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Abstract

The study offers the first attempt to combine the identification of rock cliffs particularly prone to rockfall with
estimates of the potential trajectories and kinetic energies of the material released in this way in the Tatra
Mountains. The results obtained suggest that the potential energy of the relief and the initial size and shape
of the rock fragments released have not fundamentally changed since the complete disappearance of the gla-
ciers. It was also found that the degree to which glacial and periglacial landforms are buried by such material
depends not just on the location, number and size of the release areas or rockfall frequency but also on the
kinetic energy of the rock material released. The rockfalls observed in recent years and those perceived as po-
tential ones are linked not so much to permafrost degradation as to the relief, geology and weather conditions.
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Introduction

Rocky cliffs and talus covers are integral
parts of any high-mountain denudation sys-
tem. Their morphodynamics depends on the
geology, topography, climate, glacial extent,
the thickness of the active layer and seis-
mic activity (Fischer et al., 2012; Romeo et
al., 2017, Mair et al., 2020; Knoflach et al,
2021). Within the periglacial zone, mechani-
cal weathering is the primary process respon-
sible for degrading rock slopes (e.g. Eppes &
Keanini, 2017). This process, often with the

assistance of chemical weathering (Dixon &
Thorn, 2005), leads to the propagation of
cracking (Draebing & Krautblatter, 2019) and
the consequent release of rocky fragments
that fall, bounce, roll and slide downhill (Luck-
man, 2013). Deposited at the foot of rocky
cliffs, the talus material forms colluvium that
is subject to further shaping by paraglacial,
periglacial and alluvial processes (Senderak
et al,, 2019, 2020).

Climate warming and especially deglacia-
tion and permafrost degradation have been
leading to an increasing magnitude and


https://crossmark.crossref.org/dialog/?doi=10.7163/GPol.0275&amp;domain=pdf&amp;date_sta
mp=2024‐06‐27
mailto:kajdasj@gmail.com
mailto:bogdan.gadek@us.edu.pl
https://orcid.org/0009-0006-6878-4296
https://orcid.org/0000-0002-8755-9119

190

frequency of rockfall in high-mountain areas
(Gruber & Haeberli, 2007; Fisher et al., 2012;
Knoflach et al,, 2021). Also, climate change
has led to higher rates of rock and fracture
kinematics (Draebing, 2021) at lower alti-
tudes, which is controlled by the properties
of the slope geology (André, 1996; Matsuo-
ka, 2008; Lubera, 2016). The cracking and
release processes display significant vari-
ability in time and space. The results of cos-
mogenous isotope dating of talus material in
the Tatras suggest that the largest rockfalls
in the area occurred approximately 20 ka BP
as a result of the deglaciation processes and
during the warmer and more humid periods
at the transition between the Pleistocene and
the Holocene (Pdnek et al.,, 2016). Lichenom-
etric dating covering the last several hundred
years, on the other hand, points to the low
magnitude and continuous nature of these
processes (Kotarba et al.,, 1987; Gqdek et al.,
2016), even if medium-scale rockfalls have
occurred (Rgczkowska & Cebulski, 2022; Kaj-
das et al., 2024). A considerable intensity of
rockfall events was observed in the 19th and
at the beginning of the 20th century (Kotar-
ba & Pech, 2002). Dendrochronological data
revealed increased rockfalls over the last
five decades (Zielonka & Wronska-Watach,
2019). At present, rockfalls are predomi-
nantly activated by rainfall, snow melting and
frost weathering (Kajdas et al,, 2024), but in
addition, it is impossible to exclude delivery
of talus material from the degradation of
permafrost (Silhdn & Tichavsky, 2016), mainly
since the biggest rockfalls of the last decade
occurred in an area within which permafrost
could potentially occur (Gadek et al., 2023).
Due to the growing hazard of rockfalls
(Zielonka & Wronska-Watach, 2019), cliffs in
areas in the Polish High Tatras where there is
very intensive tourist and climbing activity (htt-
ps://tpn.pl/zwiedzaj/turystyka/statystyka) are
now being monitored using terrestrial laser
scanning (TLS) (Gadek et al., 2023; Kajdas et
al,, 2024). However, comprehensive research
into the rockfall hazard at the scale of the
entire region is still lacking. This study offers
the first such attempt. The idea is to identify
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areas particularly prone to rockfall and to
estimate the trajectories and kinetic energy of
the material potentially released from these
areas. In this way, it has been possible to i)
find the extent of potential rockfalls vis-a-vis
the extent of the current talus slopes, ii) deter-
mine the relationships between potential rock
material release zones and the current occur-
rence of permafrost, and iii) identify areas
dangerous to tourist and climbing activity. The
study employs the results of direct field obser-
vation, large-scale geological maps, high-
resolution digital elevation models (DEMs),
aerial orthophotomaps, numerical rockfall
simulation methods (Bartelt et al., 2022) and
geographical information systems (GIS).

