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Abstract

In order to recognise the variability of the snow avalanche danger in the Tatra Mountains, the danger levels
on consecutive days with snow cover over the last nine decades were calculated. To accomplish this task, the
longest series of meteorological data were used from the Tatras along with an empirical method for determin-
ing the regional avalanche danger on the basis of elementary meteorological data. The results point to the
fact that over the last 25 years the number of days with a level 2 avalanche danger significantly decreased,
whereas the number of days with level 1 increased. This should result in a decreasing trend in the incidence
of small and medium-sized natural avalanches. In the structure of snow cover, the percentage of melt forms
might increase. However, this should not correlate with a significant increase in wet-snow avalanches, because
the number of days with wet snow also reduces. The contemporary changes in the snow conditions and ava-
lanche danger in the subalpine belt of the Tatras have been primarily associated with an increase in the air

temperature (shorter winters and less snow).

Key words

snow avalanche ¢ avalanche danger ¢ climate danger ¢ the Tatra Mountains




66 Bogdan Gqdek « Mariusz Grabiec * Zofia Rqczkowska ¢ Andrzej Maciata

Introduction

The contemporary warming of the Earth’s
climate results in, among others, chang-
es in the duration and thickness of snow
cover (Vaughan et al. 2013). In mountain
areas, it may also correspond with changes
in the activity of snow avalanches (Eckert
et al. 2013).

Snow avalanche occurrences depend
on local conditions for the development
of snow cover, its physical properties, and
external impulses (e.g. Schweizer et al. 2003).
The likelihood of the occurrence, possible size
and distributions of avalanches in a specific
region is described by the level of avalanche
danger (WSL 2014). It is assessed by nation-
al meteorological and avalanche warning
services.

In the Polish Tatras, avalanche warnings
have been applied since the 1930s. Initially,
they had a purely descriptive character (Bar-
tnicki & Leszczycki 1934). The numerical
scale of the danger was introduced in 1978.
It was a three-level scale (1-no danger, 2-dan-
ger, 3-alarm). In the 1980s, a four-level risk
scale was adopted (1-low risk, 2-moder-
ate, 3-high, 4-alarm), and detailed instruc-
tions for forecasting snow avalanches were
developed (Ktapowa 1989). It was based
primarily on the observations of the weath-
er and snow conditions measured at two
year-round meteorological stations: on Hala
Gasienicowa (1520 m a.s.l) and at Kasprowy
Wierch (1991 m a.s.l.). In the mid 1990s, the
5-level European avalanche danger scale was
adopted (Bartkowski 2014). Nonetheless, the
determination of the long-term trend in the
avalanche danger on the basis of all previ-
ous records would not be possible because
of their non-uniform character. This is espe-
cially due to multiple changes in the scale and
guidelines, and the differences in the exper-
tise and experience of those involved in the
danger assessment.

The aim of this study is to identify the vari-
ability of the avalanche danger in the Tatra
Mountains during the last nine decades
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as well as its trend and relationship with cli-
mate change. Of key importance were cal-
culations of the level of avalanche danger
in consecutive days for every winter season.
To accomplish this task the longest series
of meteorological data from the Tatras were
used along with an empirical method for
determining the regional avalanche danger
on the basis of elementary meteorological
data.

Regional settings

The Tatra Mountains are the highest range
in the Carpathians arc. They occupy approxi-
mately 790 km? (Balon et al. 2015), whereas
approximately 4/5 belongs to Slovakia, and
the remainder to Poland (Fig. 1). The high-
est peak within the borders of Poland (Rysy)
rises up to approximately 1000 m above
the timberline reaching 2499 m a.s.l. The
Tatras are characterised by an alpine relief
(e.g. Ragczkowski et al. 2015), which was
formed during the Pleistocene glaciations
(e.g. Klimaszewski 1988). The climatic snow
line currently runs at an altitude of about
2600 m a.s.l. (Zasadni & Ktapyta 2009).
On the other hand, the orographic snow line
at the northern side of the Tatras is delimited
by firn-ice patches nourished by snow ava-
lanches, down to 1530 m a.s.l. (e.g. Wislinski
1985; Jania 1997). The present-day climate
is transitional between maritime and conti-
nental influences. The mean annual air tem-
perature (MAAT) at the northern Tatras’ foot-
hills is 6 °C. At the highest summits, MAAT
is -2 °C (Zmudzka et al. 2015). The mean
total precipitation ranges from approximate-
ly 1100 mm in the north foothills to more
than 2000 mm in higher parts (Ustrnul
et al. 2015), and the number of days with
seasonal snow cover ranges from about 100
to over 220, respectively (Ustrnul et al. 2015;
Gaqdek & Szyputa 2015).

