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Abstract

This article focuses on forecasting morphological changes in small rivers, using the Ulken
Almaty River, located on the northern slope of the Ile Alatau range in the Tien Shan
mountain system, as a case study. One of the key components of river morphology is the
dynamics of channel processes, including erosion, accretion, and the shifting of channel
forms. Understanding these processes in rivers flowing through urbanized areas is essential
for mitigating environmental and infrastructural risks. Despite their importance, studies of
this nature in Kazakhstan remain at a formative stage and are largely fragmentary, under-
scoring the need for modern approaches to river morphology analysis. Three representative
sections of the Ulken Almaty River (upstream, midstream, and downstream) were selected
for analysis. Satellite imagery from 2012 to 2021 was used for manual digitisation of river
channel outlines. Annual erosion and accretion areas were calculated based on these data.
The DSAS 5.1 module, integrated into ArcGIS 10.8.1, was applied to determine the rates
of erosion and accretion over the ten-year period. To forecast future channel changes,
the Kalman filter model was employed, enabling projections for 10 and 20 years into the
future. A comparative analysis of the intensity of the erosion and accretion processes was
conducted for each river section. Spatial and temporal variations in bank dynamics were
identified, with the most significant changes occurring in the middle and lower reaches.
Forecasted scenarios indicate the possible deformation pathways of the river channel in-
fluenced by both natural and anthropogenic factors. The results provide valuable insights
into the spatiotemporal dynamics of fluvial processes in small mountain rivers under the
pressure of urban development and climatic variability. The methodology employed in
this study offers practical applications for urban planning, river management, and the
mitigation of geomorphological hazards.

Keywords: small mountain rivers; channel morphodynamics; remote sensing; Kalman
filter; Kazakhstan

1. Introduction

Small rivers play a crucial role in the water balance and ecosystem functioning, pro-
viding water supply, supporting biological diversity, and regulating hydrological processes.
However, changes in their morphostructure—driven by anthropogenic impacts, climate
change, and natural processes—can significantly affect ecosystem stability and water
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quality. In this context, forecasting changes in the morphostructures of small rivers has
become an important task for effective water resource management and the development
of environmental protection strategies.

The morphostructure of small rivers is characterised by a diversity of features and
processes, including meanders, floodplains, and channel dynamics. These are shaped
by both internal (geological, geomorphological) and external (climatic, hydrological, and
anthropogenic) factors. Predicting changes in these structures enables the identification
of potential pathways of river evolution and the assessment of risks related to flooding,
erosion, and ecosystem degradation.

In hydrological and morphological theory, the continuous alteration of the riverbed
and floodplain morphology under the influence of flowing water constitutes the essence
of the channel process [1]. This process is inherently complex and multifactorial. The
primary drivers of channel dynamics are the liquid and solid components of the water flow.
Forecasting these processes is often associated with significant methodological challenges
and typically requires considerable labour input. A scientifically robust prediction of
channel deformation necessitates a sound understanding of meander development under
natural conditions, the rates at which these deformations occur, and the underlying causes
of their initiation [2]. The pace of riverbed reshaping is determined by the hydraulic
characteristics of the flow and the resistance of the soil to erosion. Deformation rates are
quantified by measuring the spatial displacement of the riverbed and its elements over a
specific time interval (expressed in m/year). The rate and localisation of bank erosion are
influenced by bank morphology, geological structure, and the morphodynamic type of the
river channel [3].

The study of the morphology of small rivers is a relevant and multifaceted task. In
Kazakhstan, such research is in its infancy and is fragmentary in nature. Further develop-
ment of riverbed topics requires the introduction of modern monitoring and modelling
methods. Along with the use of monitoring data, GIS technologies, and remote sensing,
an important direction is the integration of numerical and physical modelling of riverbed
processes—in particular, hydraulic characteristics and sediment transport. This will al-
low for more accurate predictions of the morphodynamic changes in riverbeds under the
influence of anthropogenic and climatic factors.

In Kazakhstan, research on the morphological structure of rivers is still in the
early stages of development. Among the pioneering works in this field are those by
Zhandaev [4-9], who investigated regressive erosion and the capture of headwaters in the
rivers of the Ile Alatau. His studies laid the foundation for subsequent investigations into
channel dynamics in the mountainous regions of Kazakhstan.

A significant contribution to the study of channel processes was made by Abdrasilov,
who focused on the formation of inland deltas, particularly the Ile River delta [10,11]. His
research examined the impact of anthropogenic factors on channel stability—an issue of
growing importance in the context of climate change and the increasing exploitation of
water resources. The topic of channel stability and the influence of hydraulic structures on
river morphological processes was also addressed in collaboration with Burlibayev [12].

Chigrinets and Duskayev analysed the characteristics of sediment transport in the
Ili and Zhetisu Alatau river basins, highlighting its importance for assessing the intensity
of erosion processes. Their work contributes significantly to the understanding of how
erosion affects both hydrological regimes and the ecological characteristics of mountain
rivers in the region [13-16].

Erosion and sediment accumulation processes were studied by Dostay, who advanced
the understanding of mechanisms governing the morphological evolution of river chan-
nels [17].
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A valuable addition to the field was provided by Golubtsov, who investigated the
morphodynamics of small rivers in Kazakhstan, including patterns of channel deformation
under anthropogenic influence [18,19].

Remote sensing and laser scanning methods are increasingly applied in Kazakhstan
for monitoring river channel changes. For instance, Khalykov employed terrestrial laser
scanning to study gully erosion in mountainous areas, identifying key factors contributing
to channel degradation and bank erosion [20-22]. The formation of channel barriers of both
anthropogenic and natural origin in the Bukhtyrma River basin has also been analysed
using GIS and remote sensing technologies [23], representing an important aspect of
channel transformation in mountainous terrain.