Study area

The Polish part of the High Tatra Mountains
(Fig. 1) covers an area of approximately
63 km?, bounded by the WGS84 coordinates:
N49.17956°/E20.088° and  N49.28503°%/
£20.03425°. The area reaches an altitude of
2499 m a.s.l. (Mt. Rysy).

The local geology is dominated by Car-
boniferous granitoids marked by joint planes
along the NW-SE and NE-SW axes, with
cataclasites, tectonic breccias and mylonites
being found in fault zones (Piotrowska, 1997;
Piotrowska et al., 2015). The high-mountain
relief is a result of Pleistocene glaciation (Kli-
maszewski, 1988; Zasadni & Ktapyta, 2014)
and during the post-glacial period, vast talus
cones exceeding 30 m in thickness formed
at rocky gully mouths (Gqdek et al, 2016;
Senderak et al., 2019). The rate of rock wall
retreat ranged from nearly O to 0.004 ma"
(Kotarba et al., 1987; Lubera, 2016; Gaqdek
etal, 2023).

The moderate climate of the Tatras is main-
ly determined by polar maritime and polar
continental air masses (NiedZwiedz, 1992).
The average air temperature ranges from
approx. 6°C at the mountain foot to approx.
-2°Cin its highest zones (tupikasza & Szyputa,
2019). Permafrost may sporadically occur
above 1900 m a.s.l. (Dobinski, 2005; Gqdek
et al, 2009; Gadek & Szyputa, 2015). The
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Figure 1. Study area. Yellow polygon: the Polish part of the High Tatra Mountains. Red dots: release
areas of the Turnia Kurczaba (TK) and Niebieska Turnia (NT) rockfalls

most significant frequency of the freeze-thaw
cycle is observed within the zone of 1700-
2050 m a.s.l. (Rgczkowska, 2007). Annual pre-
cipitation increases with altitude from approx.
1400 mm to approx. 2000 mm (Ustrnul et
al,, 2015), while the number of days with sea-
sonal snow cover varies from approx. 150 to
above 210 (Gqdek & Szyputa, 2015).

The Polish High Tatras are part of the
Tatra National Park (TPN) and a UNESCO
Biosphere Reserve. The outstanding quality
of the area’s natural environment attracts
tourist traffic that sometimes exceeds what
is referred to as the tourism carrying capac-
ity (TCC) (https://tpn.pl/zwiedzaj/turystyka/
statystyka), while it also constitutes the most
important climbing area in Poland (https://
wspinanie.pl/topo/polska/tatry/).

Data and methods

The potential rockfall extent and kinematics
were determined by numerically simulating
their development using archival rockfall data
and cartographic and remote sensing data.

Archival rockfall data

The historical data used to calibrate the
numerical simulations of potential rockfalls
came from the latest two rockfalls recorded
in the study area: Niebieska Turnia (21 May
2018) and Turnia Kurczaba (22 October 2021).
Specifically, the data included (a) terrestrial

photos of the release and deposition zones
taken immediately after each of the events,
(b) video footage, (c) terrestrial laser scanning
(TLS) data (Kajdas et al., 2024) and (d) drone
image dataset of Turnia Kurczaba (made
available by the TPN).

Cartographic and remote sensing data

The study employed a 1:10,000 digital geo-
logical map of the Tatra Mountains (Piotrows-
ka et al, 2015) from the website - https://
geolog.pgi.gov.pl/. Additionally, 0.25 m reso-
lution rectified aerial orthophotomaps with
a 1 m resolution LiDAR-based digital eleva-
tion model (DEM) were obtained from the
Head Office of Geodesy and Cartography.