In the second half of the 20th century
and the first decade of the 21st century,
a decrease in the number of days with snow
cover and of the maximum thickness of snow
cover was registered in the Tatras (Falarz
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Figure 1. Location of the study area: 1 - meteorological station on Hala Ggsienicowa; 2 - synoptic
station at Kasprowy Wierch; 3 - Mieguszowiecki glacieret (perennial avalanche cone) (Photo of the Tatra
Mountains by W. Kaszkin)

2002; Gaqdek & Leszkiewicz 2012). These
changes were consistent with an increase
in the air temperature in winter and summer

seasons, and with a decrease in snowfall
(Zmudzka 2011; Gqdek 2014).

Data and methods

Meteorological data

Daily values of the snow depth, air tem-
perature, precipitation and wind speed
at the Nival Research Station of the Institute
of Meteorology and Water Management
on Hala Gagsienicowa (Fig. 1) were applied.
They included the hydrological years (Novem-
ber-October) from 1927 to 2015 (with a data
gap from the period of 1940-1946). On this
basis, the weather and snow conditions and
the level of avalanche danger were deter-
mined for each day with snow cover.

Assessment of avalanche danger

To assess the level of avalanche danger,
an empirical method was employed, which
had been used as an auxiliary method in the
Tatras in the 1990s. It has been adapted
to the five-level European danger scale
(EAWS 2016 - www.avalanches.org). The ava-
lanche danger level (adl) in successive days
with snow cover was linked with the total
of the weights (w) of all the input variables
indicated in Table 1 as follows: Tadl: w < 20,
2adl: 20 < w £ 40, 3adl: 40 < w £ 60, 4adl:
60 < w <80 and 5adl: w > 80. What consti-
tuted the input variables were (i) meteorologi-
cal data and (ii) the type of surface underlying
the layer of new snow determined on the basis
of the data (Tab. 1). In the latter case it was
assumed that a decrease in the thickness
of snow cover is the result of settlement basi-
cally when the air temperature is negative
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and the wind is not strong. The increase in the
wind speed above the threshold value causes
snow drifts (e.g. Liston & Sturm 1998) and
a significant increase of the snow density;
consequently, a wind crust or wind slab is cre-
ated. During the periods when the average
daily temperature is 20°C, snow melts and
contains water in the liquid phase. Another
decrease in the air temperature below 0°C
causes the formation of rounded polycrystals.
At the same time, the supercooled raindrops
coalescing on the surface of snow cover
forms a rain crust - i.e. a thin surface glaze

(Fierz et al. 2009).

Table 1. Input variables used in the calculations
of avalanche danger

Description Weight [w]
Snow depth

<20 cm 0
20-50 cm 2
>50 cm 4

Surface of the old snow cover
Rounded polycrystals 2
Wet snow 3
Settled snow 4
|ce formations, wind 5

crust/wind slab

Depth of new snow

Tem 1

5cm

8 cm 8

etc. etc.

Wind speed

Calm

1-10m/s

>10m/s 8
Air temperature

<-10°C 5

-10°C = -5°C 3

-5°C+0°C 4

>0°C 5
Exposure to wind

Windward 0

Leeward 10

For the purpose of the validation of the
results of the calculations of avalanche dan-

Geographia Polonica 2016, 89, 1, pp. 65-77

ger with the aforementioned method, the
archival avalanche warnings announced
by the Tatra Volunteer Rescue Service (TOPR)
were used, and thus a proportional corre-
spondence between the observed and calcu-
lated danger was determined. The warnings
came from the winter seasons of 2012/2013,
2013/2014 and 2014/2015. The level of ava-
lanche danger indicated for them was evalu-
ated on the basis of a comprehensive analy-
sis of the results of manual observations
and automated measurements at snow and
weather stations, as well as forecast weather
conditions in the Tatras.

