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Abstract. Snow cover dynamics are a key factor in high-mountain geomorphology. This study links 1995—
2025 climatic trends to landscape processes by analyzing snow cover data from three elevationally distinct
Bulgarian mountain stations. Results reveal divergent impacts: at the lowest station, Murgash (1687 m), a
significant decrease in snow cover duration (—6 days/decade) enhances conditions for frost weathering by
increasing ground exposure. In contrast, the highest station, Botev Vrah (2376 m), shows a notable increase
in maximum snow depth (+22 cm/decade), promoting processes driven by prolonged meltwater like nivation
and solifluction. The intermediate station, Cherni Vrah (2290 m), exhibits transitional trends, with decreas-
ing snow depth (-9 cm/decade). These findings demonstrate that recent climate variability does not cause
uniform snow decline but is instead actively rebalancing the dominant geomorphic regimes across different

alpine elevations.
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Introduction

Mountain regions are particularly sensitive to cli-
mate change, with snow cover being one of the most
critical indicators of climatic variability. Globally,
the extent and duration of snow cover have shown
predominantly negative trends, especially during the
Northern Hemisphere Spring (Brown, Robinson,
2011; Hori et al., 2017; Notarnicola et al., 2020; No-
tarnicola, 2021). In Bulgaria, the dynamics of snow
cover have been the subject of long-term study, re-
vealing considerable variability and notable changes
over the past century (Alexandrov et al., 2004; Pet-
kova et al., 2004; Tetovski, 2008; NIMH, 2019). The
duration, depth, and timing of snow cover influence
the thermal, hydrological, and mechanical regimes of
the ground, which in turn directly control the inten-
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sity and type of geomorphological processes shaping
the landscape (Petkova, 2015).

As a thermal insulator, snow cover slows the
process of deep ground freezing. A prolonged and
stable snowpack results in fewer diurnal tempera-
ture fluctuations, thereby reducing the intensity of
mechanical weathering during the winter, as the
ground surface is “protected” from abrupt tempera-
ture changes (Zhang, 2005). Conversely, short or
intermittent snow cover causes more frequent freez-
ing and thawing, which enhances frost weathering
processes such as frost shattering and the formation
of scree (Thorn, 1978), as well as block fields and
block streams typical for mountain regions (Sara-
fov, Krenchev, 2020; Bozhkov, 2024).

This study explores the systemic relationship
between snow cover characteristics and their domi-
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nant geomorphological effects. We hypothesize that
shifts in snow cover dynamics, driven by recent cli-
matic trends, alter the balance of geomorphic pro-
cesses in Bulgaria’s high mountains. The specific
aims of the paper are to:

— Analyze trends in the number of days with
snow cover and maximum snow depth at three high-
altitude stations over the past three decades;

— Compare recent dynamics with historical data
to provide a broader temporal context;

— Discuss the implications of these changes for
key geomorphological processes, including frost
weathering, nivation, and solifluction.

Study Area

This study uses data from three high-mountain mete-
orological stations in Bulgaria, selected to represent
different elevations and climatic conditions: Botev
Vrah (2376 m), Cherni Vrah (2290 m), and Mur-
gash (1687 m). Climatically, all three stations are lo-
cated within Bulgaria’s European-Continental zone
but exhibit distinct mountain characteristics such as
low temperatures and high precipitation (Rachev,
Nikolova, 2008). According to the Kdppen-Geiger
climate classification, the two highest peaks, Botev
Vrah and Cherni Vrah, are classified as ET (Alpine
polar climate), while the lower Murgash station is a
D — snow (boreal) climate (Topliiski, 2006; Velev,
2010). These distinctions are clearly expressed in
their mean annual air temperatures for the 1990-
2020 period, averaging around 0.0 °C at Botev Vrah,
0.6 °C at Cherni Vrah, and 4.4 °C at Murgash.

