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ABSTRACT 

Distancc of maximum avalanche runoul is calculated by four 
topographical fuctors. An empirical equation found hy regres· 
sian analysis of206 avalanches is uscd to prediet the maximum 
runout distancc in terms of avcrage gradient of the avalanche 
path (angle ex). The correlation coerficient R = 0.92, and the 
standard dcviation of the residuaI SD = 2.3°, 

The avalanche paths are rurthcr c1assified into different 
categories depending on conrincment of the path, average 
inclination of the track f3, curvature of the path ylt. vertical 
displaccrncIH Y. and incJination ofrupturezone O. Thcdegrec 
of confinement is found to have no significant erfeet on the 
runout distancc expressed by a. Best predietion or runout dis
tanec is round by a classirieation based on {3 and Y. For avalan
chcswith{J" 30 0 andY > 900m,R = 0.90andSD = 1.02°. 

The population or avalanehes is applicd to a numerical/ 
dynamical modcl prescnted by Perla and others (1980). Dirre
rent values ror the rriction constants p. and M/DY are eompu
led, based on the observed extent or the avalanches. The eorn
putations are supplied by velocity measurements v rrom a test 
avalanche where Y == l 000 m, and vmax == 60 ms-I. The best 
fittcd valucs are JL = 0.25 and M/DY = 0.5, which gives 
R = 0.83 and SD = 3.5°. 

l. INTRODUCTlON 

Evaluation of the maximum runout distance of snow 
avalanchesis one of the most important problems inava
lanche zoning. It is also ane of the most difficult and 
controversial subjccts in avalanche-prone districts 
where there may be a need for housing, 50 that ca\cula
tion or maximum run out distance has many implicati
ans concerning possible future aeeidents and damage. 

Models that will prediet avalanche runout distance are 
therefore much in need. Such models should be based on 
a small num ber of parameters. These parameters should 
be as objective as possible, and not be based on subjecti
ve judgment from the various avalanche experts hand
ling the problem. 

The purpose of this pa per is to study extrcme ava
lanche runout distance based on (I) topographic para
meters from about 200 avalanches, (2) ca\culation of 
runout distance from the same collection of avalanches 
bas ed on a numerical/dynamical model, and (3) combi
nation of the twa modeis. 

2. RUNOUT DISTANCE BASED ON 
TOPOGRAPHICAL PARAMETERS 

Evaluation of maximum runout distance of avalanches 
based on topographical parameters is described by Lied 
and llak kehøi (1980). These parameters could be easily 
idcmified on a topographic map, sa that the subjective 
judgment of the numerical values belanging to thediffe
rent parameters could be neglected. In the present work, 
the number of avalanches studied is increased from 1I1 
to 206; the maximum ex tent of all these is known and 
listed in Table I. The avalanches chosen for this study 
have quite different paths, ranging from steep slopes, 
with an abrupt transition to the valley fioor, to lang, 
gemly incIined path with a gradual transition from track 
to runout zone. The extent ofrupture area and degree of 
confinement in the path varies greatiy. 

The parameters which may be used to evaluate maxi
mum avalanche runout are the average gradient of the 
avalanche path ex, the average incIination of the ava
lanche Irack {3, the incIination of starting zone e (mea
sured on map), the second derivative y" of the slope 
function y = ax' + bx + c, the vertical drop Y, and the 
height H from the starting point to thevertexofthepara
bola. These parameters are illustrated in Figure l, and 
are deri ved as follows. The angle ex, which describes the 
total reach of the avalanche, is determined on the path 
profile by the line connecting the end points for the lar
gest known event. The angle {3 is determincd by the line 
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Tablc I. List of avalanches 
(for cxplanation of column hcadings. sec text) 

Avalanehel a I ø I O III I y" 

