GEODYNAMICS & TECTONOPHYSICS

PUBLISHED BY THE INSTITUTE OF THE EARTH’S CRUST
SIBERIAN BRANCH OF RUSSIAN ACADEMY OF SCIENCES

2018 VOLUME 9 ISSUE 1 PAGES 249-261

https://doi.org/10.5800/GT-2018-9-1-0347

ANALYSIS OF RIVER BANK EROSION BY COMBINED AIRBORNE AND LONG-
RANGE TERRESTRIAL LASER SCANNING: PRELIMINARY RESULTS ON THE
VISTULA RIVER

S. Tyszkowskil, H. Kaczmarek?, S. Linowski?,
W. MarszelewskiZ, E.A. Kozyreva3

1 Institute of Geography and Spatial Organization, Polish Academy of Sciences, Department of
Environmental Resources and Geohazards, Torun, Poland

Z Department of Hydrology and Water Management, Nicolaus Copernicus University, Torun, Poland

3 Institute of the Earth's Crust, Siberian Branch of RAS, Irkutsk, Russia

Abstract: In our study, high-resolution digital elevation models (HRDEM) were generated by combining the data from
airborne laser scanning (ALS, 2012) and long-range terrestrial laser scanning (TLS, 2015) and used for qualitative and
quantitative analysis of recent morphodynamic processes in the Vistula river bed near Nieszawa, Central Poland. The
study area was a river stretch nearly 1 km long, in its lowland part, with the 440 m wide channel and 3.5-5.0 m high
banks. It is located 27 km downstream from the reservoir in Wloctawek, so it is under the influence of the reservoir.
The TLS measurements were performed from the opposite bank of the river, from a distance of up to 750 m. By com-
bining the ALS and TLS data, we investigated and evaluated both the horizontal variations in the height of the river
bank and changes in its profile, with a high resolution of about 900 points/m2. Our results show that in this river
stretch, both the transverse profile of the river bank and the location of its upper edge have been changed during the
three years between the ALS and TLS measurement sessions. The scale of this phenomenon varies from a complete
lack of erosion to lowering of the upper edge of the cliff by about 1 m, in some points even up to 2 m. The applied
methods allowed us to estimate the area of the observed transformations, in contrast to the conventional methods
that enable only analyses in selected transverse sections.
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AHAJIN3 BEPETOBOM 3PO3UY KOMBHHHUPOBAHHBIM METO/IOM C
HNCIIOJIb30OBAHUEM JAHHBIX BO31YIITHOT'O U HASEMHOTI'O JIABEPHOTI'O
CKAHUPOBAHMA: NIPEABAPUTEJ/IbHBIE PE3YJIbTATHI 110 PEKE BUCJIA

C. TeimkoBckuil, I'. Kaumapek?, III. IuHOBCKHUAZ,
B. MapumesieBckmiiz, E.A. Ko3bipeBa3

1 [lenapmamenm 3Ko0/102U4eCKUX Pecypcos U 2e0102u1eckux Hayk, HHemumym eeozpaguu u
npocmpaxcmeeHHol opeanuzayuu, Iloavckas akademus Hayk, TopyHy, [loabwa

2 flenapmamernm a2udpo102uu U 800H020 Xo3aiicmea, YHusepcumem Hukosas Konepruka, TopyHy, [loavwa