Data and methods

To study the changes in snow cover characteristics,
daily meteorological data for the period 1995-2024
were analyzed for three high-mountain stations in
Bulgaria: Murgash, Cherni Vrah, and Botev Vrah.
The data were taken from the archives of the Na-
tional Institute of Meteorology and Hydrology
(NIMH) and from the World Meteorological Organ-
ization (WMO) synoptic telegrams. Key indicators
were established using specific criteria. A “day with
snow cover” required >0,5 cm depth over 50% of
the terrain at the 06 GMT observation. “Maximum
annual snow depth” was the highest recorded value
for the year at any observation time. The “first” and
“last” dates of snow cover were defined relative to
August, 1st. A linear regression equation was used
to calculate the time trends for the selected snow
indicators.

318

Results

Snow cover dynamics in Bulgaria’s high mountains
show distinct variation with altitude. The analysis
reveals that elevation strongly influences both the
duration and depth of snow cover, leading to dif-
ferent conditions among the three studied stations.
These differences correlate directly with the fre-
quency, intensity, and type of landscape-shaping
processes active in each zone. Botev Vrah, the high-
est station, maintained a relatively stable snow cov-
er duration throughout the 1995-2024 period. Its
average annual snow cover duration was 186 days,
showing only a minimal decrease (-2 days) com-
pared to the historical 1931-1970 average (Fig. 1).
This suggests that despite broader climatic warming
trends, high-elevation zones may maintain snow-
pack persistence due to orographic cooling and en-
hanced precipitation. This prolonged snow season
provides a stable environment for processes such as
nivation and solifluction to operate continuously.

In contrast, Murgash, the lowest-elevation site,
exhibited a substantial reduction in snow cover days.
With an average of 115 days, the site lost 18 days
compared to its historical baseline, representing a
decline of approximately 6 days per decade. This
shortening of the snow season increases the expo-
sure of the ground to diurnal freeze-thaw cycles,
promoting frost weathering and slope instability. It
also reduces the time available for snowmelt-driven
processes, significantly altering the site’s geomor-
phic regime (Table 1).

Cherni Vrah represents a transitional regime
between the two extremes. The site experienced
a modest reduction of 9 days in snow cover, with
an average of 188 days per year. This suggests that
while the snow duration is still sufficient to support
meltwater-driven processes, its weakening trend
may gradually shift the balance toward more cryo-
genic activity, particularly if warming intensifies.
The observed stability in snow duration but decline
in snow depth indicates potential shifts in precipita-
tion form — less snow, more rain — impacting runoff
and soil saturation (Table 1).

Maximum snow depth trends provide further dif-
ferentiation. Botev Vrah displayed a strong positive
trend of +22 c¢m per decade in maximum depth, in-
dicating increased accumulation or prolonged cold
spells. This supports enhanced geomorphic process-
es reliant on sustained snow cover, such as nivation
hollows and slow mass wasting. Cherni Vrah, how-
ever, experienced a significant decrease of 9 cm per
decade, and Murgash lost 4 cm per decade, consist-
ent with their declining snow durations. Shallower
snowpacks not only limit meltwater availability but
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Fig. 1. Annual number of snow cover days and linear trend at Botev Vrah, Cherni Vrah, and Murgash (1995-2024).

also fail to buffer the ground from extreme win-
ter temperatures, further stimulating frost-related
weathering (Table 1).

The spatial gradient of snow cover trends re-
inforces the importance of elevation in modulat-
ing climatic responses. Higher elevations appear
buffered against rapid climatic shifts, while mid
and lower elevations show clear signs of declining
snow regimes. These contrasting patterns have seri-
ous implications for geomorphology, suggesting a
redistribution of dominant processes over elevation
bands.

The analysis of the 1995-2024 data reveals sig-
nificant changes in the key snow cover parameters —
duration, depth, and seasonality — that directly in-
fluences geomorphological processes. These recent
trends show a marked departure from the historical
1931-1970 baseline, indicating a shift in the climat-
ic drivers of landscape evolution.

Snow cover duration shows elevation-dependent
trends. Murgash experienced a significant decrease

of 7 days per decade, totaling 18 fewer snow cover
days annually compared to the historical baseline.
Cherni Vrah lost 9 days, while Botev Vrah remained
mostly stable. These reductions, especially at lower
elevations, suggest a shift toward shorter snow sea-
sons and increased frost activity.