Digitalisation and cartometric
measurements

The QGIS package was used to identify
slopes located in fault zones on the geo-
logical map, including those with tectonic
breccia, cataclasites and mylonites. Their
location and extent (shape and size) were
extracted as a separate vector layer, as were
the rocky slopes and their talus foot areas.
DEM and orthophotomap analyses were
used to define (i) rocky slopes with an inclina-
tion greater or equal to 70° (cliffs), (ii) terrain
surface types divided into extra hard, hard,
medium hard, medium, medium soft, soft,
extra soft, and snow (Bartelt et al, 2022),
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and (i) lake and forest (dense, medium,
open) (Bartelt et al., 2022).

Rockfall modelling and map
composition

The RAMMS::Rockfall (WSL-SLF) software was
used to simulate potential rockfalls. It follows
a rigid-body approach to simulate rockfall tra-
jectories in 3D terrain, taking into account the
influence of rock shape on rock-terrain inter-
action (Caviezel et al, 2019). The software
provided the runout distance, jump height,
velocity and kinetic energy of the released
rocks and their deposition locations/reach
probabilities (Leine et al., 2014; Zhang, 2022).
The inputs included: (i) the DEM, (ii) the release
area, (iii) ground hardness, (iv) forest density,
(v) environmental barriers (lake, dense forest),
and (vi) rock form, volume and density. The
density of granitoid rocks was assumed to be
2700 kg m* (Columbu et al., 2015).

The 3D rockfall model calibration involved
the back-analysis of the rockfalls at Turnia
Kurczaba and Niebieska Turnia. This required
tuning simulation results to the observational
data by applying the earlier derived input
data, defining the shape and size of the boul-
ders and an optimum DEM resolution. In
both cases, the best simulation results were
obtained at 5m DEM resolution after con-
sidering the real shape and size of the low-
ermost of the deposited boulders (rock form:
Real_flat_1.8 and 3.04 m®). The random ori-
entation and total simulation numbers were,
respectively, 10 and 1000.

The thus-derived parameters of the model
were then used to simulate potential rock-
falls released from the most-fractured and
steepest rocky cliffs above the timberline in
the Polish High Tatras. A simple assumption
was made that the cliffs most prone to releas-
ing a rockfall under the influence of frost
weathering or the degradation of perma-
frost are those that combined an inclination
equal to or greater than 70° with a location
in the periglacial zone (above the timberline)
and in the fault/mylonite zone (Kajdas et al,,
2024). Fifty-two such potential release areas
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were identified, and the total number of rock-
fall simulations, ranging from 400 to 1000,
depended on their size. The simulated rockfall
locations, reaches and kinematic parameters
were presented together with the surround-
ing rocky and talus slopes, the vegetation
zones (orthophotomap integrated with DEM)
and the tourist infrastructure in the area (lay-
ers downloaded from OpenStreetMap) using
the World Geodetic System 1984 (WGS84/
EPSG: 4326).

Results

Turnia Kurczaba rockfall scenario

Figures 2 and 3a illustrate the back-calcu-
lations of the Turnia Kurczaba (TK) rockfall.
It originated on a >70° cataclasite-mylonite
cliff. The release area of around 2500 m?
produced 7200 m® of rock material (Kajdas et
al., 2024). The overall top-view surface area
of the rockfall zone (including release, transit
and deposition zones) was just over 17 ha. The
rock material was displaced along a distance
of approx. 1120 m within a stepped slope
system spanning a vertical range of 815 m.
After its free-fall phase, the released material
continued along the rocky chute towards E
and then down the talus cover at the bottom
of a hanging post-glacial cirque known as
Bandzioch Mieguszowiecki. Downslope from
there, within a high rocky threshold dissected
by a deep rocky gully, the relief deflected the
travelling material towards the NE and N into
the Szeroki Piarg talus cone above the Mor-
skie Oko lake (Figs. 2 and 3).

