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Introduction

RD 52.37.612-2000 Guideline [1] is currently used for avalanche danger forecasting in the Russian
Federation. However, unexpected avalanches do occur, although rarely. Therefore, further improvement of
the avalanche forecasting methods is of some interest.

The accuracy of avalanche forecasting can be improved by considering more extensive historical
data. A separate database is created for each avalanche site. It complicates the forecasting center operations,
but it certainly improves the quality of the risk estimation.

Avalanche Forecasting Algorithm
To simulate the local avalanche risk, we developed forecasting dependences. Their parameters were
derived for the following conditions:
1. The number of unexpected avalanches does not exceed one in a thousand (in this case, a small slope
process rarely results in human casualties, so the acceptable probability is relatively high.)
2. The number of correct forecasts should be as high as possible.
The forecasting dependence factors were estimated to the nearest hundredth.
The result was the following algorithm.
First, we check whether the avalanche danger is exceptionally high.
First, the following values are calculated [1, 2]:

Pai = [08 exp(_|a o 35.O|/7.2)]3.1{1+exp[9(a790)]+exp[9(14.0704)]}’ (1)
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[(1.65/m)arctg(L/16)]%9H1.0+expl22(T1=L)1} g4 o, < 58°

pii = : 2
[(1.54/7T)arctg([,/2,6)]3'1{1'O+6Xp[142(0'127L)]} ata > 58°

, 3)

171 2.6{1+exp[3.6(51.0—100k)]}
Phi = [ arctg (2.7h1'3)]
T

where p,; accounts for the slope angle contribution to the exceptionally high avalanche danger occurrence;
pi;i accounts for the contribution of the avalanche nucleation zone length (hypotenuse) to the exceptionally
high avalanche danger occurrence, py; accounts for the contribution of the slope snow layer thickness to the
exceptionally high avalanche danger occurrence.

Then we estimate the comprehensive contribution of the slope angle, the avalanche nucleation
area length (hypotenuse) and the slope snow layer thickness to the exceptionally high avalanche danger
occurrence. For this purpose we estimated the parameters [1, 2]:

1-0.43p,,—0.47py,;
Dail = P TR (4)
1-0.49p,;—0.49p;;
Pril = Dy, ‘ " (5)
1-0.13p0i—0.08p,;
Py = py; T (6)
Pi = Pail P1i1Phit s (7

where p,;1 accounts for the slope angle contribution to the exceptionally high avalanche danger occurrence
also taking into account the values of py; and p;;; pni1 accounts for the slope snow thickness contribution to
the exceptionally high avalanche danger occurrence also taking into account the values of p,; and p;;; pu1
accounts for the contribution of the avalanche nucleation area length (hypotenuse) to the exceptionally high
avalanche danger occurrence taking into account the values of p,; and py;; p; accounts for the comprehensive
contribution of the slope angle, the avalanche nucleation area length (hypotenuse) and the slope snow layer
thickness to the exceptionally high avalanche danger occurrence.
The following values are calculated [1, 2]:

: ®)

9 1-0.17p;
Pgi = [arctg(OEQq)}
T

0.161q,ifq < 46
dgi = ©)
2.8q — 1214 ,ifq > 46,

where p,; accounts for the total precipitation contribution to the exceptionally high avalanche danger occur-
rence; q is the total precipitation for the last day, d,; accounts for the p4;(q) curve shape contribution to the
exceptionally high avalanche danger occurrence.

1.97 1=0-Ton
Poi = [arctg <00'63>] , (10)
s

where p,; accounts for the precipitation rate contribution to the exceptionally high avalanche danger occur-
rence; o is the average precipitation rate for the last 3 hours, mm/h

, (11)

16 1-0.2p;
Poi = ['arctg(0.8v)}
Y

where py; accounts for the wind speed contribution to the exceptionally high avalanche danger occurrence,
v is the wind speed, m/sec
[%arctg(lﬁgmo)] 1005 at th < — 0.3
prioi = ; (12)
2arctg[11.7(gr o +2.3)] at tjp > — 0.3
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0~12grt10 attyp < -0.3
dnoi = : 13)
2.2(1.8+ g,110) at > —0.3
tio
grio = o, (14)
10
where p;io; accounts for the 10-day average snow temperature gradient contribution to the exceptionally

high avalanche danger occurrence; g, is the 10-day average snow temperature gradient; d;o; accounts for
the ps10:(tig) curve shape contribution to the exceptionally high avalanche danger occurrence.

21t|
= 1
&rt10 htho' (15)

g,+10 1s the average show layer temperature gradient for the entire snow-on-slope period, °C/m

2arctg(gy — 13.2)att < —0.3

Pri = , (16)
%arctg(g,t +11.2)att > -0,3

2arctg(0.067) att < —0.3
dy = , (17)
%arcth att > —0.3

where py; accounts for the temperature gradient contribution to the exceptionally high avalanche danger
occurrence; dy; accounts for the p,(t) curve shape contribution to the exceptionally high avalanche danger
occurrence.

The snow condition grade in terms of affecting the exceptionally high avalanche danger occurrence
is [1, 2]:.

g = pilf%arﬁtg(o-‘lpoi+dqipqi+Pui+dzipzi+dt10l~17zloi). (18)

If g; > 0.9, we assume that an exceptionally high avalanche danger exists [1, 2]. Otherwise, we
check whether we should expect a mass-scale, high-volume avalanching when from 10 to 50% of the
avalanche catchment area is affected by the avalanche.