Extensive studies in the Commonwealth of Independent States (CIS) have further
enriched the field of river morphology. A pioneer in riverbed science, Velikanov developed
the concept of dynamic channel flows, treating rivers as self-regulating “stream-channel”
systems [24-27].

In the CIS context, Makkaveev made a foundational contribution through the de-
velopment of the concept of channel morphodynamics and river channel stability. His
research established a theoretical basis for analysing channel processes, including the role
of hydrodynamic forces in shaping channel evolution [28-32].

The study of channel processes, river morphodynamics, and hydraulic structures was
further advanced by Mirtskhulava [33,34], whose work contributed to the theory of channel
stability and channel formation mechanics, particularly in mountain rivers. His research is
closely linked to methods for predicting changes in channel systems and assessing their
stability, which are essential for hydropower development, land reclamation, and water
resource protection.

Chalov systematized channel processes and introduced a typological classification
of river morphodynamics. His contributions were instrumental in improving the under-
standing of small river channel stability [35-38]. A specific study on the dynamics and
stability of small mountain rivers in the Ile Alatau region—under local natural and climatic
conditions—was presented by Kuznetsov under Chalov’s supervision [39,40]. Their find-
ings enabled a more nuanced consideration of the geographical and climatic features in
channel process analysis.

Research by Druzhinin refined the parameters used to determine flow velocity and
facilitated the calculation of cross-sectional characteristics in mountain rivers. He is also
developing a method for predicting flow depth based on the hydromorphometric properties
of mountain streams [41].

Grishanin contributed to the development of channel change prediction methods by
proposing quantitative techniques for analysing channel deformation [42,43], while Barysh-
nikov focused on the morphodynamic characteristics of rivers, examining the influence of
both natural and anthropogenic factors on channel stability [2,44].

International research on river morphology encompasses a wide range of topics, from
fluvial geomorphology to the prediction of channel form evolution. Foundational studies by
Lane (1954) and Leopold and Wolman (1957) established key principles for understanding
channel processes and morphology [45,46].

A landmark contribution by Montgomery and Buffington (1997) introduced a classifi-
cation of mountain river channels based on morphological characteristics [47]. Chin (1999)
examined step—pool structures in mountain streams, offering insights into channel stability
under steep-gradient conditions [48].

Recent studies actively employ remote sensing methods and GIS technologies, uti-
lizing high-resolution satellite imagery and numerical modelling to accurately monitor
the spatiotemporal dynamics of channel processes. A number of studies are devoted to
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the automated analysis of bank migration and the prediction of erosion processes. The
application of the DSAS (Digital Shoreline Analysis System) tool has proven to be an
effective means for the quantitative assessment of shoreline dynamics, including river
channels [49-59]. The DSAS methodology enables the calculation of bank migration rates,
channel width, and zones of accretion and erosion, ensuring data comparability across
different temporal intervals. These techniques can be adapted for studying the channel
processes of small rivers in the Ile Alatau range.

The study of small river morphology is a pressing and multidimensional task. In
Kazakhstan, research in this area remains at a developmental stage and is largely frag-
mented. A comprehensive understanding of channel processes requires the integration of
modern monitoring and modelling techniques. Research experience from CIS countries
and international studies has demonstrated that combining field observations, GIS-based
modelling, and remote sensing provides the most accurate means of assessing the dynam-
ics of channel processes and predicting morphological changes under anthropogenic and
climatic influences.

The objective of this study is to forecast changes in the morphological structure of
small rivers, using the Ulken Almaty River—located on the northern slope of the Ile
Alatau range—as a case study. The research focuses on analysing the spatial and temporal
dynamics of channel processes, identifying the relationship between erosion intensity and
both channel-forming and full-channel water discharges, and evaluating the potential risks
associated with bank erosion, channel deformation, and the formation of channel barriers.

The results of this study are intended to support the development of effective water
management strategies, reduce the impact of anthropogenic pressures on river systems, and
mitigate risks to urban infrastructure. Furthermore, the findings can be applied to monitor
riverine changes associated with urban expansion, inform the planning of engineering
protection works, and guide the implementation of preventive measures to counteract the
adverse effects of channel processes under evolving climatic conditions.

2. Materials and Methods
2.1. Study Area

The Ile Alatau is one of the most water-abundant regions of Kazakhstan, characterised
by a densely branched river network and a high density of watercourses [60,61]. The
hydrographic network of the Ile Alatau primarily belongs to the Ile River basin. This region
presents a sharp contrast in landscape: arid, drought-prone plains lie in close proximity
to humid, mountainous terrains. Rivers play a central role in the region’s hydrography,
exhibiting the typical features of mountain watercourses—rapid flow velocities and intense
erosional activity. Despite the relatively modest widths of most riverbeds, their valleys
often form expansive canyons, with depths reaching 800-1000 m.

River segments are conventionally divided into upper, middle, and lower reaches
based on water yield, terrain orography, flow velocity, anthropogenic usage, and the
morphometric characteristics of the watercourse itself. The upstream reach is distinguished
by steep gradients, high flow velocities, shallow depths, and intense processes of scour
and sediment transport. In the midstream section, the channel becomes wider due to the
inflow from major tributaries, resulting in increased discharge. At the same time, the slope
and flow velocity decrease, leading to a reduction in scouring capacity. In the downstream
reach, scouring processes diminish significantly, the gradient becomes minimal, and further
widening of the channel occurs. As the slope continues to decrease, sediment deposition
intensifies, contributing to the formation of a broad delta [62,63].

The basin of the Ulken Almaty River (Figure 1) has been delineated according to
elevation and hydromorphometric parameters, defining the upper reach as >2500 m a.s.1.,
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the midstream as 10002500 m a.s.l., and the downstream as <1000 m a.s.l.
and results in this study are referenced to this morphodynamic zonation.