The average calibrated velocity of the
largest boulders, which also travelled the
farthest, was 20 ms™, their jump height was
5.5 m, and their kinetic energy reached 2.4
MJ. The maximum values of the three param-
eters were achieved in the transition zone
between the rocky threshold of the hanging
cirque and the lowest talus cone. The thresh-
old height is close to 200 m, and its inclina-
tion ranges from 50° to 90°. The results of
the simulations and the observed trajecto-
ries closely matched each other. This would
suggest that the largest boulders (8 t) were
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Figure 2. Numerical simulation of the motion trajectory, jump height, velocity and kinetic energy of the

Turnia Kurczaba rockfall. MO: Morskie Oko lake
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Figure 3. Simulated and observed deposition locations of 8-tonne boulders released from the cliff on
Turnia Kurczaba on 22 October 2021; a) red dots: probable deposition locations of the boulders (2009
orthophotomap: Head Office of Geodesy and Cartography); b) Turnia Kurczaba slope system: fresh talus
material stands out within the rocky gully and in the debris flow channel in the central part of the lower
talus cone (photo taken on 28 October 2021: Z. Rgczkowska); c) shape and size of the boulders deposited
at the transition between the rocky gully and the lower talus cone (photo taken on 28 October 2021:

Z. Rgczkowska)

mainly deposited within the lower rocky gully,
at its mouth and on the top of the Szeroki
Piarg talus cone, along the debris flow chan-
nel (Fig. 3). Only isolated boulders made it all
the way to the lower edge of that talus cone.

Niebieska Turnia rockfall scenario

The Niebieska Turnia (NT) back-calculation
results are illustrated in Figs. 4 and 5a. The
rockfall originated in a fault zone on a >70°
granitoid cliff. Its release area covered

approximately 1000 m?. Roughly 90% of the
rocky material fell on the southern side of the
ridge into the Dolinka pod Kotem postglacial
cirque. The rocky deposits came to their rest-
ing points along the entire length of a talus
cone that encroaches onto a fossil rock gla-
cier stretching all the way to the Zadni Staw
lake (Zasadni et al., 2023a). This slope system
spans about 400 m vertically and 450 m
horizontally. The remaining 10% of the rock
mass fell into the Zadnie Koto cirque on the
northern side of the ridge and was deposited

Geographia Polonica 2024, 97, 2, pp. 189-204
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Figure 4. Numerical simulation of the motion trajectory, jump height, velocity and kinetic energy of the

Niebieska Turnia rockfall. ZS: Zadni Staw lake

Figure 5. Simulated and observed deposition
locations of 8-tonne boulders released from the
cliff on Niebieska Turnia on 21 May 2018; a) red
dots: probable deposition locations of the boulders
(2009 orthophotomap: Head Office of Geodesy
and Cartography); b) Niebieska Turnia slope
system: fresh talus material stands out in the top
section of the talus cone with some isolated large
blocks also visible in the middle section and lower
down (photo taken on 22 May 2018: M. Szumny)

on a talus slope closed by a moraine ridge
from the period of the last glaciation (Zasa-
dni et al,, 2023b). This slope system extends
300 m vertically and 340 m horizontally, and
the surface area onto which the falling rock
spread was approximately 2 ha (Fig. 4).

The average velocity of the 8-tonne rock
boulders, its jump height and kinetic energy
were 21 ms”, 4.0 m and 2.48 MJ, respectively.
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These three parameters reached their highest
values on the top sections of the steep rocky-
debris slope and midway down the talus slope
(Fig. 4). There were no significant differences
between the observed and the simulated tro-
jectories and deposition positions of the boul-
ders (Fig. 5).

Potential rockfalls

Rocky and talus slopes represent approx.
28% and 19%, respectively, of the surface
area of the of the Polish High Tatras. In the
light of the numerical simulations, the rocky
material released from the 52 rockfall-prone
cliffs, inclined at 70° or more and located
in fault-mylonite zones, should come to rest
within the existing colluvia (Fig. 6).

