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1. Introduction and objectives

Lateral erosion is a basic process governing the channel dynamics
of meandering rivers. Free or partially regulated meanders can
have significant lateral erosion of up to several metres per year.
Bank erosion contributes to the dynamic meander development of
rivers (Bertalan et al. 2016), the maintenance of alluvial sediment
household (Nagy and Kiss 2020), and the reworking of floodplains
(Kiss et al. 2022). At the same time, depending on its spatiality and
intensity, bank erosion can cause severe damage to agricultural
lands or infrastructure (Das et al. 2012).

The Hungarian section of the Upper Réba River offers an
excellent opportunity to study the spatial and temporal changes in
bank erosion and meander development. The high slope (42-106
cm/km) of the Raba River accelerates the fluvial processes, which
allows for significant changes in bank erosion rate, channel
migration, meander shape and meander development within a short
time.

The main objective of my research is to investigate the rate
of bank erosion and sinuosity changes of the channel and their
influencing factors along the Upper Raba (216.3-86.6 rkm) in
Hungary. The aim is to quantify the spatial and temporal varations
in bank erosion and sinuosity development, and to analyse the

effects of some selected environmental factors influencing bank
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erosion. Since the main factor influencing bank processes is the
hydrological characteristics of a river (e.g. duration of floods,
flooding rate, length of low stages, seasonality of floods), my main
objective is to assess the hydrological changes affecting the
evolution of the studied reach. | also aimed to analyse the semi-
anthropogenic processes triggered by engineering works (e.g.
revetment and dam constructions), which, in addition to the
material, height and vegetation of the banks, can also have a
significant influence on the bank erosion of certain sections. The
ultimate aim of the research is to use long-term (1844-2022) and
short-term (2022-2024) spatial data to identify sections most
affected by recent bank erosion and meander development, to
outline the general evolutionary path describing the dynamics of
horizontal changes in the channel, and to assess the fluvial

response to spatial and temporal changes in environmental factors.

2. Materials and Methods

As a first step, the hydrographic data of the water gauges along the
Upper Raba in Hungary (Szentgotthard, Kérmend and Sarvar)
were collected. The hydrological database for the studied section
was provided by the West-Transdanubian Water Directorate
(NYUDIVIZIG), which included daily water stage (1901-2024)
and water discharge (1970-2024). Based on these data, | calculated
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and analysed the hydrological parameters relevant for bank erosion
(e.g., annual highest, medium and lowest water levels, frequency
of given water stage and water discharge values, return period of
floods and slope between two gauging stations).

For the analysis of the different morphometric parameters
of the channel and bank erosion 17 maps (1844, 1878, 1951, 1955,
1960, 1983, 1996), aerial photographs (1967, 1972) and
orthophotos (2000, 2005, 2008, 2012, 2015, 2018, 2021, 2022)
taken at different dates were used. Spatial data from different
sources with different formats and different projections, were
processed using QGIS software (3.28/Firenze). After defining the
bankline on the spatial data sources, the bank erosion rate between
two dates were measured using the NNjoin module of QGIS.
Furthermore, the morphometric channel parameters (i.e., reach
length, sinuosity and channel width) were calculated to
characterize the long-term changes in the channel morphology.

In the Upper Raba, 14 units were identified based on the
degree of channel and floodplain regulation works and the
dynamics of bank erosion.

For a more detailed assessment of bank erosion, repeated
at-a-site bank erosion measurements using an RTK-GPS were
carried out every 4 months from April 2022 to April 2024. The

surveys were performed along the most intensively developing
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meanders (20). Boreholes were drilled at the eroding banks of each
meander to determine the grain size composition of the bank material

and to evaluate the effect of the bank material on bank erosion.

3. Results and theses

The results of the doctoral research are summarised in the
following theses:

1) The hydrological conditions in the Hungarian reach of the Upper
Raba changed fundamentally between 1901 and 2024, which was
divided into periods. The Hungarian section of the Riaba was in
hydrological equilibrium until 1980, but later the hydrological
parameters changed significantly, indicating a hydrological
dis-equilibrium. The annual highest water levels have become
more extreme. For example, difference between the annual highest
water levels was 484 cm between 2001 and 2005, but it increased
to 576 cm between 2021 and 2024 at Szentgotthard. The mean
annual highest water level for each period has decreased
(Szentgotthard: 1996-2000: 390 cm; 2016-2020: 299 cm).
Meanwhile, the duration of the lowest stages (<0 cm) has increased
dramatically: it characterized 52-81% of a year between 1901 and
1980, but it increased to 91-97% between 1981 and 2024. The
water discharges associated with given water levels have almost
doubled, indicating channel incision.
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The intra-annual pattern of the hydrology also changed. Early
spring (March) floods were common in the 20th century, but they
became absent or occurred in a form of a much smaller flood in
February (at Koérmend) in the 21st century. Formerly, early
summer floods were also frequent, but nowadays they shifted to
early autumn (August—-September). These regime changes could be
associated to climate induced changes in runoff, as summer and

early autumn rainfalls became heavier and more frequent.

