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Abstract

The use of new technology, which is airborne laser scanning (LiDAR), allows to analyze changes
in the natural environment. Due to its accuracy and precision, this method makes possible to study
even small landforms. It is an excellent complement to traditional surveying methods. The analysis
deals with Debina Cliff — the several-kilometers long form located at the coast of the Ustka Gulf.
The cliff was developed using LiDAR images and generated DEMs (Digital Elevation Models).
Orthophotomaps and topographic maps in scale 1:10 000 proved to be helpful as well. The useful-
ness of LiDAR images and products for studying small landforms was presented. On their basis,
the exact morphometric characteristics of D¢bina Cliff was determined. By comparing images
taken at different seasons, it was also possible to determine the changes that have occurred during
the survey. Calculations and measurements have been developed with a help of GIS software:
ArcGIS, QuantumGIS and Global Mapper.
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INTRODUCTION

Measurements of space require selection of appropriate tools and technologies. The
aim of the work is to analyze the products of airborne laser scanning applied to mor-
phometric studiesof selected cliff section of the Baltic Sea coast. This is a fairly new
method, which due to its high accuracy and performance, is competitive with tradi-
tional methods, and it increasingly complements them. The paper also presents an
additional opportunity to use LiDAR products. Due to the fact that the author is
owner of LIDAR images taken in different seasons, there was an opportunity to
show the changes in this dynamic environment. Having such data, monitoring of the
research area can be carried out.
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The cliff coast is characterized by dynamic changes in terrain (Florek et al. 2008,
2009a). Region of Dg¢bina Cliff was a frequent subject of research (Florek et al.
2001, 2007, 2009b, 2010, Subotowicz 1982). Research carried out in that part of
the waterfront often related to the morphology of the form, as well as to determine
the rate of the cliff and the beach changes in seasonal cycles and within multi-year
period, often including the role of extreme hydrodynamic phenomena. In these
works, a lot of attention was focused on individual factors determining the rate and
nature of the coastline change (geological structurehydrodynamic conditions, an-
thropogenic factors etc.). The authors, when realizing the research, used mainly the
surveying measurements of selected cliff profiles, and also recognized the geological
structure of cliffs, watching and doing measurements of cliff and beach mesoforms
and microforms. The geological structure is described in detail by among others
Jasiewicz (1999) and Petelski (2008).

The rate of Dgbina Cliff retreat has been given in numerous works. Years 1960-1970
brought an average loss of 0.2-1.8 m/year (Salik 1979), 1971-1983 — 1.6-2.65
m/year (Zawadzka-Kahlau 1994), and 1999-2007 — 0.68-1.4 m/year (Florek et al.
2008). Comparing them with other sections of the cliff on the Polish coast, the rate
of retraction is significant. Earlier studies upon morphology and rate of D¢bina Cliff
retreat performed by means of geodetic measurements can be continued with Li-
DAR images.

MATERIAL AND METHODS

Documentation made available by the Maritime Office in Stupsk is the key material.
It consists of a database of so-called “cloud of points”, i.e. numerical record of X, Y,
Z coordinates for reflection points. This is the basic product of the laser scanner
work, which allows the Terrasolidsoftware for generating the auxiliary products:
Digital Terrain Model (DTM) and Digital Surface Model (DSM). Data were quite
detailed: 8 points fell per I m” on average and the height difference was <0.15 m
(Operat techniczny 2013). In addition, orthophotomaps (2013) and Topographic
Map of Poland in scale 1:10 000 were very helpful. The coastal zone corresponding
to the administrative border of the Maritime Office in Stupsk has been scanned.