The simulations placed the potential
release areas between 1690 m a.s.l. and 2361
m a.s.l. (on average: 2140 m a.s.l). The rele-
vant slope systems span between 184 m and
967 m vertically and 200 m to 1274 m hori-
zontally. The average velocities of the materi-
al released may vary from 12 ms'to 37 ms™.
The travelling boulders are expected to jump
between 2 m and 21 m and to carry from
0.95 MJ to 8.1 MJ of kinetic energy (Fig. 7).
These maximum values can be reached on
slope systems with the most significant verti-
cal drops where rocky cliffs exceed 400 m in
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Figure 6. Potential rockfalls in the Polish High Tatra Mountains, their distribution, extent and kinetic
energy. Outlines of talus slopes based on the 1:10,000 geological map of the Tatra Mountains (Piotrowska
et al., 2015). Abbreviations of topographical names: DZ - Dziadula, ZK - Zadnie Koto, MO - Morskie
Oko, CS - Czarny Staw, ZS - Zadni Staw, WS - Wielki Staw, PS - Przedni Staw. Base map: digital elevation
model integrated with an orthophotomap (Head Office of Geodesy and Cartography). Geographic
coordinates: World Geodetic System 1984
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height and are footed by postglacial cirques
that are also hanging high above the valley
bottoms. For these reasons, exceptionally
high levels of kinetic energy, reaching up to
40 MJ, may be expected in rockfalls released
from the slopes of the cirques of Morskie Oko
and Czarny Staw pod Rysami (Fig. 6).
Depending on the slope relief and cover-
age, the areas exposed to simulated rockfalls
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ranged from 1.1 ha to 25 ha (on average:
7.6 ha). The total of these areas accounted
for approx. 6% of the study area, but also cov-
ered approx. 10 km of tourist trails, or 15%
of the overall length of all tourist trails in this
part of the Tatras. Approximately 35 km of
the tourist trails run on top of talus and rock
slopes. The trails most exposed to rockfalls
are those leading to Mt. Rysy, Zawrat pass,
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Figure 7. Extent and kinematics of potential rockfalls in the Polish High Tatra Mountains. The numbering

of rockfalls as in Fig. 6
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Przetecz pod Chtopkiem pass, Szpiglasowa
Przetecz pass, Krzyzne pass, Pusta Dolinka
valley, Kozia Dolinka valley and also the trail
along the southern shore of the Morskie
Oko lake. All mountain refuges have been
found to be located in a ‘rockfall-safe’ areq,
but the path up the Dolina Roztoki valley to
the refuge in the Dolina Pigciu Stawdw Pols-
kich valley traverses a forested zone, known
as Dziadulg, that is exposed to a potential
rockfall (Fig. 6).

Discussion

While the TK and NT rockfalls occurred in
very different geological and topographical
conditions, their best numerical simulations
(extent of the colluvium) were obtained after
adopting the assumption that the travelling
rock fragments had the Real_flat shape (Bar-
telt et al, 2022) and were 3 m® in volume.
The dimensions along the X/Y/Z axis assigned
to the rock shape class were 1.94 m, 2.37 m
and 1.33 m, respectively (Rock Library of the
RAMMS::Rockfall software). These assump-
tions stand out as particularly closely match-
ing the field observations (Kajdas et al.,
2024). It also confirms that it is the heaviest
boulders and, consequently, the ones with the
highest kinetic energy that tend to travel the
furthest from their release area (Evans & Hun-
gr, 1993; Caviezel et al.,, 2021). Also, the simi-
larity of the size and shape of the rocky boul-
ders found in the TK and NT rockfalls would
suggest that the Tatra mylonite rocks have
preserved discontinuity planes typical for
the granitoids, among which they occur (Pio-
trowska, 1997). These planes predetermine
the initial size and shape of the released rock
fragments (Fityus et al, 2013). Considering
that the most recent phase of increased tec-
tonic activity in the Tatra Mountains occurred
between 29.5 and 10.11 ka ago (Szczygiet
et al,, 2024), it can be inferred that the pat-
terns of these discontinuities have remained
relatively stable since that time. The actual
density of these discontinuities, and conse-
quently the size of fragments falling from the
rocky cliffs, exhibit spatial variability (Ggdek

et al, 2023). It does happen, however, that
the force of impact is greater than the com-
pressive strength of the falling rock, and it
disintegrates against a hard landing surface.
A particular case in point in the Tatras was
the rockfall of a mylonite cliff on Mt. Cubryna
on 23 September 2012, where all of the fall-
ing rock packets disintegrated into debris or
finer fractions on impact against the grani-
toid surface (own observations; Rgczkowska
& Cebulski, 2022). In such cases, a correct
numerical rockfall simulation based on the
moving rocky fragments’ constant size and
shape is impossible, and its results would be
overestimated.