3 HHcmumym 3emHoll kopwt CO PAH, Hpkymck, Poccus

AHHOTanus: B cTaTbe Noka3aHa BO3MOXXHOCTb CO3JaHHUS LIUPPOBBIX MOAesell BBICOT C BBICOKMM pa3spellleHueM
(HRDEM) Ha ocHOBe KOMOUHUPOBaHUs JAHHBIX BO3JYLIHOI0 Jla3epHOro ckaHupoBaHus (ALS, 2012 r.) u Ha3eMHOro
JnasepHoro ckaHupoBaHus (TLS, 2015 r.) Ana KayeCTBEHHOr0 U KOJHWYECTBEHHOI'0 aHa/M3a COBpPeMeHHBIX Mpoliec-
COB, CBI3aHHBIX ¢ MOp$OAUHAMUKON pycia peku Bucna (Hepaneko ot r. Humaga, LeHTpasnbHas Iloabuia). Usyuen
y4acTOK PeKH JJHMHOM MOYTH 1 KM B ero HU3MHHOM 4acCTy, I'Zie pycao uMeeT WHpHUHY 440 M, a Gepera — BbICOTY
3.5-5.0 M, pacniosioxkeHHBIN Ha pacCTOSSHUM 27 KM HIXKe 0 TeYeHUI0 OT BOAOXpaHUIMIIA B I. BionsaBek, npu aToM
M3y4eHHbIN y4acTOK HaXOAUTCA MO/ BJIUSHUEM BoJoXpaHuauIa. M3mMepenusa metosoM TLS npoBoAUIMNCh € IPOTHU-
BOIIOJIOXKHOTO Gepera peku ¢ pacctosinus Ao 750 M. CouetaHue aaHHbIX ALS u TLS no3Bosinio vccae0BaTh U olje-
HUTb KaK FOPU30HTa/IbHble U3MEHEHUs BbICOTHI Gepera pekH, Tak U U3MeHeHUs ero npodu.s ¢ BBICOKUM paspellle-
HUeM - okoJio 900 Touek/M2 [losyyeHHble pe3y/ibTaThl I0Ka3bIBAIOT, YTO Ha AAHHOM y4acTKe PeKU B TedeHue Tpex
JIET MeX/ly U3MepeHUsIMH, poBeJleHHbIMU MeTogaMu ALS (2012 r.) u TLS (2015 r.), U3MeHUJIUCh KaK NONepeYHbIN
npoduib 6epera, TaKk U MeCTOINOJIOXKEHUE ero BepxHero kpas. MaciiTabbl U3MeHeHUN BapbUPYIOTCS OT NOJTHOTO
OTCYTCTBHS 3PO3UH /10 ONIyCKaHHUs BepXHEero Kpas o6pbiBa MpMMepHO Ha 1 M (B HEKOTOpPBIX TOYKaX Jaxe o 2 M).
HWcnosb30BaHHbIE METO/bI MO3BOJIMJIM OLEHUTD IJI0IA (b HA0MI04aeMblX U3MEHEHUH, B OTJINYHE OT OOBbIYHBIX METO-

A0B, KOTOpbI€ NO3BOJIAIOT NPOBOAWTD TOJIbKO aHAJ/JIU3 OTAEJIbHBIX NOINIEPEYHBbIX PA3PE30B.

KiroueBblie ci10Ba: Bucia; 6eperosas 3po3us; Bo3AylIHOe Ja3epHOe CKaHUpoBaHue; ALS; HazeMHoe J1a3epHoe
ckaHupoBaHnue; TLS; nudpoBsie MoJenn BbICOTHBIX pa3pe3oB; HRDEM

1. INTRODUCTION

Erosion is a common phenomenon linked with a
natural system of river bed evolution. Its dynamics de-
pends on many factors, which may be changing slowly
(passive, e.g. the geological structure or river bed
shape), or changing quickly (linked mainly with the
energy of water, depending e.g. on fluctuations in the
water level and discharge).

Currently, the banks of many rivers in Europe are to
a large extent transformed by human activity. Most of
man-made structures aim at stabilizing the river bed or
trying to make the river morphodynamic processes
more predictable. On the other hand, in many cases,
man-made structures on the systems of river channels
disturb the systems, make their behaviour unpredict-
able, and often lead to higher rates of vertical and lat-
eral erosion, especially downstream from river dams
[Babinski et al.,, 2014].