I 31.032.0 50.0 605 0.82E-03 70 40.544.0 53.0 7180.18E-02 138 25.029.0 35.01000 0.28E-0' 
2 26.031.0 40.0 698 0.64E-03 71 39.041.0 41.5 5550.17E-02 139 28.030.0 45.0 1000 0.52E-03 
3 33.038.0 47.0 9680.92E-03 72 35.036.5 39.0 620 0.86E-03 140 31.034.0 45.0 670 0.11 E-02 
4 36.040.049.0 711 0.13E-02 73 36.034.0 41.5 410 0.92E-03 141 31.034.0 35.0 5500.86E-03 
5 27.030.0 38.0 342 0.IOE-02 74 35.032.0 39.0 435 0.86E-03 142 30.035.0 40.0 5900.IIE-02 
6 38.043.0 55.0 5820.16E-02 75 33.532.5 39.0 475 0.84E-03 143 30.035.0 45.0 8500.66E-03 
7 31.035.0 50.0 958 0.66E-03 76 30.034.0 39.0 6100_62E-03 144 41.038.0 55.0 650 0_20E-02 
8 28.032.0 45.0 528 0.90E-03 77 36.035.0 53.5 565 0.90E-03 145 35.037.0 40.0 1110 0.40E-03 
9 30.034.0 48.0 5150.IIE-02 78 26.028_0 45.0 5500.64E-03 146 34.036.0 36.0 Il 10 0.18E-03 