STUDY AREA

REPUBLIC OF KAZAKHSTAN

BALKASH-ALAKOL
WATER MANAGEMENT BASIN

Figure 1. Ulken Almaty River basin.
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Based on the source characteristics and type of hydrological feeding, the rivers of the
Ile Alatau can be classified into three categories: high-mountain glacial, mid-mountain,
and seasonal. The Ulken Almaty River is the largest glacially fed river in the region;
however, atmospheric precipitation and groundwater contributions also play important
roles in sustaining its flow. Ulken Almaty is a second-order tributary of the Ile River and
a first-order tributary of the Kaskelen River. It is one of the major high-discharge rivers
within the administrative boundaries of the city of Almaty.

The total length of the Ulken Almaty River is 96 km. The watershed area at the
mountain outlet is approximately 280 km?, while the total watershed area at its confluence
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with the Kaskelen River reaches 425 km?. The average weighted elevation of the watershed
at the mountain outlet is about 3000 m, with the highest elevations in the upper reaches
ranging from 4200 to 4300 m [64].

The Ulken Almaty River exhibits a bimodal flow regime, characterised by a spring
flood and a prolonged summer flood. The latter, driven by active glacial melt, typically
occurs rapidly in mid-summer. Consequently, flood events in this river persist over an
extended period—from April through the end of August [65].

According to hydrological data [60], the long-term average discharge at the station
“Ulken Almaty—1.1 km above Ulken Almaty Lake” is 1.72 m3/s, while at the station
“Ulken Almaty—2 km below the mouth of the Terisbutak stream,” it reaches 5.50 m3/s. The
recorded maximum discharges at these stations are 9.38 m?/s and 23.8 m?/s, respectively.
Under extreme mudflow conditions, peak discharges can reach up to 10,000 m?/s [66,67].

2.2. Data and Software

The study involved the collection and analysis of both statistical and spatial data.
Hydrological data—including average daily and maximum daily water discharge values
for the period 2012-2021 at the hydrological station “Ulken Almaty River—1.1 km above
Ulken Almaty Lake”—were obtained from the open-access database of Kazhydromet (https:
/ /kazhydromet.kz/en/meteo_db (accessed on 5 June 2025)). This hydrological database
has been publicly available since January 2023 and provides downloadable statistical data
in various formats across different time intervals.

Spatial data, specifically remote sensing (RS) and satellite imagery, were sourced from
multiple global open-access platforms. Satellite images from Sentinel-2 (10 m resolution),
Landsat 7, and Landsat 8 (30 m resolution) were retrieved from the Copernicus Open
Access Hub [68], the USGS Earth Explorer [69], and archived imagery available through
the Google Earth Pro application [56,70-72].

A range of software tools was used to process these datasets, enabling the forecasting
of river channel outlines and the extraction of the morphometric characteristics of both the
riverbed and the riparian zone within the river basin.

In this study, R Studio 2022.12.0+353 was used to analyse the hydrological data series,
assess the statistical characteristics of water discharge, and identify patterns of its variation.
This software enables trend analysis, the construction of probability curves for water flow,
and the determination of extreme discharge values, which is essential for understanding
the dynamics of channel processes. R Studio is an integrated environment for working
with the R programming language, designed for statistical analysis, data processing, and
graph creation. It allows researchers in various fields to automate complex calculations,
apply machine learning methods, and visualize the results of their analysis.

Figure 2 shows the flowchart for predicting river channel dynamics used in this study.

As part of the study on the changes in the morphological structure of small rivers in
the Ile Alatau, the MS Excel spreadsheet editor was used for processing and analysing the
hydrological series, as well as for identifying peak water discharge values by constructing
water discharge hydrographs over the selected period. It allows for data systematization,
statistical processing, and the visual representation of results in the form of graphs and
charts. With its powerful tools for working with tables, formulas, statistical calculations,
and data visualization, it enables effective information structuring and the identification
of regularities.
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Figure 2. Flowchart for predicting river channel dynamics.

High-resolution imagery was essential for identifying long-term channel deformations,
the erosion and deposition of banks, and changes in the morphometric characteristics of
small rivers. Google Earth Pro 7.3.6 serves as a valuable data source, providing easy
access to imagery with resolutions ranging from 0.3 m to 1 m. Google Earth Pro 7.3.6 is
designed for the analysis and visualization of spatial data based on satellite imagery and
three-dimensional terrain models. It is widely used in scientific research, environmental
monitoring, and spatial planning, enabling the tracking of landscape and object changes
over time.

In the context of studying changes in the morphological structure of small rivers,
ArcGIS 10.8 software provides a wide range of tools for spatial analysis and statistics,
modelling channel processes, and visualizing the obtained results. As an effective tool for
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analysing and assessing water resources and hydrological processes, as well as for making
timely and informed management decisions, ArcGIS 10.8 allows for modelling hydrological
processes, analysing watersheds, and identifying potential areas of degradation and bank
line expansion. The application of geospatial analysis methods facilitates a detailed study
of changes in the hydrographic network and the assessment of the impact of climatic
and anthropogenic factors. It contributes to improving management and efficiency across
various sectors.

A specialised extension to ArcGIS developed by the United States Geological Survey
(USGS) Digital Shoreline Analysis System (DSAS 5.1) is also used to assess retrospective
dynamics and predict future shoreline changes. This tool is used in studies of hydrological
and geomorphological processes, allowing automated calculation of indicators of shoreline
change based on time-series data. The main functions of DSAS 5.1 allow the determination
of key parameters of shoreline dynamics, such as absolute shoreline change between two
dates (Net Shoreline Movement (NSM)), identification of the rate of shoreline change based
on two time points (End Point Rate (EPR)), identification of the average rate of shoreline
change calculated using Linear Regression Rate (LRR), and a more accurate version of LRR
that takes into account data errors (Weight Linear Regression Rate (WLR)) and the range of
shoreline change over the whole period analysed (Shoreline Change Envelope (SCE)).