Quantitative assessment of erosion and sediment
accumulation is important for better understanding

and preservation of natural and transformed river sys-
tems [Lawler, 1993; Kedra et al, 2015; Wiejaczaka, Ki-
jowska-Strugata, 2015]. Such information is also valu-
able for planning and conservation of reservoirs and
other hydrotechnical structures. Traditional methods
of lateral erosion assessment usually include measure-
ment networks, sequences based on benchmarks, mo-
nitored geodetically by theodolites, tachymeters, and
GNSS systems [Lawler, 1993; Lawer et al, 2001; Kacz-
marek et al, 2015]. In parallel, large-scale phenomena
and extensive areas are generally studied using both
aerial photographs and satellite images. However, the
former methods are invasive [Lawler et al, 2001; Law-
ler, Leeks, 1992], requiring intensive fieldwork and re-
sulting in a relatively low spatial resolution. The possi-
bility of high accuracy often contrasts with the subjec-
tive selection of laser locations. In case of aerial photo-
graphs, the major limitations are resolution and high
costs. Besides, masking of river bank morphology by
vegetation is another factor limiting the usefulness of
an aerial photo.
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I Fig. 1. Location of the study area.

I Puc. 1. PacnosiokeHue pailoHa UCCIeJ0BaHUM.

During the last decade, the measurement methods
based on Light Detection and Ranging (LiDAR) tech-
nology were developed and popularized [Bremer, Sass,
2012; Cebulski, 2014; Day et al, 2013a, 2013b; Ja-
boyedoff et al, 2009; Julge et al, 2014; Kociuba, 2017;
Milan et al, 2007; Telling et al, 2017], making it pos-
sible to generate and analyse high-resolution digital
elevation models (HRDEM). The use of airborne laser
scanning (ALS) allows researchers to study large areas
but it has its limits, especially when surveying vertical
or near-vertical structures. In contrast, the application
of terrestrial laser scanning (TLS), with the horizontal
setup direction of the laser beam, makes it perfect for
investigation of river banks, especially for structures
inclined by more than 45° [Resop, Hession, 2010].

In this study, we attempted to evaluate the com-
bined use of ALS and TLS and the generated HRDEM
for the analysis of morphodynamic processes on the
river banks. The study is distinguished by the use of a
long-range scanner, which enable us to collect point
clouds on large rivers while scanning from the opposite
banks.

2.STUDY AREA
Our study area was a stretch of the right bank of the

Vistula River located near the town of Nieszawa
(52°50'10" N, 18°54'38" E), i.e. halfway between Torun
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and Wtoctawek, in the Torun Basin, which is part of the
Lower Vistula Valley (Fig. 1). The mean annual precipi-
tation in this region is 522 mm [Wdjcik, Marciniak,
2006]. The annual mean air temperature is 8.1°C
[Lorenc, 2005]. The Vistula is one of the largest tribu-
taries of the Baltic Sea and one of the longest rivers in
this part of Europe: its total length is 1047 km, the
catchment area exceeds 194000 km? and the mean
annual discharge at its mouth amounts to 1046 m3-s-1.
In the study area, at 702-703 km of the river, the
mean annual discharge is about 950 m3-s-1. The avera-
ge water level of the Vistula in Torun is 302 cm, but
during the year it can vary from 227 cm to 409 cm. The
main data on the water levels and flows are presented
in Table 1. In 1951-2010, the water levels were the
lowest mainly in September, August, and October.
Overwhelming floods were prevailing in the winter
semester. Most of the floods occurred during the spring
thaw, in March and April. In fact, the water level of the
Vistula river in Torun is not natural due to the dam that
was completed in 1970. The mean slope of the river in
this area is 0.3 %o. The Vistula channel is slightly nar-
rowed in the study area: 420-440 m wide, compared to
550-600 m wide upstream and downstream from
Nieszawa. The channel is straight, and the left bank is
partly protected by embankments. The mean water
level in the study area is 40-41 m a.s.l. The bottom of
the river valley is about 1.8 km wide. The left bank is
partly eroded in the moraine plateau, which altitude is
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Table 1. Water level and flows of the Vistula river in
Torun (the water gauge located 33 km below
Nieszawa)