10 29.033.0 41.0 4870.IIE-02 79 25.528.0 36.0 635 0.54E-03 147 43.034.0 42.01105 0.80E-03 
I1 28.032.0 36.0 491 0.98E-03 80 24.025.0 36.0 540 0.38E-03 148 40.042.0 45.01225 0.74E-03 
12 28.034.0 39.0 6400.90E-03 81 19.022.0 39.0 4550.88E-03 149 32.043.0 32.0 1275 0.48E-03 
13 26.033.0 38.0 6120.78E-03 82 27.027.5 45.0 4450.76E-03 150 39.042.0 27.01275 0.80E-03 
14 29.033.0 40.0 480 0.12E-02 83 25.027.0 29.0 6250_38E-03 151 39.040.0 27.01275 0.84E-03 
15 35.035.0 35.0 3940.18E-02 84 23.527.5 33.0 690 0_38E-03 152 39.041.0 54.01220 0.86E-03 
16 37.039.0 47.0 932 0.72E-03 85 26.533.0 44.0 575 0.64E-03 153 38.042.0 39.01250 0.78E-03 
17 35.040.0 42.01125 0.90E-03 86 25.026.0 39.0 485 0.50E-03 154 37.042.0 39.01220 0.76E-03 
18 23.029.0 37.0 5700.50E-03 87 24.030.0 35.0 725 0.76E-03 155 35.040.0 40.01210 0.72E-03 
19 33.039.0 51.01131 0.78E-03 88 24.027.0 40.0 860 0.32E-03 156 37.045.0 40.01170 0.70E-03 
20 31.035.0 40.0 938 0.68E-03 89 23.027.0 40.0 8250.36E-03 157 39.046.0 49.0 9500.IOE-02 
21 34.036.0 52.01015 0.72E-03 90 23.026.0 40.0 850 0.36E-03 158 38.045.049.0 9500.IIE-02 
22 32.038.0 43.0 1110 0.78E-03 91 22.023.0 45.0 7300.32E-03 159 41.044.0 54.0 9500.12E-02 
23 20.021.0 36.0 831 0.17E-03 92 22.025.0 38.0 775 0_24E-03 160 40.041.0 40_01230 0.42E-03 
24 27.029.0 38.0 6820.36E-03 93 26.027.0 39.0 7500.34E-03 161 38.043.0 40.0 9850.74E-03 
25 33.040.0 48.0 1035 0.IOE-02 94 28.030.0 44.0 750 0.64E-03 162 38.039.0 45.01155 0.68E-03 
26 26.032.0 51.0 8300.62E-03 95 26.034_0 50.0 640 0.82E-03 163 37.040.0 31.01150 0.62E-03 
27 24.032.0 37.0 1175 0.40E-03 96 34.037.0 40.0 6500.12E-02 164 37.040.0 31.01000 0.64E-03 
28 34.034.0 52.0 608 0.96E-03 97 42.040.0 55.0 6750.13E-02 165 38.038.0 29.0 9900.58E-03 
29 30.031.0 45.01086 OA2E-03 98 35.033.0 50.0 530 0.11 E-02 166 40.039.0 39.0 9450AOE-03 
30 34.035.0 52.01175 0.46E-03 99 32.033.0 39.0 6500.15E-02 167 35.038.0 31.0 8500_24E-03 
31 33.035.046.01153 0.54E-03 100 33.036.0 39.0 6150_13E-02 168 38.035.0 31.0 7650.78E-03 
32 29.032.0 45.0 767 0.62E-03 101 34.036.040.0 6000.13E-02 169 38.036.0 39.0 640 0.12E-02 
33 29.031.0 45.0 840 0.52E-03 102 33.037.0 45.0 600 0.16E-02 170 40.043.0 45.01040 0.84E-03 
34 28.030.0 40.0 1539 0.20E-03 103 25.029.0 30_0 700 0.40E-03 171 35.037.0 40_01410 OAOE-03 
35 27.030.0 40.0 1466 0.22E-03 104 32.037_0 45.0 8000.13E-02 172 42.045.0 45.0 8250.IIE-02 
36 27.030.0 40.01475 0.22E-03 105 31.036.0 51.0 600 0.14E-02 173 49.051.0 45.01115 0.92E-03 
37 30.032.0 40.01239 0.34E-03 106 31.036.0 45.0 560 0.11 E-02 174 49.051.0 45.01220 0.12E-02 
38 26.033.0 42.0 1306 0.38E-03 107 26.032.0 39.0 900 0.56E-03 175 49.048.0 45.01115 0.12E-02 
39 21.026.0 50.0 7050.48E-03 108 23.025.0 30.0 850 0.20E-03 176 46.044.0 54.0 9250.12E-03 
40 18.022.0 34.0 7270.26E-03 109 26.028.0 34.0 6000.70E-03 177 47.046.0 45.01050 0.16E-02 
41 34.037.0 60.0 561 0.13E-02 110 25.029.0 34.0 6000.96E-03 178 43_040.0 50.0 1220 0.82E-03 
42 30.038.0 50.0 485 0.14E-02 III 27_028.034.0 6000.74E-03 179 48.040.0 54.01325 0.58E-03 
43 27.032.0 39.0 1111 0.34E-03 112 25.029.039.0 4000.14E-02 180 40.043.0 55.0 795 0.58E-03 
44 30.034.0 45.0 4840.12E-02 113 23.029.0 43.0 5000.50E-03 181 39.543.5 45.0 9500.12E-02 
45 26.027.0 42.0 703 OA6E-03 114 27.030.0 35.0 7000.68E-03 182 28.530.0 38.01010 0.15E-02 
46 25.029.0 39.0 9540.32E-03 115 26.029.0 35.0 7300.72E-03 183 41.043.0 45.0 7780.26E-03 
47 27.030.0 50.0 1068 0.46E-03 116 25.028.0 45.0 925 0.44E-03 184 34.037.0 37.0 9140.58E-03 
48 27.030.0 37.0 9240AOE-03 117 18.021.0 28.0 7600.20E-03 185 30.033.0 38.5 900 0.60E-03 
49 30.033.0 39.0 788 0.62E-03 118 28.027.0 45.0 6250.56E-03 186 31.034.5 44.5 9050.56E-03 
50 30.038.0 53.0 481 0.92E-03 119 22.027.0 29.01075 0.30E-03 187 45.545.0 50.5 615 0.56E-03 
51 29.030.0 53.0 7070.58E-03 120 23.026.0 34.0 9850.32E-03 188 38.542.0 54.5 730 0.50E-03 
52 32.030.0 40.0 569 0.98E-03 121 25.029.0 45.0 825 0.58E-03 189 25.029.0 42.0 9500.56E-03 
53 22.023.0 33.0 8890.24E-03 122 24.027.0 45.0 800 0.52E-03 190 33.033.042.5 8900.16E-03 
54 20.021.0 30.0 466 0.50E-03 123 23.026.0 40.0 6250.58E-03 191 30.035.5 38.0 1120 0.38E-03 
55 26.030.0 29.0 503 0.70E-03 124 25.028.0 40.0 8800.52E-03 192 34.036.0 45.0 1140 0.72E-03 
56 31.031.0 43.0 832 0.58E-03 125 24.028.0 45.01140 0.28E-03 193 26.532.0 50.0 845 0.58E-03 
57 31.033.0 43.0 830 0.56E-03 126 20.024.0 40.01240 0.16E-03 194 27.532.5 44.0 925 0.13E-02 
58 30.030.0 49.0 739 OA6E-03 127 26.029.0 45.0 6500.70E-03 195 28.030.0 33.0 6400.72E-03 
59 28_030.0 39.0 6160.68E-03 128 24.025.0 45.01260 0.22E-03 196 22.024.0 25.0 9800.20E-03 
60 27.530.0 31.0 7600.30E-03 129 27.030.0 50.0 8700AOE-03 197 31.5 34.0 31.5 900 0.96E-03 
61 31.5 33.0 42.0 7800.44E-03 130 27.030.0 45.0 8600.50E-03 198 32.038.0 36.5 9500.22E-03 
62 30_532.0 37.0 910 0.38E-03 131 26.028.0 50.0 9900.22E-03 199 26.029.0 39.0 4700.68E-03 
63 34_537.5 53.5 8150.72E-03 132 31.034.0 50.0 8900.68E-03 200 29.033.0 48.0 5350.32E-03 
64 32_034.0 41.0 9700.28E-03 133 31.036.0 53.0 8900.66E-03 201 30.531.0 35.0 6500.14E-03 
65 28_532.0 36.5 925 0.34E-03 134 41.041.0 63.0 915 0.12E-02 202 27.028.0 29.0 6600.12E-02 
66 35_036.0 59.0 7900.70E-03 135 40.040.0 60.0 8850.74E-03 203 32.033.5 45.0 545 0.26E-03 
67 37.039.0 57.0 805 0.80E-03 136 35.038.0 55.0 8800.13E-02 204 22.525.5 43.0 835 0.88E-03 
68 35_038.0 33.5 953 0.68E-03 137 31.034.0 45.01250 0.52E-03 205 32.036.0 32.0 775 0.76E-03 
69 38_040.0 63.0 7100.22E-12 206 27.032.5 51.5 1280 0.94E-03 
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connecting the top point, and the point on the profile 
where the slope angle is 10°. The reason for using this 
line, or angle, is to generate a simple description of the 
main inclination of the track. Slope gradient values 
around 10° are thought to rcpresent the transition zonc 
between the track and the runout lOne for big, dry ava
lanches (de Quervain 1972, Buser and Frutiger 1980). 

