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Abstract The article presents results of studies on the rate of erosion of the Wolin Island cliff-coast (NW Po-
land) during the last three decades. Trends of geomorphological changes were defined based on multiannual
observations (1984-2014). Changes were controlled by secular and extreme processes. Research has shown
that the intensity of the processes shaping the Wolin Island cliff-coast were characterized by a clear seasonal
variability. Analysis of hydro-meteorological conditions allowed the authors to derive the threshold values of
the most important factors initiating cliffs hazard. The destruction of the cliff, differing in range, occurs in the
above-threshold conditions. Multiannual research and direct observations of the functioning of the cliff-coast
conducted herein provided the basis for proposing the safety shield and information system about the cliff
hazard.
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INTRODUCTION

Contemporary processes of cliff formation and devel-
opment result from the denudation system, and are
driven mainly by the climate, which continuously
varies over time and is spatially differentiated. The
primary factors in the functioning of the denudation
system of Wolin Island’s cliff-coast are weather con-
ditions, which change according to seasonal, annual
and multiyear cycles, geological settings, landform,
land cover, and diverse forms of human activity (Tr-
enhaile 1997; Bird 2000; Woodroffe 2003; Pruszak
2004; Valdmann et al. 2008; Davidson-Arnott 2010;
Zaromskis et al. 2010; Bagdanaviéiateé et al. 2012).
Cliff-coasts play a crucial role in the contemporary
morphosystem of Wolin Island. The Wolin cliffs, 15
km long, constitute a section of a nearly 50-kilometre
cliff zone on the Polish seaside (Subotowicz 1982).
Systematic fieldwork has been conducted since 1973
to identify and define the morphological variability
and developmental tendencies of Wolin’s cliff-coast
(Kostrzewski, Zwolinski 1995). A verified, thematic

database of cliff top recession has been compiled,
based on a series of long-term observations at five
research sections. It contains the annual rate of Wo-
lin Island’s cliff top recession in selected test sec-
tions in the years 1984-2014. The database served as
a documentation resource for this study. Systematic
monitoring of cliff top recession indicated the rate
of coastal cliff destruction, which is caused mainly
by sea abrasion, mass movements and water erosion.
It should be mentioned here that the findings of on-
going studies of individual landform evolution, sets
of forms and the types of landforms on the Wolin
cliffs, aimed at creating a detailed geomorphological
map of the cliff-coast, provide an important supple-
ment to the presented documentation (Kostrzewski,
Zwolinski 1986).

The main goal of this work is to use archival mate-
rials and current diagnostic studies to present tenden-
cies in the morphodynamic changes on the cliff-coast
of Wolin Island, to attempt to classify cliff hazards,
and to propose a warning system for the unexpected
occurrence of denudation phenomena on the cliff-
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coast. The presented materials can be used for hy-
drotechnical purposes on the Polish coastline, as well
as in development planning.

STUDY AREA, MATERIAL AND METHODS

In the course of carrying out the proposed research
task, comparative studies were conducted of the abra-
sion processes occurring on Wolin Island in sections
with different morpho-lithodynamics. Basic studies
took place on the Wolin Island cliff-coast, located in
a belt zone between Grodno and Miedzyzdroje. This
area was divided into five test sections (Fig. 1), differ-
entiated by the morphology, lithology and exposition
of the coast (Table 1).

Research studies on the Wolin Island cliff-coast
conducted to date have concentrated mainly on issues
concerning geology, geomorphology, hydrology,
climate, soil science, biology, tourism and environ-
mental protection (Kostrzewski 1985; Kostrzewski,
Zwolinski 1995; Buchwal, Winowski 2009; Ho-
jan 2009; Winowski 2009; Kolander et al. 2013;
Tylkowski 2013; Hojan, Wiectaw 2014).

The Wolin terminal moraine, the most important
landform in the northern part of the island, is under-
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Fig. 1 Location of test sections (I-V) on Wolin Island
cliffed coast

cut from the sea side with steep cliffs. Detailed stud-
ies of the geological structure of this unit were con-
ducted inter alia by Krygowski (1959). In their work,
the authors confirmed the glaciotectonic character of
the Wolin moraine ridge. The Wolin cliffs have also
been the subject of detailed lithostratigraphic studies
(Borowka et al. 1982, 1999; Kostrzewski 1985). In
terms of the geological structure of the Wolin cliffs,
two series of till can be distinguished. Grey till linked
with Warta glaciation occurs in the bottom part of
the cliff (Kostrzewski 1985). Its maximum thickness
reaches 40 m. The grey till is directly overlain by the
Vistulian brown till of lesser thickness, up to a few
meters, which can be found only in some sections
of the cliff. On the presented moraine till beds there
are deposits of fluvioglacial sand as thick as 40 m in
many places. Over the top part of the fluvioglacial
there are eolian cover sands with a thickness of 2 to
15 m (Borowka ef al. 1982).