Snow depth trends contrast by elevation. Bo-
tev Vrah recorded a notable increase of 22 cm per
decade, while Cherni Vrah and Murgash show de-
clines of 9 cm and 4 cm, respectively. Despite the
gains at higher elevation, current maximum depths
remain below historical records, particularly at
Murgash, where recent values are less than half the
past maximum.

Seasonality has also changed. At Botev Vrah,
snow now persists until mid-June — 11 days later
than historically — extending the active period for
snow-related geomorphic processes. In contrast,
Murgash shows a shortened snow season, with de-
layed onset and earlier melt-out, reducing snow in-
fluence and increasing frost exposure.

Table 1. Summary of snow cover trends and historical changes across stations

?)naov;/ Max Depth Avg. Historical Avg. Absolute CI;;:();I:‘\I/ CI;;fltoélff\ll
Station Y Trend (cm/ Snow Change Max Max & & 1ang £
Trend decade) Davs (days) Depth Depth Last Snow First Snow
(decade) Y Y P P (days) (days)
Botev +1.1 +22 186 -2 133 277 -11 )
Vrah
Cherni 22 9 188 9 139 277 2 -7
Vrah
Murgash -6.9 —4 115 -18 56 106 —4 6
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Discussion

The divergent, elevation-dependent snow cover
trends observed in this study indicate a reorganiza-
tion of dominant geomorphic regimes across Bul-
garia’s alpine landscapes. This altitudinal differen-
tiation of climatic influence is similar to what has
been reported in other mountain regions such as the
Alps, where lower elevations are the most vulner-
able to snow loss (Hock et al., 2019; Marty, 2008).

At the lowest station, Murgash, the marked reduc-
tion in snow cover duration results in a thinner and
less stable snowpack, consistent with mid-altitude
patterns across the Northern Hemisphere (Brown,
Robinson, 2011). The longer exposure of bare ground
increases frost weathering by intensifying freeze—
thaw cycles and promoting mechanical breakdown
of surface materials (Matsuoka, 2001). The shorter
snow season also leads to more intense and erosive
spring runoff, shifting the local geomorphic regime
toward cryogenic and fluvial dominance.

Cherni Vrah acts as a transitional zone. The de-
creasing snow depth, possibly due to more rain and
less snow during marginal months (Lopez-Moreno
et al., 2017), produces a dual effect: it limits melt-
water-dependent processes such as solifluction, but
at the same time the thinner insulating layer enhanc-
es frost-related surface activity. These observations
update and refine earlier findings on the vulnerabil-
ity of Bulgaria’s snow cover (Petkova et al., 2004).

In contrast, Botev Vrah shows an intensification
of snow-driven geomorphic processes. The persistent
and deep snowpack creates favorable conditions for
nivation and solifluction. Although this contrasts with
general global trends of snow loss (Notarnicola, 2021),
it supports studies indicating that climate change may
increase winter precipitation at the highest altitudes
(Beniston et al., 2018). Here, the geomorphic potential
of snow seems to be strengthening, in opposite direc-
tion to what is observed at lower elevations.

Overall, these findings suggest a vertical redistri-
bution of dominant geomorphic regimes. The ground-
based data presented here provide detailed evidence
that complements broader satellite observations of
complex, elevation-dependent snow responses (Dietz
et al., 2014). If such tendencies continue, they could
result in an upslope migration of landscape-forming
mechanisms, influencing slope stability and sediment
transport in Bulgaria’s high mountain areas.

Conclusion

Snow cover in Bulgaria’s high mountains is under-
going a complex reconfiguration, rather than a sim-
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ple decline. At lower elevations, snow loss enhances
frost weathering and erosion. At higher elevations,
stable or increasing snowpack supports prolonged
hydrological and mass-wasting processes. These
findings highlight the critical role of snow cover in
shaping mountain geomorphology. Future monitor-
ing should focus on how continued climate change
will alter the thresholds for key processes and poten-
tially create new process domains. Integrating snow
metrics into geomorphic models is essential for pre-
dicting landscape evolution in alpine environments.
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