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ABSTRACT

This contribution presents a first comprehensive study of snow-avalanche activity in three paths of the Chornohora range, located in southwestern Ukraine, based on
historical chronicles and dendrochronology. The results are combined with a statistical analysis of meteorological drivers conducive to snow-avalanche release. While
the written chronicles last from 1966 to 2015, the dendrological approach offers results back to the end of the 19th century; however, if the information covers a
longer time-lapse, it loses accuracy as only the winter scale is documented through the analysis of tree-ring growing patterns. Weather data highlight the synoptic
scenarios over some of the avalanche events that have been recognized as major, as the three paths were concerned: 1947-48, 1976-77, 1993-94, 1998-99, 2001-02.
Three weather variables are highlighted: the formation of a consistent snow cover as early as November; positive mean daily temperature in April commands late
winter avalanches if the snow cover is maintained with recurrent snow fall. Temperature warming and precipitation increase are also noted on the climatological
trends in Chornohora range; however, the winter temperature remains stable, and the snow-avalanche regime might not be affected in the area in the near future.

1. Introduction

The ongoing climate change impacts the snow environment of
mountain areas worldwide. Due to the combination of air temperature
increase and precipitations shifting from solid to liquid, the seasonal
snowline reaches higher elevations (Micu, 2009), and the snow season
gets shorter; thus, the snow-avalanche regime is affected in all mountain
ranges (e.g., Martin et al., 2001; Gadek et al., 2017; Laute and Beylich,
2018; Beato Bergua et al., 2019; Strapazzon et al., 2021, Peitzsch et al.,
2023). In areas where snow-avalanche hazard and risk must be docu-
mented, synoptic weather conditions of past snow-avalanche events
should be highlighted. In fact, researches over the last decades docu-
mented either lower number of occurrences of snow-avalanche events at
high altitudes, and a higher one at lower altitude, according to locations
of the slope and land-use (e.g., Glazovskaya, 1998; Huggel et al., 2008;
Germain et al., 2009; Mainieri et al., 2020; Giacona et al., 2021). Over
the recent years, an increasing number of warming and extreme pre-
cipitation events have contributed to the intensification of snow ava-
lanches in subalpine areas as witnessed by the studies in the Himalayas,
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Alpine Region, Rocky Mountains (e.g., Ballesteros-Canovas et al.; 2018;
Peitzsch et al., 2021). Warmer air temperature in winter and early spring
has indeed favoured the wetting of snow (Micu et al., 2021), and the
formation of wet snow avalanches is observed. These wet snow ava-
lanches reach down to subalpine slopes, where are located the anthro-
pogenic infrastructures, therefore, these avalanches are prone to cause
damage (e.g., Jamieson and Stethem, 2002; Stethem et al., 2003; Lazar
and Williams, 2008; Gauthier et al., 2017). Over Ukrainian massifs, the
snow covers got limited attention in the literature, and only a few studies
were published on this topic over the last decade (Rudyi et al., 2020;
Hryshchenko et al., 2013; Hryshchenko et al., 2014; Tykhanovych and
Bilanyuk, 2016). Therefore the preoccupation to snow avalanches is
recent in Ukraine, specifically in the Carpathians, which have a high
predisposition to snow avalanches. Dendrochronology applied to sow-
avalanche dynamics is often used in combination with historical sour-
ces (e.g., Carrara, 1979; Butler and Malanson, 1985; Reardon et al.,
2008; Corona et al., 2012; Tumajer and Tremi, 2015; Gadek et al., 2017).
Numerous studies highlight the potential of tree-ring reconstruction of
snow avalanches (e.g., Laxton and Smith, 2009; Corona et al., 2012;
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Todea et al., 2020), and whatever the sample depth of the case studies
(Butler and Sawyer, 2008; Decaulne et al., 2012), the knowledge of the
snow-avalanche dynamic is significantly improved: dendrochronology
documents the most active paths, the return period of avalanche winters,
and the runouts. This last parameter is a key factor to deal with the
potential risks for people present in the areas over winters (Voiculescu
and Onaca, 2013).

The aim of this paper is double: we wish to contribute to highlight (i)
the timing and spatial extent of long runout-distances past snow-
avalanches and (ii) the synoptic situations over the reconstructed
main avalanche winters, proposing recognition of weather control,
through meteorological archives, favourable to the triggering of ava-
lanches. To do so, we combine data from written sources and tree rings,
the compilation of each corpus enabling covering a longer period of time
with rather precise information on some snow-avalanche events. In this
paper, we also wish to assess the snow avalanche impact on the forest
located in the snow-avalanche runout zone and to define the hazard
occurrence, at the winter scale, in contiguous paths. Such knowledge
would facilitate the estimation of the vulnerability of people travelling
through areas prone to the occurrence of avalanches, providing new
robust data to stakeholders.

2. Study area

The selected study area is located in the Eastern Carpathians, within
the eastern part of Chornohora range. Chornohora is the highest massif

of the Ukrainian Carpathians, and the studied paths are located on the
eastern flank of the highest peak, Hoverla (2061 m a.s.l.). The summit
ridge, about 30 m wide, has a convex-concave shape, and then reaches a
series of glacial cirques with 30-40° rock slopes mainly composed of
shales and gneisses, that reach the valley bottom at 1400 m a.s.l. after
passing rocky outcrops located at 1700 m a.s.l. (Klapyta et al., 2021).
These are the starting zones of the snow avalanches for the three paths
studied, which extend downward in the valley to about 1350-1400 m a.
s.1., with a vertical drop of 300 to 350 m. The Breskul path is located on
the north-eastern slope below the Breskul Peak (1911 m a.s.l.), close to
Pogegevskaya weather station. A second avalanche path is located on
the northern slope below Breskul peak, on the right side of the Prut
River, starting below the upper Hoverla cirque, by the Prut River
waterfall. A third path is located on the north-eastern slope of Hoverla
Peak (2061 m a.s.l.). Several hiking trails and forest roads cross the
avalanche paths in their track and runout zones. This area entirely
included in the Carpathian National Park became an attractive recrea-
tional area in the last decades, being frequented year-round by hikers,
walkers, and skiers (Fig. 1). The forest develops on the margins of the
peat bogs present at the valley bottoms between 1360 and 1320 m a.s.1.,
as the central part of the rising bogs impede the tree growth due to the
water excess close to the surface as well as the supposedly acid pH of the
peat substrate.