An “exceptionally high avalanche danger” forecast covers only the next day [1, 2]. Fort the next
second and third days in this case the forecast is “unstable snow cover, large avalanches expected covering
10 to 50% of the avalanche catchment area” [1, 2].

A multi-step process is used to identify possible mass-scale, high-volume avalanching event.

First, the values [1, 2] are calculated:

pad = paia (19)
Prd = Pii .
1.71 9.6[14¢3-2(38—1000) ]
Pra = |~ —arctg(2.7h"?) : @1
s

where p,4 accounts for the slope angle contribution to the mass-scale, high-volume avalanching probability;
piq accounts for the contribution of the avalanche nucleation zone length (hypotenuse) to the mass-scale,
high-volume avalanching probability; p,; accounts for the contribution of the slope snow layer thickness to
the mass-scale, high-volume avalanching probability.

Then we estimate the comprehensive contribution of the slope angle, the avalanche nucleation
area length (hypotenuse) and the slope snow layer thickness to the mass-scale, high-volume avalanching
probability. For this purpose we estimated the parameters [1, 2]:

1 _043pd _047pd
Padl = P4 ’

o 1 —0-491%:1 _0-49pld
Prdl = Ppy ,

(22)

(23)
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1-0.13p,;—0.08p, 4
piit = Py ‘ ", (24)
Pd = Pad1Pid1Phd1 (25)

where p,41 accounts for the slope angle contribution to the mass-scale, high-volume avalanching probability
accounting for pys and p;gvalues; pyy1 accounts for the contribution of the slope snow layer thickness to
the mass-scale, high-volume avalanching probability accounting for p,y; and p;svalues; p;41accounts for
the avalanche nucleation zone length (hypotenuse) to the mass-scale, high-volume avalanching probability
accounting for p,4 and py4; pgaccounts for the comprehensive contribution of the slope angle, the avalanche
nucleation area length (hypotenuse) and the slope snow layer thickness to the mass-scale, high-volume
avalanching probability.
The following values are calculated [1, 2]:

1.0—0.9p,
] : (26)

2
Pgd = [Warctg(o.&])

0.71q,if ¢ < 10
dga = @27)
1.65q — 15.79,if g > 10,

where pgqs accounts for the total precipitation contribution to the mass-scale, high-volume avalanching
probability; d,saccounts for the p,y(q) curve shape contribution to the mass-scale, high-volume avalanching

probability.
1-0.05
poa = [(1,97/marcig (014)] 7, (28)

where p,4 accounts for the last 3 h precipitation rate contribution to the mass-scale, high-volume avalanching
probability
poa = [(14/m)arctgo] =17, (29)

where p,; accounts for the wind speed contribution to the mass-scale, high-volume avalanching probability

0,62g,110attip < —0,38g;110 < 13
diog = 1,26gc10attip < —0,38g410 > 13 (30)

Q,Q(grtlo +1,8)attg > —0,3

[(2.0/m)arctg(2.28,10)] 1214 at tyg < —0.3and g, 110 < 13
Proda = { [(2.0/m)arctg(2.9g, 110)] 0% at g < —0.3and gr110 > 13 31)

(2.0/m)arctg[11.7(g, 110 + 2,3)] at tio > —0.3

where d;jos accounts for the p;104(g,+10) curve shape contribution to the mass-scale, high-volume avalanch-
ing probability; p;jos accounts for the 10-day average snow temperature gradient contribution to the mass-
scale, high-volume avalanching probability

(2.0/m)arctg(g,+ —9.2)att < —0.3

Pra = , (32)
(2.0/m)arctg(grt + 13.8)att > —0.3

where p;; accounts for the contribution of the snow temperature gradient over the entire snow-on-slope
period to the mass-scale, high-volume avalanching probability

1-0.07p,
proa = |(1.95/m)arctg (hg"l)} ‘ , (33)

where pjos accounts for the contribution of the initial show layer thickness to the mass-scale, high-volume
avalanching probability
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(2,0/m)arctg(0,177)att < —0,3
dig = , (34)
(2,0/m)arctg(2,447)att > —0,3

where d;; accounts for the contribution of the snow-on-slope period to the mass-scale, high-volume avalanch-
ing probability; 7 is the snow-on-slope period.

The snow condition grade in terms of affecting the mass-scale, the high-volume avalanching proba-
bility is [1, 2]:

4y = pégl—%afcfg(OAPod+dqdpqd+Pud+drdpzd+017ph0d+dz10dpz10d)] ’ (35)

where qg is the snow condition grade in terms of affecting the mass-scale, high-volume avalanching proba-
bility.

If q; > 0.9, then the forecast is “mass-scale, high-volume avalanching is expected covering 10 to
50% of the avalanche catchment area” [1, 2]. For the second day, the forecast is “unstable snow cover,
large-scale avalanches expected covering 10 to 50% of the avalanche catchment area” [1, 2]. For the third
day, the forecast is “unstable snow cover, small avalanching is expected covering up to 10% of the avalanche
catchment area” [1, 2].

If q4 < 0.9, we should check if the snow layer is unstable (avalanches are not guaranteed in this
case.)