Systematic and standardized research on the mor-
phodynamics of the Wolin cliff-coast has been car-
ried out since 1973 on selected test sections of the
coast (Fig. 2) east of Migdzyzdroje (Kostrzewski,
Zwolinski 1986, 1988, 1995). The study consisted of
measuring the position of the top of the cliff at one
year intervals. For this purpose a method of marked
trees was used where the distance between the tree
and the top of the cliff along a constant azimuth was
measured.

Monitoring results provide a solid basis for a com-
parative study of the abrasion processes present in the
South Baltic Sea cliff-coast. Analyses of the topocli-
mates and hydrological conditions of the Wolin cliffs
have been conducted as part of a comprehensive study
of the natural environment of the Wolin National Park.
The daily variability of maximal sea levels [cm], the
Kronstadt reference system [the water-gauge zero
ordinate 508 cm] and daily total precipitation [mm]
based on the data provided by the hydrographical and
meteorological station in Swinoujscie is presented for
the sea coast of the Wolin Island. The hydro-mete-
orological data for the period of 1984-2014 was ob-
tained from the Institute of Meteorology and Water
Management in Warsaw.

Table 1 Morphological and lithological features of investigated test sections

. Section Coast o .
Section length [m] | height [m] Exposition Lithology

I 250 15 350° Grey clay / fluvioglacial sands / eolian cover sands

11 210 20 340° Grey clay, brown clay in parts / fluvioglacial sands
Grey and brown clay / fluvioglacial sands / eolian cover sands; the

I 400 35-60 323° middle part of the section dominated by glaciofluvial deposits
Fluvioglacial sands / eolian cover sands; at the cliff base two little grey

v 200 50 312° clay outcrops
Grey clay / fluvioglacial sands / eolian cover sands; section margins

\% 280 30-40 315° dominated by sand formations.
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Fig. 2 Sand-till test section V east of Gora Gosan (95 m above sea level)

Vegetation cover is an important element of the
natural environment for retarding the long- and short-
term effects of abrasion on the Wolin cliffs. Studies
of the flora and of floral habitat on the Wolin cliffs,
taking into account previous findings, have been pre-
sented by Piotrowska (2003).

RESULTS

Hydro-meteorological determinants of the
degradation of cliff coast

The geomorphological transformations of the cliff-
coast within the Wolin Island chiefly depend on the
dynamics of sea abrasion and slope erosion related
to, above all, mass movements and washing-off. The
high sea level occurring during storm surges and
heavy precipitation have led to the degradation of
coastal cliffs manifested, among others, through re-
treating of its cliff top.

The cliff coast is particularly vulnerable to degra-
dation as a result of sea level rise, especially at high
storm-waves. Statistically significant raising trends of
the sea level within the Polish coastal area of the Bal-
tic Sea have currently been observed. The analysis of
average sea level in Swinoujscie for the 2" half of the
20" century and 1% decade of the 21 century dem-
onstrated a rate of increase of the sea level by 1 mm/
year (Tylkowski 2015). The dynamics of transgres-
sion within the coastal area of the Pomeranian Bay
corresponds with the global average sea level being
estimated at 1 mm/year (Harff et al. 2007; Hiinicke ef
al. 2008; Milne et al. 2009; Richter ef al. 2012). The
abrasion of the cliff coast within the Wolin Island oc-
curs at high sea levels which significantly exceed their
average level at 503 cm in Swinoujscie in the period

of 1984-2014. The analysis of the maximal sea level
in the period of 1984-2014 did not indicate any sta-
tistically significant trends within its variability (Fig.
3). Within the considered period in Swinoujscie the
highest sea level at 661 cm was recorded on 4 No-
vember 1995. These high sea levels and high storm
waves occurring at that time constituted a significant
factor of abrasion of the cliff coastal within the Wolin
Island which was found when the cliff top retreat was
measured in summer 1996. The lowest sea level oc-
curred on 27 January 2010 and amounted to 382 cm.
The absolute amplitude of the sea level in the period
of 1984-2014 amounted to 2.79 m.

The analysis of total precipitation in the period of
1984-2014—similarly to the maximal sea level—did
not show any significant statistical directional change
(Fig. 4). The average annual precipitation at the Po-
meranian Bay was 558.1 mm. The highest level of
total precipitation (756.3 mm) was recorded in 2010
and the lowest one (370.6 mm) in 1989. The range of
variability of annual precipitation is quite consider-
able (385.7 mm). Significant irregularities of precipi-
tation are also confirmed by an annual coefficient of
precipitation variation reaching 2.0. The area under
study is characterised by some sporadic occurrence
of high-intensity precipitation. The highest daily total
amount of precipitation was found on 28" July 2011
and amounted to 76.6 mm.

