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Abstract. The article presents the results of the study of horizontal riverbed deformations of
the Sukil river in the area from the town of Bolekhiv to its confluence with the Svicha river
during 1880-2019. The studied section of the riverbed is located within the Precarpathian
height and is marked by significant dynamics of the riverbed, which is mainly due to frequent
floods, including catastrophic ones.

The analysis of long-term horizontal riverbed deformations of the Sukil river and
identification of the main factors of their manifestation were carried out in three stages. The
first stage involved an assessment of the riverbed displacement over a long-term period of tens
of years and was performed based on topographic maps of 1880, 1929-1939, and 1990. The
second stage focused on the analysis of the riverbed displacement during a short-term period of
5-7 years and was conducted on the basis of Google Earth satellite images of 2006, 2011, and
2017-2019. The third stage was dedicated to the verification of the obtained results by field
research and to the identification of the main reasons for the development of horizontal riverbed
deformations. The analysis of historical maps and satellite images was mainly conducted by
cartographic methods using ArcGIS 10.1.

The riverbed of the Sukil river has significant differences in the development of horizontal
deformations on the section of Bolekhiv — the village of Podorozhnie (the mouth of the river).
According to the type of manifestation and scale of the riverbed deformations development, two
sections (hereinafter dynamic sections) with significant horizontal deformations have been
identified: the first one — from Bolekhiv to the village of Lysovychi; the second one — from the
village of Lysovychi to the village of Podorozhnie (the Sukil mouth). On dynamic section 1, the
horizontal deformations are differently manifested depending on the type of the riverbed. The
maximum displacements which were found on the meandering sections are approximately 340
m. They were recorded during the period of 1880-1939. On the sections with a “transitional”
type of riverbeds (in the late 19™-early 20" century they were braided, and now they are single
channel), the deformations are small (up to 60 m) and are manifested mainly within the
boundaries of the riverbed. On dynamic section 2, the Sukil riverbed is meandering and the
deformations are much larger. The maximum riverbed displacements reach approximately 500
m (during the period of 1880-1939). For dynamic section 2 as well as for the whole section of
the Sukil riverbed from Bolekhiv to the mouth, a certain tendency of the riverbed changes on
the plan has been revealed. Thus, from 1889 to 1990 we observe a decrease in the meandering
of the riverbed caused by anthropogenic influence, in particular, by the straightening of the
riverbed in the 70-80s of the last century and by change in the position of the mouth; since
1990, a natural increase in the Sukil riverbed’s meandering has been observed.

Key words: horizontal deformations; riverbed types; Sukil; meandering; historical maps;
remote sensing.
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T'OPU3OHTAJIBHI JJE®OPMAIIIL PYCJIA PIUKU CYKLIb Y MEXKAX
MEPEJKAPIIATCHKOI BUCOUYMHMU 3A 1880-2019 PP.
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Anomauyin. Y poOOTi MPENCTaBIeHI Pe3yIbTaTH TOCTIKEHb TOPU30HTAIBHUX PYCIOBUX
nedopmanii piuku Cykine Ha AiIsHII Bif M. bonexiB nmo BmagiHHs piuku y CBidy HpoTsirom
1880-2019 pp. [JocmimkyBaHuii AUISHKA pycia 3HAXOAUTBCS y Mexax [lepemkaprnaTchbkoi
BUCOYMHHU 1 BIJI3HAYAETHCSI 3HAYHOIO JIMHAMIKOIO pYClla, IO 3yYMOBJIEHO T'OJIOBHO YacTUM
MPOXO/KEHHSM TMaBOAKIB, Y TIM YHCI i KaTacTpogiyHUX.