The Kalman filter method, integrated into DSAS 5.1, allows the modelling of shoreline
change based on trends in past shoreline change values. Although DSAS was originally
developed to analyse the shorelines of seas and oceans, it is now actively used to study
river channel dynamics, allowing the assessment of erosion and accumulation processes
and bank migration and predicting changes in the river network.

For a more complete and detailed description of the DSAS process, reference can be
made to [73]. The DSAS 5.1 method is widely used and has been validated for analysing
shoreline dynamics, including riverbanks and inland water bodies. In particular, ref. [58]
demonstrated its effectiveness in studying riverbank changes over various time periods
ranging from 10 to 50 years. Moreover, refs. [52,57,59] confirmed the reliability of the DSAS
method by comparing its calculations with a similar tool in a GIS environment, which
supports its applicability under diverse geomorphological conditions.

2.3. Methods

The formation of river channel morphology is determined by the interaction between
flowing water and channel sediments, with the intensity of this interaction largely depen-
dent on the volume and frequency of water discharge. In this context, channel-forming
and full-channel discharges play a fundamental role, serving as triggers for changes in
riverbank alignment and channel morphology [28,74-80].

Channel-forming water discharge (Qgorm) refers to the volume of water at which
the most significant changes in the riverbed are observed, including sediment transport,
bank erosion, and the redistribution of channel forms. As noted by Makkaveev, various
methods based on the statistical analysis of hydrological data and discharge distribution
curves are used to determine Qy,,p,. This parameter serves as a key indicator of channel
transformations and plays a crucial role in modelling the morphodynamics of rivers.

The full-channel water discharge (Qgy)) is defined as the volume of water that fills the
channel up to the level of its banks. This is often used as an alternative to Qg , especially
in cases where hydrological information is limited. In this study, average annual discharge
values were taken as the full-channel water discharge Q.

The annual distribution of discharge in mountain rivers is notably uneven. The
Ulken Almaty River basin experiences a pronounced summer flood regime, typical of
rivers with a mean watershed elevation (Have) exceeding 3000 m. The majority of annual
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runoff (approximately 70-75%) occurs during the flood season, which spans from May to
September and peaks in July due to intense snowmelt and glacier runoff. Discharge during
the spring transition period (March—April) accounts for 5-10% of the annual total [64,81].
Winter flows, observed from October through February, contribute an average of 20-25%
of the total annual discharge, depending on the hydrological conditions of a given year.
This intra-annual discharge variability significantly influences erosion processes, which are
most active during the warmer months. Elevated flow levels intensify channel deformation,
particularly bank erosion, as water velocity and hydraulic forces increase [23].

An analysis of discharge data from the hydrological station “Ulken Almaty River—
1.1 km above Ulken Almaty Lake” for the 10-year period 2012-2021 enabled the identi-
fication of peak discharge dates. Maximum discharge values were determined through
hydrograph construction, employing temporal analysis and statistical filtering techniques.
Corresponding satellite imagery was selected for spatial analysis based on the timing
of peak discharge events (see Table 1). Remote sensing (RS) data underwent standard
preprocessing procedures, including geometric correction, coordinate system alignment,
and image quality enhancement.

Table 1. Time points for selecting satellite images.

Sections Upstream Section = Midstream Section = Downstream Section
12 August 2012 12 August 2012 19 August 2012
- - 15 August 2013
14 May 2014 14 May 2014 14 May 2014
15 August 2015 15 August 2015 15 August 2015
9 July 2016 9 July 2016 12 August 2016
Image date 17 ]uze 2017 17 ]ur}:e 2017 17 ]ugne 2017
20 July 2018 20 July 2018 20 July 2018
- - 18 June 2019
13 July 2020 21 June 2020 28 May 2020
22 August 2021 22 August 2021 22 August 2021

The spatial analysis process involves several stages, beginning with the preprocessing
of remote sensing data (RS). This stage included geometric correction and the overlay of the
coordinate grid (georeferencing). Data from global and regional sources such as ALOS PAL-
SAR (Advanced Land Observing Satellite Phased Array type L-band Synthetic Aperture
Radar) were used to construct the DEM. The data were acquired in GeoTIFF format with
a spatial resolution of 12.5 m. Prior to analysis, the raw DEM data underwent standard
preprocessing steps in ArcGIS 10.8, such as merging multiple DEM fragments (mosaic) and
extracting the study area based on watershed boundaries. Additional procedures included
filtering and removing artifacts (such as noise and outliers resulting from data interpola-
tion) and transforming the data to the appropriate projection system (reprojection). These
steps ensured the spatial consistency and accuracy of the dataset, which is essential for the
subsequent modelling of channel processes and bank line modifications. The projection
transformation was vital for the accurate representation of riverbed features in the model,
thus enhancing the quality of the spatial analysis and ensuring the reliability of the results.
During the final preparation of the DEM, “false depressions” caused by interpolation and
rounding errors in elevation values were corrected. These voids were addressed using
the Fill function from the Spatial Analyst module in ArcGIS 10.8, ensuring continuity and
precision in the terrain model and allowing for a more accurate assessment of channel
changes and a clearer understanding of the river’s morphostructure. Using the DEM, the
watershed boundary of the Ulken Almaty River and its tributaries was delineated with the
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Flow Direction and Flow Accumulation functions. The resulting raster was then converted
to vector format for further analysis.

Based on the obtained vector data, the hydrographic characteristics of the study area
were extracted, which in turn were defined as a set of morphometric characteristics of water
bodies and their catchment areas, providing a fairly complete picture of the nature, shape,
size, and length of water bodies and some of their physical and geographical features.