The calibrated kinematic parameters of
potential rockfalls can be extremely high
(Fig. 7). Such values reflect the properties of
the relief and the substratum in the upper
zones of the High Tatras (Klimaszewski,
1988; Buczek & Gérnik, 2020) and in particu-
lar: (i) the great vertical extent and steepness
of rocky slopes, (i) the stepped long-profile of
slope systems which also involve small post-
glacial cirques hanging hundreds of meters
above the talus slopes, (i) hard granitoid sur-
faces beneath, and (iv) the large mass of the
rock fragments that travelled the farthest.
This is the basis for the calculation of the
rock boulder “jump height”, i.e. the plumb
vertical distance (Bartelt et al., 2022), which
exceeded 200 m with a velocity of fall near-
ing 90 ms” (Figs. 7 and 8) on several of the
simulations presented.

The largest number of potential release
areas and the greatest kinetic energy levels
are found on the slopes of two post-glacial
cirque-holding lakes, Czarny Staw pod Rysami
and Morskie Oko. Talus material there forms
expansive debris covers reaching and shap-
ing the shorelines of the lakes at the bottom
of the cirques (Rqczkowska et al., 2017/2018;
Choinski & Zielinski, 2023). These landforms
are also reflected in the bathymetry of both
lakes (Stuzba Topograficzna Wojska Polskiego,
1992; Choinski & Strzelczak, 2011). The maxi-
mum thickness of the talus slopes above Mor-
skie Oko reaches 55 m (Ggdek et al.,, 2016;
Senderak et al., 2019). The only depositional

Geographia Polonica 2024, 97, 2, pp. 189-204
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Figure 8. Example of motion trajectory and kinematics of a 8-tonne rocky block between the cliff on
Mt. Mieguszowiecki Szczyt (2400 m a.s.l.) and Morskie Oko lake (1395 m a.s.l.) (see text above)

landforms that predate the talus slopes are
the deglaciation moraines, which are several
thousand years old and are preserved on top
of the rocky lips of the two lakes (Zasadni et
al., 2023a). Elsewhere within the Polish High
Tatras, where rockfall kinetic energy levels
are lower, glacial and periglacial formations
are common - also above and adjacent to
lakes (Rgczkowski et al., 2015; Zasadni, 2015).
Among the periglacial terrain features are
relict rock glaciers (Ktapyta et al., 2024), of
which the youngest are dated to the Younger
Dryas (Zasadni et al., 2023b). Talus cones do
not exceed 35 m in thickness near these land-
forms (Gqdek et al,, 2013; Ggdek et al., 2016).
In the light of the numerical simulations of
potential rockfalls, the degree to which Pleis-
tocene-age landforms are buried with collu-
vium in the periglacial zone of the Polish High
Tatras depends not just on the intensity of the
slope degradation and the location, number
and size of the release zones (Gadek et al.,
2016), but also on the boulder dimensions
(rockfall kinetic energy).

Considering the distribution and the age of
the glacial and periglacial formations (Luknis,
1973; Klimaszewski, 1988; Rgczkowski et al.,
2015; Zasadni, 2015), as well as the size of the
talus slopes (Luknis, 1973; Gadek et al., 2016),
it could be concluded that the potential ener-
gy of the Tatra relief has not fundamentally
changed since the complete disappearance
of the glaciers (Zasadni et al., 2023b). This
would explain the consistency of the extent of
the observed and simulated rockfalls with the
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extent of the talus covers. It could, therefore,
be expected that the reach of the rockfalls in
this area will likely not exceed the limit of the
existing taluses in the coming decades. What
could change, just as in the past, are the
causes and/or intensity of rockfalls (Kotarba
& Pech, 2002; Panek et al., 2016; Zielonka
& Wronska-Watach, 2019; Rqczkowska &
Cebulski, 2022; Gadek et al.,, 2023).