Amnamiz  0araTopiyHMX TOPH3OHTAIBHHX pyclioBuX Jnedopmanid  piuku  Cykijb,
BCTAHOBJICHHSI TOJIOBHHUX (PAKTOPIB iX MPOsIBY MPOBEJCHO y Tpu ertamu. [lepmmii eram — e
OIiHKA 3MIIlIEHHS pycia 3a JOBTOCTPOKOBHH MEpioJ — AECATKA POKiB, BUKOHAHWA Ha OCHOBI
tororpadivaux kapt 1880, 1929-1939, 1990 pp. Jpyruii eram — aHai3 3MIIIEHHS pycla 3a
KOPOTKOYacOoBUil mepion — 5—7 pokiB, MpOBEAEHHI Ha OCHOBI kKocMiuHMX 3HIMKIB Google Earth
2006, 2011, 2017-2019 pp. Tperiii eran — Bepudikamiss OTpUMaHUX Pe3yJbTaTIB MOJIbOBUMHU
llOCJ'IiZl)KeHHHMI/I Ta BCTAHOBJICHHSI T'OJIOBHUX MHNPUYUH PO3BUTKY T'OPU3BOHTAJIBHUX PYCIOBUX
nedopmariiid. AHami3 ICTOPHYHHAX KapT Ta KOCMO3HIMKIB 3/1iHCHEHO TOJI0OBHO KapTorpadiyHuMU
MeTozaMH 31 3acrocyBaHHsIM ArcGIS 10.1.

Pycno piuku Cykine Ha BiaTHHKY M. bonexiB — c. [logopoxHe (THpiio piku) Mae 3HauHI
BIJIMIHHOCTI PO3BUTKY TOPH30HTAJILHHX DPYCJIOBUX Jedopmaliiil. 3a XapakrepoM MposiBy Ta
BEJIMYMHOI0 PO3BUTKY PYCIOBHX AehopMalliii BUOKPEMIICHO ABI MUISHKK (Haaainl JUHAMIYHI
JISTHKH), JIe TOPU3OHTAJIbHI PYCIIOBi AedopMarliii € 3HauHUMU: mepiua — Big M. bonexosa 110
Jlucosuu; apyra — Bif c. JlucoBuui o c. [ogopoxkHe (rupna Cykento). Ha nunamivniil DinsHIi
1 pycnoBi ropu3oHTanbHI JedopMallii HpOSBISIOTHCS MMO-PIZHOMY, 3aJIEKHO BiJl THILy pycia.
MakcuMalbHi 3MIIIEHHS BUABJICHO HAa 3BHUBHCTHX BINTHHKAX 1 BOHU CTaHOBJIATH IPHUOIU3HO
340 m. Ix 3adikcosano 3a mepion 1880-1939 pp. Ha Biarinkax 3 “mepexiguum” THIIOM pycen
(nanpukinai XIX — nHa mowatky XX cropiuus OaraTopykaBHHX, a HHMHI OJHOPYKaBHHX) €
HeBenukuMu (10 60 M) 1 MPOSIBISIFOTHCS TOJIOBHO y Mexax pycna. Ha aunamiunii minsHii 2
pyciio Cykeno € MeaHApYy4HUM 1 pycioBi aedopManii € 3HauyHO OLTbIIMMH. MakcuManbHi
3MillleHHs pyciia csratoTh npuonmsuo 500 m (3a mepion 1880-1939 pp.). dus auHaMivdHO
JUISTHKH 2, 51K 1 Juist 1iso1 aitstHky pycia Cykento Bix M. bonexiB 10 rupia, BCTAHOBJIEHO MEBHY
TeHICHIII0 3MiHM pycia y miani. Tak, 3 1889 mo 1990 p. crnocrepiraemo 3MeHIIEHHS
3BHBHUCTOCTI pyclla, [0 3yMOBJICHO aHTPOIIOT€HHIM BIUIMBOM, 30KpeMa CIIPSIMIICHHSM pycia y
70-80-x pokax MUHYJIOrO CTOpIYYsl, Ta 3MIiHOIO MOJIOKEHHS rupina, a 3 1990 poky — npupojHe
301bIIIeHHS MeaHApyBaHHs pyciia Cyketo.