The study consisted of a detailed analysis of Debina Cliff morphometry. The LiDAR
images have been subject to processing in the Global Mapper ver. 16 software. It
was used to create the digital terrain model DTM and a number of profiles, which
yielded the accurate information about the morphological characteristics of studied
form. A similar methodology applied J. Dudzinska-Nowak (2007), when exploring
the coastal zone of the southern Baltic Sea by means of laser scanning. Another
method was vectorization of contour maps on the background of Raster Topographic
Map of Poland (Bakuta et al. 2013) in Quantum GIS ver. 2.8 software. This created
the opportunity to produce a further Digital Elevation Model (DEM) in ArcGIS ver.
10 software (Wezyk et al. 2008), by means of which a series of profiles of the area
was plotted. Comparison of two digital terrain models (DTM from LiDAR data with
DEM from contour vectorization), as well as listing the cross profiles passing
through the cliff allowed to carry out a very detailed morphometric analysis of this
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form. Terrain models and cross sections from LiDAR data provide a picture of the
terrain to be much more detailed and accurate as compared to topographic maps. It
makes possible to distinguish even minor terrain forms, which cannot be seen on
models and profiles of vectorized contour lines, where isolines run quite mildly,
whose course allows to reflect only the largest forms and in significant simplifica-
tion.

The following stage of work was the interpretation of changes occurring within the
studied area. Determination of changes was made possible by comparing the images
taken at different times. The LIDAR images of the three raids were used, which took
place on the following dates: December 2012 (winter), the beginning of June 2013
(late spring), September 2013 (summer-autumn). The image of the area was com-
plemented due to high-resolution orthophotomaps, which proved to be helpful in
documenting the changes in terrain sculpture.

THE STUDY AREA

The study area includes the waterfront in the vicinity of Poddgbie and D¢bina — area
located a few kilometers east of Ustka; locally, this stretch of coast is called the
Ustka Gulf (Rudowski and Wréblewski 2012). The gulf is located in the central part
of the Baltic Sea coast. It is a significant part of the Southern Baltic Sea, and its
coast is located between towns of Leba and Jarostawiec (Fig. 1).

0 5 20 km

Fig. 1. Location of the study area

The nature of the Ustka Gulf coast is varied and depends largely on the geological
structure. This is affected by the Sub-Pleistocene surface, which is characterized by
great diversity, and in addition has been transformed by exaration glacier activity.
Currently, its shape is dependent on numerous storms.

Dgbina Cliff is a small form located in the central part of the Ustka Gulf. It is a very
steep form of terrain consisting of two cliff sections: eastern, which is about 3 km
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long (km 221.250-224.000) and western of 1.5 kilometer length (km 225.750-
227.150). They are connected with 2-kilometer fragment of dead cliff (Subotowicz
1982). This area is characterized by considerable height of the cliff coast. The alti-
tudes reach over 30 m.a.s.l. The study analyzes the eastern part of the cliff.

RESULTS AND DISCUSSION

The study area Dg¢bina CIiff is varied. In the analyzed section, there are different
forms visible, variable width of the beach, or steepness of the cliff. Figure 2 shows
precisely the analyzed area of research. It is presented both in Topographic Map of
Poland in scale 1:10 000, orthophotomap, and LiDAR images taken on December
2012. To determine the morphometric parameters on the 3-kilometer stretch, 30 cross
profiles (every 10 m) and 5 longitudinal polygonal profiles (2 along the beach, 1 at the
crown of cliff, 2 on the cliff) were made. They were created on the basis of LIDAR
image in GlobalMapper software. It helped in precise defining the parameters of de-
scribed stretch of the cliff coast.

In comparison with other sections on the Polish coast, beach on this stretch is quite
wide. However, fluctuations in its width within such small segment are significant
ranging from 11.35 m to 59.76 m. Comparing all the profiles, the average width of
the beach can be calculated, which was 34.25 m. The average thickness of beach
sediments is 1.45 m. In some places, it reaches approximately 3.5-4 m, but it is
related to the delivery of new deposits from the cliff landslides and shouldn’t be re-
garded as beach.

The slope of the cliff is characterized by high steepness. Like in research by
Subotowicz (1982), the slope inclination is about 40° and even up to 60°. Its struc-
ture is diverse, there are visible places of sedimentary material landslides, and some-
times the line passes gently downward. Sometimes a“step-wise” shape of the slopes
is visible.