Four vertical altitudinal vegetation belts are present in Chornohora
range: (i) low mountain forest (1200-1300 m a.s.l.) with the dominance
of beech-spruce-larch forests; (ii) upper mountain forest (1300-1500 m
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Fig. 1. Location of the study area: in Ukraine (A), Chornohora range (B) is investigated on the north-eastern facing slope of the main eastern Chornohora massif
range, in between Hoverla and Breskul Peaks (C), where three snow-avalanche paths are investigated (image GoogleEarth 3d, October 1, 2017).


decaulne-a
Rectangle 


a.s.l.) mainly composed of Norway spruce (Picea abies (L.) Karst.) tree
species; (iii) subalpine belt (1500-1800 m a.s.l.) with shrubs of green
alder (Alnus viridis) and mountain pine (Pinus mugo); (iv) alpine belt
(above 1800 m a.s.1.) with alpine meadows (Loczy et al., 2012). Meadow
vegetation, largely present in the starting zone of snow avalanches, is
favourable to the release of snow avalanches; in early winter, shrubs still
has a role to stabilize snow on the slope, however from early January to
mid-March shrubs might be completely covered with snow over more or
less long periods of time.

The climatic conditions of the massif, retrived from Pogegevskaya
meteo station, are influenced by the Azores and Siberian anticyclones,
the southern and south-western lows coming from the Atlantic and the
Mediterranean. South-western advections are observed the most
frequently, with high speeds sometimes exceeding 40 m/s. The average
annual wind speed reaches 5 m/s, the cold period average wind speed is
7.4 m/s (Hryshchenko et al., 2014). The windiest is January, with an
average monthly speed of over 8 m/s. January gathers to the highest

historical
records

avalanche abservation
data collection

avalanche observation
data processing

tree-ring

disturbed & reference
tree sampling

sample preparation

number of days with a wind speed exceeding 15 m/s. The steady
decrease of air temperature below 0 °C is observed from early
November. Average annual sum of precipitation is about 1480 mm with
40% during the cold period falling as snow.

On average, snow cover lasts about six months in Chornohora range.
Usually, the persistent snow cover is formed in the third decade of
November. The earliest period of its formation was October 23rd, 1974,
and the long-term average is November 27th (Hryshchenko et al., 2013).
The melting of the snow cover occurs at the end of April (the average
long-term date is 16.04), although in some years it persists almost until
the middle of May (May 12th, 1995), and in some areas until July
(Hryshchenko et al., 2013). However, snow cover is spatially unevenly
distributed, with maximum depth reported in terrain depressions
(25.03.1974, 470 cm of snow was measured in the Prut peatbog de-
pressions) and on the top of ridges, up to 800 cm thick snow cornices,
whom collapse trigger snow avalanches (Hryshchenko et al., 2014). Dry
snow avalanches after fresh snowfall and snowstorms have been
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1967-2012 from 1896 1961-2015
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Fig. 2. Workflow for the study of snow-avalanche occurrence on three paths of eastern Chornohora range.
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reported commonly, as well as wet snow avalanches following sudden
advection and progressive intrusion of warm spells. The avalanche
volume often exceeds 100,000 m?, as reported by the snow-avalanche
service of the Pogegevskaya meteorological station, the closest from
the study area (Fig. 1C).

Topographic parameters are prone to snow-avalanche formation, the
large ridge gathering snow accumulation drifted to the north-eastern
facing slopes exposing gradients of 20-40° (Fig. 1C).

3. Data and methods

In this study, we associated historical data to tree-ring ones, in order
to analysis the weather data and synoptic situations at the time of snow
avalanches. Then workflow is described in Fig. 2.

3.1. Historical snow-avalanche records

Historical data of snow avalanches are provided over the period of
1967-2012 in the Ukrainian Carpathians, and in the Prut River upper
catchment. They are based on data collected by the Snow avalanche
chronicle of Ukraine (Hryshchenko et al., 2013). The chronicle covers (i)
a compilation of the snow-avalanche survey performed by the em-
ployees of the Carpathian avalanche group (later Ukrainian) of the
Ukrainian Scientific and Research Hydrometeorological Institute
(USRHI) over the period 1961-1991, (ii) stationary snow-avalanche
observations at the meteorological stations of Play (48°42'N, 23°12'E,
1330 m a.s.l.) and Pogegevskaya from 1961 to 2012; (iii) information
provided by the forest and tourism services, and narratives from local
residents. Based on the generalised data, the classification of snow
avalanche polygons in the Ukrainian Carpathians is provided. The area
covering the three snow-avalanche paths investigated is labelled
“polygon Prut 15.1” (Upper Prut catchment). Accordingly, the historical
record for the polygon 15.1 is used to highlight past snow-avalanche
events in the area that encompasses the three paths investigated. The
record includes several characteristics on the snow-avalanche events,
such as the date, the runout altitude, the type of snow (dry/wet)
involved, the general weather conditions at the time of the occurrence
(especially wind conditions), temperature and precipitation data, and in
some cases the impact on the ecosystems in the valleys.

