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A BSTRACT. ~'[ e t eoro l og i ca l and snow pack va ri ables a re measured on chrono logically ordered sequences 
o f ava lanche and avalan che-free days. Discriminant analysis is used to defi ne a subset of variab les which 
produce an optimal separa tion of the two multivariate group means. Two seasons are identified in each 
o f the yea rs conside red corresponding to periods of dry- a nd wet-snow ava la n ch es, and form the basic 
stra tifi ca tion of ava lanche days in the ana lysis. Days a re stra tified further within each season on the basis of 
magnitude and number or releases. W ea ther a nd snow p a rameters are integrated over variable time steps 
prior to each ava lanche or avalanch e-free day. This introduces a recursive element into the forecast method. 
Preliminary tes ting o f the method points to its potentia l in rea l-time snow ava lanche forecas ting on a regional 
bas is. 

RESU~lIL Previsioll fla!' voie slalisliqlle deJ avalallches de lIeige dall s les mOlllaglles de Sail Juall , Colorado du sud, U.S.A. 
D es variables me((~o ro l ogiques et ni vologiques sont mesurees sur des sequen ces classees chronologiquement 
en j ournees avala nch euses et de non-ava la nche. On utilise une analyse discrim inante pour definir un sous
groupe de \'a ri a bl es qui produi t la mei lleure separa tion poss ible des moyennes de deux groupes multi
vari a bles. Pour chaquc a nncc conside ree d eux saisons correspondant aux p e riod es d'avalanches sech es et 
humides form ent la distinction de base des j ournees ava lancheuses dans I'ana lyse disc riminante. A l' interieur 
c1 e chaq ue sa ison les journees sont c1assees sur la base de I' importance et la nombre d'evenements. L'integra
tio n de paramctres m eteorologiques e t nivologiques pour d es la ps de temps preced ent chaque avalanche ou 
cha que journee sans ava lanche, va ri a bl es, introduit un elem ent n~cursif clans la methode de prevision. L es 
prem iers essais d e la methode montre nt leur poss ibili!(~ dans la prevision des ava la n ches de neige en temps 
reel a u ni" eau d'une reg ion. 

ZUSAMMENFASSUNG. S/alisliJche Vorhersage VOII Schlleelawinell in dell Sail Juall Moulltains, Siid-Colorado, U.S.A. An 
chrQnologisch geol'dn e ten Tagesfolgcn m it und ohne Lawinenabgangen wurden W e tter- und Schneedecken
d a ten gemessen. Zur Bes timmung e inel' Da tcngruppe. mit del' sich eine opt ima le Trennung d el' beiden 
" ie lparamelrigen G ruppcnmittel vornehmen lasst, wurde c ine Selektionsa nalyse benutzt. In j ed em der 
be trachteten J a hre wurden zwei Zeitabschn itte fes tges tel lt . die den Periodcn mit Trocken- und Nasschnee
lawincn entspl'cchc n. u nd d ie den G runda ufba u del' Lawinen tage in del' Selektionsa na lyse bilden. Innerha lb 
d iesel' Abschnitte werden die Lawinentagc a uf del' G rundl age d el' Gleitlange und d el' Zahl del' Abgange del' 
Lawinen untergli edert. Die Integration von \<\'ellel'- und Schneeparametern libe l' veranderli che Z eitschritte 
VO I' j edem T ag, mit od eI' ohne Abgang, flihrt ein rekursives E lement in die Vorhersagemethode e in. Eine 
vorl a ufigc Erprobund del' Methodc c rwe iS! ihre Le istungsfa higkeit fOr a ktuell e Lawinenvorhersagen auf 
c ine l' regionalen G rundl age. 

INTRODUCTION 

The purpose of this paper is to ou tline the structure and operation of a statistical procedure 
for the real-time forecasting of snow avalanches over a part of the San Juan Mountains, 
southern Colorado (Fig. I) . Data from the 1972-73 and 1973- 74 seasons analyzed h ere are 
derived from an ongoing snow avalanche project based in Silverton , Colorado . To ensure an 
accurate timing of events, the analysis is restricted to occurrences along U .S. Highway 550, 
specificall y, the stre tch between the gorge of the Uncompahgre River, south to Coal Bank 
Pass (referred to hcre as Highway 550). This selection does not restrict the application of the 
forecas t method to a wider area within the San Juan Mountains, since this stretch of the 
high way contains over 150 avalanche paths of greatly varying size and activity . Above all , 
the m odel described here is des igned to provide a r egional assessment of avalanche danger 
and is not calibrated for local factors such as slope aspec t. The aspect b ecomes pertinent when 
forecasts a re prepared for individual slide-paths, but is beyond the scope of this paper. 