The inclination of the starting lOne O is measured on 
a map as the average gradient of the uppermost 100 m of 
the path, verticallymeasured. Theavalanche profiles are 
expressedbytheequationy = ax' + bx + c(seeFig.l). 
His defined as the height differences from the starting 
point to the vertex of the cakulated para bola. The se
cond derivative y" = 2a describes the curvature, and by 
multip1ying with H the teoretical profile is made dimen
sionless. H is usu all y different from the vertical drop of 
the avalanche. 

The second derivative y" of the slope function is a 
shape factor. The shape of the path is essential to a, and 
our experience is that avalanche paths that are just steep 
enough to trigger the avalanche, and keep it moving, 
must have longer runout distanccs (Iower values of a) 
than steeper paths. This is the reason for introducing y" 
which describes the whole profile in more detail than (3. 
lfthe slope really had been a para bola, we can derive the 
connection 

tan (3 =. /HY" + tan 10° V-z 2 

but the 10° point on themap differs from this theoretical 
number. 

In the present paper we discuss a c1assification of the 
avalanche paths in an attempt to obtain better accuracy 
in the runout cakulation. As indicated by Lied and 
Bakkehøi (1980), a tendencywas found forconfined ava
lanches to obtain lowervalues of a than unconfined ava
lanches, but it was not possible to confirm this tendency 
in the statistical analysis. 

The avalanche paths areclassified as obviously confi
ned (47 avalanches) and obviously unconfined (77 ava
lanches). Classification is also perforrned on the basis of 
values of (3, y", H, and O. On steep slopes with high 
values of {3, and yl/, and 0, avalanches tend to start with 
less snowfall than on gently inclined slopes. lfavalanche 
velocity and runout is dependent on avalanche mass, a 
difference between steep and gently inclined paths con
cerning relative runout distance would be expected. As 
indicated by both Korner (1980) and Laatsch and others 
(1981), the model of Lied and Bakkehøi (1980) does not 
explicitly take mass dependency into consideration. A 
c1assification bas ed on different values of (3 will impli
citly consider a mass dependency. 

