toppe (1989) was 
applied: a LO° point, co rresponding to the /3 angle, is ac
cepted only ifit is within the section of the profile shown in 

Figure 2; this section is limited by the points where the angle 
between the tangent of the best-fitting parabola and the hor
izontal pl ane is between 5° and 15°. The same method was 
applied to accept the 28° point corresponding to e. 

But for most profiles, this "/3 field" could not be used; 
though the correlation coefficient of the best-fitted parabola 
to the profile was always higher than 0.95, it was not repre
sentative of the lower pa rt of the profile (Fig. 3) except for 
profiles with a very clear pa rabolic shape; its vertices did 
not approach the extreme run-out point and the "/3 field" 
could not be defined on the profil e. As a consequence, in 
m any cases with more than one 10° point a long the profile, 
the 10° point corresponding to the /3 angle was chosen by 
expert criteria. This implies that a certa in degree of subjec
tivity was introduced into the process. 

In most cases of avalanches without a clear "parabolic" 
morphology, the parameter y" was not representative of the 
whole-path curvature, especially in the run-out zone (Fig. 
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H 
Avalanche path 

Fig. 1. Topographic parameters Jor the caLcuLation cif maxi
mum run-out distances used in this work. a(O) is the inclina
tion cif the straight Line between the observed outer end cif 
avaLanche debris and the starting point orgradient cif the ava
lanche path and represents the maximum run-out distance; 
/3 re) is the inclination qf the straight line between the jJoint 
on the terrain prcifiLe where the sLope angLe equaLs 10°, and the 
starting point or gradient q/the track; e ( O) is the angle !if the 
straight line between the point on the terrain prqfile wheTe the 
sLope equaLs 28°, and the starting point or gradient qf the 
starting zone; y" ( m ) is the second derivative qf the second 
polynomiaL equation that bestfits the avalanche path, and re
presents the /Jath curvature; H (m) is the vertical drop qf the 
avalanche path. In their work, M cClung and Lied (1987) 
state that this verticaL drop can, in most cases, be taken as the 
vertical drop between the starting point and the parabola ver
te that best fits the avalanche path, so H can be used as a 
predictor variabLe. 

3). Moreover, the parameter H was not clea rly related to 
the vertical drop from the starting point to the parabola ver
tex, so H would be unknown for the avalanches to be esti

mated (Fig. 3). We, therefore, considered we could use these 
parameters as predictOl- variables only for full "parabolic" 
profiles. 

Terrain profile of 
avalanche path 

~ field 

5° tangent 

Fig. 2. Difinition if the « /3 field"using the best fitting para
boLa to Locate the 10° point ( Lied and Top/Je, 1989). 

As the run-out zone morphology has a great influence on 
the deceleration and stoppi ng of avalanches, we classified the 
profiles according to this. Three classes were distinguished: 
64 full "parabolic" profiles (the entire profile had quite a 
good parabolic morphology), 62 profiles with a "parabolic 
run-out zone" and 56 profi les with a brusque slope rupture 
in the run-out zone. There were a lso 34 irregular profiles 
which were difficult to classify. The parameters that could 
be used as predictor variables for each class were retained. 

Table I shows the descriptive statistics of the data used; it 
only shows the parameters that enter the regression equa
tions presented in this paper. 

Comparison of the a and /3 parameters shows that 
profiles with brusque slope rupture in the run-out zone are 
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m.a.s.l. 
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d 
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o 

y = 0.003x2 - 1.0059x + 2791 .6 
R2= 0.9938 

...... 
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y = 0.000lx2 - 0.7513 + 2497 
R2 = 0.9953 

1000 2000 3000 m 

Fig. 3. Longitudinal topographic fmifiles ( continuous lines) with their best jilling parabolae ( dashed lines): ( a) the paraboLa is 
a good Tejnesentation qfthe prrifile; ( b) though the prrifiLe has a 'JJarabolie" TUII-out zone, the best fill ing jJarabof a does 1I0t Ji I well 
enough in the lower zone; (c) in the prrifiles with a brusque sloJJe rupture in the rUlI-out zone, the parabola does notJit in the lower 
zone; ( d) the profile is inegula/: For b, c and d the best fitting /Jambolae are not representative rifthe whole-path curvature and qf 
the vertical drop qf the avalanche. 

Table 1. Deseri/Hive stalistiesjin TUn-olll jJ(l1"(lllleters. 
(Only the parameters qf the equations presented are indicated) 

.lID. qf{!rqfiles class Parameler 

6+: "Parabolic" 0'(0) 
3(°) 
en 

H(m) 
y" (*IOm I) 

64: " Parabolic" run-out an 
pC) 

56: Brusque slope ruplure 0'(") 
ptO) 

216: Complele profiles set O'f) 
;3(0) 

steeper and have shorter run-out distances than profiles 
with "parabolic" ru n-out, and the same happens when the 
fu ll "parabolic" profiles are compared with profi les with 
"parabolic" ru n-out. 

