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ABSTRACT. Classification of meteorological conditions accompanying slushflow
occurrences is attempted. Days with mean daily air temperature above O°C have been
chosen for the analysis. Each day has been described with a set of meteorological
parameters. Multivariate statistical methods have been used to derive rules for
discrimination of "slushflow" and "non-slushflow'' situations based on these parameters.
The linear discriminant analysis and Bayes' rule have been applied to data for the Khibini
Mountains in Russia and mountainous regions of Norway. The results obtained show that
snow depth and total water supply have a statistically sufficient difference between the two
situations to enable them to be used for relatively reliable recognition of such situations.
Classification accuracy is better than 75% for both types of situation. Transformation of the
classification method into a forecast method is discussed.

INTRODUCTION

The use of statistical methods for avalanche forecasting is
very common. In most cases methods of statistical
classification are applied, but they have never been used for
slushflow forecasting. The limited data available, due to
modest international research on slushflows, is the main
obstacle for establishing such methods. There are,
however, more or less complete data on slushflow
occurrences and accompanying meteorological conditions
for the Khibini Mountains in the Kola peninsula, North
West Russia and from the fjord and valley districts of
Norway. Although the amount of data from each region is
not enough for statistical methods, it is alluring to combine
data from the two regions to obtain a larger statistical
sample.

The main problem is to identify parameters which
describe the weather conditions in such a way that it is
possible to consider "slushflow situations" and "non-
slushflow situations" in different regions as samples from a
common parent population. Characteristic parameters for
such descriptions were chosén based on previous studies by
Hestnes and others (1994). Standard meteorological
information was used to describe the situations. The
methods were established for the Khibini Mountains and
tested on data from West and North Norway.

METHODS

The linear discriminant analysis and direct application of
Bayes' rule were chosen for classification of situations with

mean daily air temperature above O°C into "slushflow" and
"non-slushflow" situations.

Discriminant analysis

There are some models for avalanche forecasting based on
the discriminant analysis technique (Bois, Oblead and
Good, 1975; Oblead and Good, 1980; McClung and
Tweedy, 1994). The same approach used for classification
of situations into "avalanche" and "non-avalanche" by
Chernouss (1975) is applied in this work. Each situation is
described by a set of parameters - X¡, ... ,Xn or vector x -
belonging to one of two classes: S - "slushflow" or N -
"non-slushflow". It is assumed that parameters in the two
classes are normally distributed, have the same variance-
covariance matrices - L, and different vectors of
expectations - ¡.t(S)and ¡.t(N).

Discriminant analysis seeks a linear function of the
parameters:

Ps(x) lIn -- = x' L-I(¡.t(S)_¡.t(N))- - (¡.t(S)+¡.t(N)),L-I (¡.t(S).¡.t(N»)(1)
PN(x) 2

Where: psex) and PN(x) are density probabilities for S and
N classes respectively.

According to Anderson (1958) the domains of the best
classification are determined as:
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Where: Pï S) and peN) are a priori probabilities of
"slushflow" and "non-slushflow" situations; and: ceS/N)
and ceNIS) are values of losses due to misclassification of
situations from N and S classes respectively. "Best classifi-
cation" means that which gives minimal average losses.

The inequalities (2) and (3) are linear functions of the
parameters describing situations

"'IXl+...+À"xn+b 2 O (5)

"'IXl+...+À"xn+b < O (6)

So, if the evaluations Il(S), Il(Nl,L are made and coefficients
"'l .... À" and b obtained on the basis of available samples,
each new situation X should be related to class S if
"'IXl+...+À"xn+b 2 Oor to class N if "'IXl+...+À"xn+ b <O.

Discriminant analysis can easily be carried out using
different statistical software, for example with Statgraphics,
SPSS, Stadia etc.

Bayes'rule

The method was applied similarly as for diagnostics of
avalanche situations (Zuzin, 1989).

Bayes' rule provides an opportunity for reevaluation of
probabilities of hypotheses, which form a complete group of
incompatible hypotheses, if certain events Xkhave occurred.
Events Xkcan be the result of measurement or calculation.
Below this rule is applied for the pair of hypotheses: S-
"slushflow situation" and N - "non-slushflow situation" and
can be written as:

PSI )
_ P(S)P(x¡, ...,xn/S)( Xl...Xn --'-_::___c'--'-'...-'-.!!...._-'-- _

P(S)P(X¡' ..'Xn I S) + P(N)P(X1' ..'Xn I N)
(7)

where: P(S/Xl, ...,Xn) is the conditional probability of
"slushflow situation" if events X¡'....x, have occurred; and:
peS) and Pt N) are the a priori probabilities of "slushflow
situation" and "non-slushflow situation", respectively;
P(x¡, ...,xn/S) and P(Xl, ... ,Xn/N) are the conditional
probabilities of the X¡'...,Xn- event for "slushflow situation"
and "non-slushflow situation", respectively.