In this study, the morphometric characteristics of the watershed and watercourse were
used to assess changes in river channel morphostructure. These characteristics enable the
identification of patterns in the dynamics of channel deformations, the determination of
factors influencing the transformation of channel forms, and the evaluation of potential
changes in riverbeds. The assessment of watercourse morphometric characteristics includes
the analysis of values such as lengths, average slopes, tortuosity coefficients, and longitudi-
nal and cross-sectional profile indicators for selected river segments, which allows for the
identification of the intensity of channel processes and the degree of their stability [82-84].
Parameters of the watershed [82-84], such as area, average elevation above sea level, av-
erage width, and drainage density, are used to study the impact of erosion processes on
the morphological structure of river channels. A comprehensive approach to analysing
hydrographic characteristics ensures a thorough examination of channel dynamics and
enables the forecasting of the future evolution of river systems.

The river channel in each selected satellite image was manually deciphered based
on direct and indirect interpretation features [56,85]. Manual interpretation of satellite
images was carried out in ArcGIS 10.8. Based on the image interpretation, the upstream,
midstream, and downstream sections of the river channels were outlined manually from
the digitised satellite images in FCC, pixel by pixel, in ArcGIS 10.8 using Google Earth
Pro images.

False Colour Composite (FCC)—a false colour satellite image is one in which the Red
(R), Green (G), and Blue (B) values do not correspond to the true colours of red, green,
and blue. A standard False Colour Composite (FCC) blue is assigned to green radiations
(0.5 to 0.6 um), green is assigned to red radiations (0.6 to 0.7 pm), and red is assigned to
Near Infrared radiation (0.7 to 0.8 um).

The measurement accuracy of the river channel, water surface, islets, and bank lines
from spatial data is limited by manual digitising.

Separate polygonal and linear layers were created in ArcGIS 10.8 to analyse the
dynamics of the river channel in selected time slices (2012-2021) to identify channel changes
and assess the intensity of accretion and erosion processes. Analytical methods were
applied to determine trends in bank changes in terms of erosion and accretion [86].

Unchanged sections for each time interval were included in the study. Equations (1) and (2)
were used in the calculations.

For erosion, E = AP — UA (@)

where E is the bank erosion, AP is the area of the previous year, and UA is the un-
changed area.
For accretion, Ac = AN — UA (2)

where Ac is the accretion area, AN is the area of the current year, and UA is the un-
changed area.

To predict the future evolution of the river channel over 10- and 20-year periods, the
DSAS 5.1 module was employed, enabling the calculation of the erosion and accretion rate
of the riverbanks over time. For this analysis, polygonal features were transformed into
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linear features, representing the right and left bank boundaries of the river channel, to
accurately assess erosion dynamics

The baseline lines for the right and left riverbanks were drawn with the consideration
of the water protection strip width (35 m), in accordance with the Akimat of Almaty
Region’s Resolution No. 246, dated 21 November 2011. Afterward, transects were created
at 1 m intervals, crossing the riverbank lines identified from satellite images. In the next
step of the study, historical riverbank lines were analysed using the EPR and LRR statistical
parameters from the DSAS program, providing the rates of change of the riverbanks in
two variations.

The resulting line layers were used for further calculations of possible river channel
changes based on the application of the Kalman filter method built into DSAS 5.1.

The Kalman filter approach in the DSAS programme involves determining the linear
rate of shoreline change calculated using DSAS, followed by an estimate of the shoreline
position and rate of change every 0.1 years, providing an estimate of spatial uncertainty
at each time step [73]. The Kalman filter method calculates the shoreline position using
Equation (3) [87].

Y(t + dt) = Y(t) + m-dtY(t + dt) = Y(t) + m-dtY(t + dt) = Y(t) 3)

where Y(t) denotes the shoreline position at time t and m is the rate of shoreline change
in m/year. The time step dt is set to 0.1 years.

The use of the Kalman filter in DSAS enables the prediction of future changes in river
channels and shorelines, accounting for spatial uncertainty. This makes the tool highly
effective for modelling and forecasting the morphological structure of river channels.

3. Results and Discussion

The Ulken Almaty River is classified as a mountain river, characterised by a mixed
feeding regime with a predominance of glacial and snowmelt contributions, altitudinal
zonation, and active channel deformation processes. These hydrological and geomorpho-
logical features are directly reflected in its morphometric characteristics, which include
high variability in channel width, dynamic riverbanks, and pronounced segmentation
based on dominant channel processes. Such characteristics render the river’s morphometry
particularly sensitive to both natural drivers and anthropogenic influences. As a result of
the spatial analysis, the key morphometric parameters of the river channel and watershed
were determined for the studied sections of the Ulken Almaty River basin (Table 2).

Table 2. Morphometric parameters of watercourse and watershed of the Ulken Almaty River.

Straight- River River

Watershed Stream Channel Drainage Elevation River Tortuosity
L Y A S Mouth . A
. Area Length Lerl:;h Width Density El e‘:;fs n El e‘?:ti on Differences Slope Coefficient
No. Section
F, km? L, km L', km B, km knll:/)]fr’nz H1, km H2, km AH, km 1, %o Lo K
1 Upstream 213 7.99 7.10 117 0.04 3.10 251 0.60 748 429 112
(>2500 m)
Midstream
2 (2500-1000 m) 93.3 18.7 16.2 7.70 0.20 251 1.00 1.51 80.5 4.61 1.15
Downstream
3 (<1000 m) 165 50.1 415 13.0 0.30 1.00 0.56 0.44 872 050 1.21

The data in the table show significant differences in the morphometric parameters of
the upstream, midstream, and downstream sections of the river basin, which are influenced
by altitudinal zonation, geomorphological conditions, and the morphostructure of the
river network.
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The upstream section (>2500 m) is characterised by the largest watershed area of
213 km?, with a river length of 7.99 km. The elevation difference (AH) is 0.60 km, and the
channel slope is 4.29° (74.8%o). According to Leontiev and Rychagov’s classification [88],
this value corresponds to gentle slopes. The drainage density in this section is relatively
low at 0.04 km/km?, which is typical for mountainous areas with steep slopes and active
linear erosion. The tortuosity coefficient is 1.12, indicating a weak channel sinuosity typical
of steep slopes [61,83].