The occurrence of extreme hydro-meteorological
incidents of high sea levels and daily total precipita-
tion are shown in Table 2. The set extreme thresholds
(probability 10%) for precipitation (>60 mm) and sea
level (>594 cm) may be treated as hydro-meteorolog-
ical destructive factors of the cliff coast within the
Wolin Island (Tylkowski, Kolander 2014). In the pe-
riod of 1984-2014 a considerable number of extreme
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Fig. 3 Daily maximal sea level in Swinoujécie within
1984-2014. Compiled by Tylkowski, 2015

Fig. 4 Daily total precipitation in Swinoujscie within
1984-2014. Compiled by Tylkowski, 2015

Table 2 Occurrence of extreme (10% probability) maximal sea level and daily precipitation at the Pomeranian Bay coast
in Swinoujscie (1984-2014). Compiled by Tylkowski 2015

Hydrometeorological factor

Parameter: Sea level [cm], Precipitation [mm] Date (yyyy-mm-dd)

Maximum daily sea level
>594 cm

48 days: 608 (1986-12-19), 597 (1986-12-20), 610 (1987-01-09), 596 (1987-01-
12), 609 (1988-11-29), 616 (1988-11-30), 595 (1989-10-03), 605 (1989-11-28), 602
(1989-12-07), 616 (1992-01-17), 597 (1993-01-25), 641 (1993-02-21), 620 (1995-01-
03), 608 (1995-04-08), 596 (1995-08-31), 651 (1995-11-03), 661 (1995-11-04), 595
(2000-01-18), 597 (2000-01-21), 598 (2001-11-09), 596 (2001-11-23), 600 (2002-01-
02), 609 (2002-02-21), 604 (2003-12-06), 602 (2004-11-23), 616 (2006-11-01), 604
(2006-11-02), 604 (2007-01-22), 597 (2007-01-24), 617 (2007-01-25), 601 (2007-01-
27), 602 (2007-01-29), 597 (2007-02-01), 602 (2008-10-30), 613 (2009-10-14), 621
(2009-10-15), 598 (2010-04-30), 600 (2010-12-12), 632 (2011-02-11), 632 (2011-02-
12), 623 (2011-12-17), 612 (2012-01-06), 620 (2012-01-13), 642 (2012-01-14), 602

(2012-01-15), 595 (2013-11-24), 605 (2013-12-06), 612 (2013-12-07)

Maximum daily precipitation
>60 mm

2 days: 76.6 (2011-07-28), 66.2 (2012-07-29)

incidents of high sea levels were found as potentially
destructive factors of the cliff coast within the Wo-
lin Island (Table 2). When the extreme maximal sea
level is exceeded, it could generate geomorphologi-
cal transformations of the cliff coast within the Wo-
lin Island. The specified abrasive sea level threshold
>594 c¢m is close to the alert sea level in Swinoujscie
>580 cm (Wisniewski, Wolski 2011) and the abrasive
threshold (for sand dune abrasion) at the Pomeranian
Bay near Dzwindéw (Tylkowski 2015). In the period
of 1984-2014 abrasive sea level value of >590 ¢cm oc-
curred by 59 days—then they are potentially initial-
ized landslide processes on a cliff coast (Winowski
2014). In the period of 1998-2014 the extreme high
sea level for 48 days and extreme high precipitation
level for 2 days were found to occur.

The storm surges with extreme high sea level were
generated mainly during the occurrence of cyclonic
atmospheric circulation (73% cases), especially with
the West-North sector (59% cases). During the period
of Northwest, North, and West Cyclonic Circulations
on sea level rise in the Southern Baltic, in addition
to the wind factor, influence infusions marine waters
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of the North Sea through the Skagerrak and Katte-
gat. Particularly intense storm surges and abrasion of
the Wolin Island cliff occurred during the North Cy-
clonic Circulation—the most extreme abrasion coast
in the period 3—4 November 1995. On the other hand
anticyclonic atmospheric circulation generated 23%
cases of extreme sea level, but the intensity of the
abrasion was then much less intense. For about 4%
cases of extreme sea level does not specify the type
of atmospheric circulation.

Precipitation with its daily total >30 mm in the
period from 1984 to 2014 occurred 24 times. The
above regularity can provide evidence on potentially
much larger role of storm surges than precipitation in
geomorphological transformations of the cliff coast
within the Wolin Island.

Taking into considerations annual measurements
on the cliff top retreat at the Wolin Island which were
performed in summer months (July—August), hydro-
meteorological determinants were presented in the
form of average and maximal sea levels as well as
annual and maximal daily total precipitation in Ta-
ble 3 for the research term of the cliff crown retreat.