Substituting peN) = l-P(S) and dividing both
numerator and denominator into P(S)P(x¡, ...,xn/S) gives:

P(S/Xl ...Xn)= l P(x¡, ... ,xn/N)
1+(--1) IS)

peS) P( XI' ...,Xn

(8)

If the events Xkare the results of measurements or
calculations of independent continuous parameters, Bayes'
rule can be written as:
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1
P(S/x¡, ...,xn) = (1 _ I)ITnp N (X k)

1+ peS) k=¡ Ps (Xk)

(9)

where: Ps (xk) and PN (xk) are the conditional probabi-
lity densities of the X k - parameter for "slushflow" and
"non-slushflow'' situations, respectively. The values of
Ps (xk) and PN (xk) can easily be estimated with previous
observations. The application of the formula (9) does not
require a normality of the parameters or any other limits for
their distribution laws within classes, but parameters should
be statistically independent.

According to theory the quality of the discrimination
of the situations should be the same both for the linear
discriminant function and the formula (9) if the parameters
are statistically independent, normally distributed and have
the same variances in classes. The question of which
method is the best one for practice can be answered after
detailed verification with independent data.

DATA

Since slushflows occur when air temperature is above O°C,
only meteorological information for periods of thaws and
corresponding data on slushflow releases were analyzed.
The parameters were chosen based on previous studies by
Hestnes and others (1994).

Khibinian data

Regular observations of slushflows in the Khibini
Mountains have been carried out by the Centre of
Avalanche Safety of "Apatit" JSC since the mid fifties. The
observations cover almost twenty sites where slushflows
occur. All sites are within a relatively small area, a radius
of less than 15 km. The heights of the slushflow starting
points vary from 300 to 800 m a.s.1.

All the registered slushflows have occurred during
spring break-up between 28th of April and io" of June.
Thirty-three slushflow events with a release time
determined to an accuracy less than one day, were chosen
amongst the total number of registered cases. Standard
meteorological information was supported by the
meteorological stations located in the valleys and on the
mountain tops in the area, within the height range from 250
to 1090 m a.s.1.

To avoid data heterogeneity connected with elevation
differences of the slushflow starting zones and the
meteorological stations, all data from the meteorological
stations were interpolated to the different 100 m step levels
between 300 and 800 m a.s.1. The situations for each level
were divided into two classes. The class of "slushflow
situation" consists of situations where at least one slushflow
was released at the considered level within the area. All
other situations belong to the class of "non-slushflow
situation". The classified situations of the different levels
were then combined into two new classes which covered the
situations at all levels.



The basic idea of such combining is that the same
conditions should lead to the same results. Since slushflows
in the Khibini Mountains only occur during spring time,
only thaws between the 15th of April and 151h of June were
taken into account. Thaws after slushflow releases were
excluded.

Mean daily values of air temperature, wind speed, air
humidity, cloudiness; daily precipitation and snow height
were chosen as primary parameters. Functions of the above
mentioned parameters were used as secondary ones: daily
sums of melted water, calculated with an energy balance
model outlined by Harstveit (1984); daily sums of water
income due to snowmelt and precipitation; total water
income since the thaw started and some others.

Norwegian data

There is no regular registration of slushflow releases in
Norway. However, slushflows are reported if they cause
damage or some sort of trouble for the population. The
most complete list of slushflow events is at the Norwegian
Geotechnical Institute.

Meteorological stations close to slushflow starting
zones, enabling interpolation of meteorological data at
different height levels, are practically impossible to find.
As a rule the stations are located at the foot of mountains.
Due to this fact, only slushflows released less than 200 m
above the nearest meteorological station were chosen for
the analysis.

Corresponding meteorological data as for the Khibini
Mountains were used, without any height corrections. For
this reason and some others, only 25 "slushflow cases" were
chosen for further treatment, in spite of a large total number
of slushflow events registered in Norway.

The common samples of the two classes were formed
the same way as for the Khibini Mountains with one
exception. Winters without slushflows were not considered
because it was impossible to say definitely that there were
no slushflow events these years. Small slushflows, causing
no trouble for population, could have occurred. Thus, only
the thaws before slushflow release in each winter were
taken into consideration as "non-slushflow" ones.

RESULTS

First of all, different sets of parameters describing the
Khibinian situations were tested for discrimination of
"slushflow" and "non-slushflow" days. The quality of the
discrimination with discriminant function was not
acceptable if only integral parameters characterizing the
whole thaw from its beginning to the day of diagnostics,
were used. For example, the average value of such
parameters as air temperature, wind speed, precipitation, air
humidity, cloudiness and snow height for the period.

The same picture was obtained when trying to
discriminate "slushflow'' and "non-slushflow" days based on
these primary parameters, except for snow height. The
difference between snow height probability distributions for
the two classes was significant (Fig. I). It was tested with
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Fig. 1 Smoothed empirical probability densities of snow
height for the Khibini Mountains.

the Kolmogorov - Smirnov test at 95 % confidence level.
Daily sum of water income was found the most informative
parameter amongst the secondary parameters for "slush-
flow" and "non-slushflow" days discrimination. Differences
in the probability distributions are evident (Fig. 2).