METHOD 

The snow avalanche season is d efined here to lie between the first and last recorded 
occurrences along Highway 550. Both avalanche and avalanche-free (non-avalanch e) days 
are operationally confined to this season. Within each of the two seasons considered, dry and 
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wet avalanche periods are defined by the transition from dry to wet slides (usually abrupt in 
the San Juan Mountains) based on the U .S. Forest Service slide classification. This parti
tioning of the avalanche season should be important in forecasting since the two types of slide 
appear to depend on different antecedent meteorological and snowpack conditions. 

The forecast method described here is similar to those presented by Judson and Erickson 
(1973) and Bois and others ([ I 975]), in that it is based on linear discriminant functions 
computed from several meteorological and snowpack variables measured on sets of avalanche 
and non-avalanche days. By hypothesis, the sets are regarded as mutually exclusive and the 
purpose of the analysis is to select variables which produce optimal separation of the two sets 
within a given avalanche season. A bi-variate case is illustrated in Figure 2 . 

The method presented here differs from those cited above in two important respects: 
( I) a stratification of avalanche days, stratified by the occurrence of events greater than a 
certain magnitude, is performed in the dry and wet slide seasons, (2) meteorological and snow
pack variables are integrated over different time periods prior to each avalanche or non
avalanche day (Table I). The input variables listed in Table I are based on weather data 
from the snow-study site maintained at Red Mountain Pass (recording precipitation, air and 
snow temperature data) and also from the remote windspeed and direction site at 3 757 m 
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elevation. These remote data are telemetered to Red Mountain Pass through a buried cable 
network (see Figure I for locations). This system provides reliable data on weather and snow 
conditions at an elevation close to that of many avalanche starting zones along Highway 550. 
Also, real-time data summaries can be prepared at Red Mountain Pass, an important con
sideration in numerical forecasting. 

Variable 
/lumber 

2 

3 
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7 
8 
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I1 

12 

13 

Avalanche day D-values 

y 

Discrimi nant 
index 

x 
Fig. 2. J)iscri1llillf1111 fUIIC1io ll ./or (/ IlL'o-groul). lu:o-r'nrinhle case. 

TABLE 1. INPUT VARIABLES 

Description 
Total precipitation over an JV*-day period prior to event or non-event date (mm water 

equivalent) 
Total precipitation in the period from 12.00 h on the day prior to event to 12.00 h on the 

event date (mm water equivalent) 
Maximum 6 h precipitation intensi ty in the period from 12.00 h on the day prior to event 

to 12.00 h on the event date (mm water equivalent) 
Mean 2 h air temperature over an N* day period prior to event o r non-event date (QC ) 
M ean 2 h air temperature during same period as (2) above (QC) 
Maximum 2 h air temperature in same period as (2) above (QC) 
M ean 6 h wind speed over an N * day period prior to event or non-event date (m S- I) 
Mean 6 h wind speed during same period as (2) above (m S- I) 
Maximum 6 h wind speed during same period as (2) above (m S- I) 
Mean temperature gradien t in snowpack, 25- 50 mm depth below surface, over an N * day 

period prior to event or non-event date (QC m - I) 
Mean snowpack temperature at depth 25 mm b elow surface over an N * day period prior to 

event or non-event date (QC) 
Mean snowpack temperature at d epth 50 mm below surface over an N* day period prior to 

event or non-event date (QC) 
Snowpack temperature at depth 25 mm below surface on day prior to event or non-event 

date (QC) 

* N = 2, 3, or 5 d. 
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The stratification of avalanche days by the magnitude of avalanches provides a variable 
operational definition of an avalanche day, although it is constrained by considerations of 
sample size, as indicated in Table 11. The integration of variables over different time periods 
enables the length of the forecast period to be varied recursively to obtain an optimal value. 
In this study, periods longer than five days do not improve the separation of avalanche and 
non-avalanche days. An integration period of, say, ten days, is longer than the interval 
between most avalanche days, so that variables 1,4,7, 10, I I , and 12 (Table I ) will have 
approximately the same values in the avalanche and non-avalanche day groups when this 
time increment is used . 