Table 3 Hydro-meteorological conditions of the cliff top retreat within the Wolin island in the period of 1985-2014. Com-

piled by Tylkowski 2015
Research period of | Period of hydrometeorological Sea level [cm] Precipitation [mm]
cliffs withdrawal conditions Average Maximum Total Maximum daily
1985 1.9.1984 - 31.8.1985 495 578 490.9 18.8
1986 1.9.1985 - 31.8.1986 497 585 534.9 26.5
1987 1.9.1986 - 31.8.1987 502 610 613.7 53.5
1988 1.9.1987 - 31.8.1988 502 572 613.7 53.5
1989 1.9.1988 - 31.8.1989 510 616 382.9 17.3
1990 1.9.1989 - 31.8.1990 509 605 444.5 22.2
1991 1.9.1990 - 31.8.1991 497 582 493.0 38.8
1992 1.9.1991 - 31.8.1992 501 616 489.2 344
1993 1.9.1992 - 31.8.1993 500 641 522.5 33.9
1994 1.9.1993 - 31.8.1994 492 572 568.5 34.9
1995 1.9.1994 - 31.8.1995 506 620 640.1 28.2
1996 1.9.1995 - 31.8.1996 493 661 532.6 44.7
1997 1.9.1996 - 31.8.1997 498 592 482.1 233
1998 1.9.1997 - 31.8.1998 506 594 555.4 25.0
1999 1.9.1998 - 31.8.1999 502 576 583.6 26.0
2000 1.9.1999 - 31.8.2000 506 597 589.0 24.5
2001 1.9.2000 - 31.8.2001 498 574 525.9 31.6
2002 1.9.2001 - 31.8.2002 512 609 629.0 234
2003 1.9.2002 - 31.8.2003 496 584 448.1 31.2
2004 1.9.2003 - 31.8.2004 505 604 590.0 25.6
2005 1.9.2004 - 31.8.2005 506 602 489.5 15.8
2006 1.9.2005 - 31.8.2006 495 549 471.3 37.9
2007 1.9.2006 - 31.8.2007 514 617 6343 52.9
2008 1.9.2007 - 31.8.2008 507 593 602.4 37.7
2009 1.9.2008 - 31.8.2009 501 602 543.4 25.1
2010 1.9.2009 - 31.8.2010 504 621 729.7 33.1
2011 1.9.2010 - 31.8.2011 508 632 852.7 76.6
2012 1.9.2011 - 31.8.2012 513 642 565.8 66.2
2013 1.9.2012 - 31.8.2013 508 580 608.7 36.1
2014 1.9.2013 - 31.8.2014 505 612 562.3 46.7

Potentially the most favourable conditions for the
degradation of the cliff coast within the Wolin Island
occurred in the following measurement years: 1996,
2011, and 2012. 1996 was particularly high sea level
at 661 cm, while 2011 and 2012—apart from high
sea levels (632 c¢cm in 2011, 642 cm in 2012)—was
extreme daily precipitation (76.6 mm in 2011; 66.2
mm in 2012).

It should be emphasized that the dynamics of the
cliff top retreat does not show any directly propor-
tional dependencies with high sea levels and intense
precipitation. It is not always that high storm surges
and extreme high precipitation cause significant deg-
radation of the cliff coast. Duration and frequency of
inter-rain and inter-storm periods are significant de-
terminants of the Wolin cliffs retreat. In inter-storm
periods sediment accumulation takes place within the

near-shore area, especially at the foreshore area. The
foreshore area having a considerable amount of clus-
tered sediments constitutes the main area of concen-
tration of waving energy and simultaneously reduces
abrasion of the coastal cliffs. In addition, it is essen-
tial to determine the current state of development of
this cliff coastal section (Subotowicz 1982) and local
determinants connected with the cliff lithology and
exposure.

The cliff top recession rate on Wolin Island

The Wolin cliffs recessed at an average rate of 0.8—1.0
ma’! (meters per year) through the mid-20" century
(Subotowicz 1982; Kostrzewski 1984). Measurements
of the contemporary cliff recession rate reveal aver-
age annual values for cliff top recession rate which
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fluctuate from O to 4.33m (Table 4), with a multiyear
average for the entire monitored cliff of 0.24 ma'.
The highest cliff top recession rate (0.35 ma') was
recorded for sandy section IV (Table 2). Sections 11
and III are marked by a more than 50% lower value
for cliff top recession rate. Till beds appear at their
base, and are more resistant to the abrasion processes
than sandy deposits. It should be noted that most of
the measured values for cliff recession fall within a
range of up to 1m, although cases of nearly 10-meter
annual cliff top recession rate also occur (Table 5).
A particularly interesting situation emerged in No-
vember 1995, when an exceptionally strong storm
surge (the highest in the 20™ ¢.) brought about radical
geomorphologic changes. Consequently, the values

Table 4 Average annual cliff top recession rate [ma]

measured for the year 1996 were several times higher
than those previously recorded (Table 4).

Table 5 presents maximum cliff top recession in
single measurement points that occurred in subse-
quent years of monitoring. Recession values fall in
the 0-9.8m range. The average annual values for
maximum cliff top recession are 1.5-2 m. Out of 130
measurement points, single values for cliff top reces-
sion greater than 2 m were found in only 26 cases.
No explicit tendencies towards maximum cliff top re-
cession indicate any considerable randomness in the
phenomenon. The abrasion pulse rate is determined
by connections between morpho-lithologic and hy-
dro-meteorologic conditions, which fluctuate tempo-
rally and spatially.