2) The bends of the studied reach eroded intensively between
1844 and 2022 (mean bank erosion rate: 3.5 m/y; max: 29 m/y).
However, the bank erosion was not uniform, as there are
significant differences between periods and channel segments
(units). The bank erosion of the Raba was particularly rapid in
certain periods (1955-1959, 1960-1966, 1967-1971 and 1996-
1999), when the mean bank erosion was 4.9-6.1 m/y. However,
after these periods, the bank erosion declined sharply (2.1-2.4
m/y). The lowest rate of bank erosion (1.6—2.8 m/y) were measured
in 1878-1950, 1972-1982, but it became more common in the 21
century, in 2000-2004, 2005-2007, 2015-2017, 2018-2020 and
2021-2022.

The hydrological dis-equilibrium and changes in

hydrological parameters partly explain the changes in bank erosion
6



rate. However, the short-term field measurements (in every 4
months) gave a more detailed insight into the relationship between
hydrology and bank erosion. Flood waves reaching or exceeding
the bankfull level play a prominent role in bank erosion, as they
directly erode the banks, and after their termination mass
movements were triggered. Successive, large (200-400 cm) flood
waves caused significant (2.8 m/4 months) bank erosion along the
entire length of the reach, but in some bend this could be as high
as 10-19 m/4 months. However, not only flood waves at or above
the bankfull level are associated with bank erosion, but virtually
any water level, just to different degrees. During low stages, when
small flood waves (50-150 cm above the low water stage)
appeared, the mean bank erosion rate was <1 m/4 months. During
low stages the accumulated bank material at the bottom of the bank

could impede or significantly reduce bank erosion.

3) The channel development of some sections of the studied
Upper Raba was significantly influenced by local management
works implemented between 1977 and 1981. Based on the
degree of human impact and channel development, the studied
section of the Raba was divided into 14 units.

The identified units were classified into three groups (“natural”,
"slightly modified" and "heavily modified"). Bank erosion was
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highest in the "natural” units (mean: 4.3 m/y), it slightly reduced
in the "slightly modified” units (mean: 3.3 m/y) and the bank

erosion was minimised in the "heavily modified™" units (mean: 2.0

mly).

4) The position of the bank with the highest bank erosion
varied in the bends. In most of the bends, the greatest bank
erosion took place downstream of the bend apex. However, there
were also some bends where, due to local geomorphological
conditions (e.g., development of islands or mid-channel bar
modifying the thalweg), the most significant bank degradation
occurred upstream of the bend’s apex. Some meanders developed
into compound bends, as secondary bends developed on them.
Lastly, the development of some of the bends was greatly

hampered by the presence of high banks.

5) The bank material of the studied meanders is highly
variable; therefore, the bank erosion of the bends varies even
under the same hydrological conditions. Most of the bends
(except bends O, P and U) are characterised by an increasing silt-
clay content in the bank material towards the surface. Thus, there
is a sandy-gravely layer the bottom of the banks, promoting more

intensive bank erosion than on other rivers. Both in the short and
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long term, bank erosion rates are moderate (1.754+0.42 m/y) in the
meanders embedded into silty floodplain sediments. However,
bank erosion rates are higher and highly dispersed (3.0+2.16 m/y)
in the meanders with high sand content (80-90%).

6) Bank erosion is a periodic process, but due to changes in
environmental factors, the rate of bank erosion gradually
decreased during the period under study (1844-2024).

According to the conceptual model (Figure 1), in the mid-20th
century (1950-1972), the bankfull water levels created suitable
conditions for intense bank erosion. Due to the widening of the
channel, the following period (1972-1996) can be considered as a
relaxation period. During this period, no intensive bank erosion
could be detected, despite successive and regular flood waves. The
bank erosion cycle restarted between 1996 and 2000, but with a
lower magnitude. This erosion cycle was also completed by a
relaxation period of limited bank erosion (2000-2008). In the last
(third) bank erosional cycle (2008-2012), the bank erosion
increased slowly, but was not as intense as in the previous cycles.
The last decade (2012-2024) could be evaluated as the end of the
third erosional cycle (relaxation time) or as a beginning of a
completely new development phase. During these periods, the

bank erosion rate gradually decreased.
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Figure 1. Conceptual model of declining bank erosion driven by
hydrological changes.
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