Ta6auma 1.YpoBeHb BOABI U TeUeHUA peku Buciia B
r. TopyHb (BogoMepHas peiika Ha pac-
crosgHuu 33 KM oT r. Humaga)

Parameter Torun
Kilometre of the river 734.7 km
Catchment area 181033 km?
Lowest Low Water? 122 cm
Mean Low Water! 227 cm
Mean Average Water? 302 cm
Mean High Water?! 409 cm
Highest High Water?! 857 cm
Mean Flow? 983 m3-s-1
Mean Flow3 979 m3-s-1
Mean Low Flow?2 356 m3-s-1
Mean Low Flow3 354 m3-s-1
Highest Flow3 6890 m3-s-1
Mean High Flow3 3650 m3-s-1
Lowest Flow3 205 m3-s-1

N o t e. Data sources: 1 - years 1981-2010, IMGW-PIB (Institute of
Meteorology and Water Management); 2 - years 1946-2000, RZGW
(Regional Council of Water Management); 3 - years 1951-2000, the
ISOK project (IT System of the Country's Protection against Ex-
treme Hazards).

[Ipumedadwue Hcrounuku JaHHbix: 1 - 1981-2010 rr,
IMGW-PIB (MHCTUTYT MeTEOpOJIOTUM M BOAHOTO XO3SHCTBA); 2 -
1946-2000 rr., RZGW (PervoHasibHBIH COBET BOJHOTO XO3SIWCTBA);
3 -1951-2000 rr., npoekT ISOK (UT-cuctema 3amUTel CTpaHbI OT
3KCTpeMaJIbHO OTACHBIX SIBJIEHUH ).

up to 70-80 m a.s..The right bank has a floodplain
about 600 m wide and about 45 m in altitude, which is
covered mostly by meadows. The right bank is 3-5m
high on average, with a slope angle of 20-45°.

The Vistula channel has developed in river alluvia,
mostly sands and silty deposits. The river bottom in
most of the lower Vistula valley has developed on
sandy-gravelly deposits, whereas the study area is one
of the places where the material has been nearly com-
pletely eroded, and some remains of moraine pave-
ment are left on the bottom, containing clays of various
types [Babirski, 1997].

Evolution of the Vistula channel, construction of the
dam, and its influence on morphodynamic processes.
The initial “multichannel fluvial system of the lower
Vistula, with the main channel of the braided type, is an
example of transformation of a unichannel system of a
sand-bottomed river with a braided channel into a mul-
tichannel system” [Gierszewski et al, 2015]. Its trans-
formation currently takes place under the influence of
human activity. A strong human impact on the course
of the channel processes started in the early 20t centu-
ry and was associated with the river channelling from
Nieszawa to the mouth of Tazyna [Ingarden, 1921]. Fur-

ther works upstream from Nieszawa were carried out
in the 1950s. Changes intensified in the late 1960s,
when in Wtoctawek, 27 km upstream from Nieszawa, a
reservoir was constructed [Babinski, 1982, 1992, 1995;
Babinski et al, 2014; Babinski, Habel, 2017]. Both up-
stream and downstream from the reservoir, created by
impoundment of the river, channel forms and between-
channel forms have decreased in number [Gierszewski
etal, 2015].

Construction of the dam and its operation clearly in-
fluenced the process of vertical erosion downstream
from the reservoir. Transformation of the channel was
observed in the river stretch over 25 km long. In its ini-
tial part (6 km), the bottom lowered by more than 3 m.
In the Ciechocinek region, 35 km below the dam, it
raised by about 1 m [Babirski 1993]. Also bank erosion
was intensified due to (1) 'impulsive’ water discharge
from the dam; (2) variable flow rates and water vo-
lumes; (3) frequent and significant variations in the
water level; (4) water freed load sediments (100 %)
and partly from suspension (less than 50 %). The in-
tensity of these processes decreased with increasing
distance from the dam in Wtoctawek [Banach, 1998].
The results of the cited study showed that in the river
stretch of 45 km downstream from the dam, 24.5 % of
the river banks were eroded, while nearly 36 % were
neutral. According to the latest study by M. Habel
[2013], the process of extension of the impact zone of
the dam is continued.