TABLE 11 . STKATIFICATIO:< OF DRY AND WET AVALANC H E SEASO:<S ACCORDING TO AVALA:<C II E ~AGNITUll E 

StratulII 

Dr)' amlanche season 

I. All days with dry a\·a lanch es. including days with 
artillery releases 

11. Days with natural dry slides greater thall or eq u a l to 
U.S.F.S. magnitude 2t 

Ill. Days with na tura l dry slides, a t least three events 
greate r than or equal to U .S.F.S. magnitude 2t 

IV. Days wi th na tura l dry slides greater than or eq u a l to 
U.S.F.S. magnitude 3t 

~Vet avalal/che seaSOI/ 

\' . All days with wet ava lanch es. including days with 
artillery rel eases 

\'l. Da ys wi th natural wet slid es g reater than or eq u a l to 
U.S.F.S. magni tude 2t 

\ ' 11. Days w ith natural wet slides . a t least three even ts 
grea te r than or equal to U.S.F. S. magnitude 2t 

\ ' 111. Days with natura l wet slides g rea ter than or equa l to 
U.S.F.S. magnitude 3t 

'972 - 73 
.Vlllllber of 

.\ ' . I'ariable" 

60 9 

60 9 

I i <) 

IJ 9 

9 

17 9 

12 <) 

15 9 

'973- 74 
"Vlllllber oJ 

. \ .* I'ariables 

28 1 3 

11 I ] 

1 3 

1 2 9 

8 9 

5 9 

9 

• Number refers to the maximum sample size of the three data integration periods. 
t U. S. Fores t Service (U.S.F.S. ) o rdinal magnitude scale for avalanch e rel eases: I = very small 

avalanche (sluff ), running less than 50 m; numbers 2. 3, 4 and 5 refer , respec tively, to small , m edium. 
large and very la rge, for a particular path. 

The integration of variables over different time steps is performed by a routine which 
requires that raw input variables (e.g. two-hour precipitation a nd temperature d ata) reside 
temporarily on mass storage (disk ) fil es within which calendar months are dem arcated by 
logical records . For each of the three time steps (the two, three, or five days preceding the 
day in question ) a set of variables (Table I ) is computed for each day in a chronologically 
ordered sequence of avalanche and non-avalanche days (Fig. 3). Data are abstracted from 
the disk files by first skipping the requisite number oflogical records on each file , then matching 
the date of an event with the date on each data fil e corresponding to the given time integration. 
If the five-day step is used, for example, the date pointer is positioned five days prior to the 
avalanche or non-avalanche day in question. 

The non-avalanche day set is generally the lenger of the two and is reduced to approxi
mately the sam e length as the avalanche set by random sampling, as proposed by Bois and 
others ([1975] ). Days with missing variables are eliniimrtcd to create a merged output fil e 
which becomes the input file for the discriminant analysis. The random sampling of non
avalanche days reduces the d egree of statistical d ependence which might otherwise exist 
be tween members of this group, due primarily to the persisten ce of a particular weather 

https://doi.org/10.3189/S0022143000021547 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000021547


2 HR. 
PRECIP. 
F ILE 

S T A TI S T I C A L FOR E CAS T I N G 0 F A \ ' A L A N C H E S 

2 HR. I HR. 

A'. WINO 
TEMP. SPE ED 
FilE FI LE 

DA ilY 
SNOW 
TEMP. 
F I LE 

SET 

SEQU ENTI AL 
LIST OF Al l 
STATI ON 152 

AVA L AN CHE 

OCCUR -
Rf NCES 

A 

AVALA NCHE 
DATE 
FI LE 

G E-F 

.. 
0 NON-

~ AVALANCHE .. DATE 
"' z 

"' 
F ILE 

'" "' ~ 

(MISSING DATA 
CASES DE LETE D) 

AVA LANCHE DAY 

NON-AVA L ANCHE 

DAY 

NON-AVA LANCHE 
DAY 

SET 

SET 

I L E S-.j 
.. 
"' REDUCED 
-' 
"- NON-

~ AVA LANC HE 
DATE :> 

~ 
FIL E 

: 

Fig. 3. Information flow during data reduction and discriminant anaiYsi.L 

pattern. Inclusion of a ll avalanche days, on the other hand, raises questions as to the statistical 
independence of days in this group. Dependence m ight develop due to the removal of snow 
from starting zones by previous cycles of instability. This would reduce the likelihood of 
releases in successive days, assuming that the number of releases in a single day is large in 
comparison to the total population of avalanche paths. It is appropriate to discuss this 
question, at least from a qualitat ive standpoint, before proceeding further with the analysis. 