Possible snow cover instability is estimated as follows.

First, the values [1, 2] are calculated:

Pa = Pais (36)

P = piis (37)

] 2.3 [1+3.2(22.0—1004)]

pr = |(2/m)arctg(4.8h'8) , (38)

where p, accounts for the slope angle contribution to the snow cover instability; p; accounts for the
contribution of the avalanche nucleation zone length (hypotenuse) to the snow cover instability; p, accounts
for the contribution of the slope length (hypotenuse) to the probability of snow cover instability.

Then we estimate the comprehensive contribution of the slope angle, the avalanche nucleation area
length (hypotenuse) and the slope snow layer thickness to the probability of snow cover instability. For this
purpose the values are calculated [1, 2]:

Dol = pcly—o.43p1—0.47ph’ (39)
—0.49p,—0.49

i = py, 08 (40)
1-0.13p.—0.08

pn=p, = P (41)

P = Pa1Pi1DPh1s (42)

where p,jaccounts for the slope angle contribution to the probability of snow cover instability also taking
into account the values of ;, and p;; py1 accounts for the slope snow thickness contribution to the probability
of snow cover instability also taking into account the values of p, and p;; p;1accounts for the contribution
of the avalanche nucleation area length (hypotenuse) to the probability of snow cover instability taking into
account the values of p, and py; p accounts for the comprehensive contribution of the slope angle, the
avalanche nucleation area length (hypotenuse) and the slope snow layer thickness to the probability of snow
cover instability.
The following parameters are then determined:

(2.0/m)arctg(0.12q) at g < 11

Pg = , (43)
[(2.0/m)arctg(q — 10.968)] 17098 414 > 11
g(q q
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(2,0/m)actg(q/14,0)atq < 11
14.6atq > 11

where p, accounts for the total precipitation contribution to the probability of snow cover instability; d,
accounts for the p,(q) curve shape contribution to the probability of snow cover instability.

13\ 1-0-05p
Po = [(1.97/w)arctg (o ' )} , (45)
where p, accounts for the last 3 h precipitation rate contribution to the probability of snow cover instability

Poo = [0.96 + 18.36(2.0/7) arctg (1100d;)] arctg [(v/3.2)'7], (46)

12(5.6—0)

Pv = 0'951+e Poo, (47)

where p, accounts for the contribution of the last day wind speed and snow layer thickness variation to the
probability of snow cover instability; d;, is the snow layer thickness variation for the last day, m.

1-0.07p
pro = [(1.95/m)arctg (hg“ﬂ , (48)

where pyo accounts for the contribution of the initial show layer thickness to the probability of snow cover
instability

{(1.98/) arctg[4.2(g.110 — 16.3)]} 717 at g < —0.3 and g0 > 16.3
Pro = 0.074(1.98/7) arctg[1.4(g,110 — 16.3)] attip < —0.3and g,410 < 16.3 (49)

{(2.0/7) arctg[4.8(g 110 + 13)]} 709 at £y > —0.3

where p;1g accounts for the last 10 day-average temperature gradient contribution to the probability of snow
cover instability

16.O%arctg(0.00177-) att < —0.3and g, > 9.6
dy = 0.9%arctg(0.00067) att < —0.3andg;s <9.6 (50)
9.0%arctg(7) att > —0.3

where d; accounts for the contribution of the initial snow-on-slope period to the probability of snow cover
instability
2larcig[4.6(gy — 8.6)]}10709% if gy > 9.6 and t < —0.3

P Uarcigl1.1(gn —9.6)],if g« < 9.6andt < =03 b

2arctg[3.8(g +6.0)],if t > —0.3

where p; accounts for the contribution of the snow temperature gradient to the probability of snow cover
instability [1, 2].
The snow condition grade in terms of affecting the probability of snow cover instability is
2
Q= pl—%arctg(0,4po+dqpq+pv+d;p;+0.7pho+12.3p“0). (52)
where q is the snow condition grade in terms of affecting the probability of snow cover instability.

Then the avalanche danger is evaluated based on the experimental data. Pattern recognition methods
are used. The basic training sample is:
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6 49

1126.00.9 163 0.5120.0 11.0
2011.00.3290.570.0 0.0
3115004 0.30.032.01.0
4116.00.51.00.2096.02.0
5010.00.2 2.3 0.4 40.0 0.0