The number of days with each individual
level of danger, the total of the levels of dan-
ger and its average value in subsequent years
were also estimated. Moreover, minimum
and maximum values, arithmetic average
with standard errors and standard deviations
of all data were calculated, as well as 11-year
moving averages. Trends of changes in annu-
al values, characterised by a normal distribu-
tion, were determined by the method of least
squares linear regression, and their statistical
significance was checked with a t-test (signifi-
cance level a<0.05). In order to demonstrate
the climatic background of the changes
in avalanche danger, the following values
were calculated: the average air temperature
in winter half-years, the number of days with
snow cover, the maximum snow depth, and
the number of snowmelt days in consecutive
years, together with the trends in their long-
term variability.

Results and interpretations

Avalanche danger: calculations
vs. observations

The results of the validation of the method
for assessing the level of avalanche danger
based on weather and snow elementary data
collected on Hala Ggsienicowa are shown
in Fig. 2. During the three subsequent winter
seasons, the results of the calculations were
mostly in line with the TOPR avalanche warn-
ings (61% of cases). On the remainder of the
days, the calculated danger was by 1 point
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Figure 2. Observed and calculated level of avalanche danger in the Polish Tatras in winter seasons
2012/2013 (A), 2013/2014 (B) and 2014/2015 (C)
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lower (29%) or 1 point higher (10%) than
the danger observed. The greatest congru-
ence between the calculated and observed
danger (73%) was achieved in the winter
season of 2014/2015. The days on which the
announced avalanche danger was actually
by 1 point higher than the calculated dan-
ger, accounted for 17% of all the cases. The
10% remainder were the days on which the
observed danger was by 1 point lower than
the calculated danger. The lowest congru-
ence between the calculation results and the
observations (52%) was noted in the winter
season of 2013/2014. The percentage of the
days on which the level of avalanche danger
announced in the TOPR warnings was about
1 point greater or 1 point lower than the dan-
ger calculated for the purposes of this study
was, then, respectively, 42% and 6%. The
meteorological data used indicate that the
winter of 2013/2014 was very warm and with
little snowfall.

In the three winter seasons analysed,
TOPR service most often announced a level
2 avalanche danger, more rarely level 1 and
3, and very occasionally level 4 (Fig. 3a).
Referring to the results of the calculations,
the danger in the Polish Tatras was also
assessed as usually moderate. The numbers
of days with a level 1 and 2 avalanche dan-
ger, calculated on the basis of meteorologi-
cal data from Hala Gagsienicowa, were a few
percent higher than the corresponding num-
bers of the days reported in the archive ava-
lanche warnings. Therefore, the percentage
of days with a level 3 danger was lower than
the figure resulting from the observations.
In contrast, days with a level 4 avalanche
danger were more numerous (Fig. 3b). The
first case may be the result of the relatively
low location of the meteorological station
(1520 m a.s.l), at which the input data was
collected (Tatra Volunteer Rescue Service
forecast is based on observations also in the
highest parts of the Tatras). The remainder
of the miscalculations of the danger is con-
nected with the dominant influence of the
thickness of the new snow layer on the results
of the calculations (Tab. 1). Other variables,
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including the total thickness of the snow cov-
er and its structure, are of lesser significance
during snowfall.

A Avalanche
Observed 0.44 danger level
18.35 1
27.23 2
3
53.98 4
B
Calculated 132
L
34.51
59.07

Figure 3. Percentage of observed (A) and
calculated (B) avalanche danger in the Polish
Tatras in 2012-2015

Therefore, taking into consideration both
the scope of congruence and all the discrep-
ancies between the calculated and observed
danger, as well as their character, it can
be concluded that the obtained results are
satisfactory. However, they should be primar-
ily related to the subalpine belt, which extends
from the timberline to the altitude of approxi-
mately 1800 m a.s.l. (Kotarba 1976).