RESULTS AND APPLICABILITY OF THE MODELS 

Regression models for each class of profi le were obtained 
from simple- and multiple-regression (at least by using (3 
and e, and therefore considering that the steepness of the 
starting zone cou ld in nucnce the maximum run-out dis
tance ). T he best regressions obtained [or each class and [or 
the whole set of profi les are the [oil owing (where R2 is the 

,\lean .'lId. del'. ,I Iedian Range qfmlues 
l 'a/Ul' 

2f.67 3.90 2+.+1 17.57- 37. 12 
27.3+ 3.90 27.39 20.07 38.27 
3+.01 3.38 33.67 25.70- 43.62 

753.32 262.47 750.30 300.6+- 1431.80 
0528 0.3+8 0.'1· 0.08 1.6 

28.10 +.10 27.89 20.17 39.78 
30.00 1.21 29.62 21.73- ·H.70 

29.+8 5.+5 29.+9 18.23- +1.56 
31.62 5.28 32. 11 20.65 +3.09 

27.27 4.91 2H1- 17.57- 41.56 
29.52 -1.77 29.1+ 19.02+3.09 

ordinary correlation coefficient and a is the standard devi
ation of the residuals): 

For 64 fu ll "parabolic" profi les: 

Q = 1.05 + 0.86(3 R 2 = 0.75 a = 1.98°. (1) 

For these "parabolic" profi les, the best resu lt o[ multiple
regression analysis does not produce a significant im
provement over the pre\'ious model presented: 

Q = 8.45 + 0.48(3 + 10- 3 0.2Hy" e 
R2 = 0.78 

(2) 

so it is advisable to use the fi rst one, wh ich is simpler a nd 
provides similar resu lts. 
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For 62 profiles with "parabolic run-out zone": 

a = - 0.03 + 0.94,8 R2 = 0 .94 CJ = 1.01°. (3) 

For 56 profil es with a brusque slope rupture in the run
out zone: 

For all the 216 profiles studied: 

a = - 1.20 + 0.97,8 R2 = 0.87 CJ = 1.74°. (5) 

In all cases, and as it happened in previous works (e.g. 
M cClung and Lied, 1987), (j did not improve the prediction 
of a through a bivariable (or multi-variable, in the case of the 
"parabolic" profiles ) relationship including ,8. In all cases, ,8 
also turned out to be the bes t predicting parameter for a. 

The main purpose of these models is to help determine 
run-out distances. An important question is whether they 
can be used to improve mapping and, if so, how accuratc 
they are. As a first approach, and assuming horizontal run
out zones (Lied and Bakkeh0i, 1980), 6..L can be expressed 
as the following: 

b.L = L - L' = (1/ tan a - 1/ tan(a + b.a))H (6) 

where L is the total hori zontal displacement. 
If, in another approximation, one considers that 

6..a = CJ (where CJ is the standard deviation of the residuals), 
6..L can be calculated for each model and for different ,8 and 
H values. After calculating some of these 6..L and translat
ing them to a scale of I: 50 000 the results obtained were as 
follows: 

For medium avalanches (i. e. H = 750 m, ,8 = 28°) and 
all models, the maximum run-out location had a possible 

error of about 5- 6 mm (250- 300 m ) on a I: 50 000 scale 
map. When applying the most general equation (calculated 
from the 216 avalanches), the maximum run-out distance of 
the "parabolic" profiles turned out to be slightly under
estimated, whereas for the profiles with a brusque slope rup
ture, this distance was slightly overesti mated. This under- or 
overestimation corresponds anyway to less than I mm on a 
I: 50 000 map. Therefore, the general equation can be used 
to estimate all kinds of avalanches considered in this work. 

For large avalanches (i. e. H = 1400 m, ,8 = 28°), the 
maximum run-out-Iocation possible error was approx
imately 10 mm (500 m ) on a 1: 50 000 scale map. Looking 
at the relatively small dimensions of the Pyrenean valleys 
and their land-use, the models do not contribute to mapping 
these large avalanches. 

CONSIDERATIONS AND CONCLUSIONS 

One of the limitations of the method is that it presupposes 
the existence of only one 10° slope point along the profile 
(Adjel, 1996). Often there are more than one such point; this 
forces us to rej ect many profi les, if an objective, automatic 
method is used to identify the 10° point and calculate the ,8 
parameter. Otherwise, a degree of subjectivity is introduced 
when choosing the "correct" 10° point. 

In this work, pre-selection of the treated avalanche paths 
implies that not all unknown avalanche run-out zones can 
be estimated using these equations. 
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As observed in previous work (reviewed by Adj el, 1996), 
,8 is the best predictor variable to estimate a. In our work, 
multi-variable regressions do not improve the results or do 
not have stati stical significance. 

The consequences of the application of these models on 
mapping will depend, of course, on the dimensions of the 
avalanche considered. In the Pyrenees, the results estimated 
for small- to medium-avalanches (300 m < vertical drop < 
750 m ) may be acceptable in some cases but useless for 
larger avalanches. 

The scale of the maps, at the limit of the desired resolu
tion, and the random error introduced by the return-period 
data, limit the topographic data used and the results of the 
statistical treatment; more detailed topographic data and 
more historical data might improve the regression models 
presented, thus providing better results. 

In thi s vein, the availability of new topographic data at a 
scale of I : lO 000 (produced by the ICC) and Arc/Info (ver
sion 7) can improve the topographic inputs. Version 7 of 
Arc/Info allows the inclusion of "break-lines" to control the 
correct modelling of crests and talwegs in the DEM genera
tion process, thus improving the resulting DEM and main
taining resolution at the same time. 

Furthermore, the integration of avalanche data from the 
1996 winter (with large avalanches, probably correspond
ing to a return period of 100 years or more), which were 
not considered in this work, will probably help to improve 
the models. 
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