The cliff crown is located at different heights. The range of ordinates is very high
given the small section of the study area, which is 31.05 m of the relative height.
The highest point at the height of 41.15 m.a.s.l. (including aeolian deposits) is lo-
cated in the central section of the studied area (km 223.180), while the lowest at
10.10 m.a.s.1. is located on the east (km 221.160). Crown of the cliff is clearly visi-
ble on the profiles. Comparing with the height of the cliff crown in study from 1970-
1980 (Subotowicz 1982), at present it is a few meters higher, because previous stud-
ies showed more than 30 m.a.s.l. It is associated with a large loss of De¢bina Cliff —
the boundary of the crown moved a few tens of meters inland.

Upland of the cliff has a diversified surface. Among others, there are dunes and nu-
merous depressions. Dunes are located in the central and eastern parts of the study
area (around 221 and 223 km). They are covered with vegetation. Their size and
height varies from small of few meters to a few ten-span ones (Fig. 3, profile 2). The
highest altitude was recorded on a dune with a height of 41.81 m.a.s.l. Significant
depressions are located on the western part of the area (km 223-224). The land de-
pression sometime reaches 3 m. The largest has a width of more than 205 m and
a length of 272 m (Fig. 3, profile 3). Additionally, the sculpture is diversified with
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roads, forest paths, and drainage ditches. However, these depressions do not exceed
0.9 m, and the roads in some places dominate the area, as are carried out on the em-
bankments. The terrain from the sea level by the cliff up to 600 m inland is shown
by the cross sections (Fig. 3, location of profiles in Fig. 2).

15m

10m

Fig. 2. Study area: A — on Topographic Map of Poland 1:10 000 (1988); B — Orthophotomap
(December 2012); C — LiDAR image (December 2012); D — LiDAR image — profile 3d (De-
cember 2012); 1, 2, 3— location of profiles
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Fig. 3. Cross profiles on the study area generated using LiDAR image, 1-3

In order to compare the changes that have taken place within the beach, slope, and
the cliff crown, cross profiles made every 1 km (km 221, 222, 223, 224) generated
using LiDAR images No 1-4, 1'-4' and Topographic Map of Poland in scale 1:10 000
(Fig. 4), were applied. The analysis included shorter section (up to 100 m inland),
thus the software captured more details of the area profile. Profiles that were based
on Topographic Map of Poland in scale 1:10 000 are not as detailed and have more
smooth lines. Large declines in the area on the topographic map are marked with
edges, often with designation of the decline in meters. Any topographic map does
not allow to present the slope sculpture. In contrast, LIDAR images show in detail
the structure of the terrain in question. On the slopes, among others, there is visible the
accumulation of sedimentary material originating from a landslide or a failure (Fig. 4,
profiles 2, 3, and 4). The same is true for the beach. Topographic map of the beach
contains almost no contour lines, while LIDAR images illustrate the shape and thick-
ness of the beach. However, topographic map is a valuable source of morphological
information. Topographic maps of the area were produced on the turn of nineties of the
last century, thus data can be compared with contemporary measurements.
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Fig. 4. Cross profiles through D¢bina Cliff generated using 1-4 LiDAR image, 1’-4’ Topo-
graphic Map of Poland 1:10 000
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Fig. 5. Cross profiles through Debina Cliff generated usingin different seasons: profiles De-
cember 2012, profiles June 2013, profiles September 2013

The final stage of the work was to analyze the dynamics of the environment and the
perception of changes that have taken place between the three raids — period since
December 2012 till September 2013. Small changes, despite the very short period
of survey, occurred mainly within the beach zone, whereas they are minimal on
the slopes and in the crown of cliff. Analysis of the cross profiles reveals that the
width of beach was the smallest in December 2012 with difference of several meters
(Fig. 5). Between June and September 2013, there were not significant changes in
the beach width. Small losses and shifts of sedimentary material were noted in the
profiles from slopes and cliff crown in June and September 2013.