Within the area of polygon 15.1, which includes Pogegevskaya
weather station, the snow depth was periodically measured on perma-
nent sites, from in situ measurements and from a network of 50 snow
gauge poles installed in the altitude zone of 1400-1800 m a.s.l. since
1967. Accordingly, for some events a precise spatial indication is pro-
vided, but in several cases path names are lacking in the chronicle.

The historical snow-avalanche chronicle provides a minimum record
of the snow avalanches that have occurred in upper Prut catchment; the
three investigated paths were sometimes precisely named in the record.
However, details on the event descriptions are uneven over the years.

3.2. Tree-ring methods

Field observations enabled to identify typical signs of disturbances
(e.g., tilted and/or wounded stems, uprooted and/or topped trees, top-
ped crown) on the spruce trees bordering the peat bog, due to the me-
chanical impact caused by snow avalanches. After a field inspection of
the valley bottoms, the three sites were considered as appropriate and
selected for tree-ring investigations. In the field, the tree sampling
strategy was oriented to sample preferentially those trees located inside
the avalanche path presenting clear signs of snow-avalanche distur-
bances. Using Pressler borers and a hand saw, and following classical
dendrogeomorphic sampling procedures (Shroder, 1978; Butler and
Malanson, 1985), a total number of 242 trees have been sampled, with
126 trees (202 cores from 100 trees and stem discs from 26 trees)
sampled in Breskul path, 64 trees (104 cores from 52 trees and stem discs
from 12 trees) sampled in Prut path, and 52 trees (90 cores from 45 trees

and stem discs from 7 trees) sampled in Hoverla path (Table 2, Fig. 3).
For each tree sampled, information regarding their spatial location (GPS
records), type of disturbance, sample position and heights on the stem,
social position and photos had been collected. Additionally, increment
cores have been extracted from 16 undisturbed trees (two cores per tree,
32 cores in total) located outside the avalanche path in an adjacent area
to the western side, to obtain the local reference chronology.

In the laboratory, core samples have been air dried for several days,
and discs for several weeks, then sanded using a sanding machine with
sanding belts of increasing grits (40, 80, 120, 220, 400, 600), allowing to
clearly identify the ring structure and ring boundaries. Tree-age deter-
mination was firstly estimated by ring counting; then checked by ring-
width measurements using a LINTAB 5 system (measurement table
and the stereomicroscope Leica DMS 1000) and TSAP Win™ Scientific
software (Rinntech, 2021).

A reference chronology was built using the core samples extracted
from 16 undisturbed trees. It served to compare with the individual
growth series from disturbed trees, to correct for missing or false rings as
well as to discriminate between growth anomalies caused by snow av-
alanches in disturbed trees and normal growth under climatic conditions
of the reference trees. In each disturbed tree, growth anomalies e.g.,
scars, tangential rows of traumatic resin ducts, compression wood and
growth suppression sequences of strong and moderate intensities
(Mesesan et al., 2019; Stoffel and Corona, 2014) identified in the ring
structure and attributed to the mechanical impact of snow avalanches
served to reconstruct avalanche winters for the period covered by the
age of the sampled trees.

An Avalanche Activity Index (AAI, %), as proposed by Shroder
(1978) was calculated for each year t, based on the ratio between the
number of disturbed trees and the number of trees alive in that specific
year t:

AAI = (Zi"lRt/Zi”lAt) % 100(%) )

where R is the number of trees disturbed during a given year t, and A is
the number of trees alive in a given year t. A year is considered as
revealing an avalanche winter when the following conditions were ful-
filled simultaneously:

(i) at least 10 living trees counting a minimum of 10 tree-rings at
sample height;
(i) a minimum of three trees show growth disturbances
(iii) the AAI > 10%.

Finally, the temporal reconstruction and spatial extent of the
avalanche winters have been obtained in the three avalanche paths
investigated. The return intervall (or return period) considered as being
the average interval of time within which the runout distance is reached
by snow avalanches or exceeded at a given location (McClung and
Schaerer 2006; Mesesan et al., 2018) was calculated by dividing the time
interval (in years) of the tree-ring reconstructed snow-avalanche chro-
nology by the number of snow avalanches events recorded during this
period (Boucher et al., 2003). For each of three paths investigated, the
average return intervalls at the scale of the entire snow-avalanche path
were obtained.

3.3. Weather data

Daily weather data (raw data, average and extremes of temperature,
precipitation, wind and snow cover 30° gradient slopes at 1400 m a.s.1.)
over the period 1961-2015 are available from the Pogegevskaya
weather station (1429 m a.s.l.), adjacent to Breskul path. Data are
examined during the presence of snow cover, i.e., from November to
April. The P. Hess and H. Brezowski classification of circulation forms is
used to link the weather data with historical snow avalanche records.
The 29 weather patterns (the Hess-Brezowsky Gropwetterlagen
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Fig. 3. Location of sampled trees in Breskul, Prut and Hoverla snow-avalanche paths.

(HBGWL),) presented with abbreviations in the Table 1, Fig. 10, and
hereafter in the text, are related to zonal, mixed, and meridional macro-
circulations (Werner and Gerstengarbe, 2010). The last letter in the
abbreviations indicates cyclonic (Z) or anticyclonic (A) type. Zonal cir-
culation forms are the west-east moving air mass flows between the
subtropical high-pressure zone over the North Atlantic and the low-
pressure zone over the subpolar regions. Meridional circulation is
generated by stationary and blocking high pressure processes forming
north-south directed ridges. The mixed forms relate to both zonal and
meridional air mass flows when the exchange of air masses at different
latitudes does not take the shortest (meridional) route, but with a clear
zonal flow component (Werner & Gerstengarbe, 2010).