The reservoir in Wioctawek is the first and so far the
only one of the planned cascade in the lower Vistula
valley. Other reservoirs were supposed to be con-
structed further downstream. In recent years, the most
frequently discussed location of a second dam is
Nieszawa.

3. MATERIALS AND METHODS

In this study, we used data from laser scanning, both
airborne (ALS) and terrestrial (TLS). The TLS was per-
formed in November 2015, using a Riegl VZ-4000 laser
scanner located on the left bank of the river (Fig. 2). It
is a pulse scanner constructed in 2011, which can col-
lect point clouds from a distance of up to 4000 m
[RIEGL 3D, 2013]. The RIEGL's unique V-Line technolo-
gy is based on echo digitization and online waveform
processing, enabling such extreme long-range measu-
rements. The angle measurement resolution is better
than 0.0005°, with an angular step of 0.002°. The accu-
racy of the scanner is 15 mm, and its precision is 10
mm. The RIEGL VZ-4000 incorporates waveform pro-
cessing, capable of detecting and processing multiple
echoes from the same direction, which means that
complex structures, fences, wires, and vegetation can
be handled.
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Fig. 2. Map of the study area. (a) - locations of the scanner position and the scanned area; (b) - river bank of section 3 in
2017; (c) - Nieszawa, Riegl VZ-4000 scanner during scanning (180° photo).

Puc. 2. Kapra palioHa uccienoBaHuil. (a) - MecTOnoJsIoXKeHWe CKaHepa U 06J1acTH ckaHupoBaHus; (b) - Geper peku (yda-
crok 3) B 2017 r.; (c) - r. Humasa, ckaHep Riegl VZ-4000 Bo Bpemsi ckaHupoBaHus (pororpadus 180°).

During our study in Nieszawa, the minimum dis-
tance between the scanner and the investigated oppo-
site bank of the river was 430 m, while the maximum
was 750 m (Table 2). The measurements were made
with a frequency of 30-150 kHz and resolutions theta
0.011-0.003 and phi 0.2-0.003°. Thanks to this, in our
study area, the points projected onto the bank were
spaced 0.03 m apart or more. The collected point cloud
was filtered by RISCAN PRO software to separate only
reflections from the ground. The procedure involved
elimination of indirect echoes of signal reflection (lea-
ving only single and last reflections), removal of reflec-
tions from places located outside our study area, check-
ing the amplitude and intensity of wave reflection from

individual categories of objects, such as the ground or
vegetation, and their separation (Fig. 3). The final step
was manual verification of the point cloud, until only
reflections from the ground were left. For the geo-
spatial location of the laser, we applied a GNSS receiver
(TRIMBLE R4, coupled with the scanner), using
Real Time Kinematic (RTK) corrections from the ASG-
EUPOS system.

Our reference data were ALS point clouds from the
National Geodetic and Cartographic Resources, genera-
ted as part of the IT System of the Country’s Protection
against Extreme Hazards. The ISOK project aims
to create a uniform IT system, which protects citizens,
increasing their security and limiting the financial
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Table 2.Parameter of point clouds from TLS

Ta6auma 2. IapaMeTp ToOYeYHBIX 06/IAKOB MO AAaHHBLIM TLS

Parameter General scan Detailed scan
River bank length 790 m 120 m
Scanning frequency 30 kHz 150 kHz
Theta resolution 0.011° 0.003°

Phi resolution 0.200° 0.003°

Mean distance from scanned object 530 m 485 m

Size of river bank point cloud before filtration

2.334 million 1.585 million

losses caused by natural, technological, and synergic
hazards, especially by floods. The collected data in LAS
1.2 format are characterized by point classification cor-
rectness of at least 95 %, the mean point density of at
least 4 or 6 points/m?, and the acceptable mean error
of up to 0.2 m. The ALS measurements were carried out
in October 2012, and the data were used also to visua-
lize the study area as digital elevation models. The
comparative analysis of the river bank morphology be-
tween 2012 and 2015 was conducted directly on the
point clouds and the elevation models, using LP360,
RiSACN PRO, and ArcGIS software.