Long-term variability and changes
of the avalanche danger

The results of the calculations of the ava-
lanche danger in the years 1927-2015 are
presented in Figure 4.

The annual totals of the avalanche danger
levels in successive seasons with snow cover
(Fig. 4a) ranged from 208 (in 2014) to 480
(in 1932). The arithmetic average (+standard
error) and standard deviation were, respec-
tively: 360.96 (+5.7) and 51.3. The results
of the analysis of the 11-year moving aver-
ages point to the fact that in the second half
of the 20th century the total of the danger lev-
els decreased by the mid-1970s. After that, its
values increased until the mid-1980s. In the



Variability of the snow avalanche danger in the Tatra Mountains...

©
o~

) Number of days Number of days
Annual average avalanche danger level with avalanche danger level 2 with avalanche danger level 4 and 5
o o o
> = © N =] o I =} =} =)
o~ o~ — — o~ — -~ © < — © © < ~ o
L L L Il L Il L L L Il L Il L Il L Il L
@ - R |
[=3 o
- © - © -
o o
o~ o~
V4
y A )
- - L4 -
g g m
|- c© - © -
(=) (=)
] W WJ
W o o
I © I © -
(=) (=)
2 = |
o o
Y Y -
(=) (=)
M = M = M\\
W g W | W
- © - © -
o o
o~ o~
(=] o
- © - © -
(=) (=)
= =
S
o o
I © I © -
(=) (=)
m = W = W\
o o
- < - < -
(=] (=)
3 M - - W .
T T T T T T T T T T T T T T LI I R B R
(=} (=3 o o o (=} o o o o wn o w o w o
| [2A8] JBDUDP 3YDUD|DAD YlM ¢ _m>®_ J9 :G—U Wr_UCU_U>U Ia_\S
|2A9] J8BUDP 8YIUD|DAD |DIO) [DNUUY SADP 40 JoqUINN SADP 40 JoquINN

1960 1980 2000

e= e= e=17.years moving average

1940

trend line (1990-2015)

1980 2000
calculated values

1960

1940

71

Figure 4. Long-term variability and trends of the calculated avalanche danger in the subalpine belt of the Polish Tatras
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next two decades they were lower, however,
no significant variability among them was
observed. Since 2003 they have been clearly
decreasing again.

The average level of the danger (Fig. 4b)
reached the values from 1.5 (in 2014) to 2.51
(in 2000). The arithmetic average was close
to 2 (+0.015) and the standard deviation was
0.134. In the second half of the 20th century,
the values of the moving average decreased
until 1959, then during the following eight
years they slowly increased, and later—until
the mid-1980s—they were close to 2. After
that, they slowly declined until 1993. Another
increase in the values reached its maximum
in 2004. Since then, they have been rapidly
decreasing.

The number of days with level 1 of the
avalanche danger (Fig. 4c) ranged from 7 (in
1967, 1983 and 2002) to 75 (in 2014). The
arithmetic average and standard deviation
were, respectively: 23.32 (£1.65) and 14.85.
The moving average increased in the 1950s,
1980s, early 1990s and after 2004. In con-
trast, it clearly decreased in the early 1960s,
late 1990s and at the beginning of the 21st
century. In the late 1960s, 1970s and early
1980s, the values were low and did not differ
substantially.

The number of days with a level 2 ava-
lanche danger (Fig. 4d) ranged from 59 (in
2014) to 200 (in 1937). The average value
was 139.69 (+ 2.81) and the standard devia-
tion - 25.28. In the second half of the 20th
century, the moving average gradually
decreased until 1973, whereas for the next
10 years it increased. In contrast, since 1983
its values have been gradually decreasing.
The pace of these changes has been particu-
larly fast since 2004.

The number of days with a level 3 avo-
lanche danger (Fig. 4e) ranged from 5 (in
2014) to 26 (in 1962). The arithmetic aver-
age and standard deviation were, respec-
tively: 14.04 (+ 0.56) and 5.01. Since the
peak in 1966, the moving average gradu-
ally decreased until 1994. The next maximum
was reached in 2004. During the last several
years it has been declining rapidly.
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Levels 4 and 5 avalanche danger (ava-
lanche alarm) did not occur every year of the
analysed multi-year record (Fig. 4f), however
the greatest number of days with such a high
risk reached the value of 10 (in 1949). The
average number of the days with the avo-
lanche alarm was 3.8 (+ 0.28), and the stand-
ard deviation was equal to 2.54. The mov-
ing average reached the maximum in 1954,
before it decreased until 1969. Then it gradu-
ally increased until 1996. In the following dec-
ade, its values did not show a high variability.
Since 2005 they have been clearly declining.