Table 5§ Maximum cliff top recession [m]

Year Sec. I | Sec. IT | Sec. III | Sec. IV | Sec. V Year Sec. I | Sec.II | Sec. III | Sec. IV | Sec. V
1985 -0.24 -0.20 -0.74 -0.24 -0.42 1985 -0,75 -0,67 -9,65 -1,15 -2,05
1986 -0.55 -0.35 -0.16 -0.12 -0.13 1986 -1,1 -1,18 -0,95 -0,4 -1,15
1987 -0.06 -0.06 -0.11 -0.01 -0.01 1987 -0,35 -0,3 -1,42 -0,1 -0,05
1988 -0.01 0.00 -0.01 -0.01 -0.03 1988 -0,05 0 -0,1 -0,05 -0,5
1989 -0.09 -0.14 -0.17 -0.04 -0.13 1989 -0,38 -0,61 -1,56 -0,29 -0,74
1990 -0.15 -0.14 -0.05 0.00 -0.08 1990 -0,52 -0,39 -0,48 -0,01 -0,56
1991 0.00 -0.04 0.00 -0.17 -0.08 1991 -0,04 -0,2 -0,1 -0,85 -0,4
1992 -0.02 -0.15 0.00 -0.03 -0.25 1992 -0,1 -0,97 0 -0,3 -4,5
1993 -0.16 0.00 -0.02 -0.02 -0.29 1993 -1,2 0 -0,3 -0,15 -4,1
1994 -0.03 -0.05 0.00 -0.12 -0.80 1994 -0,3 -0,4 -0,1 -0,9 -4,9
1995 -0.03 -0.18 -0.01 -0.22 -0.08 1995 -0,15 -0,8 -0,2 -2 -0,5
1996 -2.95 -0.66 -0.32 -4.33 -2.34 1996 -5,9 -2,85 -3,45 -7,35 -8,35
1997 -0.26 -0.30 -0.13 -0.07 -0.38 1997 -1,6 -1,1 -2,1 -0,45 -4,5
1998 -0.14 -0.46 -0.23 -0.26 -0.28 1998 -0,75 -2,45 -1,35 -1 -2,2
1999 -0.17 -0.38 -0.18 -0.22 -0.15 1999 -0,6 -1,1 -0,7 -1,2 -1,3
2000 -0.06 -0.04 -0.07 -0.03 -0.56 2000 -0,3 -0,3 -1 -0,1 -5,9
2001 -0.05 -0.07 -0.25 -0.43 -0.13 2001 -0,3 -0,45 -2 -1,6 -1,1
2002 -0.13 -0.10 -0.17 -0.42 -0.11 2002 -1,05 -0,4 -1,2 -3,1 -1,29
2003 -0.09 -0.04 -0.17 -0.84 -0.20 2003 -0,6 -0,35 -2,25 -3,5 -2
2004 -0.01 -0.30 -0.23 -0.34 -0.21 2004 -0,05 -2,42 -3,28 -3,08 -3.4
2005 -0.27 -0.10 -0.23 -0.83 -1.27 2005 -0,97 -0,38 -2,95 -2,87 -9,8
2006 -0.10 -0.04 0.00 -0.05 -0.07 2006 -0,47 -0,1 -0,1 -0,21 -0,5
2007 -0.01 -0.03 -0.02 0.00 -0.01 2007 -0,05 -0,13 -0,18 0 -0,15
2008 -0.23 -0.03 -0.11 -0.01 -0.07 2008 -1,4 -0,21 -1,1 -0,05 -0,3
2009 -0.03 -0.03 -0.03 -0.04 -0.01 2009 -0,28 -0,25 -0,4 -0,32 -0,11
2010 -0.02 -0.06 -0.21 -0.66 -0.29 2010 -0,18 -0,4 -1,3 -3,5 -1,96
2011 0.00 -0.17 -0.04 -0.21 -0.13 2011 0 -1,35 -0,8 -1,45 -1,3
2012 0.00 -0.69 -0.31 -0.16 -0.28 2012 0 -2,6 -2,1 -0,9 -2,6
min -2.95 -0.69 -0.74 -4.33 -2.34 min 0 0 0 0 -0,05
average | -0.21 -0.17 -0.14 -0.35 -0.31 average| -0,69 -0,8 -1,47 -1,32 -2,36
max 0.00 0.00 0.00 0.00 -0.01 max -5,9 -2,85 -9,65 -7,35 -9.8
SD 0.55 0.19 0.15 0.81 0.49 SD 1,11 0,83 1,89 1,64 2,51

SD - standard deviation
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A comparison between average annual rates of
cliff top recession and maximum cliff top recession
indicates a strong correlation, since the R? index of
linear correlation fluctuates between 0.71 and 0.93.
Therefore, both parameters referring to the process
of cliff top recession reflect the observed morphody-
namic tendencies.