4. RESULTS AND DISCUSSION

During the scanning, we collected a point cloud from
the Vistula river bank nearly 3.7 km long. For the de-

shadow

tailed analysis, we chose the central part, 790 m long,
located directly opposite to the laser location. The bank
is developed in river alluvial sediments, mostly fine
sands and silts (see Fig. 2, b).

The point cloud for this stretch of the river included
2.3 million points before filtration reflections directly
from the ground. Additionally, we performed a very
detailed, high-resolution scan of a 120 m stretch cha-
racterized by the major morphodynamics.

The differential analysis of the river bank morpho-
logy shows that the changes in the river bank shape are
uneven along its length, and various types of changes
can be distinguished. Based on the observed transfor-
mations, six geomorphologically uniform sections were
distinguished in the studied stretch of the Vistula river,
each being characterized by similar morphodynamics.

The ALS and TLS measurements were performed at
different water levels (in 2012, water surface elevation
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Fig. 3. Point cloud in separation by echo signal (single, first, other and last targets) from terrestrial laser scanning (TLS).
(a) - point cloud, part of the river bank; (b) - cross-section of a point cloud with visible signals from vegetation and lack of

data in “shadows”.

Puc. 3. ToueyHoe 06J/1aK0 B pa36HeHHH 110 3XOCUTHaY (0JMHOYHbIE, IEPBLIE, TPOYKE, OKOHYATEbHbIE 1[eJIM) OT Ha3eMHO-
ro ckanupoBaHus (TLS). (a) - o6Jyiako To4ek, 4acThb Gepera peky; (b) — monepeyHbId pa3pe3 00J1aKa TOYEK C BUIUMbBIMH
CHTHaJIaMH OT PaCTUTEJbHOCTH M OTCYTCTBHE JAHHBIX B «TEHSIX».



was 41.25 m a.s.l,, compared to 39.14 m a.s.l. in 2015).
The mean water level on the topographic maps of the
study area is estimated at 40.4 m a.s.l. Considering that
TLS reflects river bank morphology better, we decided
to assess the bank height on the basis of TLS.

Section 1, about 100 m long, includes a streng-
thened fragment of a parallel dam, that functions as an
anti-erosion structure. According to the ALS data, the
section is to a large extent covered with water, but the
comparison of data from 2012 and 2015 for the visible
parts of the bank does not show any changes in mor-
phology.

Section 2, about 15 m long, is located in the western
part, very close to the parallel dam. The bank is up to
4.5 m high, covered with shrubs and trees, so it was
difficult to observe its shape. However, we noticed that
a small landslide appeared between 2012 and 2015,
which only slightly changed the shape of the river bank
but resulted in remarkable bending of trees growing
there. In the immediate vicinity of the upper edge of
the cliff, the root systems of trees were disturbed. The
structure of the ground in this section was also dis-
turbed, so it can be expected that in the years to come
this section of the river bank will be more susceptible
to subsidence.

Section 3, nearly 120 m long, is covered only by low
vegetation dominated by grasses. According to the ALS
data, the slope of the river bank is nearly even, with a
slope angle of 35-45°, 4-5 m high. In the western part,
the slope after the 3 years has a similar shape and in-
clination but is moved about 0.7-1.0 m back. The
greatest changes took place in its central part, 70 m
long. The river bank is 4 m high there. The bank in the
vertical profile can be divided into two parts. The up-
per, steep part has a slope angle of 70° to nearly 90°
and is about 1.5m high, while the slope angle of
the lower part is about 40°. In this fragment, nearly
2.8-4.0 m3 of material were eroded per 1 m of the river
bank length (Fig. 4).