Based on the obtained dataq, it has been
concluded that the avalanche danger in the
past nine decades has not developed any sta-
tistically significant trend with regard to the
subalpine belt of the Polish Tatras. However,
in the last quarter of the century, the number
of days with level 1 has very clearly increased,
whereas the number of days with level 2
of the danger has decreased (p < 0.05). The
variability of the number of the days on which
the level of the danger was 3, 4 or 5 was also
characterised by a linear downward trend;
however, it was not statistically significant
(p>0.1).

The aforesaid changes were accompanied
by an increase in the air temperature and
a decrease in the duration and depth of snow.
Along with the decrease of the number
of days with snow cover, the number of days
with snowmelt has been decreasing as well.
However, their percentage in the winter sea-
son does not point to any trend (Fig. 5).

Discussion

The empirical method for determining the
level of avalanche danger employed for the
purpose of this study is not currently in use.
It is a simplified version of the guidelines
on how to forecast avalanches in the Polish
Tatras, developed by Ktapowa (1989). This
in turn referred to the American guidelines
from the 1960s, which were developed on the
basis of several years’ observations of the
weather and snow conditions and avalanche
events in the area of the Berthoud Pass in the



Variability of the snow avalanche danger in the Tatra Mountains... 73
A
0 - .
@= «= o trend line (1990-2015)
§ o -2 A
>
5 e =T
2 3
§ ©
£ 8
: £
c g
8 = 4
> °
-6 . . . . . . . . .
1940 1960 1980 2000
400 4 B
maximum snow depth
number of days with snow cover
g 300 o == == = trend lines (1990-2015)
8 E - e
s S
o <
5 o
£ 3
£ 3
3 g 200
o
o E
5 2 -
_g’ .g N - -
E =
5
z 100
0 . " . , . , : . :
1940 1960 1980 2000
C
number of snowmelt days
120 4 percentage of snowmelt days
é\ k) . in the winter season
5 T 2 == == = trend lines (1990-2015)
E 5 3
52 5
S % £ 80 4
Sy H
£ 85
£ c
Zg g £
&
40 A
0 : T : T : T : : :
1940 1960 1980 2000

Figure 5. Long-term variability and trends of winter air temperature and snow cover at Hala Ggsienicowa

Geographia Polonica 2016, 89, 1, pp. 65-77



74 Bogdan Gqdek « Mariusz Grabiec * Zofia Rqczkowska ¢ Andrzej Maciata

Rocky Mountains (after Ktapowa 1968). Cur-
rently, avalanche warning services are recom-
mended to make use of: a) manual observa-
tions (physical properties and stability of the
snow cover on slopes, snowdrift accumula-
tions, danger signs and avalanche events),
b) automated snow and weather stations, c)
other information such as remote sensing,
d) snowpack models and e) weather models
(Winkler 2015). However, the data collected
in this way in the Tatras are not uniform and
cover only the last few years. In contrast, the
applied method enables determining the
avalanche danger based on the results of ele-
mentary meteorological measurements, and
thus, it allowed using the longest collected
data series in the Tatras above the timberline
(on Hala Ggsienicowa). The results of the vali-
dation of this very simple method (~ 60% hits)
are similar to the accuracy of more advanced
statistical forecasting of regional avalanche
danger (Brabec & Meister 2001; Schirmer
et al. 2009). At the same time, the accuracy
of the calculations carried out might be high-
er if the weather and snow observations from
the higher parts of the Tatras—Dolina Pieciu
Stawdéw Polskich valley (precipitation station)
and Kasprowy Wierch Mount (synoptic sta-
tion)—were taken into account. However, the
series of the meteorological data from these
sites encompass only several decades (Falarz
2007). In addition, at Kasprowy Wierch, there
are considerable problems with carrying out
snowfall measurements due to the location
of the station at the top, and therefore, the
snow blowing conditions that are present.
The obtained results indicate that the
avalanche danger in the subalpine belt
of the Tatra Mountains within the last nine
decades has not developed a clear trend.
However, what has been observed is a sig-
nificant decrease in the number of days with
moderate avalanche hazard, when a natural
triggering of large avalanches is not expect-
ed. On the other hand, the timberline in the
Tatras rises mainly in the runout zone of very
large avalanches (Kaczka et. al. 2015), where-
as their return period may exceed 100 years
(e.g. McClung & Schaerer 2006). It may thus