The c1assification based on the above mentioned 
parameters is obtained in the following way: 

ø () y" It(m) 
s30° 

30°<(3::535° 
{J > 35 0 

::56)(10 4 ::5600 
>6)(10- 4 >500 
> 12xl0 4 > 900 

4xlO ol < y" ::5 12xl0 -1600< fI:s 900 
6xl0 "<y" ::514xlO.j 

2.1. Resu!ls 

The regression analysis based on 206 avalanches gives 
the equation: 

a = 0.92 (3-7.9xlO-4 [Hl +2.4xlO-2 [Hl y"0+0.04, 

with R = 0.92 and SD = 2.28°. In this equation, [H l 
represents the numerical value of H. lf, as an example, 
we choose (3 = 30°, O = l 000 m and y" = 3 X 10-4, 

this will iIIustrate the importance of each term in the 
equation: 

a = 27.6°-0.79° + 0.25° + 0.04 = 27.1 0. 

Introduction of more variablcs in the regression cqu
at ion will not givea significant increase in th e accuracy. 
(3 has a t-value (Daniel and \Vood 1971: 353) of 19.0The 
variable Hy" O has a t-value of 1.3, which is significant 
to the 0.10 level, while H is significant to the 0.12IcvcI. 
Using (3 as the only frec variable, this cquation is ob
tained: a = 0.96(3-1.4°, with SD = 2.3° and R = 0.92. 
This c1early demonstrates the dominating effect of (3. 
The result indicatcs that, even ifthe total number ofava
lanches is incrcascd, a higher accuracy in the prcdiction 
of avalanchc runout by this method cannot be obtained. 
In the equation presented by Lied and Ilakkehøi (1980) 
R = 0.95 and SD = 2.3°. 

One regression equation for both confined (47 ava
lanches), and unconfined paths (77 avalanches) is com
puted. I f avalanches in the confined paths (wide rupture 
zone and narrow track) obtain langer runout distances, 
this tendency should be found statistically by the regres
sion analysis. No such tendeney was found. By running 
the equation for the confined paths on unconfined ava
lanches and vice versa, it was not possibleto identify any 
tendency for confined avalanches to obtain lower a 
values than unconfined avalanches. The result may be 
partly explained by the inaccuracy in the model, but 
mainly by the faet that when an avalanehe is foreed into 
a confined path from a wider rupture lOne, the snow 
mas ses must be compressed so that sintering and densi
fication takes place. This proeess must lead to higher 
friction and eonsequently reduee the velocity increase. 

Regression analysis is performed, based on a cIassifi
eat ion of (3 values. For tracks with (3 :$ 30° we found this 
equation: 

a = 0.89(3 + 3.5 x 10-20 - 2.2 X 10-4 [H l - 0.9°. 

\Vith R = 0.84 and SD 1.49°. Computcd with the cqua
tion for all avalanches, SD = 1.51°. 

In our opinion, this is a high accuracy, and espccially 
valllable on thesc gently incIined paths where differen
ces in degrces arna unt to the biggcst difference in metres 
concerning runout distancc. 

For 30° <(3:$ 35° the cquation 

a = 1.15(3 - 2.5 X lO-l [H l - 5.9° (59 avalanches) 

\Vith R = 0.53 and SD = 2.50°, was found. The same 
sample eomputed with the equation found for all ava
lanches gave SD = 2.56°. 
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Tablc Il. Classirication bascd on H, y", O. and (3 

Standard 
Number dcviation 

(SD) 

All avalanches 212 2.4 0 

O-classficalion: 
Os4oo 103 2.0 0 

0>40 0 109 2.60 

O.s 50 0 181 2.3 0 

0>50 0 31 2.7 0 

(3-classi ficalion: 
(3 s 30 0 73 1.5 0 

30'<Ø,;35' 60 2.9 0 

(3 > 35 o 79 2.6 0 

H-classification: 
Hs600 m 42 2.5 0 

600 m < Il ,;900 m 87 2.0 0 

11>500 m 194 2.4 0 

11>900 m 83 2.5 0 

y" -classification wilh 
600m<II,;900m: 
y" .s 6x 10,·4 41 1.4 o 

y" > 6xlO-' 46 2.6 0 

y" > 12x10-4 13 1.8 0 

4x I 0-4 < y" :s 12x 10-4 53 2.1 0 

6xlQ-'<y",; 14x10-' 40 2.4 0 

y"-classification with 
1I>900m: 
y" s6x1O-4 43 1.8 0 

y" >6xIO-4 40 2.5 0 

(3-classification with 
600m<Hs900m: 
Ø<30' 37 1.20 

Ø>30' 50 2.3 0 

(3-classificalion with 
11>900 m: 
(3 s 30 0 20 0.9 0 

Ø>30' 60 2.7 0 

Correspondingly, the equation for {3 > 35' is 

C< = 0.81{3 + 3.6 X 10-' [H l y" O + 3.2' 
(79 avalanches) 