6 038.02.0 14.1 0.1 90.0 10.0
71420221.81.1101.07.0
809.003200454.01.0
9013.00.20.00.0120.00.0
10 142.0 1.8 7.9 0.6 37.0 12.0
11 135.01.87.30.854.03.0
120 13.0 0.2 0.9 0.1 80.0 1.0
13114.00.3 1.1 0.025.020
14 0 14.0 0.4 2.9 0.6 160.0 1.0
15138.00.21.30.280.05.0
16 1 14.0 0.3 0.7 0.0 50.0 0.0
17 0 10.0 0.2 0.8 0.0 130.0 0.0
18125.01.593 1.9 80.0 8.0
19117.0 0.3 0.6 0.0 85.0 1.0
200 11.0 0.1 0.7 0.0 120.0 1.0
21132.0 1.4 24.1 0.2 70.0 4.0
22011.00.32.90.540.00.0
23114.0 0.3 2.1 0.3 70.0 0.0
24019.003230.56501.0
25142.01.714315115.09.0
26 115.0 0.4 0.8 0.0 50.0 0.0
27011.00.12.80.057.01.0
28 138.02.116.51.676.05.0
29010.00.21.40.02502.0
300 17.0 0.2 1.1 0.3 130.0 0.0
31 019.0 0.1 0.0 0.0 133.0 3.0
32140.02.1810.270.011.0
33011.00.1 1.0 0.0 130.0 0.0
34114.00.31.00.090.0 1.0
35017.0 0.3 0.2 0.0 150.0 1.0
36 153.01.3740.6137.01.0
37115.00.2280.223.020
38 012.0 0.3 0.4 0.0 60.0 12.0
3909.00.3 2.6 0.6 30.0 1.0
40 015.0 0.2 2.9 0.0 60.0 0.0
41131.02.219.50.0 87.0 14.0
4209.00.22.00.529.00.0
43042.02.1640.6 115.0 13.0
44 1 26.02.0 4.4 0.4 86.0 4.0
45114.00329 0.6 58.0 1.0
46 0 11.0 0.1 0.0 0.0 95.0 2.0
47 040.02.013.40.1 98.09.0
48 011.0 0.3 0.4 0.0 63.0 0.0
491 36.02.210.2 1.2 49.0 6.0

The first line contains the number of points and the number of variables. Each subsequent line
contains point number, the situation code (0: no avalanche, 1: avalanche), slope angle (degrees), slope snow
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thickness (m), total precipitation over the last 24 h (mm), precipitation rate over the last 3 h (mm/h), slope
length (hypotenuse), (m), wind speed (m/s.)

The sample can be supplemented with experimental data for a specific area.

Two pattern recognition algorithms were used [3]. In the first one, the separating surface passes
through the midpoint of the line connecting the centers of scattering perpendicular to it. The second select
selects the closest point.

p. values are estimated to reduce the fuzziness:

14+1.05u1 +1.05u9
14+1.05w +1.05wg (53)

paqu ’

and
* 1—pg)/1.1
pi=py P (54)

When the first algorithm identifies avalanche danger, then u; = 0 and w; = 0.5. When the first
algorithm identifies no avalanche danger, then u; = 0.5 and w; = 0; when the second algorithm identifies
avalanche danger, then uy = 0 and wy = 0.5, when the second algorithm identifies no avalanche danger, then
ug = 0.5 and wy = 0.

If p, > 0.32, then the snow is unstable. Otherwise, there is no avalanche danger.

If p, > 0.32 and p*, < 0.9, the next day forecast is “unstable snow cover, small avalanching is
expected covering up to 10% of the avalanche catchment area”. If p, > 0.32 and p*;, > 0.9, the next
day forecast should be “unstable snow cover, large-scale avalanching is expected covering 10to 50% of
the avalanche catchment area”, and for the second day the forecast should be “unstable snow cover, small
avalanching is expected covering up to 10% of the avalanche catchment area”.

If the day-average temperature exceeds 0.4 °C, and the snow thickness exceeds 0.52 m, i.e. 65°
> «a >15% and 1 > 60 m, the next day forecast is “unstable snow cover, large-scale avalanches expected
covering 10 to 50% of the avalanche catchment area”. For the second day, the forecast is “unstable snow
cover, small avalanching is expected covering up to 10% of the avalanche catchment area”.

If the day-average temperature exceeds -0.2 °C, 0.52 m > h >0.22 m, 65°> o > 15° and 1 > 6
m, the next day forecast is “unstable snow cover, small avalanches expected covering up to 10% of the
avalanche catchment area”.

The snow layer thickness used shall be reduced by the thickness of the top layer with its snow
density exceeding 430 kg/m3.

The seismic load is accounted as follows [2]. As the simulation shows, the avalanche danger during
an earthquake does not change, if we use the following values instead of h and q:

hs = ks [h - (1 - pelkpke)h430] ) (55)

4s = q + Pel e, (56)

where hy3g is the snow layer thickness starting at the Earth surface with its density exceeding 430 kg/m?3,
Pe; is the probability of I points (MSK-81 scale) earthquake

6.906
k,= garcz,‘g {0.0000149- [] . (910>] } , (57)
T P430

2 —9 79438

ke = —arctg(3.972 - 1077 - [7%°°), (58)
T
latl <5

ks =< 1+02p,;(I —5)atd5<I<8 , (59)

14+0,32p.;(I —5) atl > 8
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Oatl <5
Ge =< 4.4 —5)atb<I<8 , (60)

16.2(/ —5)atl > 8

where I is the earthquake intensity at the Earth surface (MSK-81 scale), p430 is the average density of the
snow layer starting at the Earth surface with its density > 430 kg/m3.

To further refine the avalanche forecasting, historical data are also used. Snow thickness, total
precipitation, precipitation intensity, wind speed (max gust) and air temperature for the last 24 hours are
considered. Since the presence of slope snow is required for an avalanche, similar to the almost significant
confidence probability [4], the current value is matched against the past value of 0.95. For the other
parameters, a value of 0.9 is used. It corresponds to a confidence level value of 0.9, which is feasible in
real life [5].

A decision whether a particular situation is similar to one of the avalanche dangers that occurred in
the past is based on the balance of probabilities standard [6]. It means that the fact is proved if, with the
evidence presented, it can be concluded that the fact rather occurred than not. Therefore, to identify the
slope snow condition as similar to one of the past avalanche dangers, the snow thickness and any other two
parameters are required to match it.