Geographia Polonica 2016, 89, 1, pp. 65-77

be concluded that perhaps the analysed peri-
od of nine decades is too short to capture the
trend of the high danger.

The declining number of days with a level
2 avalanche danger can primarily be corre-
lated with a lower number of small and medi-
um-sized avalanches and a reduction in the
number of avalanche accidents, which in the
Tatras take place most frequently on the days
of the occurrence of moderate avalanche dan-
ger (Marasek 2008). However, there is a lack
of systematically monitoring natural ava-
lanches, and moreover, it is difficult to draw
conclusions about the climatic conditioning
of the variability of the avalanche occur-
rences because of the dynamic development
of winter tourism, educational programmes
and information systems warning about the
danger. Nevertheless, the obtained results
are reflected in the recession of the Tatra
glacierets (e.g. Wislinski 1985; Adamowski
& Wislinski 2010), most of which are multi-
annual avalanche cones (Ggdek 2008). The
variability of these small firn and ice patches
(Fig. 6) depends on their winter and summer
mass balance. In recent decades, however,
the most significant fact was the avalanche
nourishing (Gadek 2008; Gadek 2014).

The denoted decrease in the number
of days with snowmelt suggests a reduction
in wet-snow avalanches. Similar results were
obtained by Martin et al. (2001) in the French
Alps, who indicated that the avalanche haz-
ard might decrease slightly in winter and more
in spring. These authors assumed an increase
in both the air temperature and precipitation,
determining, on an experimental basis, the
critical temperature at which precipitation
turns from snow to rain. In the Tatras, cli-
mate warming is accompanied by a decrease
in snowfall (Zmudzko 2011; Ggdek & Leszkie-
wicz 2012). Similar trends are also observed
for other mountains of Europe, distant from
the Tatras (e.g. Lopez-Moreno 2005; Lépez-
Moreno & Vicente-Serrano 2007) and other
continents (e.g. Chun-Yu et al. 2013). There-
fore, the obtained results reflect the contem-
porary changes in the climate system of the
Earth (Gadek 2014). Given the expected
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Figure 6. Mieguszowiecki glacieret - the perennial snow avalanche cone in September 1998 (A)

and September 2015 (B) (Photos by B. Gadek)

further increase in the air temperature and
decrease in snowfall (IPCC 2013), it may also
be assumed that a further reduction of the
avalanche danger and an increase in the
ratio of the number of days with wet snow
to the number of days of dry snow will occur.

Summary and conclusions

1. The variability of the seasonal snow
cover and snow avalanche danger in the Pol-
ish Tatras analysed for the period from 1927
to 2015 showed no statistically significant
trend.

2. During the past 25 years, the variabil-
ity of the number of days with seasonal snow
cover and the variation of its thickness has
been characterised by a clear downward
trend. Also, the number of days with a level 2
avalanche danger has been decreasing, while
the number of days with a level 1 danger has
been growing. This should result in a decreas-
ing occurrence of small and medium-sized
natural avalanches.

3. In the structure of snow cover, the pro-
portionate percentage of melt forms might
increase. However, this should not correlate
with a significant increase in wet-snow ava-
lanches, because, due to the decrease in the
thickness and duration of snow cover, the
number of days with wet snow also reduces.

4. The contemporary changes in the snow
conditions and avalanche danger in the sub-
alpine belt of the Polish Tatras are primarily
associated with an increase in the air temper-
ature (shorter winters and less snow).
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