3.4. Multiple regression

The tree-ring reconstructed avalanche winters extracted from the

Table 1
Circulation forms and weather types according to the Hess and Brezowski
classification (Werner & Gerstengarbe, 2010).

Circulation Weather types Weather patterns
forms
zonal West WA, WZ, WS, WW
mixed Southwest SWA, SWZ
Northwest NWA, NWZ
High Central HM, BM
Europe
Low Central ™
Europe
meridional North NA, NZ, HNA, HNZ, HB, TRM
East NEA, NEZ, HFA, HFZ, HNFA, HNFZ,
SEA, SEZ
South SA, SZ, TB, TRW

Table 2
Sample characteristics in the three sites investigated.

Path # tree sampled # cores (# trees) # discs (# trees)
Breskul 126 202 (100) 26 (26)

Prut 64 104 (52) 12(12)

Hoverla 52 90 (45) 7 (7)

Total 242 296 (197) 45 (45)

AAI were correlated with 50 monthly climate variables (1961-2015),
including air temperature, wind, precipitation and snow cover param-
eters (Table 3), using multiple regressions. These climate variables were
chosen empirically based on the weather parameters recorded at the
Pogegevskaya weather station. Multiple regressions also enable deter-
mining the overall fit (explained variance) of the model and the relative
contribution of each of the predictors to the total explained variance. For
the calculation of the regression parameters by the stepwise method, we
used SPSS software. In order to keep climate variables with a significant
contribution to the total variance, a 95% confidence level was
considered.

4. Results
4.1. Historical records

Over the period of 1966-2012, 689 snow avalanches were recorded
within the upper Prut catchment, according to the historical written
sources (Fig. 4A), from December to April. The distribution over years is
uneven, and two main activity periods seem to be highlighted: one in the
second half of the 1980 s, and another one in the 2000 s. The recorded
snow avalanches occurred from December to April, the main activity
being from February to April with a very clear peak of the activity in
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Fig. 4. Historical chronicles of snow-avalanche events observed within the Prut upper catchment (A), and monthly snow-avalanche distribution (B) over the
period 1966-2011.

March (Fig. 4B). — Wet snow avalanches, linked to water infiltration within the snow
The snow-avalanche chronicle also mentions synoptic conditions or cover, either during advective thaw periods (sudden temperature
snow conditions at the time of the event, highlighting three categories of rise with rainfall, wet snowfall or no precipitation) or radiation thaw
meteorological control (Fig. 5A): periods (no precipitation, but direct solar radiation and positive
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Fig. 5. Distribution of snow conditions recorded within the snow-avalanche chronicles 1966-2012, presented as snow-avalanches events with a monthly distribution
(A), and over the period 1966-2012 (B).
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temperature), or advective radiation (sudden temperature rise dur-
ing spring warming). March and April are the months gathering most
of this type of snow avalanches; the later in the season the more this
type of snow avalanches.

— Fresh snow avalanches, with no or weak wind conditions, with an
increasing number of snow-avalanche days over winter; the
maximum avalanche activity is reached in March.

— Storms and snowstorms inducing important snow drifted accumu-
lations at the top of lee slopes are known for snow-avalanche de-
partures over the whole winter, most often as slab, with a maximum
of activity in February, gradually decreasing until April.

The details provided within the snow-avalanche chronicles enable
picturing the evolution of synoptic situations over years (Fig. 5B). Prior
to the late 1970 s, very few snow-avalanche days were recorded. Then,
the distribution of the three synoptic situations is highly variable from
one year to another. Wet snow weather situations are recorded more and
more often over the entire chronology; fresh snow looks also more
present with time, although this situation is clearly not as common as
wet snow. Snowstorms are much less common from 2007 to 2012
period.

4.2. Dendrochronological results

The analysis of tree rings in the 242 samples document several
winters with snow avalanches impacting the trees over a century
(Fig. 6); avalanche winters pointed out by less than three trees disturbed
and/or with AAI < 10% are not represented. In the Breskul path, a
number of 24 avalanche winters have been evidenced, reconstructed
over the period 1902-2018. In Prut path, only 19 avalanche winters
have been reconstructed covering the period 1921-2018. In Hoverla
path, 22 avalanche winters have been reconstructed spanning over the
period 1921-2018. In the three paths, a higher occurrence of avalanche
winters is recorded since 1950 s, and a denser activity is observed since
the 1980 s, although with differences from one path to another. In this
respect, Breskul and Prut paths, with contiguous starting areas, are
significantly more active than Hoverla path.

For the reconstructed time span, the average recurrence interval of
avalanche winters have been calculated, with values ranging between
4.4 years in the Hoverla path, 4.8 years in the Breskul path, and 5.1 years
in the Prut path.

Tree-ring evidence of past snow avalanches enables to recognize five
winters when an activity has been recorded in all the three paths
investigated (Fig. 7). Those winter seasons are 1947-48, 1976-77,
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Fig. 6.

Dendrochronological reconstruction of avalanche winters in the three avalanche paths investigated.
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Fig. 7. Avalanche winter distribution over time within the three investigated paths, highlighting common activity in the three paths during five winters (1947-48,
1976-77, 1993-94, 1998-99, 2001-02).