Knwwuosi cnosa: ropuszoHTanmbHi aedopmanii; Tun pycna; Cykinb; MeaHAPYBaHHS;
icropuuHi kaprty; J133.

Inroduction. The study of horizontal riverbed deformations is important for
understanding the functioning of the fluvial relief and trends in its development. This is
especially true for mountain and foothill rivers of the Ukrainian Carpathians. They
possess significant dynamics of water discharge in the riverbed, which is the main
reason for its significant changes, in particular, for the development of horizontal and
vertical deformations. To assess the development of horizontal riverbed deformations
and, accordingly, the changes in riverbeds on the plan, archival materials are needed,
including historical maps and other cartographic materials, as well as remote sensing
data. According to a number of authors (Grafi et al. 2008; Bayrak, 2011; Burshtynska
& Shevchuk, 2012; Horishniy, 2014; Burshtynska, Movchko & Shevchuk, 2015;
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Bayrak & Kovalchuk, 2017 and others), historical maps are a valuable source of
information on changes of riverbeds on the plan. However, their use is possible
provided that the geographical location of the constant orientation elements, e.g.,
churches, bridges, etc., can be identified (Andreychuk & Yamelynets, 2015) and the
peculiarities of cartographic approaches to creating maps and their generalization are
taken into account. The comparative analysis of historical maps and satellite images
allows us to understand certain trends in the development of riverbeds (Jaskulski et al.,
2013; Noszczyk, Nawiesniak, Hernik, Strutynski & Taszakowski, 2015 and others),
which is important for the economic use of river valleys and their spatial planning in
order to protect settlements, roads and agricultural lands primarily from catastrophic
water floods. Thus, the scientific novelty of the presented work consists in determining
the scale of horizontal deformations of the Sukil riverbed within the Precarpathian
height for the period of 1880-2019. For the first time, based on the analysis of
historical maps, remote sensing materials, and field research, the size of long-term
horizontal deformations has been identified with taking into account the type of the
Sukil riverbed and its changes in time.

Research territory. It covers the lower part of the Sukil river basin in the area from
the town of Bolekhiv to the confluence with the Svicha river (Fig. 1). The length of the
studied riverbed is 29.9 km. The basin is located within the Precarpathian height and
occupies part of the Kalush (Limnytsko-Bolekhivska) lowland (Kravchuk, 1999;
2021). Its north-western part is bounded by the Morshyn height, and the south-eastern
part — by a common drainage divide with the Svicha river. According to the scheme of
tectonic zoning of the Ukrainian Carpathians suggested by S.S. Kruglov (1986 ed.), the
study area is located within the Precarpathian Depression, in particular, within Sambir
and Boryslav-Pokut covers (Fig. 1) and is the most anthropogenically transformed
territory.

The main purpose of the study is to identify the main tendencies and the scale of
the development of horizontal deformations of the Sukil riverbed within the
Precarpathian height for the period of 1880-2019. An important task of the research
was to reveal the features of the development of horizontal deformations of the Sukil
riverbed on the sections with a different type of the riverbed and its changes during this
period.

Research methodology. The study of horizontal riverbed deformations was carried
out mainly by cartographic methods using ArcGIS 10.1. The research was based on
different time topographic maps covering a period of approximately 140 years. These
were Austrian topographic maps of 1880 with a scale of 1:75 000; Polish maps of
1929-1939 with a scale of 1:25 000; maps of the Soviet period of the 1990s with a
scale of 1:50 000. The study of the current dynamics of the riverbed was conducted
based on Google Earth satellite images of 2006, 2011, and 2017-2019. Additionally,
the data of the hydrological post in the village of Tysiv for the period of 1959-2020
were analyzed, a number of sources on the geological and geomorphological features
of the territory have been studied, and the results obtained have been verified by field
research. Cartographic materials were analyzed within the Pulkovo 1942 geographical
coordinates.