Cond. 
coeff. 

(R) 

0.93 

0.93 
0.92 
0.93 
0.86 

0.85 
0.52 
0.82 

0.86 
0.94 
0.93 
0.93 

0.93 
0.91 
0.89 
0.89 
0.88 

0.92 
0.87 

0.91 
0.89 

0.92 
0.88 

with R = 0.62 and SD = 2.67. This sample camp ut ed 
with the equation found for all avalanches gave 
SD = 2.69. 

This last example of c1assification dacs not appcar to 
increase the accuracy of the modcl. 

A c1assification based on H, y", O and {3 is prescnted 
in Table Il. 

These results indicate that {3 is the best scaling factor 
of the examined parameters. A c1assification bas ed on 
O or y" does not increase the accuracy of the model. 

In combination with {3, H seems to be an important 
variable. For H > 900 m and {3 ,,30', SD = 1.02' and 
R = 0.90. The equation for all the avalanches used on 
this sample gives SD = 1.07'. This last result is of great 
value, because it improves the predictive accuracy for a 
group of avalanches where erroneous runout calculati
ans have the greatest consequences. For an avalanche 
with H = 1000 m, {3<30' and C< = 25', ane standard 
deviation gives a possible langer horizontal reach 
tol, = 91 m and a possible shorter reach tol, = 85 m. 
The regression equation for this group is 

C< = 0.94{3 + 3.5 X 10-'0 - 2.6'. 

3. RUNOUT CALCULATION BASED 
ON A DYNAMIC MODEL 

Perla and others (1980) presented a twa-parameter mo
del of snow avalanche motion expressed by the equation 

1 dv' (' O O) D , - - = g Sin - J.1COS - - v , 
2 ds M 

where M is the avalanche mass, O the slope angle, I' the 
coefficient of frietion, anf D a coefficient of dynamic 
drag. The equation is sol ved numerically by dividing the 
entire avalanche path into small segments where O are 
considered to be constant in each segment. Each seg
ment is assigned an angle O;, a Icngth L;, a friction value 
1';, and a mass/drag value (M/D);. Momenturn loss is 
corrected at the segment transitions. Avalanche velocity 
is computed for each segment, progressivelyalang the 
path, unt il the stopping position. The model was first 
applicd on 25 avalanche paths in north-west USA. The 
usefulness ofthis model is dependent on a knowledge of 
the values of I-' and M/D. These values can vary within 
wide Iimits, with end less possibilities of combination, 
and still sat isf y a given runout distance. The model pre
sented by Voellmy (1955) is encumbered with theequiva
lent problem. 

In a later work the same model was test ed statistically 
on 136 extreme avalanches paths from the northwest 
USA and Norway (Bakkchøi and others 1981). The 
range of M/D values was hcre rclated to the scale factor 
Y, i.e. the total vertical drop of the avalanche. M/D 
values Y/100 < M/D < O.OIY wcrc considered. By 
computing the corresponding values or I-' and vclocity v, 
it was found that, for M/D values between I 000 Y and 
10 Y, both I' and vare near constant. 

Based on the general knowlcdgeand measurementsof 
avalanchc speed (sce scction 6) and ofassumcd values or 
I' in dry avalanches, it seems realistie to choose M/D 
values in the range IOY > M/D > Y/IO(Bakkehøiand 
othcrs 1981). This is still a wide range, and applied to 
runout cakulations it means a fairly low accuracy in pre
dicting runout distance. 