A total of 161 slide-paths have been monitored along Highway 550, many catchment 
basins larger than o. 15 km2 having up to five separate starting zones. This increases the 
sample of potential release zones to about 200. In both seasons considered, nearly 70% of 
a ll avalanche days contain from one to five releases only. Therefore a small fraction of the 
total sample of paths is active on any given avalanche day. Days with 20 or more releases 
occur on roughly 2 % of all avalanche days, leaving well over 150 zones from which releases 
can occur. It is worth noting that on such days, a few slide-paths tend to release more than 
once in twenty-four hours. Often these are paths with starting zones of 0 .05 km2 or less which 
can "recover" quickly from a release due to the rapidity of wind loading in locations close to 
the timber line. With the exclusion of artillery releases, the occurrence of more than one 
event per day on larger slide-paths can be traced to releases from separate starting zones. 
This tendency has led to fatal accidents along Highway 550. 

Many avalanches run to ground as wet slabs during the wet slide season. Since the 
regeneration of the snowpack to the point of instability is unlikely at this time (although 
cannot be ruled out), the fai lure of a large wet slab from a small starting zone p revents this 
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slide-path from avalanching further. This constitutes sampling without replacement and 
reduces the probability of avalanching under otherwise identical conditions. Dependence 
arising from this situation is offset partly by the possibility of more than one release p er day 
from large, complex starting zones. This is effectively sampling with replacement when 
observations are made on a slidepath basis rather than that of a starting zone. As the wet 
slide season draws to a close the sample size is clearly reduced drastically. Although this is 
undesirable from a statistical point of view, it is of little moment in a hazard forecast since 
rapid densification of the remaining snow cover brings about a fairly abrupt cessation of 
avalanching. 

DISCRIMINANT ANALYSIS 

We return to the graphical illustration of the method given in Figure 2. A projection of 
all points is performed such that the Euclidean distance between the two bi-variate means, 
P(XJ"I) and P(X 2 , Y,), is maximized relative to the degree of spread within the projected 
points for each group. Following the notation of Hoel (1971, p. 183) this amounts to 
maximizing the function 

1 = 1 ) = 1 

in which ZI, Zz are the means, respectively, of groups one and two (avalanche and non
avalanche), the i subscript refers to groups and the j subscript to items within groups. In 
Figure 2 the dispersion matrices of both groups are seen to be approximately equal, this 
enables a pooled variance to be formed in the denominator of Equation ( I). Also, the function 
discriminating between the two groups is a straight line, passing through the points of inter
section of corresponding percentile contours in each group. The likelihood ratio is equal to 
unity along this line, since it is the locus of points that have an equal probability of belonging 
to either group. When the dispersion matrices are not equal the function discriminating 
between the two groups is not a straight line; therefore, conventional linear discriminant 
analysis does not produce an optimum separation of groups (Van der Geer, 1971, chapter 18) . 
In a multivariate situation, it is not feasible to perform a graphical analysis into the form of 
the likelihood function in order to assess whether or not the linear discriminant assumption is 
justified. Statistical tests of the equality of dispersion matrices tend to be sensitive to departures 
from normality in their component variables (Hope, 1968, chapter 2). In this study all 
precipitation and wind-speed variables exhibit pronounced positive skewness so that a XZ 

test of homogeneity is likely to give misleading results. A possible solution to the problem is 
to apply non-linear discriminant analysis techniques, although these are rarely applied and 
are beyond the scope of this paper. The text of Van der Geer ( 1971 ) is unusual in that it 
includes a brief treatment of this topic. 

Stepwise discriminant analysis is performed first using program BMD 07 M from the BMD 
Series, University of California, Berkeley. The program is used to define a set of input 
variables S which make significant contributions to the discriminant process. Significance 
testing is based on the value of an F-statistic: 

(N-2-r+I) nln2 F = ·Dz. 
r(N-2)(nl+n,) , 

where N is the total number of cases (nl from group I, n2 from group 2), r is the number of 
variables and D2 the square of the Mahalanobis distance between the two multivariate means. 
A discriminant value D is then assigned to each case in each group from a linear combination 
of the variables in S. The discriminant index Do (Fig. 2) is computed from: 
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i = I 

where Ai is the ith coefficient of the discriminant function and Ai, Ei are the mean values 
of variable i over groups A and B . As Figure 2 indicates, Do may be used to classify a future 
date as either avalanche or non-avalanche by computing a D value from: 

D = AIXI + AzXz+ . .. + ArXr, (4) 

where the A terms are estimated from a previous set of avalanche and non-avalanche days, 
and the X values are input variables such as those listed in Table 1. In a forecast, the ,\ terms 
are treated as constants and the X values are measured on a real-time basis . 