The algorithm of the study, including the source cartographic materials and their
analysis, is shown in Fig. 2.
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Podorozhnie

Fig. 1. Localization of the studied section of the Sukil riverbed. The square
indicates the investigated river in the scheme of tectonic zoning of the Ukrainian
Carpathians according to V. Glushko and S. Kruhlov (1986 red). Legend: | — Western
European Platform, Il — Eastern European Platform, Il — Precarpathian Depression, 1V
— Sambir cover, V — Boryslav-Pokut cover, VI — Skyba cover, VII — Krosno cover,
VIl — Chornohora cover, IX — Duklia cover, X — Porkulets cover, XI — Rakhiv cover,
XII — Magurska cover, XIII — Marmaroskie massif, M — zone of Marmaroskie cliffs, IT
— zone of Peninski cliffs. Transcarpathian Depression (TD) and its zones: 1 — Pidhallia,
2 — Krayova, 3 — Central, 4 — Pripannonska, 5 — Pannonska Depression, 6 — Vyhorlat-
Huta volcanic ridge.

Since the materials available for the study were developed within different time
periods and in different cartographic projections, it is necessary to reduce all maps and
satellite images to a single topographic projection of Gauss-Krueger and to a single
Pulkovo 42 coordinate system (SK-42). The maps of the Soviet period with a scale of
1:50 000, developed in the above-mentioned coordinate system, served as a
topographic reference basis.



N.Rybak, L.Dubis Horizontal deformation of the Sukil riverbed...
ISSN 2519-2620. [Tpo6iiemu reomopdosiorii i mangeoreorpadii...2021. Bum. 1 (12), 197-211 201

of the Sukil riverbed
|

Preparation of materials

[ Analysis of horizontal displacements J

l

Satellite images
Google Earth Pro

Topographic map J

!

Georeferencing of maps and satellite i |mages

!

[ )
( )
[ )
[ Digitization of riverbeds and accumulative forms ]
[ )

]

Measurements and analysis of displacements,
creation of a database

I

Verification by field research methods

Fig. 2. Algorithm for the study of horizontal deformations of the Sukil riverbed.

Topographic maps with a scale of 1:25 000 (1929-1939) lack rectangular and
geographical coordinates. Therefore, their georeferencing has been carried out
according to the common points which are identified by typical, permanent objects
over time: road intersections, railway crossings, bridges, geodesic marks, survey
benchmarks, etc. Such a georeferensing is less accurate than the coordinate reference.
Its root mean square error in a 3" order polynomial is 25-30 m. The georeferencing
error of Austrian maps is 20-25 m. This is due both to a larger scale of 1:75,000 maps
and the transformation of the projection (Soldner-Cassini to Gauss-Krueger) and the
coordinate system (Halychyna in SK-42) as well as to the imperfection of the transfer
of objects identified on the ground, distortion of the sheets of maps, and deformation of
paper during storage and digitization (Mularz, 2004; Noszczyk, 2015).

The Google Earth satellite images made in 2006, 2011 and 2017-2019 were used
for a detailed study of the riverbed relief, its changes, and patterns. The 2006 satellite
images are georeferensed to 1:50 000 scale maps with a mean square error of 5 m. The
2017-2019 images were georeferensed before the 2006 satellite survey, this having
allowed us to obtain a residual error of 1.5-3 m (Table 1).

To assess the horizontal riverbed deformations, the places of the largest
displacements were identified, and their measurements for the selected period were
performed. The measurements were performed between two extreme points,
perpendicular to the direction of the river. The shift of the riverbed towards the right
bank was marked by the minus sign, and the shift towards the left bank — by the plus
sign (Table 2).