1993-94, 1998-99, 2001-02. Other winters saw the concomitant ac- trees at these times, those that were disturbed by snow avalanches. In all
tivity in Breskul and Prut paths, which are partially sharing the same cases, the more distal trees show disrupted tree-ring patterns, indicating
ridgeline below Breskul peak (1967-68; 1986-87; 2009-10; 2012-13). that snow avalanches had reached long runout distances during these
Finally, Breskul and Hoverla paths, which have the same aspect and five winters.

similar characteristics of their snow-avalanche departure zones, also had
recorded activity over the same winters: 1957-58, 1961-62, 1973-74,
1978-79, 1981-82, 2005-06, 2014-15. However, in this last case, the 4.3. Synoptic scenarios
AAI is noticeably lower, in general. The dendrochronological approach

does not report snow-avalanche activity happening concomitantly in During the period of meteorological observations 1961-2015 at the
Prut and Hoverla paths. study site, the main avalanche winters reconstructed based on tree-ring

The clear snow-avalanche signals in the tree-ring records enables analyses are addressed for synoptic analyses. The Fig. 9 describes three
mapping their maximum runouts over the five main winters common to of the five avalanche winters (1976-77, 1993-94, 2001-02) recorded
the three paths. Fig. 8 provides examples of event maps with common simultaneously in all path investigated. All synoptic events are associ-
avalanche winters in the three pats, distinguishing, from the set of living ated with the fluctuations of air temperature and changes of snow cover

depth. Over winters 1976-77 and 1993-94, the rapid snow
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Fig. 8. Example of event maps showing the tree-ring reconstructed extent of snow avalanches during four of the five main winters of snow-avalanche occurrence
recorded in the three paths investigated (1947-48, 1976-77, 1993-94, 2001-02).
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Fig. 9. Meteorological parameters describing weather conditions previous and during snow-avalanche days for the reconstructed winters of 1976-1977, 1993-1994,

2001-2002, which are recorded in the three paths investigated.

accumulation is obviously the reason for snow-avalanche release in
December-February, sometimes associated with wind conditions, and
mostly over negative daily average air temperature periods. Winter
2001-2002 is different, with a significantly thinner snow cover and a
larger number of snow avalanches over the spring months of March and
April during and following snowfall episodes, or over snowmelt phases.
For these three winters, the variety of weather types is reported
(Fig. 10). According to the Hess & Brezowsky classification (Fig. 9), the
combination of zonal, meridional, and mixed macro-circulation forms
contribute to such a variety.

Four apparent synoptic patterns are highlighted during the 14 snow-
avalanche days recorded over these three winters, with strong influence
on the increase (i, ii) or decrease (iii, iv) of air temperature (Figs. 9, 10
and 11).

®

(i)

The first and most frequent pattern concerns a combination of
weather patterns WZ, TRM and NWZ types. It triggers snow av-
alanches associated to an increase in air temperature, combined
to moderate snow accumulation. As the pattern is formed by
mixed and zonal macro-circulation forms, the Central European
pressure trough together with cyclonic weather types determines
the synoptic scenario. This situation is responsible for snow-
avalanche triggering over the 2001-2002 season. This pattern
is also found in April 1977, associated with an abrupt air tem-
perature increase together with liquid precipitation.

The second pattern, west-oriented circulation type (WS), is
related to zonal circulation forms. It is observed in February 1977
and results from an air temperature increase up to 5 °C associated
to liquid/solid precipitation for two or three days. These were the
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Fig. 10. Weather types according to Hess & Brezowsky classification for the reconstructed winters of 1976-77, 1993-94, 2001-2002 with the indication of snow

avalanche days (bold squares).

days when the air temperature increased above 0 °C. The weather
types are found prevalent for positive phase of North Atlantic
Oscillation characteristic of winters with warm spells in the
Carpathians (Bartholy et al., 2009).

(iii) An air temperature decrease together with abundant snow
accumulation following two to five days of temperature increase
and wind strengthening is a synoptic scenario of the third
configuration of mixed circulation (BM, HM weather types). The
weather types are under the control of the cold front from the
North Atlantic breaking the Central European high-pressure
ridge. This synoptic pattern is detected in the case of
1993-1994 and 2001-2002 winter seasons.

(iv) The fourth pattern is caused by meridional circulation forms
(NEZ and SEZ types) associated with cyclone genesis over the
territory of Eastern Europe and Mediterranean, causing a
decrease in air temperature, as documented in December 1976
and February 1994.

10

Tree-ring evidence of past snow avalanches were recorded also in
only two common paths, not in the three paths investigated, for instance
Bretskul and Hoverla paths. One of the more devastating events detected
was a snow avalanche occurring between March the 11-23, 1968 on the
north-eastern slope of Breskul. As a result of a series of snow avalanches,
the employees of the USRHI observed over 100 trees of Picea abies fall
down within Breskul path. The uprooted and/or broken trees at that
time had diameters ranging between 20 and 100 cm, some individuals
having approximately 120 years old. The synoptic background during
this period is characteristic for advection with temperature increase,
recording 137 h of precipitation totalling 97.2 mm of snow, associated
with snowstorm, and ending with snowmelt. In this specific case, the
avalanche series were triggered by the long-lasting combination of all
the meteorological conditions mentioned before: temperature increase,
rapid snow accumulation due to heavy snowfall and strong snow drift.
Zonal and mixed circulation forms are characteristic of this avalanche
period. The circulation forms are represented by the north and west
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Fig. 11. Four synoptic patterns dominating over snow-avalanche days: (1) mixed and zonal circulation forms with air temperature increase and precipitation,
exampled by April 13, 2002 synoptic situation; (2) zonal circulation causes air temperature increase, illustrated by February 11, 1977 situation; (3) mixed circulation
forms with air temperature decrease together with heavy snow accumulation, as on January 18, 1994; (4) meridional circulation forms with air temperature

decrease, on December 13, 1976. The study area is marked in red.

cyclonic weather patterns (NZ, WZ) bringing excessive snowfall, finally
ending with the penetration of southwestern anticyclonic weather
(SWA) and warm air masses.