RESULTS 

Results of the discriminant analysis for the 1972-73 and 1973-74 seasons are presented 
under separate sub-headings. This reflects the decision to make no a priori assumptions of 
similarity between the two seasons. An assessment of such similarity is made in the section 
"Efficiency of the forecast method" . 

1972-73 season 

R esults for this season are summarized in Tables Ill, IV and V . Variable numbers 
correspond to those in Table I and are lis ted in their order of entry into the discriminant 
function. Two criteria are used to terminate the list: ( I) the F -value for the significance of 
group separation fall s below the I % level ; (2) the addition of variables does not improve 
group separation. In instances where no variable entered produces a significant group 
separation a t the 1 % level, the first three that are significant at the 5 % level are shown. The 
percentages of misclassified days re fer to the number of D values from, say, group I , that lie 
on the group 2 side of the discrimina nt index (Fig. 2 ). 

Comparisons based on the first four strata of Table Il are summarized in Table 11 1. In 
each case, varia bl es are integrated over five-, three- and two-day periods prior to each 
avala nche and non-a valanche day. In line one of Table Ill , an avalanche day is defined very 
broadly by the occurrence of at leas t one slide of a ny m agnitude a long Highway 550, irres
pec tive of whe ther the releases were natural or triggered by artillery. The high percentage 
of d ays misclassified in the first three lines of this ta b le is probably due to the assignment of 
equal weight to a ll a valanche days . For example, many of the sixty avalanche days in the 

r. 
2 . 

3· 
4 · 
5· 
6. 
7· 
8. 
g. 

10. 
I r. 
12. 

TABLE Ill. SUMMARY OF DISCRIMI NANT ANA LYSIS: DRY SLIDES, 1972- 73 

Percentage of days misclassified 

S tratulII N umber of Avalanche 
(see Table 11 ) days prior Order of entry of variables days 

I N = 60, 57* 5 3, 4, 5, 6 53 
I N = 58,57 3 3, 1,5, 4,6 45 
I N = 60,58 .> 3, 5, 6,4, I +8 

Il N = 60,57 5 3, 4,5,6 53 
IJ N = 58, 57 3 3, 1, 5, 4 , 6 45 
Il N = 60, 58 2 3,5, 6, 4 , I 48 

lIT N = q , q 5 2t, gt, 7t 53 
III N = q , 17 3 2t, I t, 4 t 38 
III N = 17 , 17 z 2t, gt, 7t 53 
IV jlf = 13, 13 5 8, 1,3, 9 23 
IV N = 13, 13 3 8, 2,5 38 
IV ,,\ ( = 13, 13 2 8, 2, 5 3 1 

* Nu m b ers refer to avala nch e a nd non-avala nch e d ay samples respec ti ve ly. 
t FO• Q5 < F < Fo.QQ • Absence o f a dagger indicates F > Fo.QQ • 

.Von-avalanche 
days 

19 
30 

28 
19 
30 
28 
18 
13 
6 
8 
8 
8 
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TABLE IV. SUMMARY OF DISCRIMINANT ANALYSIS: WET SLIDES, 1972-73 

Percentage of days misclassified 
Stratum Number of Avalanche Non-avalanche 

(see Table Il ) days prior Order of entry of variables days days 
I. V N = 22, 10* 5 No significant F-values 
2. V N = 24, 10 3 1,6 2 I 20 
3· V N= 24,11 2 6, 1,8,9 21 18 
4· VI N = 17,10 5 6t, It, 7t 18 25 
5· VI N = 19,11 3 6t, 1,8 ID 18 
6. VI N = 19,11 2 5f. 1,4,8 16 18 
7· VII N= 10, I I 5 5t, 9t, 8 ID 20 
8. VII N= I I, 10 3 5t, 1,2 18 ID 
9· VII N = 11, I1 2 5t, 1,8 0 0 

10. VIII N = 13,10 5 3, 8 8 30 
II. VIII N = 13, ID 3 6t, 1,4 3 1 40 
12. VIII N= 14,11 2 6t,4t,5t 14 18 

* Numbers refer to avalanche and non-avalanche day samples respectively. 
t Fa •9s < F < Fa•99• Absence of a dagger indicates F > Fa.99• 

first line involved only one event, whereas others had ten or more releases. This is a situation 
in which inequality of dispersion matrices is likely to occur and thereby affect the outcome of a 
linear discriminant analysis. The conditions which lead to an avalanche day having only one 
event are likely to be quite different from those which lead to days which involve a major 
avalanche "cycle". In contrast, the null condition of non-avalanching does not constitute a 
mixed population. The stratification of avalanche days according to the magnitude of releases 
provides a more precise definition of an avalanche day and therefore alleviates the problem 
of gross inequalities in dispersion matrices. 