4. STATlSTICAL ANALYSIS 
OF THE DYNAMIC MODEL 

The dynamic model introduced by Perla and othcrs 
(1980) is applied on the sample or avalanches already 
described in this paper. The runout distance in terms or 
C< is computed ror all the avalanche paths with dirrerent 
sets of values or I-' and M/D, and the avalanches are 
c1assified for dirrerent values or {3, {3" 30', 
30'" {3" 35', {3 > 35', Thevalues or I-'and M/D are com
puted ror the most pro bable pairs, and the best fit are 
present ed in Table Ill. 

One general conclusion is that stecp tracks need hig
her friction values than gentle tracks to obtain the best 
correlation. For {3>35', I-' = 0.30 and for {3,,30', 
I' = 0.20, ror identical values or M/DY. The standard 
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deviation of residuals is between 3.2' and 3.8', which is 
a wider deviation than found by the topographie model 
where the smallest valuest of SD with the same classifi
cation varied between 1.5° and 2.6°. The accuracy of the 
made! scems to increase slightly, although not much, 
dueto theclassification, as SD = 3.2° for 30°:5 {3 '" 35°, 
and SD = 3.3° for {3 > 35', compared to SD = 3.5' for 
all paths. The best fitted pairs for all paths are {.< = 0.25, 
M/DY = 0.5, with R = 0.83 and SD = 3.5'. 

The reason why higher friction values must be applied 
on steeper paths in the model may be as indicated in sec
tion 2. Avalanches in such slopes contain less mass of 
snow, and should thcrebyobtain ashortcrrunout distan
cc. 

5. COMBINATION OF THE TOPOGRAPHIC 
AND DYNAMIC MODELS 

In aur consulting work, we are frequently faced with the 
question ofpotential avalanche runout distancc, and we 
therefore need to improve the accuracy of the existing 
modcls. Thcmodcl presented by Voellmy(l955), and sin
ce then widely used in alpine countries is difficult to 
handle because the hydraulic radius R, f10w height h, 
coefficient of friction {.<, and drag-coefficient ~ vary 
within wide limits. Years of experience are necessary to 
sort out empirically the right values of these constants 
which in turn can give realistie runout distances. This is 
e!early demonstrated by Fiihn and Meister (1982), who 
documented that a 10"70 error in rupture width and slab 
height may cause ± 100m difference in runout distance. 

We have therefore developed the statistical method 
described earlier in this paper. On the basis of this, it is 
possible to prediet the most probable extreme runout 
distance. This probalistie way of handling the problem 
excludes most of the subjective judgement in fixing the 
values of the constants. By combining the topographic 
and dynamic models we see a possibility of incrcasing 
the accuraey of runout predietion and velocity estima
tes. The procedure is as follows. A given position in a 
potential runout zone is analyzed with regard to possible 
rcach of avalanche debris. The profile of the avalanche 
path is drawn from a map with ascale 1:50000 and with 
contour lines 20 m apart. The lowest part of the path is 
usually supplied with data from a detailed map of scale 
1:5000. A set of 10 to 20 x- and y-coordinates are suf
ficient to describe the profile. The {3 point is identified 
and {3 found. The ine!ination of the rupture lOne is mea
sured on the map, and the most probable vertical drap 
y is evaluated from the map also. The real profile is 
transforrned to a parabolic function of the typc 
y = ax' + bx + c, with the best fit found bythemethod 
ofleast squares. ais then computed by the best fitted em
pirical equation (see section 2.1). The avalanche speed 
and runout distance arecakulated by using the dynamic 
method described in section 4. Different pairs of values 
of {.< and M/D are preloaded in the computer program, 
and avalanche runout distance is cakulated for the best 
fits depending on {3 (see Table Ill). 

Table Ilt. Values of p and (M/D)Y relaled lO fl 
a: Mcan of obscrvcd valucs, O:'c: Mean of calculatcd valucs 

Standard Number 

fl (M/D)/Y dcviation Dcviation of 
p of a-ae avalan-

residuals ches 

t3!':; 30° 0.20 0.50 3.2 0 _0.18° 69 
0.30 0.75 3.4° 0.100 78 

30'''fls35' 0.25 0.50 3.5 0 _0.03' 78 
0.25 0.75 3.4° _1.39' 78 
0.30 0.50 3.3 0 0.07 0 88 

13 ;:dS o 

0.35 0.75 3.3 0 0.66° 88 
0.35 t.O 3.8 0 _0.1° 2t2 

All avalanch. 0.30 0.75 3.6 0 _0.04' 212 
0.25 0.50 3.5 0 -0.15° 2t2 

With the aid of a map and a computer, the whole pro
cedure is easily done within half-an-hour. Central pro
cessing unit time for the cakulations is less than I s. 