The midstream section (2500-1000 m) has the smallest watershed area of 93.3 km?,
with a river length of 18.7 km. The elevation difference reaches 1.51 km, the highest
value among all sections, leading to the steepest channel slope of 4.61° (80.5%.), although
it is still classified as a gentle slope. The drainage density increases to 0.20 km/km?,
reflecting a more branched river network and a more developed drainage system. The
tortuosity coefficient is 1.15 (slightly sinuous), which also indicates a slight increase in
channel sinuosity compared to the upstream portion of the river.

The downstream section (<1000 m) has a watershed area of 165 km?, with a river
length of 50.1 km. The elevation amplitude is 0.44 km, resulting in a sharp decrease in the
slope to 0.50° (8.72%.) (very gentle). This is typical for floodplain or foothill areas, where
sediment accumulation and meandering are observed. The drainage density reaches its
maximum value of 0.30 km/km?, and the tortuosity coefficient is 1.21 (moderately sinuous),
confirming the increasing sinuosity of the channel in the downstream section.

In general, as one moves downstream, there is an increase in channel width, drainage
density, and tortuosity coefficient, while the channel slope steadily decreases. These changes
reflect the typical pattern of the morphological structure of the river system, associated
with the transition from erosional processes in the upstream to depositional processes in
the downstream.

The Ulken Almaty River is characterised by hazardous hydrological events (such
as mudflows, sediment-induced floods, etc.), which can rapidly alter the morphological
appearance of the river valley. In addition to mudflow events, this river experiences phases
of high water (floods) and low water (low-flow periods), indicating an uneven distribution
of runoff throughout the year.

In studies [64,81] based on the calculated runoff distribution using the composition
method on the Ulken Almaty River (1.1 km above Ulken Almaty Lake), a pronounced
seasonal pattern of intra-annual runoff distribution is observed. The main volume of annual
runoff is generated during the warm season, from May to September, which is associated
with the melting of snow and glaciers in the high-altitude basin of Ile Alatau.

In years with high flow, the largest monthly contribution to the annual runoff occurs
in August, accounting for up to 22.8% (5.77 m>/s). In years with average flow, the peak
occurs in July, at 22.2% (4.76 m3/s). In low-flow years, the highest contribution is again
observed in August, accounting for 22.9% (4.09 m3/s).

The lowest runoff values are recorded during the winter months (December-March),
due to consistently negative temperatures and the absence of glacier and snow cover
melting. In years with high flow, the smallest monthly contribution to the annual runoff is
observed in March, at 2.17% (0.55 m3/s). In years with average flow, the minimum value
also occurs in March, at 2.53% (0.54 m3/s). In low-flow years, March remains the month
with the smallest contribution, at 2.55% (0.46 m3/s).

During the study, daily water discharge data (average daily and maximum instanta-
neous values observed during the day) from the past 10 years were processed, and flow
graphs (hydrographs) were constructed based on these data (Figure 3).



Water 2025, 17, 2029 13 of 30

1400 1200

1200
1000

1000
800

b E 600
=3 o
& & & & & & & & & & S
I N I S . F TS TS TS
0 A A W B & A & PN RO KR PO R I L R e
% 600 i
=4 o
> > > > > N > & & & & & & & & & & l &
& S 3 &S S SSS &
& & & & & F & FF S KRR G G G S AR
Ky BN O APAY o O R B 9
o

$

S &
&g

a

&
&

o o
& &
& 3 oF

&
- o

& & & S
&8 &

date date

(e) 2016 () 2017

Qm/s

s & & &S
S A

S S S S S S S
& & &S
R I R

date

(g) 2018 (h) 2019

0

& @ P 5
g o o K
o N

& S & & & & & & g & & &
& & ul & ul & o o o & & &
R R S

date date

(i) 2020 (j) 2021

===--+ average daily discharge; ===== full-channel discharge (average annual discharge);
e channel-forming discharge (maximum instantaneous discharge)

Figure 3. Hydrographs of the channel-forming and full-channel water discharges at the hydrological
station “Ulken Almaty River—1.1 km above Ulken Almaty Lake”.
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As a result of processing and analysing the statistical data, it was determined that the
values of average annual water discharges (full channel) range from 1.33 m3/s (2020) to
3.34 m®/s (2016). The maximum instantaneous water discharges (channel forming) ranged
from 6.26 m3/s (2020) to 26.1 m3/s (2015).

The analysis of the course of average daily water discharges confirmed that in the
intra-annual section, the highest values are characteristic of the summer period. In addition,
the study of daily water discharges for the period from 2012 to 2021 made it possible to
identify significant inter-annual variability of both maximum and minimum values, as well
as the amplitude of fluctuations in discharges during the year.

The maximum instantaneous water discharge values vary from 4.27 m3/s (in 2020)
to 14.7 m3/s (in 2015), indicating significant differences in water availability in individual
years. The minimum water discharges remain at a consistently low level, varying from
0.61 m3/s (in 2012 and 2013) to 0.15 m3/s (in 2019), which may be due to both climatic
factors and the peculiarities of watercourse recharge in the winter—spring period.

The highest amplitude of flow fluctuations (AQ), reaching 14.5 m3/s, was recorded in
2015, indicating a sharp contrast between the flood and low-water periods. Similar high
amplitudes were also recorded in 2017 (AQ = 13.9 m3/s) and 2019 (AQ = 13.2 m3/s). At the
same time, the lowest amplitude of water discharge was observed in 2020 (AQ = 4.06 m>/s),
which may indicate a uniform water supply throughout the year or the absence of signifi-
cant floods that affect river channel changes.