Geomorphologic changes in the Wolin cliff-coasts

The current geomorphologic changes occurring on the
Wolin Island cliff-coast result from the variability of
the morphogenetic system of the cliff-coast over time
and space. The character and course of these geomor-
phologic processes are diverse, and are conditioned not
only by lithology and land cover, but most of all by sea-
sonal variability in the weather, which determines the
thythm of their functioning throughout the annual cycle.
Due to the complexity of the morphogenetic processes
that shape cliff-coasts, it is extremely difficult to deter-
mine the tendencies of these geomorphologic changes,
because although they are similar in different sections of
the cliff-coast, the intensity of the changes varies.

However, the analyzed monitoring period (1984—
2014) indicated distinct phases of increased activity in
the sea cliffs. In 1984, the Wolin cliffs increased their
activity considerably as a consequence of a violent
storm. Afterwards, the morphogenetic processes stabi-
lized until November 1995, when one of the strongest
storms to strike the Polish coast in the 20™ century oc-
curred. At that time, the Wolin cliffs were active in all
test sections. After this episode, a period of decreased
cliff activity was noted. Significantly, diminished ac-
tivity in the coastal cliffs was observed also in the first
half of the 1990s and in the first decade of the 21* cen-
tury. Variability in the intensity of cliff top recession
over time reveals the relatively low intensity of the
phenomenon. Only during exceptional and extreme
events, especially during intensive storm surges (669
cm in November 1995, 607 cm in 2004; Wisniewski,
Wolski 2011) was a substantial cliff top recession not-
ed in subsequent measuring (in 1996 and 2005).

A general analysis of the linear trend in cliff top
recession in the 30-year period studied revealed a
weak statistical dependence (Fig. 5). Despite the
increased frequency in recent years of uncommon
hydro-meteorologic events (storm surges, intensive
rainfalls) in the studied test-sections, no intensive
cliff abrasion has been observed. A distinctive fea-
ture of all sections is the cyclical activity of cliff top
recession could be connected with occasionally oc-
curring extreme phenomena. Twenty-year cycles of
cliff recession activity were observed with 10—year
intervals £2-3 years between the maximum and mini-
mum of the cycle. During more than 30 years of ob-
servations, such situations were found to continue in

a period of several years following the highest storm
surges, i.e. 1996 (storm surge of 4™ November 1995,
H=661 cm) and 2005 (storm surges of 23" November
2004, H=602 cm; 24" January 2005, H=585 cm; 15%
February 2005, H=572 cm), when a relatively major
cliff top recession was documented.

The concept of phasic cliff development introduced
by, among others, Subotowicz (1982), Furmanczyk
(1994), explains the presented situation. According
to this concept, cliff shores undergo various stages
of activity during a recession (abrasive stage — active
cliff, stabilization stage — inactive cliff). On the basis
of monitoring conducted, it should be recognized that
in the period examined, the test sections of Wolin Is-
land’s cliff-coast were in a stabilization stage twice,
in 1989 and 2008, and once in an abrasive stage,
around 1998 (Fig. 5).

DISCUSSION
CIliff hazard classification

The destructive impact of sea activity and precipitation
has been observed along the entire cliff-coast on Wo-
lin Island (Kostrzewski, Zwolinski 1986, 1988, 1994,
1995). The cliff coast develops mainly as a result of sea
abrasion and as a post-effect of intensive subareal proc-
esses, predominantly of mass movements and wash
downs (Trenhaile 1987; Sunamura 1992; Hampton et
al. 2004; Epifanio ef al. 2013). Storm surges undercut
and destabilize cliff faces, leading to dynamic distur-
bance, which manifests itself in activating mass move-
ments, especially in landslides, sandfalls or in rockfalls
(Marques 2009; Marques et al. 2011). As a consequence
of these morphogenetic processes, sand-till walls are
exposed, which under favourable weather conditions
may in turn come under the influence of precipitation,
wind and frost. The temporal and spatial variability of
these processes, geomorphologic events, and the mete-
orological and hydrological phenomena that condition
them allows us to propose a classification for the main
cliff hazards. A cliff hazard should be understood as a
sudden and rapid geomorphologic event that leads to
a partial or entire recession or the destruction of a cliff
shore, with the potential to have a detrimental effect
on human life and activities, as well as on fauna (Hall
et al. 2002; Hampton et al. 2004). The most common
cliff hazards include events connected with processes
of abrasion, rockfalls and landslides, but also, during
favourable weather conditions, with the processes of
eolian transportation, washout and wind-fallen tree ero-
sion (Trenhaile 1987; Sunamura 1992).

Each of the above-mentioned hazards is character-
ized by three elements (Table 6): hazard-promoting
factors, their threshold values, and the morphologic
effects on the cliff face. The factors promoting cliff
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2014

hazards include storm surges, precipitation, mechani-
cal weathering, snow-melt and wind. On the basis of
multiyear self-observations (1984-2014) showed that
the beach erosion starts when the sea level exceed 560
cm. Statistically defined extreme sea level (594 cm) is
responsible for significant transformation of the foot
of the cliff and initiates the mass movements. This
value is consistent with empirical research on coastal
cliffs abrasion (Winowski 2014). It is worth to note
that Karol Rotnicki (pers. comm., 2010") predicts that
the highest Holocene sea level since Little Ice Age
will be reach in the next 100 years, and is likely to
exceed it by a further half a meter up to 2200. In his
opinion these fluctuations in sea level affecting inter
alia erosion of cliffs (Zwolinski 2011).