The importance of maximum six-hour precipitation intensity (variable 3, Table I) is 
indicated in each of the three time integrations in lines I-3 in Table Ill. An optimum 
separation of avalanche and non-avalanche days is achieved by a three-day integration of 
meteorological variables, with the total water equivalent over this period being of secondary 
importance. (A strict physical significance cannot be assigned to the ordinal position of a 
variable in the linear combination of terms, since its inclusion at a given step of the analysis 
is contingent upon the variables already in the discriminant function.) Snowpack variables 
are not included in the I972-73 analysis due to discontinuities in the data record. 

The sample of days with events of magnitude greater than two on an ordinal scale of five 
contains the same dates as lines I-3; accordingly the results are identical. The operational 
definition of avalanche days on the basis of at least three events of magnitude two (lines 7-9, 
Table Ill) reduces the bias caused by assigning equal weights to days irrespective of the 
numbers of occurrences. Also, artillery releases are excluded since they may not be related to 
the same linear combination of antecedent weather conditions used to predict natural releases. 
None of the three time steps produce significant group separation at the I % level but, apart 
from the three-day integration in which precipitation variables are again prominent, the 
degree of separation achieved is notably better than in the first three unstratified comparisons. 

TABLE V. SUMMARY OF DISCRIMINANT ANALYSIS: DRY AND WET SLIDES, 1972- 73 

Comparison 
I. Dry slides versus wet 

slides 
(N = 30,22)* 

2. Same (N = 30, 24) 
3. Same (N = 30, 24) 

Number of 
days prior Order of entry of variables 

5 4, 5 

3 5, I 

2 5,7 

Percentage of days misclassified 
Dry avalanche Wet avalanche 

days days 

o 5 

o 
3 

8 
4 

* Numbers refer to dry- and wet-avalanche day samples respectively. 
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In lines 10- 12, a stratification of days by the occurrence of at least one event of magnitude 
three provides an even better separation of groups although it is based on a reduced sample 
of only 17 avalanche days. Separation is best at the five-day step and suggests tha t wind 
redistribution of snow in the 12 h to 24 h period preceding an event (variable 8) is an im
portant physical cause of larger releases, given that precipitation totals over the previous four 
days have been high (variables I , 2 and 3). These two factors are a cknowledged to be 
important contributors to large dry avalanches by practitioners of the more traditional 
m e thods of avalanche forecasting. Most of the snow falling during the 12 h to 24 h p eriod 
prior to an event would be available for transporta tion, since sintering and densification 
probably require a somewhat longer time. However , the rates of operation of both processes 
vary markedly with aspect in the San Juan Mountains (Iat. 37°- 38° N.). 

The stratification of wet slides (produced by the failure of an isothermal or quasi-iso the rmal 
snowpack) in Tablc IV follows that for dry slides in Table Ill. Two notable differences are: 
( I) sample sizes are' smaller in Table IV due to the shorter duration of the wet season; (2) the 
d egree of separa tion of avalanche and non-avalanche d ays is generally clearer in the we t slide 
season. In all but two of the comparisons in Table IV, antecedent air temperature (variables 
5 and 6) is the first variable entered into the di sc riminant function. As with dry slides, 
stratification by m agnitude improves group separation although this is at the expense of 
sample size. Under isothermal snowpack conditions, the mean and maximum two-hour air 
temperatures in the 12 h to 24 h period prior to an avalanche day appear to be the prime 
de terminants of releases. These variables may provide a n index of the quantity of free water 
in the snowpack and hence a measure of progress ively reduced cohesion. The secondary 
importance of precipitation within the five- and three-day integrations suggests that releases 
are due to an increase in shear stress applied to a snowpack already w eakened by the presence 
of interstitial melt water. 