High values for the amplitude of daily water discharge (AQ) have a considerable
impact on the channel morphostructure and its dynamics. Sharp fluctuations between the
minimum and maximum water discharges during the year lead to increased hydraulic
head, which in turn contributes to the activation of channel-forming processes. Significant
flood rises increase the erosive capacity of the stream and the processes of bank scouring,
redistribution of sediment, and erosion of the channel bed and the formation of new
elements of channel relief (temporary channels, islets, shoals, etc.) are observed [89-92].
The peculiarity of this study is the identification of daily discharge amplitudes as an
independent indicator influencing channel transformations, which represents an element
of scientific novelty.

As a rule, most mobile sections of the channel react to sudden changes in flow rates by
shifting the channel axis, which may be accompanied by the development of meandering,
widening or narrowing of the channel, and changes in depth profiles.

Thus, the amplitude of daily discharge is one of the features determining the intensity
of morphodynamic changes in the channel zone. Consideration of this parameter is
necessary for the comprehensive assessment of channel stability, modelling of channel
deformations, and development of measures to manage channel processes.

In this study, when selecting satellite images for analysing the changes in river channel
morphology, priority was given to those dates that coincided with periods of maximum
water discharge.

As a result of digitising the riverbed outlines in the ArcGIS 10.8 software environment,
a map was compiled (Figure 4), showing the spatial location of the Ulken Almaty riverbed
for the period 2012-2021.
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Figure 4. Delineation of the Ulken Almaty River channel in different years: (A) downstream;
(B) midstream; (C) upstream.

The morphometric characteristics of the watercourse for the selected period are pre-
sented in tabular form (Table 3).

The morphometric characteristics of the Ulken Almaty River channel demonstrate
pronounced spatial and temporal variability, reflecting the peculiarities of the geomorpho-
logical processes within different altitudinal sections. Such parameters as riverbed area,
islet area, water surface area, channel centreline (thalweg) length, straight-line length (from
source to mouth), and tortuosity coefficient were analysed for the period from 2012 to 2021.
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Table 3. Evolution of the morphometric parameters of watercourse and watershed of the Ulken
Almaty River between 2012 and 2021.

Water Channel Straight-

. RlXizl;ed 11:3:; Surface Centreline Line Channel Width Tortuosity
Years  Section Area Length Length Coefficient
m? m? m? m m Bave, m  Bmax, m  Bpyjn, m

2012 18,729 3101 15,628 1964 1797 9.88 51.6 3.93 1.09
2013 - - - - - - - - -
2014 16,630 2817 13,812 1985 1801 8.64 51.8 2.98 1.10
2015 g 25,787 5509 20,278 1973 1765 14.1 62.3 1.81 1.12
2016 § 23,146 2859 20,287 1955 1775 12.5 54.8 4.36 1.10
2017 "g 24,833 4338 20,495 1946 1785 129 53.5 4.46 1.09
2018 D 25,676 2883 22,793 1944 1803 14.2 60.0 5.69 1.08
2019 - - - - - - - - -
2020 19,522 2768 16,753 1951 1799 10.2 49.0 2.78 1.08
2021 21,578 3560 18,017 1984 1797 10.8 51.7 4.06 1.10
2012 13,206 373 12,833 2376 2153 6.2 15.8 1.0 1.10
2013 - - - - - - - - -
2014 10,338 257 10,081 2415 2151 49 34.0 1.2 1.12
2015 % 17,310 576 16,734 2380 2156 8.0 20.9 1.3 1.10
2016 @ 21,358 163 21,195 2402 2162 9.9 21.2 3.7 1.11
2017 g 22,453 339 22,114 2383 2164 10.5 21.2 2.9 1.10
2018 5 18,061 536 17,525 2370 2149 8.6 18.1 2.4 1.10
2019 - - - - - - - - -
2020 13,143 160 12,983 2375 2155 6.4 18.6 1.7 1.10
2021 15,373 373 14,999 2395 2151 7.0 19.2 1.7 1.11
2012 46,169 642 45,527 4111 2355 12.3 33.5 2.87 1.75
2013 49,402 598 48,804 4095 2354 13.0 52.1 4.47 1.74
2014 41,109 1316 39,792 4182 2354 10.6 32.1 4.14 1.78
2015 g 52,449 620 51,829 4082 2354 13.7 445 4.86 1.73
2016 k= 50,601 412 50,188 3816 2356 14.2 39.7 5.83 1.62
2017 § 50,683 379 50,304 3805 2357 13.8 31.3 5.05 1.61
2018 o 49,868 465 49,403 3839 2354 13.7 40.8 4.21 1.63
2019 A 48,575 418 48,157 3855 2355 13.3 29.7 5.34 1.64
2020 53,189 387 52,802 3853 2355 14.6 35.5 5.99 1.64
2021 38,966 1208 37,758 3894 2355 10.4 25.4 1.71 1.65

The upstream section is characterised by relatively stable values of morphometric
indicators. The riverbed area varied from 16,630 m? (2014) to 25,767 m? (2015) over this
time period, with moderate increases in some years. The area of islets remained small,
reaching a maximum value of 5509 m? in 2015, but this figure was less than 3.00 m? in
other years. The water surface area showed an increase from 13,812 m? (2014) to 22,793 m?
(2018), which may indicate an increase in water content and partial channel widening.
The thalweg length varied between 1.95 and 1.99 km. The average channel width varied
from 8.64 to 14.2 m, reflecting moderate fluctuations in the channel profile without abrupt
transformations. The tortuosity coefficient ranged from 1.08 to 1.12, which corresponds to
a slightly sinuous channel type.