4.4. Favourability of the climatic parameters to snow-avalanche
occurrence

The tree-ring reconstructed winters within the three paths investi-
gated has been correlated with 50 monthly climate variables
(1961-2015) to verify the set of climate factors responsible for major
events. The regression analysis provided seven models. Two models
obtained from multiple regression analyses that explain more than 90%
of the total variation have been selected (Table 4).

The variables retained by the regression (Table 5) enabled the
identification of multiple scenarii for the occurrence of major snow
avalanches. Because the measurement scales of variables entering a
multiple regression are often different, the interpretation of the regres-
sion coefficients (b) in this sense can distort the image of the importance
of independent variables in the model. For this reason, the standardized
regression coefficients are introduced, defined as the estimated regres-
sion coefficients of the model. Modification with a standard deviation of
the value of the variable x produces a change with fi standard de-
viations of the value of the dependent variable. In this way, the size of
the standardized coefficients reflects the importance of independent
variables in the prediction of the dependent variable. The standardized
coefficients helped to prioritize the influence of each variable in the total
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variation.

According to the parameters of the two models, favourable and
unfavourable factors are highlighted:

The favourable factors to the occurrence of major avalanches are:

— the presence of very heavy precipitation (mostly snow, although the
recorded precipitation is not discriminated) at the beginning of the
snow-avalanche season. The early building up of the snow cover
prepares future snow avalanches over winter: Hryshchenko et al.
(2014) insist that in the snow-avalanche records 30 cm of accumu-
lated snow is a prerequisite for snow avalanche release. That is
translated in the analysis by the number of days with precipitation
above average precipitation plus 2x Standard Deviations in
November.

— destabilisation of the snow layer in February by passing the air
temperature above the threshold of 0 °C (Number of consecutive
days with Tmed above 0 °C and Snow depth above 5 cm in February).

- maintaining a consistent layer of snow in April (Number of days with
snow depth growth above 1 x Standard Deviation in April).

The unfavourable factors are determined as:
— maintaining a medium-thick layer of snow over a long period of time

in January (Number of days with snow depth between 40 and 50
cm).
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Table 3
Monthly weather variables selected to perform the multiple regressions (revised
version).

- AIR TEMPERATURE -

Average temperature Tmed

Minimum temperature Tmin

Maximum temperature Tmax

Number of days with: Tmin below Tmin minus 1x Standard Deviations N_Tmin <
1STD; Tmin below Tmin minus 2x Standard Deviation N. Tmin < 2STD; Tmed above
Tmed plus 1X Standard Deviation N_Tmed > 1STD; Tmed above Tmed plus 2x
Standard Deviation N_Tmed > 2STD; Tmax above Tmax plus 1x Standard Deviation
N_Tmax > 1STD; Tmax above Tmax plus 2x Standard Deviation N_Tmax > 2STD;
Tmed above 0 °C N_.Tmed > 0 °C; Tmed above 0 °C and snow depth above 5 cm
N.Tmed > 0°C.SC > 5

- WIND -

Average wind speed Vmed

Maximum wind speed Vmax

Number of days with average speed above Vmed plus 1x Standard Deviation N_Vmed
> 1STD

- PRECIPITATIONS -

Precipitation amount RR
Precipitation amount for the days with snow cover RRmed SC
Maximum precipitation amount in: one day RRmax24h; in 3 consecutive days
RRmax72h

Number of days with: RR above RR plus 1x Standard Deviation N.RR > 1STD; RR
above RR plus 2X Standard Deviation N.RR > 2STD

- SNOW COVER -

Snow depth SD

Maximum snow depth: in one day SDMax24h;

Number of days with snow depth between: 1 and 10 cm N.SD < 10 cm; 10 and 20
cm N_SD 1020 cm; 20 and 30 cm N_SD_20_30 cm; 30 and 40 cm N_SD_30_40 cm; 40
and 50 cm N_SD _40.500 cm; 50 and 60 cm N_SD_50_60 cm; above 60 cm N_SD > 60
cm

Number of days with snow depth growth: days with snow depth growth N_UP_SD;
above 1x Standard Deviation N.UP_SD > 1STD; above the average depth N.UP_SD >
UP_med; above 10 cm one day SDUP_1_10cm_24h; above 10 cm 3 days SDUP_10
cm_7; from 15 to 20 cm in one day SDUP_15_20cm_24h; from 20 to 25 c¢m in one day
SDUP_20_25cm_24h; above 25 cm in one day SDUP > 25cm_24h; from 1 to 25 cm in 3
days SDUP_25cm_72h; from 25 to 50 cm in 3 days SDUP_25_50_72h; above 50 cm in 3
days SDUP > 50cm_72h

Table 4
Regression analysis summary (selected models are in bold).

Models R R Adjusted R Std error of Change statistics
square  square the estimate

R square F

change change
1 0.637  0.405 0.381 0.1038097 0.405 16.356
2 0.751 0.564 0.526 0.0907820 0.159 8.383
3 0.834 0.696 0.655 0.774809 0.132 9.575
4 0.893  0.798 0.759 0.0647464 0.101 10.505
5 0.931 0.866 0.832 0.539833 0.068 10.209
6 0.964 0.929 0.906 0.0404445 0.63 16.631
7 0.981 0.963 0.949 0.297939 0.035 17.012

— the presence of very warm consecutive days at the beginning of the
snow-avalanche season, which lead to the melting of the snow layer
(Number of days with Tmed above Tmed plus 2x Standard Deviations
in April).

— high average air temperature in March leading to the melting of snow
(Average temperature April).