' Prof. Karol Rotnicki, Adam Mickiewicz University. Discussion at the
conference ,,Global climate change and their implications for land-
forms of Poland”. December 1, 2010, Warsaw.
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Precipitation initiates hazards in the form of land-
slides, rockfalls and the downfalls of lithologically
diversified drifts on cliff shores. The threshold value
for landslide processes specified in Table 6 was em-
pirically determined by Winowski (2014) on the ba-
sis of cliff slump observations made during the years
2006-2009 and is equal to 40 mm. Shown in Table 2
extreme value of daily rainfall (>60 mm) generates
the regular occurrence of mass movements in the area
of Wolin Island cliff coast whereas empirical stud-
ies of Winowski (2014) have shown that initiation if
this process takes place when the daily total rainfall
exceed 40 mm.

Irrespective of the assumed precipitation threshold
value, an extremely important pre-condition for pre-
cipitation to be morphologically effective on the cliff
face was the substratum deposits being dampened by
a smaller precipitation total several days preceding



Table 6 Characteristics of cliff hazards on Wolin Island

CIliff hazard Hazard factors Factor threshold values Morphologic effects*
Abrasion storm surges sea levels: undercuts, kerfs,
beach abrasion 560 cm* wave-cut grooves
cliff abrasion 594 cm**
Landslide storm surges abrasive sea level > 590 cm*** landfall, cliff slumps
precipitation 40 mm*** proceeded by precipitation period
Rockfall mechanical and bio- |fissures and cracks rock falls, bluffs,
genic weathering heaps
precipitation precipitation threshold value inversely propor-
tional to base weathering degree
Washout precipitation long term rainfall causing the loamy ground mudslides and land-
moisture content to exceed 16% slides
snow melt snow cover over 10 cm thick and air temperature
rising from subzero to above-zero daily; average
daily temperature > 5°C****
Eolian transporta- | wind wind velocity > 15 ms™! or wind gusts cliff naspas
tion > 20 mg ' ¥FFR*
Windfallen tree wind wind velocity > 20 ms™! or wind gusts windfallen trees
erosion > D5 mg I HERHE

* Kostrzewski, Zwolinski (1988); ** Tylkowski, Kolander (2014); *** Winowski (2014); **** Zawislak (2011); *****

RCB (2010)

the landslide hazard. Typically this was a period of up
to 14 days. In the case of hazards induced by rockfall
processes, in addition to precipitation, other factors
include clefts and interstices in the ground, which can
appear as a result of mechanical weathering, e.g. frost-
weathering or insolation, ground compacting and bio-
genic activity connected with the fracturing power of
tree and shrub roots. Observations have proved that
the greater the amount of interstices that increase the
loamy drift weathering level, the more easily and ex-
tensively slumps of this material are formed. At the
same time, substratum drifts are less laden with pre-
cipitation, which, in turn, serves as a direct impetus
for a rockfall hazard. Another case is connected with
precipitation, which increases the danger of a cliff
hazard due to washout processes generated by long-
term rainfall. Such processes for the loamy faces on
Wolin Island are initiated when loamy ground mois-
ture content rises to between 10 and 20%, typically
16%. It should also be noted that washout processes
may have a seasonal character, occurring mainly in
the springtime, when rapid snow-melt (less often ice-
melt) over 10 cm thick occurs on loamy ground at
an above-zero daily air temperature and average daily
air temperature of Ts>1.5-5°C (Zawislak 2011).

The two last hazard factors listed in Table 6, i.€. eo-
lian transportation and windfallen tree erosion, share
the same initiating factor, namely the wind and its ve-
locity. Eolian transport of sandy fluvioglacial deposits
on cliff faces begins at a speed of over 6 ms™” (Hojan
2009). An effective hazard resulting from mass trans-
portation of mineral particles arises at a wind speed
of V>15ms"! or when wind gusts reach V > 20ms-'.
Yet for windfallen tree erosion, stronger winds are re-

quired, with a speed exceeding 20ms™ or wind gusts
of 25 ms™!. The above-mentioned threshold values re-
fer to the wind hazard classification specified by the
Institute of Meteorology and Water Management for
the Government Center for Security (RCB 2010), for
hazard degrees 1 and, 2 respectively.

The cliff hazard classification proposed above is
based on threshold values for the meteorological pa-
rameters and sea level that induce geomorphologic
cliff transformations. The subject of cliff hazards is
important from the point of view of both merit and ap-
plication, and may serve as a basis for formulating a
proposal for a warning system against such hazards.

Conducted multiyear observations and verifica-
tion of adopted threshold values authorizes to use
them in determining the risk of destructive processes.
Obtained data can therefore provide the basic infor-
mation in the coastal management.