The comparisons in Tables III and IV are based on avalanche versus non-avalanche d ays . 
. -\s noted above, the dry and we t slide periods produce substantially different discriminant 
fun c tions. They are seen to be clearly sepa rable in Table V where both dry and wet avalanche 
days are discriminated. For this reason , forecas ts could be seriously in error if the dry slide 
discriminant fun c tions were applied beyond the tra nsition date between the dry a nd wet 
seasons. Since thi s appears to vary by as much as a month from year to year in the San Juan 
Mountains, both se ts of discriminant fun ct ions would need to be used from, say, I March 
until the onse t of the " spring" or wet slide cycle. Th e m e thod is outlined in Figure 4, in which 
a non-avalanche fo recast at step 3 implies that either ( I) wet slides are likely to occur ; o r , (2) 
neither dry nor we t slides a re likely. Complications a ri se when a rapid transition to we t slides. 
brought on by a sudden warm trend , is followed by about a week of soft-slab dry re leases . 
followed in turn by a second rapid transition to wet slab or wet loose avalanches signifying 
the commencement of the wet slide season proper. For thi s reason, both sets offunctions would 
need to be applied until a few days of continuous we t slide activity have occurred. 

[973- 7-1. seasoll 

The numbers of comparisons in Tables VI and V II are fewer than in the previous season 
due to a much smaller sample of avalanche days w ithin the dry slide period (Tabl e 1I ) . 
R esult s of the unstratified comparisons within the dl-y season are broadly similar to those of 
the previous season. Precipitation statisti cs in the 12 h to 24 h period preceding rel eases are 
again of prime importance in group separat ion. T he percentage ofmisclassifications is notably 
lower in the 1973- 74 season , although these figures might have been higher had the sample of 
avalanche days been larger, since a wider range of conditiollS ,,·ould have occurred . 

Unlike the 1972- 73 season, stratification on the basi" of magnitude two improves group 
separation. Prec ipitation totals over the 12 h to 24 h period prior to releases arc again 
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TABLE VI. SUMMARY OF DISCRIMINANT ANALYSIS: DRY SLIDES, 1973-74 

Percentage of sample 
misclassified 

Stratum Humber of Avalanche Non-avalanche 
(see Table Il ) days prior Order of entry of variables days days 

I N = 24,30 . 5 2,4,5, 12 37 17 
I N = 2B, 32 3 2,4,5 46 12 
I N = 2B, 32 :2 2, B, 4 39 10 

II N = 21,30 5 2, 4, 5, 12 2B 13 
II N = 25,32 3 2,4,5, 13 36 13 
II N = 25, 32 2 2, B, 7, 4 32 9 

III 2, 3, 5 Insufficien t sample size 
IV 2,3,5 Insufficient sample size 

• Num bers refer to ava lanch e and non-avalanche day samples respectively. 

TABLE V II. SUMMARY OF DISCRIMINANT ANALYSIS: WET SLIDES, 1973- 74 

Percentage of sample 
misclassified 

Stratum N umber of A valanche 
(see Table Il ) days prior Order of entry of variables days 

V N = 12, 14· 5 Bt, 2t, 5t 17 
V N = 12, 14 :3 Bt,2t,5t 17 
V N = 12, 14 2 Bt, 2t, 5t I7 

VI 2,3,5 Insufficient sample size 
VII 2,3,5 Insufficient sample size 

VIII 2, 3, 5 Insufficient sample size 

* Numbers refer to avalanche and non-avalanche day samples respectively. 
t FO•95 < F < FO.99• 

Non-avalanche 
days 

36 
36 
36 
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important and are reflected in the number of "direct-action" soft-slab releases within this 
season. Although the importance of variable 2 in Table VI can be related to slope loading, 
the interpretation of air temperature is less clear. Precipitation periods in this season are 
generally associated with a rise in air temperature due to synoptic factors and local latent heat 
releases. A rise in air temperature concurrent with slope loading may increase the rate of 
secondary creep in new and old snow, provided that rapid densification and stabilization have 
not taken place already. This assertion is supported by the observed temperature dependence 
of the strain-rate and elastic moduli of snow (Bader and Kuroiwa, 1962, p. 3 I ; Mellor, 1968, 
p.28). 

Only one set of comparisons is listed for wet slides in Table VII, since in other stratifications 
the number of cases is less than the number of variables (Table 11 ) . No physical significance 
can be attached to variable 8 (m ean wind speed in the preceding 24 h) since its average value 
is lower on avalanche days, indicating a higher wind-loading potential on non-avalanche 
days in this instance. 

The direct comparison of dry and wet slide days in Table VIII in large measure reproduces 
the results of the previous season and underlines the need to tes t both sets of equations near 
to the transition date . All the prediction func tions are empirically derived , and therefore may 
not be used legitimately outside their domain . 