Results. The comparative analysis of historical maps and satellite images of the
studied section of the Sukil riverbed (Fig. 3) allowed us to reveal a general tendency of
its changes on the plan for almost 140 years. It is connected with a decrease in the
meandering of the Sukil riverbed during the period of 1880-1990, which is mainly
determined by human impact. Thus, in 1880, the coefficient of meandering of the Sukil
riverbed in the studied section was 1.56; in 1929-1939 —1.42; in 1990 — 1.26. The
maximum changes in the meandering of the riverbed are observed on the 1990 map,
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Table 1. Main cartographic materials and reference data for the study of
horizontal riverbed deformations of the Sukil river

Root
. Coordinate | Georeferencing | mean
No Source material Year system to: square
error
Topographic map (USSR) ) Rectangular
1 1:50 000 1990 SK-42 coordinates 8m
2 Topographic map (Polish) 1929- SK-42 USSR topographic | 25-30
1:25 000 1939 map 1:50 000 m
. Coordinate ;
3 Topographic map (Austro- 1880 system of USSR topographic | 20-25
Hungary) 1:75 000 map 1:50 000 m
Halychyna
Google Earth satellite ) USSR topographic | Upto5
5 images 2006 WGS-84 map 1:50 000 m
: Google Earth
6 Google i'fj‘ﬂ:ate”'te 2011 | WGS84 | satelliteimages | 1,2m
g 2006
. Google Earth
7 Google_Earth satellite 2017- WGS-84 satellite images om
images 2018 2006

after the melioration of the swampy part of the Sukil valley in the 80s of the last
century. At that time, a number of artificial canals and a system of artificial reservoirs
to the east-southeast of the village of Mezhyrichchia were constructed, the right
tributary of the Sukil — Herynia stream was straightened, and flood embankments from
the village of Zaderevach to the mouth of the Sukil were built. These changes are
recorded on the 1990 map (Fig. 3). From 1990 to 2019, there was a natural increase in
meandering (coefficient of meandering in 2018 was 1.34), especially on dynamic
section 2, which will be discussed below. Changes in the development of horizontal
deformations, and hence of the riverbed on the plan, are also connected with a change
in the position of the river mouth, which is mainly due to the morphodynamics of the
Svicha riverbed (Rybak, Dubis & Bubniak, 2021). During the study period, the
maximum displacement of the riverbed has been more than 3 km, which is clearly
recorded on the 1929 map and on the satellite image (Fig. 3) as well as confirmed by
field research.

Within the study area, two dynamic sections of the channel have been singled out,
which differ in the configuration of the riverbed on the plan and in the nature of
riverbed processes. The first dynamic section is located between the settlements of
Bolekhiv and Lysovychi, while the second one occupies part of the riverbed from the
village of Lysovychi to the village of Podorozhnie (the Sukil mouth).
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Fig. 3. Vectoral models of the Sukil riverbed and the localization of its mouth for
the period of 1880-2019 (a, b, ¢ squares indicate map areas in Fig. 4).

Dynamic section 1 is characterized by the alternation of single-channel (straight
and meandering) and “transitional” (from braided to single-channel) sections of the
riverbed. The latter are recorded on the historical maps of the Austrian and Polish
periods as braided ones. On the maps of 1950 and 1990, there are also small single
branches in these areas, although they are classified as single-channel ones. It should
be noted that the traces of the multi-channel riverbed on the satellite images of
different periods can be clearly seen only on the 2011 image, after the 2008
catastrophic flood.

According to the studies by a number of authors (Schumm 1977, 1981, 1985;
Leopold, 1957), the braided type of a riverbed is formed in places of significant change
(reduction) of the stream gradient, this reducing the transport capacity of the flow, and,
as a consequence, leading to significant accumulation of alluvium (Chalov, 2007). On
dynamic section 1, there are two sections of the braided channel, in the vicinity of
Bolekhiv and the village of Lysovychi (Figs. 4a, 4c) shown on the 1880 and 1939
maps. The length of these sections is small, which will be discussed below. The first
section (in the northern outskirts of Bolekhiv) is due to a decrease in the slope of the
river. Upstream from the section to the village of Tysiv, the Sukil river is braided, and
the stream gradient is about 5.8 m / km, while within the section it is 3.4 m/km. The
second section is located south of the village of Lysovychi, where the river deviates to
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the east from the ledge of the Morshyn height. Thus, in the area of the Morshyn height
(upstream of the braided second section), the stream gradient of the channel is 3.1 m/
km, and within the section near the village Lysovychi — 2.5 m/ km.