5. Discussion
5.1. Historical records

Historical records of snow avalanches are of prime interest to
document past events. The combination of the data recorded by the
Carpathian avalanche group (1961-1991) and those collected at the
Pogegevskaya weather station (1961-2012) provide valuable informa-
tion, mainly descriptive, and of varying quality. Quantitative data are
also recorded, although some information is evasive, such as
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Table 5
Multiple regression coefficients.
Models Unstandardized Standardized
coefficients coefficients (B)
B standard
error

6 Intercept —-0.14 0.034 -
N_RR > 2STD-NOV 0.179 0.015 0.775
N_Tmed > 0°CSD > 5 0.024 0.004 0.437
cm-FEB
RR-APR 0.021 0.005 0.293
N_UP_SD_>1STD-APR 0.051 0.013 0.272
N_SD50_60cm-JAN —0.015 0.002 —0.645

— N_Tmax > 1STD-NOV —0.090 0.016 —0.350

7 Intercept —0.064 0.028 -
N_RR > 2STD-NOV 0.151 0.013 0.652
N_Tmed > 0°C_SD > 5 0.030 0.003 0.551
cm-FEB
RR-APR 0.023 0.004 0.324
N_UP_SD_>1STD-APR 0.024 0.011 0.130
N_SD50_60cm-JAN —0.014 0.001 —0.595
N_Tmax > 1STD-NOV —-0.072 0.004 —-0.270
Tmed-MAR —0.018 0.004 —-0.270

‘temperature increase’, or ‘snowfall with snowstorm’. This valuable in-
formation enables further insights into weather conditions over the
period of occurrence (Sawyer and Butler, 2006; Gadek et al., 2017), the
avalanche period being highlighted by all kinds of useful sources of data
(Giacona et al., 2017).

5.2. Dendrochronological records

The use of tree rings to highlight snow-avalanche winters surely
extends the time span of observations, up to the late 19th century in
Breskul path. Following the literature (e.g., Christophe et al., 2010;
Corona et al., 2012; Dubé et al., 2004; Reardon et al., 2008; Boucher
etal., 2003), we selected an AAI greater than 10% to consider a winter as
avalanchy, and added further criteria to counter low sample depths in
the earlier years of the reconstructed chronology. Some other re-
searches, based on a weaker sample depth, did consider higher AAI
values (Butler and Malanson, 1985; Butler et al., 1987; Bryant et al.,
1989; Decaulne et al., 2013, 2014). In Breskul path, the runout distance
extends over 500 m on flat land, at the valley bottom, which is a terrain
configuration seldom described in the literature, most studies being
conducted along steeper slopes; this is comparable extreme runout dis-
tance to what was studied earlier in Iceland by Decaulne et al. (2013), in
Norway by Decaulne et al. (2013, 2014), in Gaspé Peninsula (Canada) by
Germain et al. (2005), and in Argentinian Andes by Casteller et al.
(2008). Here the dendrochronological approach records only the most
extreme events: avalanches with short return periods are not impacting
the trees located at the furthest recognized runout, and those might be
recorded in the written sources, not in tree-rings. However, the 1968
extreme runout snow avalanche, well reported in the avalanche chron-
icles, is not visible with such a strong signal in the dendrological record;
if the sampled trees were located in the far runout zone of extreme av-
alanches, the magnitude of the avalanche is of importance. In fact, the
1968 event destroyed most of the forest, leaving only few of the tree
proxies on the less violent trajectories of the snow fluxes. The dendro-
chronological record is therefore done in this path on trees that survived
the event or survived it, i.e., those located on the margins of the extreme
1968 snow-avalanche deposits.

5.3. Climatic signals

Several studies have attempted to interpolate the future snow-
avalanche activity from winter climatic trends, highlighting that over
the last decades are recorded warmer temperature, more rain events and
a shorter duration of the presence of shallower snow cover due to earlier
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snow melting (e.g., Teich et al., 2012), with variations due to altitudes
(e.g., Laterneser and Schneebeli, 2003). In the US Rocky Montains, a
shift is observed on large magnitude snow-avalanche release from
stormy winters drivers with abundant snow packs to warmer tempera-
ture synoptic situations associated to shallower snow covers (e.g.,
Peitzsch et al., 2021). In the Helmos Mts. (Northern Peloponeese,
Greece), the rising temperatures during the transition period of late
winter to early spring seasons may accounts for a higher probability of
rain-on-snow events, which may trigger debris-flow activity instead of
snow-avalanche activity (Tichavsky et al., 2022). The observations of
warmer winter temperature and /or winter snow depth are the main
changes worldwide (e.g., Sinickas et al., 2016; Eckert et al., 2010;
Jamieson et al., 2017). Although winter precipitation has significantly
increased, for instance in the Swiss Alps or in western Canada, long-term
changes in snow-avalanche activity are not flagrant, due to the lack of
long term precise knowledge of snow avalanches (e.g., Bellaire et al.,
2016; Castebrunet et al., 2012; Laterneser and Schneebeli, 2002);
however, a decrease is predicted for dry avalanche activity in the French
Alps and an increase for wet avalanche activity (Martin et al., 2001;
Castebrunet et al., 2014); an earlier start of wet avalanches is predicted
in the Colorado Mountains (Lazar and Williams, 2008). Contrastingly,
Ballesteros-Canovas et al. (2018) demonstrate a clear link between
warming and increased snow-avalanche frequency in the Western In-
dian Himalyas.