TA BL E VJI!. SUMMARY OF DISCRIMINANT ANALYSIS: DRY AN D WET SLIDES, 1973- 74 

Percentage of sample 
misclassified 

N umber of Dry-avalanche Wet-avalanche 
Comparison days prior Order of entry of variables days days 

I. Dry slides versus we t 
slides 5 5, 2 , 1,5 0 0 

(N = 15, 12 )* 
2. Same (N = 15, 12 ) 3 4,9, I 7 3 
3· Same (N = 15, 12 ) 2 4, g, I 13 8 

* Numbers refer to dry- and wet-avalanch e d ay samples resp ec ti vely . 

EFFICIENCY OF THE FORECAST METHOD 

The use of an empirically d erived forecast model requires that a broad similarity in 
avalanche controls exists from year to year. The constraint is tes ted here by using the 1973- 74 
data as a test set for the 1972- 73 discriminant functions. In most of the dry-slide comparisons 
in Table IX non-avalanche days are predicted more accurately than avalanche days. 
Although the tes t samples in lines 7- 9 are small, the prediction of days with at least three 
slides of magnitude two or greater is seen to be much more accurate than the predictions in 
lines 1- 3 and 4- 6. Also indicated in Table IX are the numbers of misclassified dry avalanche 
days, on which two or less events occurred, expressed as a percentage of the total sample of 
days in a given stratification . When allowance is made for these days, the discriminant 
functions a re seen to provide tol erably accurate predictions on days having several events. 
The 1972- 73 functions are useful in evaluating avalanche hazard , in that major cycles which 
pose a threat to surface transporta tion are distinguished from non-avalanche days. 

The predic tion of wet slides in the 1973- 74 sea son (Table X ) shows a sharp reduction in 
the number of misclassified avalanche days at the two-day integration, although this is based 
on a sample of only twelve days. The numbers of misclassified non-avalanche days are large 
in both the two- and three-day integrations. 
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TABLE IX. PRE DICTION OF 1973- 74 DRY AVAL ANCH ES 

Percentage of days misclassified 

StratuTII Number of A valanche days, Non-avalanche 
(see Table II ) days prior Avalanche days .;;: 2 events days 

I N = 24, 30* 5 37 25 27 
I N = 28, 32 3 36 21 22 
I N = 28,32 2 43 29 22 

II N = 21, 30 5 33 24 27 
II N = 25, 32 3 32 24 22 

11 N = 25, 32 2 40 28 22 
III N = 11 , 11 5 0 27 
III N = 13, 13 3 8 23 
III N = 13, 13 2 8 15 

* Numbers refer to avalanche a nd non-avalanche day samples respectively. 

TABLE X. PREDICTION OF 1973-74 W ET AVALANCHES 

Percentage of days misclassified 

Stratum 
(see Table II ) 

VN = I2,14* 
VN = I2,14 

Number of 
days prior A valanche days 

3 
2 

50 
25 

Avalanche days, Non-avalanche 
';;: 2 events days 

25 43 
8 57 

* Numbers refer to avalanche and non-avala nche day samples respectively. 

CONCLUSION 

Variables 
used 

3,4,5,6 
1, 3,,4,5,6 
1,3,4, 5,6 
3,4,5,6 
1,3,4,5,6 
1,3, 4, 5,6 
2 , 7, 9 
1,2, 4 
2, 7,9 

Variables 
used 

1,6 
1,6,8,9 

The results of the preceding section indicate that the prediction of avalanche days using 
discriminant functions which are derived from a previous season requires a stratification of 
avalanche events by slide type and magnitude. The overall level of accuracy indicates that 
the method is generally most effective in predicting days that have at least three events 
greater than or equal to magnitude two. Since this type of day often has several soft-slab or 
wet-slab releases, many of which can reach the highway, the method may be used to assess the 
overall hazard along the highway at a given time. 

Although a strict physical interpretation cannot be placed on all terms in the discriminant 
functions, nevertheless they serve as a starting point for r eal-time forecasting, using primarily 
meteorological variables. During subsequent seasons, forecasting will probably be based on 
discriminant functions d erived from the observations of several preceding seasons. To date, 
the use of a single critical value, or discriminant index, to determine the status of a given day 
has possessed the obvious merit of simplicity in a field situation. In future applications, it is 
anticipated that estimates will be made of the probability of any given day belonging to each 
stratum of events in Table 11. 
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