Comparing the described braided sections in 1880 and 1929-1939, we notice
certain changes. On the first section, the bifurcation and size of accumulative forms
decrease as well as the length of the section itself which decreases by almost 300 m,
from 700 m to 420 m, respectively (Fig. 4a). On the second section near the village of
Lysovychi, on the contrary, the bifurcation and length increase. Thus, in 1880 the
length was 435 m, and in 1929-1939 — 1517m. Another change is observed in the
period of 1990-2018. The bifurcation of the riverbeds almost disappears, and there are
only small local sites. In the satellite images of 2006, 2013, 2015, 2016, 2017, and
2019, the riverbed on these sections is mainly meandering and single-channel.

~ ~

B ey i U g PP RT IS
S H \ & S jsw v "&_ R s ¥
;

~— - vector model of Sukil riverbed in 1880
- vector model of Sukil riverbed in 1929

Fig. 4. Vector model of the branched Sukil riverbed in 1880 and 1929.

As mentioned above, the traces of the braided riverbed within the riverbed are well
seen only in the satellite image of 2011 and are the result of catastrophic floods in 2008
and 2010 (Fig. 5). According to the features of manifestation of riverbed processes
during the highest and lowest water, these areas can be classified as a transitional type
of riverbeds developing from braided to a single-channel one (Chalov, 2007).

The meandering of the riverbed in dynamic section 1 during 140 years has also
significantly changed. Thus, the coefficient of meandering on this section in 1880 was
1.35, in 1929-1939. -1.27, 1990 -1.06, and in 2017 -1.15. According to this
coefficient, the Sukil riverbed within the first dynamic section was meandering in
1880-1939, and in 1990-2017 it was winding. On the maps of 1990 and the satellite
image of 2017, we clearly observe the straightening of the riverbed within the local
areas (Fig. 6).

Anthropogenic impact seems to be the most probable reason for the decrease in
meandering, in particular, for the straightening of the riverbed within Bolekhiv and
changes in the functioning of riverbeds caused by melioration of the swampy part of
the Sukil valley and for its straightening in the lower part (dynamic section 2).
Actually, the largest horizontal riverbed deformations were recorded on the
meandering sections (Fig. 3b). Thus, the maximum channel displacement for the
period of 1880-1929 was 283 m, and in the period of 1929-1990 — 341 m.
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image 2011

- Sukil riverbed 2006 on the satellite
\\k%}% - Sukil riverbed 2017 on the satellite image 2011
Fig. 5. Vector models of the Sukil riverbed in 2006 and 2007 in the northern
suburbs of Bolekhiv on the 2011 satellite image.
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Fig. 6. Change of the Sukil riverbed in the vicinity of the village of Lysovychi (a -
1880 map; b — 1990; ¢ — 2017 satellite image).

More accurate data on horizontal displacements within dynamic section 1 were
provided by the analysis of riverbed deformations conducted based on satellite images
of 2006, 2011, and 2019. It has shown that the largest displacements took place in
2006-2011, when the catastrophic floods which had a significant impact on the
reformatting of the riverbed and riverbed deformations (Leopold, 1957; Krzemien,
2012) occurred (2007, 2008, 2010). The maximum channel displacement during this
period is 168 m (observation point 21, Fig. 7). Its formation is connected with the
straightening of the meander, the development of a new riverbed within the high
floodplain, and the drying of the old channel. The riverbed displacements over 50 m
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for the period of 20062011 are recorded in the places of observations 4, 5, 6, 11, 12,

13, 14, 15, 18, 21 (Table 2; Fig. 7).
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Fig. 7. Vector models of the Sukil riverbed within the first dynamic section
(Bolekhiv—Lysovychi) based on Google Earth satellite images (the numbers indicate
the places of identification of the size of horizontal deformations presented in Table 2).