CONCLUSIONS

The waterfront zone of studied area, which is located in the central part of the Ustka
Gulf, is subject to constant changes. The analysis conducted upon the morphology of
selected section of the cliff reflect these changes. Present studies have shown that:

— analysis using LiDAR products are a valuable tool for studying changes in the
natural environment; due to great precision and detail; they are a perfect com-
plement to traditional methods of surveying,

— based on GIS software, a wide variety of analyzes can be performed, due to
which very detailed information about the morphology of a studied form can be
achieved with an accuracy of a few centimeters,

— Debina Cliff is characterized by varied sculpture; it is a form of steep slopes with
many landslides; its height reaches more than 41 m.a.s.l. (including aeolian de-
posits); the cliff crown is located between ordinates 10-41 m.a.s.l.; width of the
beach is variable and ranges from 11 to nearly 60 m wide,

— method for comparing the cross profiles and Digital Terrain Model (DTM) from
LiDAR data (ALS), as well as Digital Elevation Model (DEM) created from to-
pographic map from vectorized contour lines along with profiles are excellent
tools to conduct research upon the dynamics of forms, as well as changes in the
terrain,

— profiles and Digital Elevation Models (DEM) from LiDAR data (ALS) are a very
valuable source of morphometric and morphologic data, which allows to see
even small landforms that are not visible on the profiles and terrain models built
on a basis of Topographic Map of Poland,
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— studied waterfront area is characterized by high dynamics of the environment;
due to the LIDAR data made at different seasons, it can be monitored, changes
can be recorded, and cliff retreat rate can be evaluated; for this type of research,
a continuation of the zone monitoring using the laser scanning products is needed.
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ANALIZA LiDAR NA PRZYKLADZIE KLIFU DEBINSKIEGO
(ZATOKA USTECKA)

Streszczenie

Badania z wykorzystaniem lotniczego skaningu laserowego (ALS — Airborne Laser
Scanning, LiDAR — Light Detection and Ranging) sa coraz czgsciej wykorzystywane do ana-
liz $rodowiska przyrodniczego (Dudzinska-Nowak 2007, Wezyk 2008). Rozwoj technologii
geoinformatycznych sprawil, ze metody lidarowe doskonale uzupelniaja metody tradycyjne
(geodezyjne i fotogrametryczne), a nawet stanowig dla nich mocng konkurencjg¢. Dzieje si¢ to
dzigki wysokiej doktadno$ci i wydajno$ci opracowan. Wynikiem skanowania sg tzw. chmury
punktow, dzigki ktorym mozna wygenerowac¢ pomocnicze produkty: Numeryczny Model Te-
renu (NMT) i Numeryczny Model Powierzchni Terenu (NMPT). Zastosowana technologia
sprawia, ze wynikami moga by¢ rowniez zdjecia wielkoskalowe, na ktorych mozna doktadnie
zobaczy¢ 1 podda¢ analizom nawet niewielkie formy. Taka mozliwo$¢ pozwolila na dokona-
nie doktadnej analizy klifu debinskiego (km 227, 150-221, 250). Jest to niewielka forma le-
z3ca na wybrzezu Zatoki Usteckiej okoto 3 km na wschod od Ustki. Klif opracowano z uzy-
ciem zdjec¢ lidarowych oraz wygenerowanych modeli NMT i NMPT. Pomocne okazaty si¢
réwniez ortofotomapy i mapy topograficzne w skali 1:10 000. Zasadniczym celem opraco-
wania bylo ukazanie przydatnosci zdje¢ lidarowych i produktow LiDAR do badan niewiel-
kich form terenu. Na ich podstawie zostaty okreSlone doktadne cechy morfometryczne klifu
debinskiego. Dzigki porownaniu zdje¢ wykonanych w réznych okresach mozliwe bylo row-
niez okreslenie zmian, ktére dokonaty si¢ czasie prowadzenia badafh. Wykorzystano przy tym
zdjecia lidarowe z trzech nalotow, ktore odbyly sie w nastgpujacych terminach: grudzien
2012 (okres zimowy), poczatek czerwca 2013 (okres pdznej wiosny), wrzesien 2013 (okres
letnio-jesienny). Pomiary, obliczenia i przekroje poprzeczne wykonano wykorzystujgc narze-
dzia GIS w nastepujacych oprogramowaniach: ArcGIS, QuantumGIS oraz Global Mapper.
Opracowanie powstato dzigki materialom udostgpnionym przez Urzad Morski w Stupsku, za
co autorka sktada serdeczne podzigkowania jego Dyrekcji i Pracownikom.