Table 1
Avalanche Danger in the Trans-Kam Area in November 1998
Date 7,h | g;mm | oomm/h | vym/s | gymm | h[m] | t4[°C] | Avalanching
10.111998 | 24 3 0 1 0 0.03 -6.0 -
11.111998 | 48 | 0.4 0 4 0 0.07 -6.0 -
12.111998 | 72 0 0 2 0 0.05 -3.1 -
13.111998 | 0 0 0 2 0 0.03 0.4 -
14.111998 0 0 3.6 -
15.111998 0 0 32 -
16.111998 0 0 24 -
17.111998 0 0 2.1 -
18.111998 | 24 | 21.8 1 1 0 0.01 2.1 -
19.111998 | 48 | 14.2 2 2 0 0.02 1.1 -
20.111998 0 0 -0.3 -
21.111998 0 0 -0.1 -
22.111998 0 0 0.3 -
23.111998 0 0 -0.5 -
24.111998 0 0 -1.1 -
25.111998 0 0 -0.2 -
26.111998 0 0 33 -
27.111998 0 0 1.4 -
28.111998 | 24 | 12.1 0 2 0 0.02 0.1 -
29.111998 | 48 0 0 3 0 0.02 -0.3 -
30.111998 | 72 | 25.5 0 1 20.0 | 0.26 -0.5 -

An individual database shall be compiled for each avalanche catchment area. Excel was used for
this purpose. The software can connect to code written, for example, in C++. In this way, the computation
routine and the data storage system are combined, to take full advantage of both C++ Builder and Excel.
Moreover, Excel is quite effective for creating simple databases and has a range of data visualization tools.
Finally, it is easy to use. The general avalanche danger forecasting method can be further adapted to specific
conditions. In some cases, the forecasting can be significantly refined, because it considers various local
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features not taken into account in the generic algorithm. Some abnormal cases which sometimes occur in
highly unusual circumstances are also considered.

Avalanche Danger Trend Forecasting Algorithm

The snow instability grade, mass-scale, large-volume avalanching, or exceptionally high avalanche
danger situations may change in time. As the equations show, any of these functions can asymptotically tend
to one, asymptotically tend to zero, be constant, or oscillate. Accordingly, special functions are required to
approximate their time dependences.

We should also note that it is possible to obtain only a very limited raw data sample, so the
dependency generation method should match the amount of data and the complexity of the resulting function.

In this case, the most appropriate one is the structural risk minimization method providing such a
capability. Besides, [7] describes the use of complex functions in this method as required for estimating the
avalanche danger trend.

Avalanche danger often remains unchanged for a long time. For example, the “no avalanche danger”
situation persisted in the Trans-Kam region in November 1998 for three weeks, as shown in Table 1. In the
table, q; is the expected total precipitation for the next day.

Another example is an almost constant avalanche risk level “unstable snow cover, small avalanching
is expected covering up to 10% of the avalanche catchment area” in January 1999. The data are shown in
Table 2.