Section 4, about 115 m long, is partly covered by
shrubs and trees, up to 4.5 m high. In 2012, the bank
had a nearly uniform slope angle of 35-40° but the data
from 2015 shows significant erosion. The upper edge of
the slope was not moved, but the bank profile was
changed. An incision was formed in its upper part, so
that the slope angle increased to 60-80°, at the height of
1.5-2.0 m. As a result, a well-defined shelf was formed,
and no considerable changes were observed below it.

Section 5, about 40 m long, partly strengthened as a
ferry berth. In this section, no changes were observed.
The bank is sloping gently, covered with grassy vegeta-
tion.

Section 6,about 400 m long, with banks up to about
3.5 m high, nearly completely covered with grassy ve-
getation, shrubs, and trees; the slope angle ranges from
35° to 45°. Between 2012 and 2015, both the upper

Geodynamics & Tectonophysics 2018 Volume 9 Issue 1 Pages 249-261

and lower edges did not change; the shape of the banks
is mostly convex, without remarkable depressions. On-
ly the river bank profile changed in some parts of this
section. In the middle part, the bank moved up to 1 m
back. Like in section 4, a well-defined shelf was formed.
The eroded material was completely removed by the
river, as it did not accumulate (or was not preserved).
This phenomenon was identified in small parts of the
bank, up to several metres long. Generally, the changes
are much smaller in this section than in the western
part of the scanned bank.

East of section 6, the bank is lower, less inclined,
covered with shrubs and trees. However, considering
the decreasing angle between the shoreline and the
laser beams, as well as vegetation absorbing most of
reflections, the observation of changes was very diffi-
cult. The general image can only show a lack of signifi-
cant, spectacular movements of the shoreline.

The above results of scanning, processing and ana-
lysis of the ALS and TLS data showed that in the stud-
ied stretch of the river, during the 3 years between the
measurements, the changes occurred in both the bank
shape in the vertical profile and the location of the up-
per cliff edge. The scale of this phenomenon varies, as
in many places the process of erosion was not ob-
served. In other places, the bank moved up to 2 m back,
but it can be assumed that wherever erosion took
place, the banks moved by about 1 m.

The factors that particularly favour bank erosion are
frequent and remarkable variations in the water level,
as it enhances the dynamic pressure of groundwater,
causes suffusion on the banks, decreases the cohesion
between rock particles due to their continuous soaking,
expansion, and repeated drying [Banach, 1998]. In the
hydrological years 2012-2015, the water level of the
Vistula river in Torun was low and showed a negative
trend (Fig. 5). The lowest annual average water level
(214 cm) was recorded in 2015: on 2-6 September an
absolute historical minimum water level in Torun was
recorded (94 cm). At that time no hydrological factors
significantly affected erosion.

However, we are aware that the analysed stretch of
the Vistula, subjected to ALS and long-range TLS, is too
short to be representative and allow an assessment of
the scale of erosion for longer sections of the river.
Nevertheless, the recorded values indicate that the
process of erosion takes place unevenly.

The combined use of the ALS and long-range TLS da-
ta enabled us to trace changes in river bank morpholo-
gy in sufficient detail (Fig. 6). The ALS data do not
reach such a high resolution as the long-range TLS, but
made it possible to determine the river bank shape and
- most importantly - to identify its upper edge. These
database is crucial for estimating the rates of erosion.
The density of the applied ALS point cloud, ensuring at
least 4-6 reflections from the ground per 1 mz?, allows
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Fig. 4. Analysis of bank erosion of the part of section 3 in combined airborne and long-range terrestrial laser scanning (ALS
and TLS). (a) - cross-section of ALS and TLS point clouds, 1 m thick (red dots are beams based on ALS); (b) - high-resolution
digital elevation model (HRDEM) based on TLS; (c) - HRDEM of the river bank based on TLS - front view; (d) - HRDEM of
the river bank based on ALS - front view; (e) and (f) - differential analysis of HRDEMs based on ALS and TLS (erosion in
red).