Application for cliff protection and a cliff hazard
warning system

Activities that control the effects of extreme proc-
esses along the Polish Baltic Sea shoreline, especially
on cliff-coasts, should be based on a precisely defined
and operated system of protection and information
on possible hazards in the cliff-coast zone. Exten-
sive monitoring of meteorological, hydrological and
oceanological conditions, along with well-developed
modelling of extreme processes along the cliff shore
zone provide the basis for accurate forecasting of po-
tential hazard occurrences in different spatial scales.

A cliff protection and cliff hazard warning system
should contain the following elements:
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* cliff hazard historical database,

* monitoring of cliff hazard factors: sea level,
precipitation totals and intensity, wind speed
and direction, air temperature course, Snow-
cover thickness and density, as well as obser-
vations of ground geotechnical transforma-
tions, e.g. moisture content, condensation and
shearing resistance,

» simulation of probable extreme geomorpho-
logic processes with the use of laboratory tests
and field experiments under various geomor-
phological, hydrogeological, lithological, hy-
drological and meteorological conditions dur-
ing different seasons of the year,

* regular short- and long-term cliff hazard fore-
casts,

* selection of the most probable areas suscepti-
ble to a cliff hazard,

+ dissemination of potential cliff hazard maps,

* warning announcements for a crisis centre
about a predicted exceeding of threshold val-
ues for cliff hazard factors.

The key element in a cliff protection and cliff haz-
ard warning system is short-term weather forecasting
(few-hour or few-day operational forecasts), which
should be made on the basis of direct and indirect
observations of environmental conditions carried out
by the state service, e.g. the Institute of Meteorology
and Water Management—National Research Institute,
Polish Geological Institute—National Research Insti-
tute, Maritime Offices or environment monitoring
field stations. Long-term forecasts, however, should
be based also on the findings of geomorphological,
geological and hydrological field observations, as
well as on experimental study results. Operational and
strategic forecasts should comprise not only a qualita-
tive description of potential cliff hazards, but should
also provide as precise as possible quantitative fore-
casts for extreme processes that induce cliff hazards.
Therefore, the role of the forecasting system should
be two-fold: diagnostic and informative, as well as
premonitory, based on the organized monitoring of
extreme processes on the South Baltic Sea coast. The
cliff protection and cliff hazard warning system thus
provides the basis for developing a warning system
operated by the civil service, local government units
and specialized rescue services, and should be ob-
ligatory in order guarantee that it is formalized and
brought into effect.

CONCLUSIONS
Long-term studies on the functioning of cliff-coasts
(Kostrzewski, Zwolinski 1986, 1988, 1995) under

conditions of the increased impact of extreme hy-
drometeorologic events (Avotniece ef al. 2010; Jania,
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Zwolinski 2011) has allowed for time capturing of the
most significant geomorphologic changes in the sea
cliff structure and for recognition of the tendencies of
cliff shore recession. Moreover, a cliff hazard classifi-
cation as well as a system of protection and informa-
tion on factor-induced hazards has been proposed.

The cliff top recession rate measured on tested re-
search sections proved that the current development
of the Wolin Island cliff-coast is undergoing temporal
and spatial diversity of a seasonal nature, depending
on the time of year and on the morphological and litho-
logical conditions. In the analyzed 30-year period, one
20-year cycle appeared during which two periods of
decreased morphodynamic activity occurred (around
the years 1989 and 2008) and one period of increased
cliff shore morphodynamics (around the year 1998)
manifested by an increased rate of top recession in
the Wolin cliffs. The intensity of the morphogenetic
processes that shape the cliff coastline also demon-
strated a distinct seasonal variability (Kostrzewski,
Zwolinski 1986, 1988). The autumn and winter sea-
son was dominated by extreme processes which by
their activity significantly contributed to cliff model-
ling. Summer, however, was influenced by processes
of an average character which transformed the cliff
face to a lesser degree.

This study proposes threshold values for the key
cliff hazard inducing factors (mainly marine factors -
sea levels, and meteorological factors - precipitation,
air temperature or wind) responsible for the trans-
formation of the cliff shores on Wolin Island. Upon
further analysis, these factors might be extended to
the Polish Baltic coastline along its entire length. It
could be stated that crucial cliff hazard-inducing fac-
tors include high sea level (594 cm) and precipitation
with a daily total exceeding 40 mm a day. Exceeding
the proposed threshold values for cliff hazard induc-
ing factors triggers cliff shore destruction of various
extents. If the hinterland of the cliff top is used or
inhabited by people, these hazards may constitute a
direct threat to them and their living and economic
conditions, or to recreational facilities. Reliable in-
formation on cliff hazards requires standardized hy-
drometeorological and geomorphological monitor-
ing of the cliff-coasts. Cliff-coast monitoring results
should serve as a basis for developing procedures for
modelling and forecasting extreme geomorphologi-
cal events that induce disastrous effects on cliff faces,
as well as for alerting the community against direct
threats to life and property in the coastline zone.
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