Table 2
Avalanche Danger in the Trans-Cam Area in January 1999
T, q, o, v, q; h tog Forecast for this day Avalanching
Date h mm | mm/h m/s | mm | [m] | [°C]
01.01 840 0.8 | 0273 0 0.50 | -15.3 | Unstable snow cover, small avalanching is ex-
1999 pected covering up to 10% of the avalanche
catchment area (as of 31.12.1998)
02.01 864 0 0 1 0 045 | -9.7 Unstable snow cover. Large avalanching is
1999 expected covering from 10% to 50% of the
avalanche catchment area (as of 01.01.1999)
03.01 888 0 0 3 0 040 | -7.5 Unstable snow cover, small avalanching is ex-
1999 pected covering up to 10% of the avalanche
catchment area (as of 02.01.1999)
04.01 | 912 0 0 1 0 0.40 | -5.6 Unstable snow cover, small avalanching is ex-
1999 pected covering up to 10% of the avalanche
catchment area (as of 03.01.1999)
05.01 936 0 0 1 0 040 | -34 Unstable snow cover, small avalanching is ex- | Mass avalanch-
1999 pected covering up to 10% of the avalanche | ing from the
catchment area (as of 04.01.1999) point.
06.01 | 960 0 0 1 0 0.39 | -5.2 Unstable snow cover, small avalanching is ex- | Mass avalanch-
1999 pected covering up to 10% of the avalanche | ing from the
catchment area (as of 05.01.1999) point
07.01 | 984 0 0 1 0 038 | -7.1 Unstable snow cover, small avalanching is ex- | 50 m® snow
1999 pected covering up to 10% of the avalanche | lenticle
catchment area (as of 06.01.1999) Stopped in
the transit zone
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T, g, o, v, q; h tog Forecast for this day Avalanching
Date h mm | mm/h m/s | mm | [m] | [°C]
08.01 1008 | O 0 2 0 038 | -54 Unstable snow cover, small avalanching is ex- | 100 m® snow
1999 pected covering up to 10% of the avalanche | lenticle, catch-
catchment area (as of 07.01.1999) ment area
No. 91 Mass
avalanching
from the point
09.01 1032 | O 0 1 0 0.37 | -4.9 Unstable snow cover, small avalanching is ex-
1999 pected covering up to 10% of the avalanche
catchment area (as of 08.01.1999)
10.01 1056 | O 0 3 7.0 | 037 | -4.6 Unstable snow cover, small avalanching is ex-
1999 pected covering up to 10% of the avalanche
catchment area (as of 09.01.1999)
11.01 1080 | 3.2 036 | 2 0 042 | 24 Unstable snow cover, small avalanching is ex- | Mass avalanch-
1999 pected covering up to 10% of the avalanche | ing from the
catchment area (as of 10.01.1999) point
12.01 1104 | 0 0 3 0 0.40 | -8.9 Unstable snow cover, small avalanching is ex- | Mass avalanch-
1999 pected covering up to 10% of the avalanche | ing from the
catchment area (as of 11.01.1999) point
13.01 1128 | 0 0 1 0 0.40 | -6.6 Unstable snow cover, small avalanching is ex-
1999 pected covering up to 10% of the avalanche
catchment area (as of 12.01.1999)
14.01 1152 | 0 0 2 0 0.38 | -4.9 Unstable snow cover, small avalanching is ex-
1999 pected covering up to 10% of the avalanche
catchment area (as of 13.01.1999)
15.01 1176 | 0 0 1 0 0.38 | -3.7 Unstable snow cover, small avalanching is ex-
1999 pected covering up to 10% of the avalanche
catchment area (as of 14.01.1999)
16.01 1200 | O 0 2 0 0.38 | -5.2 Unstable snow cover, small avalanching is ex-
1999 pected covering up to 10% of the avalanche
catchment area (as of 15.01.1999)
17.01 1224 | 0 0 1 0 0.37 | -4.8 Unstable snow cover, small avalanching is ex-
1999 pected covering up to 10% of the avalanche
catchment area (as of 16.01.1999)
18.01 1248 | 0 0 2 0 0.35 | -4.9 Unstable snow cover, small avalanching is ex-
1999 pected covering up to 10% of the avalanche
catchment area (as of 17.01.1999)
19.01 1272 | 0 0 3 0 0.35| -5.2 Unstable snow cover, small avalanching is ex-
1999 pected covering up to 10% of the avalanche

catchment area (as of 18.01.1999)
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T, g, o, v, q; h tog Forecast for this day Avalanching
Date h mm | mm/h m/s | mm | [m] | [°C]
20.01 1296 | 0 0 2 1 0.34 | -59 Unstable snow cover, small avalanching is ex- | _
1999 pected covering up to 10% of the avalanche
catchment area (as of 19.01.1999)
21.01 1320 | O 0 2 0 0.34 | -6.0 Unstable snow cover, small avalanching is ex-
1999 pected covering up to 10% of the avalanche
catchment area (as of 20.01.1999)
22.01 1344 | 0 0 3 0 0.34 | -6.1 Unstable snow cover, small avalanching is ex-
1999 pected covering up to 10% of the avalanche
catchment area (as of 21.01.1999)
23.01 1368 | 0 0 3 0 0.34 | -6.1 Unstable snow cover, small avalanching is ex-
1999 pected covering up to 10% of the avalanche
catchment area (as of 22.01.1999)
24.01 1392 | 0 0 2 1 0.33 | -8.7 Unstable snow cover, small avalanching is ex-
1999 pected covering up to 10% of the avalanche
catchment area (as of 23.01.1999)
25.01 1416 | 0 0 2 0 0.33 | -8.7 Unstable snow cover, small avalanching is ex- | Two shells
1999 pected covering up to 10% of the avalanche | were fired.
catchment area (as of 24.01.1999) One avalanche
was triggered
26.01 1440 | O 0 2 0 033 | -94 Unstable snow cover, small avalanching is ex-
1999 pected covering up to 10% of the avalanche
catchment area (as of 25.01.1999) -
27.01 1464 | 0 0 4 0 033 | 4.9 Unstable snow cover, small avalanching is ex- | _
1999 pected covering up to 10% of the avalanche
catchment area (as of 26.01.1999)
28.01 1488 | 0 0 3 0 0.33 | -84 Unstable snow cover, small avalanching is ex-
1999 pected covering up to 10% of the avalanche
catchment area (as of 27.01.1999)
29.01 1512 | O 0 3 0 0.33 | -6.9 Unstable snow cover, small avalanching is ex-
1999 pected covering up to 10% of the avalanche
catchment area (as of 28.01.1999)

The fact that the snow was unstable is confirmed by the avalanches on 5.01-8.01, 11.01-12.01 and
the slope process initiation after the shelling of the avalanche catchment area on 25.01.
The risk of avalanches can increase quickly and then decrease. This is shown in Table 3.

catchment area (as of 15.02.1999)