The graphs of the smoothed empirical probability
density for snow height and daily water income were used
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Fig. 2 Smoothed empirical probability densities of daily
water income for the Khibini Mountains.

for calculation of values PN(Xk)/PS(Xk) in formula (9). The
insignificant influence of the integral parameters tells that
the process of slushflow formation is relatively short and
taking into account a longer period just decreases the
informativeness of the parameters. The discriminant
function for "slushflow" and "non-slushflow" days for the
Khibini mountains is

F(h,i)=O.0221 *h + 0.0962*i - 5.11 (10)

Where: i - represents the daily water income (mm) and h-
the snow height (cm). The a priori probabilities of the two
classes and the values of losses are assumed as equal. If
F(x) is equal or more than zero, a day which is tested is
recognized as "slushflow'' otherwise as "non-slushflow".
The results of the classifications are shown in Table 1:



Table l. Classification matrix for discrimination af
"slushflow" and "non-slushflow" days in the Khibini
Mountains. 85.4% of all days successfully classified;
78.8% of "slushflow days" successfully classified; 85.5% of
"non-slush flow days" successfully classified.

Observed

]
u:..a
£

So No L

Sp 26 403 429

Np 7 2374 2381

L 33 2777 2810

Table 2. Classification matrix for discrimination af
"slushflow" and "non-slushflow" days in mountains of
Norway. 87.3% of all days successfully classified; 76.0%
of "slushflow days" successfully classified; 88.4% of "non-
slushflow days" successfully classified.

Observed

"O

t$:..a
£

So No L
,

Sp 19 29 48
i

Np 6 222 228 I

i

L 25 251 276 I

!

Since parameters Xk in formula (9) should be statistically
independent, the significance of linear correlation between
snow height and daily water income was tested. The test
showed that there is a statistically significant relationship
between them at 99 % confidence level, but the relationship
is very weak. Correlation coefficient equals - 0.35.

Figure 5 shows the results of discrimination of the
same days with formula (9) depending on the threshold
probability used for categorical classification. If the
calculated probability is equal or more than the threshold
value the situation should be classified as "slushflow"
otherwise as "non-slushflow",

A threshold value should be defined by the customer
of the classification and related to a defined acceptable risk.
For example if the threshold probability is 0.4, which means
that if the probability calculated is equal to or more than 0.4
the situation is recognized as "slushflow'' if less than 0.4 as
"non-slushflow". The accuracy of the categorical
classification of both types of situation is close to 80%. If
the threshold probability is taken as 0.25 then 90% of
"slushflow days" will be recognized correctly, but for "non-
slush flow days" this value drops to 65-70%.
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Fig. 3 Smoothed empirical probability densities of snow
height for mountains of Norway.
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Fig. 4 Smoothed empirical probability densities of daily
water income for mountains of Norway.

Application of the classification functions obtained for
the Khibini Mountains to the Norwegian data gave almost
the same results (see Figure 5 and Table 2). This is quite
natural because the density distribution parameters used are
very similar for these two regions. For physical reasons, it
can be supposed that other regions will have similar results.

(

FORECAST SCHEME

Both methods can be easily transformed into forecast
methods by using prognostic meteorological values instead
of current data. If a one day moving average is used for
input data it is possible to get values of discrimination
function or release probability, with a resolution better than
one day. So, besides the methods being used as pure formal
procedures for slushflow forecasting, they could also be
used as a powerful tool by forecasters, giving them the
opportunity to observe the dynamics of the process and
reevaluate the subjective estimations of the probabilities of
slushflow releases. This is obviously valuable in data
interpretation when the process is controlled by many
factors, which can influence in opposite directions.



(* 100%)
1,000

0,900

0,800

0,700

0,600

0,500

0,400

0,300

0,200

0,100

0,000~'''''' /, , , , , , , , ~.
O 0,10 0,200,25 0,30 0,350,400,45 0,500,55 0,600,700,800,90

,
r
I
I

r
r
r

I,"..--

[----1·······2-3 --4

Fig. 5 Empirical values of classification errors depending
on threshold probability. 1.3 - percentage of misclassified
"slushflow days" for the Khibini Mountains and mountains
of Norway respectively, 2.4 - percentage of misclassified
"non-slushflow" days for the Khibini Mountains and
mountains of Norway, respectively.

The forecasting models should be used within
relatively small regions. We would suggest a maximum
radius of 30 km around meteorological stations.

CONCLUDING REMARKS

The quality of situation discrimination is very high taking
into account that information on slope morphology and
dimensions, underlying surface, snow conditions etc. was
not used.

The results obtained are confirmation of an idea that
statistical methods of slushflow diagnostics and forecasting
established for one area, can be successfully applied in
other areas if diagnostic parameters are related to the
starting zones.

In spite of quite different climatic conditions and
slushflow regimes in the Khibini Mountains and in the
coastal districts of Norway, there are no significant
differences in the results of the classification. Nevertheless
it would make sense to test the obtained classification rules
in other geographical areas.

Though the methods described are formally two-
dimensional they use a synthetic parameter - daily water
income - which is calculated on the basis of five meteorolo-
gical parameters. Data on water supply calculated with
regular meteorological information are the most informative
for discrimination of "slushflow" and "non-slushflow"
situations.
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