Puc. 4. AHanu3 GeperoBoi 3p0o3uM 4acTH ydyacTka 3 1O pe3yJbTaTaM KOMOGMHUPOBAHHOI'O BO3AYIIHOTO U HA3eMHOTO Jia-
3epHoro cKaHupoBaHus (ALS u TLS). (a) - monmepedHbIH pa3pe3 TouyeuyHbIX 06s1akoB ALS u TLS TonmuHo# 1 M (KpacHble
TOYKH - JIydd Ha ocHoBe ALS); (b) - uudpoBas mozenb peabeda B BoicokoM paspemennu (HRDEM) Ha ocnose TLS; (c) -
mogiesib HRDEM Gepera peku Ha ocHoBe faHHbIX TLS - Buj cnepeay; (d) - mogesns HRDEM Gepera peku Ha 0CHOBE JaHHBIX
ALS - Bug criepeay; () u (f) - audpdepenyuanbHbiid aHanus mozeneit HRDEM, co3ganHbIX Ha ocHOBe JaHHbIX ALS u TLS
(apo3us mokasaHa KpPaCHBIM LBETOM).
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an assessment of the location of the upper edge of
the river bank with the horizontal accuracy of at least
20-30 cm.

On the other hand, TLS makes it possible not only to
collect quantitative data on erosion but also to deter-
mine the type of erosion. The high resolution of point

— 2012 (ALS) section
— 2015(TLS) 3

section

clouds and the generated HRDEM clearly show the ri-
ver bank shape, allowing an assessment, interpretation
of directions of movements, appearance of characteris-
tic incisions, identification of landslides or even small
erosional dissections, when the scanned object is se-
veral kilometres away from the scanner.

section section

4 6

=l

Fig. 6. Changes of the river bank between 2012 and 2015. Cross profiles of high-resolution digital elevation models
(HRDEMs) based on airborne and long-range terrestrial laser scanning (ALS and TLS).

Puc. 6. U3ameHeHus peuHoro 6epera B nepuof ¢ 2012 mo 2015 r. [lepekpecTHble MpodUIH TUPPOBBIX MoZiesiel pesbeda B
BbICOKOM paspeuieHur (HRDEM) Ha ocHOBe JaHHBIX BO3AYLIHOT0 U HA3€MHOTO Jla3epHOro ckaHupoBaHus (ALS u TLS).
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Our experience in scanning the banks of reservoirs
with the long-range RIEGL VZ-4000 scanner indicates
that in successive measurements from a distance
of 2000-4000 m, it is possible to detect very small
changes, of several cm [Avian, 2012; Fisher et al, 2016;
Tyszkowski, 2015; Wisniewska et al., 2015].

The presented combination of ALS and TLS seems to
be a very effective solution in terms of cost and time
effectiveness in monitoring of banks of a large river.
ALS can be performed quickly, simultaneously for long
stretches of a river, and when necessary, additional
point clouds can be collected with the use of long-range
TLS for a detailed study. Point clouds, as well as eleva-
tion models based on ALS will then constitute a refe-
rence allowing detection of changes of the order of
10 cm in river bank morphology. TLS is better for ver-
tical surfaces, while ALS is better for horizontal ones,
so when studying river bank morphology with both
types of surfaces, these methods supplement each
other.

The combined procedure of river bank monitoring
and morphology assessment is of particular impor-
tance for interpretation and assessment of environ-
mental impacts caused by constructions (e.g. dams on
rivers) in the regions wherein morphodynamic pro-
cesses can take place quickly and are often unpredict-
able. It is also important to know when the intensity of
such processes increases, declines or ceases.

Conventional methods are still irreplaceable in
many cases and will remain in use. However, with fur-
ther progress in ALS and TLS, these modern techniques
become less and less subjective and provide for an
easier and more efficient access to the studied objects.
Point clouds and elevation models allow in-depth ana-
lysis of data and facilitate the data exchange in public
formats, such as *.e57 or *las, as well as easy data
transformations to GIS or CAD systems.

5. CONCLUSION
The study area near Nieszawa, selected for an analy-

sis of the rate of bank erosion of the Vistula river, was
characterized by moderate morphodynamic processes
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