As climate warming continues, high moun-
tain areas commonly experience permafrost
degradation and an increased incidence of
rockfall (Gruber & Haeberli, 2007; Fischer
et al., 2012; Ravanel et al., 2017; Savi et al.,
2020; Knoflach et al., 2021). Also, large-scale
rockfalls in the Tatras are typically released
in areas where permafrost can occur. How-
ever, each rockfall case during the last dec-
ade was found to have been caused by frost
weathering after the delivery of rain and/or
melt water (Kajdas et al, 2024). However,
it so happens that 96% of spots exposed to
rockfall due to slope steepness and a foult-
zone location in the Polish part of the High
Tatras are also located within the area of
potential permafrost. This coincidence of the
two rockfall-favouring conditions with the
harsh climatic conditions means that climate
warming and the resulting increase in the
thickness of the active ground layer cannot
be entirely ruled out as a cause of rockfall in
the Tatras (Gqgdek & Leszkiewicz, 2012). This
factor would be mitigated by the only spo-
radic occurrence of permafrost, which is lim-
ited to very favourable conditions in this area
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(Moscicki & Kedzia, 2001; Gadek & Kedzig,
2008; Gruber, 2012).

In the Polish part of the High Tatras,
nearly all the tourist paths traverse areas
exposed to the hazard of rockfalls (section
4.3). Considering that each year, millions of
people walk along these paths (https://tpn.pl/
zwiedzaj/turystyka/statystyka) and that the
frequency of rockfall has increased over the
last 50 years (Zielonka & Wroriska-Watach,
2019), it might be useful to start work on
a preventive system. Currently, rockfall risk
management within the Tatra National Park
is reduced to the temporary closing-off of
paths in areas of active release, transport
and deposition of rocky material, which is
communicated on the TPN website (https://
tpn.pl/zwiedzaj). Measures that could be
added would include: (i) detailed identifica-
tion and monitoring of unstable/instability-
prone locations using comprehensive field
monitoring, including with a UAV and motion
photogrammetry, airborne/terrestrial laser
scanning systems, interferometric synthetic
aperture radar in addition to the currently
used geological map and DEM analysis
(Fanos & Pradhan, 2018; Carla et al., 2019;
Sun et al, 2023), (i) maps of the degree of
rockfall hazard (Blahdt et al,, 2013), and (iii)
weather warnings during high-risk periods
(D’Amato et al., 2016). Numerical simulation
of potential rockfall would also greatly ben-
efit from measurements of the shape and
size of talus material considering each slope
system’s geology (Fityus et al., 2013; Glover,
2015; Bartelt et al,, 2022).

Conclusions

Areas currently exposed to rockfall released
in the Polish High Tatras’ periglacial zone
coincide with the extent of rocky slopes and
existing talus covers - including those below
the timberline.

The potential energy of the relief of the
Polish High Tatras and the initial size and
shape of the rocky fragments released have
not fundamentally changed since the com-
plete disappearance of glaciers. The degree

to which the glacial and periglacial landforms
are buried depends not just on the location of
these forms, the intensity of rock slope deg-
radation and the location, number and size
of the release areas but also on the rockfall
kinetic energy. Therefore, the spatial variabil-
ity of the potential energy of the relief may be
reflected in the extent of the talus slopes and
in the degree to which the Pleistocene-age
substratum is buried.

Above the timberline, the steepest and
most fractured cliffs are in a sporadic perma-
frost zone. On the other hand, both the rock-
falls observed in recent years and simulated
potential rockfalls are caused by the geology
and weather conditions (rainfall/snow melting
and frost weathering) rather than by perma-
frost degradation.

Due to the extreme intensity of the tourist
traffic within potential rockfall hazard areas,
initiating work on an integrated rock-and-
weather monitoring and rockfall early warn-
ing system for the Polish High Tatras would
be useful. The most dangerous area is around
the Morskie Oko and Czarny Staw pod Rysa-
mi lakes, where the number of visitors some-
times exceeds the tourism carrying capacity.
At the same time, the particularly numerous
potential rockfall release areas identified
there are also characterised by the greatest
values of kinetic energy and extent.
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