In the period of 2011-2017, no severe floods were recorded, and thus the riverbed
deformations are smaller. The maximum displacement is 58 m (observation point 21).
It is caused by lateral erosion, retreat of the right bank at the top of the meander, and
the growth of the left one. Horizontal deformations, the dimensions of which exceed 50
m, were also recorded in observation points 12, 13, 21. In observation points 8, 10, 11,
15, 17 no displacements were recorded (Table 2; Fig. 7). The reformatting of the
riverbed can also be found at observation points 7-9. It is caused by clogging and
drying of one of the two channels and the formation of a single-channel, relatively
straight type of a riverbed. This mechanism of change is described by Leddy (1993)
based on braided riverbeds.
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Table 2. Parameters of horizontal riverbed deformations of the Sukil river on the
Bolekhiv-Lysovychi section for the period of 2006-2011-2017

Horizontal riverbed deformations of the Sukil river
Change of the riverbed type Change of the riverbed type
Ne, | Mete Mete
Fig. rs 2006 2011 rs 2011 2017
7
: 33 23 Relativel
2 -59 Relatively Relatively -11 Relatively straighty
3 23 straight straight 223 straight
4 -63 37 Braided
5 79 . 48 . .
. Meanderin Meanderin Meanderin
6 -87 | Meandering g -23 g g
7 32 24
8,1 22
8,2 -33 . Braided 0 Braided
o1 p Braided Relatively
' straight
9,2 -41 18
10 -49 Relatively Relatively 0 Relatively
11 56 straight straight 0 straight
12 -52 -51
13 50 -51
14 -53 | Meandering Meandering -28 | Meandering Meandering
15| 103 0
16 -45 -37
Relatively Relatively Relatively Relatively
17 38 | straight straight 0 | straight straight
18 -71 -22
- Meanderin - Meanderin
19 36 Meandering g 36 g Meandering
20 37 5
21 168 Braided -58 Braided
22 31 Relatively Relatively -34 Relatively Relatively
23| 24 straight straight -10 straight straight

*(horizontal displacements of the riverbed towards the right bank are indicated by
the “-” sign, towards the left — by the “+” sign)

Dynamic section 2 covers part of the riverbed from the village of Lysovychi to the
mouth near the village of Podorozhnie. It is characterized by a flat course of riverbed
processes, a slow flow of 0.7 km/h, and by a stream gradient of 2.3 m/km. The
predominant type of the riverbed is a meandering one, with the scale of meandering
varying during 1880-1990. Thus, the coefficient of meandering was: in 1880 — 1.62; in
1929 — 1.53; in 1990 — 1.30. in 2017 — 1.36. Its change indicates a decrease in
meandering during the period of 1880-1990, which is mainly due to anthropogenic
influence and its natural growth during the period of 1990-2017. The remains of old
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depressions recorded as a riverbed on the map of 1880 can be seen in many parts of
1918 satellite images (Fig. 8%.

Fig. 8. Local changes in the Sukil riverbed recorded on the 2017 satellite image
(the 1929 map is on the left)

In the period of 1880-1929, according to the measurements on maps (21 places),
the maximum horizontal displacement was about 500 m, and in 10 places it exceeded
100 m. In the period of 1929-1990 (29 measurements in total), the maximum
displacement was 496 m. In 8 places of measurements, the size of horizontal
displacements was over 200 m, and in 14 places —100-200 m.

The general tendency towards decreasing the curvature of the riverbed in the period
of 1929-1990 is caused by its straightening, construction of flood banks, and channels
of the land reclamation network.