Table 3
Avalanche danger in the Trans-Cam area in February 1999
T, q, o, v, q; h toa Forecast for
Date h mm | mm/h m/s | mm | [m] | [°C] this Avalanching
day
16.02 1944 | 23 | 23 | 4 2 0.57 | -2.2 Unstable snow cover, small avalanching is ex- | -
1999 pected covering up to 10% of the avalanche
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T, g, o, v, q; h tog Forecast for
Date h mm | mm/h m/s | mm | [m] | [°C] this Avalanching
day
17.02 | 1968 | 123 | 0.83 | 4 15 0.67 | -3.6 Unstable snow cover, small avalanching is ex- | -
1999 pected covering up to 10% of the avalanche
catchment area (as of 16.02.1999)
18.02 1992 | 294 | 1.0 | 2 1 0.89 | -2.6 Avalanche danger.  Large avalanching is | Catchment ar-
1999 expected covering 10 to 50% of the avalanche | eas (CA)
catchment area (as of 17.02.1999). The | 43, 49, 75%,
forecast is simulated 83, 87, 91’
generated 100
m® avalanches;
AA 41, 55, 56,
57, 80, 82, 93,
50, 39, 40, 60,
69, 71, 84, 88:
200 m* CA
65, 81: 300
m’; CA 28,
46: 500 m’;
CA 37, 72, 73,
74,91: 1,000
m’; CA 102,
103: 2,000 m’;
CA 35, 67,
70: 5,000 m?;
CA74: 50,000
md
19.02 | 2016 | 5.5 14 | 4 30 0.64 | 4.3 Unstable snow cover. Large avalanching | CA 205 gener-
1999 is expected covering 10% to 50% of the | ated
avalanche catchment area (as of 17.02.1999) 15,000 m®
avalanches;
CA No. 3:
5,000 m®, CA
No. 5: 200 m®,
CA No. 4: 100
m®. 8 shells
were fired, 8
avalanches
triggered
20.02 | 2040 | 31.7| 132 | 8 2 1.27 | -5.7 Unstable snow cover. Large avalanching is ex- | CA No. 91
1999 pected covering 10% to 50% of the avalanche | generated an
catchment area (as of 19.02.1999) avalanche
exceeding
1,000 m?. The
avalanche
blocked the
river and the
road
21.02 | 2064 | O 0 4 2 1.15 | -11.2 | Avalanche danger. Large avalanching is ex- | Twelve shells
1999 pected covering 10 to 50% of the avalanche | were fired. Six
catchment area (as of 20.02.1999) avalanches
were triggered
22.02 | 2088 | O 0 2 0 1.05 | -7.2 Unstable snow cover. Large avalanching is ex- | _
1999 pected covering 10% to 50% of the avalanche
catchment area (as of 20.02.1999)
23.02 | 2112 | O 0 1 0 0.92 | -44 Unstable snow cover, small avalanching is ex- | CA No. 74
1999 pected covering up to 10% of the avalanche | generated a
catchment area (as of 20.02.1999) 2,000 m®
avalanche; CA
No. 103: 500
m3; CA No.

102: 200 m®
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T, g, o, v, q; h tog Forecast for
Date h mm | mm/h m/s | mm | [m] | [°C] this Avalanching
day
24.02 2136 | 0 0 2 8 095 | -2.1 Unstable snow cover, small avalanching is
1999 expected covering from 10% to 50% of the

avalanche catchment area (as of 23.02.1999)

25.02 2160 | 0.13 | 0.13 | 2 0 094 | -3.0 Unstable snow cover, small avalanching is
1999 expected covering from 10% to 50% of the | _
avalanche catchment area (as of 24.02.1999)

26.02 | 2184 | 03 | 03 | 2 3 0.94 | -7.6 Unstable snow cover, small avalanching is ex-
1999 pected covering up to 10% of the avalanche
catchment area (as of 25.02.1999) -

On 18.02 and 21.02 there was a sharp avalanche danger increase which quickly decreased. The
forecasting is confirmed by both the mass avalanches and a successful avalanche triggering.

In particular, the Chebyshev polynomials can be used to describe a constant, increasing, and first
increasing, then decreasing avalanche danger. This is particularly efficient when we should determine
whether the risk of avalanches remains constant.

The Chebyshev polynomials are as follows [8]:

Q =1, (61)
Q1 = x, (62)
Qy = 2x% — 1, (63)
Qs = 4x3 — 3x. (64)

The application of complex functions to the structural risk minimization method is presented in [9].
First, the values of z; = f(x;) are estimated, and then y(z) relation is fitted. We can reasonably choose a
special function to describe the avalanche danger trend.

The snow condition grade in terms of affecting the avalanche danger occurrence can also increase
or decrease asymptotically. The following functions are suitable for describing the dependencies

2
y(x) = —arctg(ax), (65)
T
where a is an unknown coefficient

y(x) = th(ax). (66)

To describe an oscillatory process we can use a function as follows

y(x) = sin(ax + b), (67)

where a, b are unknown coefficients.

As an example, we can analyze the trend of snow condition grade in terms of affecting the excep-
tionally high avalanche danger occurrence from the initial data listed in Table 4. The plot is shown in Fig.
1.

The estimations showed that it is best approximated by function (66). The fitted relation is q;(t) =
0.309t + 0.299th(t/15). Its limit value is less than 0.9, so reaching the exceptionally high avalanche danger
is not expected.

Avalanche Danger Forecasting Software
The asf-3 software can be used to assess avalanche danger. Its initial window is shown in Fig. 2.
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Exceptionally high avalanche danger occurrence vs. time (t: time)

Table 4

t, hours
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Figure 1. Initial dependence for the exceptionally high avalanche danger occurrence
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Figure 2. The asf-3 software initial window
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The software can not only assess the current situation, but assess unstable snow grade, avalanche
danger, and exceptionally high avalanche danger occurrence at different points in time.