6. VELOCITY MEASUREMENTS 

In the work of Bakkehøi and others (1981) it is empha
sized that values of the avalanche speed are needed to 
evaluate what regimes of {.< and M/D are applicable. 
Velocity measurements have been perforrned at the 
Ryggfonn avalanche at the avalanche research stat ion of 
the Norges Geotekniske Institutt (NGI). The avalanche 
is triggered by explosives. Total vertical drop is - I 000 
m, and path length about 2000 m. The avalanche 
volurne ranges from the order of lO' to lO' m' snow. 

We have twa reports of velocity measurements from 
this avalanche. In the first, the avalanche volurne was 
- lO' m'. The air temperature was below O'C in the en
tire path. The velocity profile is presented in Figure 2. In 
the second (Fig. 3), the avalanche consisted of - 5 x lO' 
m' snow. TheO°C isotherm was at I 100m a.s.1. Therefo
re in the lowest part of the path, from - 1000 to - 600 
m a.s.l., the snow was wet. This again resulted in a mar
ked reduction of avalanche speed in this part because of 
higher friction in the wet snow (velocity profile, see 

,~ 
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Fig. 2. Vclocity. measured and calculated in the Ryggfonn 
avalanche, February J975. 
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Fig. 3. Velocity, measured and cakulated in the Ryggfonn 
avalanchc, April 1982. 

Figure 3). The avalanches were photographed by eine 
photography at threc different points and the frontal 
speed was calculated bycomparing the piclures with po
ints in Ihe palh whcre x and y coordinatcs are known. 

The interesting facts arising from thesc two field mea
surements are that maximum speed is as high as - 60 m 
s-t (frontal speed), and that both the avalanches ob
tained almost the same maximum speed despite the 
difference in mass. This observation gives support to the 
view that avalanche speed is more a function of snow 
quality in the path than of avalanche mass. The snow co
ver in the main part of the Irack consisted of light, dry 
snow in both cases. Moreover, these measurements ilIu
strate that the computer program is applicable and 
makes it possible to choose a realistie regime of p. and 
M/D when both velocity and stopping position of the 
avalanche are known. The best fitted pair of values of I' 
and M/D from these measurements corresponds with 
the values found by the statistieal analysis of the model 
diseussed in section 3. 

CONCLUSION 

In this work we have presented a topograhical and sta
tistical model which prediets avalanche runout distance 
bas ed on four parameters. The parameters are all easily 
measured or calculated from topographie maps. By clas
sification of the avalanche paths we have increased the 
accuracy of the mod c!. The classification of the avalan
ches seems to confirm that confinement of the path has 
no significant innuence on the runout distance. The 
main reason for this is thought to be that compression, 
sintering, and density increase takes place during the 
confinement. These proeesses increase the friction and 
reduce the velocity increase created by the confinement. 
Avalanches on steep paths seem to obtain a relatively 
short runout distance related to Ci. This may be eau sed 
by a relatively greater loss of energy due to the dependent 
friction term v l when avalanches are running on steep 
slopes tend to contain less snow than gen tie slopes when 
avalanches are triggered, and these avalanches therefore 

have less mass and volurne. This again may lead to relati
vely lowcr specds and shorter runout distancc. 

The resuIts obtained by the numerical/dynamical 
model which is applied to avalanche population, seems 
to lead to the same conelusion, i.e. that avalanches on 
stecp slopcs need greater friction values to fit the obser
ved runout distances. 

By the topographieal method we have oblained a pre
dietion accuracy of SD = I to 2° of the runout distance 
Ci, depending On thepath topography. This is in theorder 
of ± 100 to ± 200 m for an avalanche with a vertical 
drop of I 000 m and Ci = 25°. In combination with the 
numerical/dynamical model prcsented by Perla and 
others (1980), it is possible to prediet speed and runout 
distance with an accuracy whieh is applicable for practi
cal consulting work. To increase the accuracy of the mo
del, measurcments of speed and runout distancc from 
full-scale experiments will be particularly important. 
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