The prerequisite seasonal climate and atmospheric circulation vari-
ables for avalanche release in Chornohora massif are heavy and intense
snowfall to form a thick snowpack in the departure area, plus a sudden
reduction of the snowpack cohesion during periods of positive temper-
ature. The weather data collected in the Chornohora study area show a
statistically significant increase in air temperature and precipitation
over the period 1961-2015. This trend is the most significant for pre-
cipitation time series, with a positive level of significance for the whole
avalanche season (December-April) as well as on a monthly basis
(Table 6). However, while monthly and seasonal air temperature has
also increased over the period, no significant trend is detected over the
months of February, March and April. Therefore, over these three
months, the precipitation increase is, so far, associated to rather stable
temperature trends, so the snow-avalanche activity over these months is
drove only by the snowpack characteristics.

5.4. Limitations of the used methods

The accuracy of the locations is sometimes questionable within his-
torical records, as well as the completeness of the evidence. In fact, we
can’t expect exhaustive observations of snow-avalanche release or de-
posits given the fact that the process often occurs during bad weather
conditions preventing direct observations and forbidding outdoor work
for understandable security seasons. The experience of the observer, his
conscientiousness or his training might affect the quality of the data.
Those are shortcomings often put forward to invalidate the use of

Table 6
Mann-Kendall trend statistics for precipitation at temperature time series at the
Pogegevskaya station (1961-2015).

Time series Precipitation Air temperature
Test Significance  Test Significance
Z Z

December 4,74 2,13

January 4,12 2,27

February 3,72 1,39

March 4,66 0,98

April 5,92 1,30

Snow-avalanche season 6,98 2,34

(December-April)

™ trend at a = 0.001 level of significance.
" trend at a = 0.05 level of significance.
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historical sources. However, the historical data used here are compiling
direct record (Ibsen and Brunsden, 1996) of snow avalanche occurrence,
especially the most extreme ones, providing date and further
characteristics.

One of the main limitations of the tree-ring reconstructions is that
tree rings are able to record a single avalanche signal per winter season.
In case of multiple avalanche-events occurrence in a given avalanche
path over a given winter season, tree rings record together evidence of
all events that occurred during the snow season, without distinguishing
between multiple events. Therefore, tree-ring records will never provide
the complete avalanche-event chronology, only a minimum yearly
avalanche occurrence may be reconstructed within the investigated
avalanche path. The temporal precision of tree rings is lost, as ava-
lanches are then observed at the season scale, not at the event one. Also,
in the case of low-magnitude snow-avalanche occurrence restricted to
the deforested avalanche path, the tree-ring approach is inefficient to
reconstruct any event.

The main limitation of the statistical approach we used is that it does
not deal with individual events. Even though it provides a logical and
well-founded scenario of the connection between snowpack dynamics
over the avalanche season and the occurrence of major avalanches, it
cannot predict the very moment of occurrence of these phenomena.
Another limitation is that the results of the study depend on the repre-
sentativeness, quality, and availability of meteorological data. For
mountainous areas, all these aspects are source of issues. To explore
better the weather conditions during the avalanche event, a further
analysis would be needed to recognize specific weather types according
to Hess & Brezowsky classification for each individual snow avalanche
day within the records. That would represent a massive work, that
would surely better document the local situation in eastern Chornohora
massif. However, the synoptic analysis is based on the classical Hess-
Brezowsky classification, which is considered subjective and represen-
tative for the large Central Europe domain (Werner and Gerstengarbe,
2010). Accordingly, possible smaller-scale orographic- induced baro-
metric patterns over the Carpathians may influence the precipitation
trajectory (Barbu et al., 2016). Still, no clear preference to any other
classification of circulation types is given in the recent studies; the one
used in this study is found appropriate for the Carpathian region
(Cahynova and Huth, 2016; Lupikasza, 2016).

6. Conclusion

In this paper we examined the snow-avalanche activity in three
contiguous paths on the Eastern side of Chornohora range, in SW
Ukraine. Our findings are based on a historical approach (period
1966-2015) associated to a dendrochronological one (period
1896-2017). We were able to reconstruct the spatial and temporal dis-
tribution of avalanche winters since the end of the 19th century. A great
variability of avalanche activity is shown over paths, Breskul being the
one that encountered the most numerous events, and a very destructive
one in 1968. The runout of snow avalanches is also the longest there,
approaching 500 m.

Thanks to the analysis of synoptic situations over specific periods of
winters when snow avalanches concerned the three paths, and with a
statistical analysis of the weather parameters recorded over time, the
main meteorological drivers for snow-avalanche release are identified as
air temperature increase, especially conducive to snow-avalanche
events at the end of the season (March, April), and involves wet snow;
snowstorms are responsible for avalanche release in February and March
mainly; and abundant snowfall are also responsible for avalanche
release in February and March. Three main prerequisites for snow
avalanche occurrence are defined according to the analysis of weather
data: (i) early winter thick snow cover; (ii) snow cover thinning and
rapid metamorphism over February with positive daily mean tempera-
ture, (iii) late winter snow cover sensitive to quick snowmelt. If the
temperature shows a general warming trend, as well as more abundant
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precipitation over the analyzed period with meteorological records, the
winter regime of temperature is not affected: no significant change is
therefore expected on the snow-avalanche regime in Chornohora range
in the near future.

However, the accuracy of the snow-avalanche portrait in Chorno-
hora range suffers from a limited amount of recorded events in the
historical archives, and partial description of recorded events; this
shortcoming is only partially documented by the combination with the
dendrochronological approach that provides information at the winter
scale rather than at the event scale. Finally, a more in-depth analysis of
the weather data could be useful on specific short periods of times, or
specific season, to better understand the triggering factors for ava-
lanches in an area that was, over the last decade, growing in popularity
with larger numbers of winter recreation practitioners. Therefore, risk
and vulnerability were emerging issues before 2022, and will be in the
future.
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