To estimate the optimal complex function coefficients, it is generally required to solve a system of
transcendental equations. A modified method described in [2] is used for this purpose. Let us define the
function F(x;, X9,. .., X;). First, random coordinate values are selected: X; = X1, X0 = X9{ ,oo. , Xp = Xp1.
Then the values xo, X3,... , X, are fixed, while x; is changed randomly. After that, the target function vs.
x; relation is found in the specified one-dimensional section with the structural risk minimization method
[10, 11] using a class of Chebyshev polynomials [8]. Then its extremum is identified and the variable value
is fixed. After that, in contrast to the algorithm described in [2], near the point of extremum an interval is
defined. Its start and end points are estimated as

XIN = Ximin + 0.62(X1£1 — X1 min), (68)

Xon = X1E1 + 0.38(X1 max — X1E1), (69)

where x|z is the x| coordinate of the found extremum point, X|,,;, is the start point of the x| range; Xj 4y
is the end point of the x; range, Xy is the new start point of the x; range; xou is the new end point of the
x; range. It is the golden ratio extensively used in various fields [7]. Then the extremum search is repeated
in a new interval, and the value of x; at the new point is fixed.

The procedure is then applied to all the variables using the previously found optimal values of the
preceding variables. The more starting points, the less chance of missing the global extremum [4].

The choice of a structural risk minimization method is governed by the following. Solving the
system of transcendental equations is rather time-consuming, so the number of experimental points in one-
dimensional sections is limited. Besides, as the initial data are fuzzy, the solutions contain some interference.
The problems with developing dependencies from small samples are quite different from the classical
problems of reconstructing dependencies from large samples. The difference is that for a limited sample
size it is required to balance the dependence complexity with the amount of available empirical data.

It is advisable to apply the structural risk minimization method [10, 11]. Its essence is as follows.
If we define a structure within an admissible set of solutions, i.e., a system of nested sets, each of them
containing more and more complex solutions, then along with empirical risk minimization for its elements
there is an opportunity to optimize the estimation quality by structure elements. This makes it possible to
find a solution that gives a better guaranteed average risk minimum compared to a solution that produces
an empirical risk minimum across the entire admissible set.

The structural risk minimization method applications for a given amount of information enables us
to find the optimal number of members of the series that approximates the dependence. An arbitrary choice
of this parameter can lead to a paradox. Suppose we need to reconstruct the dependence y=f(x) from ten
experimental points. In this case, the empirical risk is zero when using the 9th-degree polynomial. However,
the optimal degree of polynomial n can be 1.

With the structural risk minimization method, the regression fitting problem is reduced to minimizing
the following value [10]:

J(k) = I (R)2, (70)

where J(K) is the average risk, I.(Kk) is the empirical risk, k identifies a particular function of a certain class,
Q) is a variable.

As the sample volume increases, the {2 value always tends to one [10], although it differs in each
specific case, if the sample is small, it may deviate significantly from 1. Then a function that produces a
small empirical risk may not yield a small average risk.

There are different classes of basis functions. Chebyshev polynomials are easy to compute and
enable to solve a wide range of dependence reconstruction problems. Besides, their use minimizes the max
error. It is important when there are large errors in the raw data.

Then y(x) is presented as a series

k
y(0) = aiQi(x), (71)

i=0

where «; is the ith expansion factor, Q; (x) is a Chebyshev polynomial of the ith power.
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With such a representation, the empirical risk functional is [10]:

k
[yj - Z @;Q; (Xj)] : (72)

where /¢ is the sample volume.
At a fixed maximum polynomial degree, the ai coefficients when the empirical risk is at its minimum
are calculated by solving a system of linear algebraic equations [10]:

oTd[a] = o7 [y]7, (73)

where @ is a matrix of Chebyshev polynomial values at the points of interest, [y] is a row matrix of the y
values at the points of interest, [«] is a column matrix of the «; factors.

The estimated approximation quality valid for any random sample with the probability 1-n is ex-
pressed as [10]:

J(k) = (74)

Iy
| \/(k+1)[ln(k[?)+l]—lnn ’

where 1-77 is the probability of the estimate (2.2.11) being valid, J(K) is the average risk.

(74) depends on the degree of the polynomial k. The degree at which J(k) is the smallest is the
optimal degree of polynomial approximation. The regression function itself is approximated by a polynomial
of this degree

minimizing the empirical risk functional.

Since Chebyshev polynomials are orthogonal on the interval [-1, 1], if the independent variable
values are not specified within this range, they shall be reduced to it as follows [10]:,

o (xgi —c1)
L 02 ’

where x; is the independent variable values reduced to [-1, 1], Xg; are the initial independent variable values

(Xg max + Xg min)
Cl = 2 )

(xg max — Xg min)

5 ;
where Xg, is the min independent variable value, Xgpq, is the max independent variable value.

It is possible to implement the algorithm with Excel. In the same system, one can create databases
and plot graphs. It should be noted C++ programs can connect to Excel files.

Co =

Conclusion

The mathematical model and software for avalanche forecasting based on RD 52.37.612-2000 Guide-
lines, historical avalanche databases, and avalanche danger trend evaluation ensure acceptable safety in
avalanche-affected areas. They can be used for the planning and implementation of various preventive
measures.
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