The horizontal deformations which occurred during the period of 2006-2011-2018
in dynamic section 2 are much smaller, their maximum value being 45 m for the period
of 2006-2011 and 54 m for the period of 2011-2018. Mainly, they occurred at the
mouth of the river due to lateral erosion. The average value of the maximum channel
deformations for the whole period is 25 m. The analysis of satellite images and
displacement measurements did not show the influence of the 2008 flood on the
deformation of the lower course of the Sukil riverbed, although revealed changes in its



N.Rybak, L.Dubis Horizontal deformation of the Sukil riverbed...
ISSN 2519-2620. [Tpo6iiemu reomopdosiorii i mangeoreorpadii...2021. Bum. 1 (12), 197-211 209

mouth. Thus, since 2006, an accumulative form was formed at the mouth of the Sukil,
which has later turned into a point bar indicating the formation of a filling delta at the
Sukil-Svicha confluence (Rybak et al., 2021). The accumulative form in the Sukil delta
has reduced the width of the channel from 25 m to 6-7 m.

Discussion and Conclusions. The bed of the Sukil river on the section of
Bolekhiv—the village of Podorozhnie (river mouth) is located within the Precarpathian
height and has significant differences in the development of horizontal deformations.
According to the nature of manifestation and the size of the development of riverbed
deformations, two dynamic sections have been identified — from the town of Bolekhiv
to the village of Lysovychi and from Lysovychi to the village of Podorozhnie (the
Sukil mouth). Dynamic section 1 is now mainly a single-channel meandering riverbed,
although during the period of 1880 and 1939 it was characterized by a combination of
single-channel and braided sections. Single local branches within the previously
braided sections were also recorded on the 1990 map and 2006, 2013, 2015, 2016,
2017-2019 satellite images, although in general the riverbed is single-cahnnel and
meandering. Thus, there is a certain long-term tendency of the transition from braided
riverbed (gravel-bed braided river; Schumm 1977, 1981, 1985) to the single-channel
meandering one. Only during the catastrophic floods of 2008 and 2010, the riverbed in
these sections functioned as a braided one, as recorded on the 2011 satellite image.
Such riverbeds can be classified as transitional (Chalov, 2007). In these sections, the
horizontal deformations are small and occur within the riverbed. The largest horizontal
riverbed deformations (up to 340 m) are recorded in the meandering sections of
dynamic section 1 during the whole period (140 years). Overall, for dynamic section 1,
there has been a natural increase in the meandering of the riverbed, and hence
horizontal deformations, over the last decade.

The riverbed of the Sukil river in the dynamic section 2 (from the village of
Lysovychi to the mouth) was meandering during 1889-2018. From 1889 to 1990 we
observe a tendency towards reducing the meandering of the riverbed due to
anthropogenic influence including the straightening of the riverbed, construction of
flood banks, and reclamation of the Sukil valley as well as a significant natural change
in the location of the river mouth. Since 1990, there has been a natural increase in
meandering of the riverbed as evidenced by the value of the coefficient of meandering
and by Sukil meanders cutting flood banks in three places, this being recorded in 2006
satellite images. The horizontal deformations of the riverbed in this dynamic section
are large and reach a maximum of 497 m. They occurred during the period of 1880-
1929. In 2006-2019, the maximum horizontal displacements were small and
constituted 54 m, which is probably also due to the stabilization of the Sukil mouth
localization.

The results of the study of horizontal deformations of the Sukil riverbed within the
Precarpathian height are important for the reconstruction and restoration of the
destroyed areas of flood banks in order to protect agricultural lands as well as the
villages of Lany-Sokolivski and Podorozhnie from floods. They also serve as a basis
for a more detailed study of riverbed processes including the patterns of development
of riverbed accumulative forms and vertical and horizontal deformations of the Sukil
riverbed.
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