The midstream section was characterised by greater variability in morphometric
parameters. The riverbed area here reached 22,453 m? in 2017 but decreased to 13,143 m?
in subsequent years (2020). The area of islets in this section remained insignificant, being
less than 600 m? throughout all years of observation. The water surface area varied from
10,081 m? to 22,114 m?, possibly related to fluctuations in seasonal flow and changes in
channel forms. The thalweg length varied from 2.37 to 2.42 km. The average channel width
ranged from 4.90 to 10.5 m, indicating high flow dynamics and localised changes in channel
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profile width. The tortuosity coefficient ranged between 1.10 and 1.12, reflecting a stable
geomorphological configuration of the channel without significant meandering.

The downstream section of the river is characterised by the highest values of morpho-
metric characteristics, indicating the declivity of the area under consideration. The highest
values for the riverbed area reached 52,449 m? in 2015, remaining at a high level until
2020. The area of islets was also significant—and in places reached up to 1316 m? (2014)—
indicating active processes of channel accumulation and the formation of multi-armed
structures. The water surface area varied from 37,758 to 52,820 m?2, reaching a maximum
in 2020. The thalweg length increased to 4.11 km (2012), stabilising at 3.86-3.89 km in
subsequent years. The average channel width ranged from 10.4 to 14.6 m, reflecting the
widening of the channel network and the formation of a branched multi-strand channel.
The tortuosity coefficient in this section was highest at 1.62 to 1.78, which is a result of the
development of meanders, islets, and oxbow channels in this section.

The general dynamics of morphometric parameters allows us to trace the regularities
of their changes along the altitudinal belts. Riverbed areas, water surface areas, and
thalweg lengths increase naturally downstream. The area of islets, although not so linear
in dynamics, also reaches a maximum in the downstream section, which is associated
with channel branching and accumulation processes. The tortuosity coefficient shows an
increasing trend from upstream to downstream, reflecting the increasing complexity of
channel morphostructure.

The morphodynamic activity of the Ulken Almaty River channel was assessed based
on the analysis of spatial changes, including areas of erosion, accretion (accumulation), and
stability (unchanged), covering 2012-2021 (Table 4).

Table 4. Areas of channel changes in the Ulken River, Almaty: erosion, accretion, and unchanged areas.

Erosion Area, m

2 2

Accretion Area, m Unchanged Area, m?

Year
ears Upstream  Midstream  Downstream Upstream  Midstream Downstream Upstream  Midstream Downstream
2012-2013 - - 3330 - - 6563 - - 42,839
2013-2014 - - 18,465 - - 10,172 - - 30,937
2014-2015 12,791 7293 7155 21,949 14,265 18,495 3838 3045 33,954
2015-2016 9703 5085 23,652 7061 9133 21,804 16,084 12,225 28,797
2016-2017 5086 6793 19,356 6773 7887 19,439 18,060 14,565 31,245
2017-2018 8125 19,073 14,360 8968 14,682 13,545 16,707 3380 36,323
2018-2019 - - 7979 - - 6686 - - 41,889
2019-2020 - - 8562 - - 13,175 - - 40,013
2020-2021 5964 10,155 23,227 8020 12385 9004 13,558 2988 29,962

In the upstream section of the river, the areas of erosion varied between 5086 m?2
(2016-2017) and 12,791 m? (2014-2015). The highest levels of erosion were observed in
2014-2015 and 2017-2018, which is likely associated with extreme hydrological events
(increased maximum water discharges). At the same time, the areas of accretion remained
relatively stable, reaching a maximum of 21,949 m? in 2014-2015. Stable sections of the
channel were first recorded starting in 2014, with the area of unchanged zones gradually
increasing from 3838 m? to 13,558 m? by 2020-2021, indicating partial stabilisation of the
channel morphology in this section.

The midstream section showed higher areas of both erosion and accretion compared to
the upstream section. The most intense erosion processes were recorded in 2017-2018, reach-
ing 19,073 m?, while the maximum accretion occurred in 2017-2018, totalling 14,682 mZ2.
Stable areas occupied relatively small zones, ranging from 2988 m? to 14,565 m?, indicating
the dominance of active channel processes, which were influenced by both seasonal runoff
dynamics and likely local scouring and sediment deposition.

In the downstream section of the river, the highest levels of erosional activity were
observed, reaching 23,227 m? in 2020-2021 and 21,804 m?2 in 2015-2016, confirming the
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trend of increasing channel mobility as the absolute elevation decreases. Accretion also
had high values, with maximum areas recorded at 18,465 m? in 2013-2014 and 18,495 m?
in 2014-2015. Meanwhile, the areas of stable sections showed a gradual decrease from
42,839 m? (2012-2013) to 29,962 m? (2020-2021), which reflects the intensification of channel
dynamics in the downstream section.

The gathered data collectively indicate that in the river channel system of the Ulken
Almaty River during the study period, both erosion and accretion processes dominate,
with a gradual reduction in the area of stable sections. These processes are most actively
observed in the midstream and downstream sections, which can be attributed to the
decreasing slopes, reduced flow rates, increased channel width, and the influence of
channel forming water discharges.

In years with high discharge amplitude (e.g., 2015, 2017, 2019), there was likely an
intensification of channel reorganization processes, particularly in areas with unstable
banks and loose sediment deposits. Additionally, such years contribute to the partial or
complete removal of previously deposited alluvial forms, which may compromise the
stability of the entire channel system.

To visually represent the spatiotemporal changes in channel processes of the Ulken
Almaty River, graphs of the distribution of erosion and accretion areas across altitudinal
zones were constructed for the study period (Figure 5).

Figure 5 shows the spatial distribution of erosive and accumulative processes in
the Ulken Almaty River channel at three elevations—upstream (a), midstream (b), and
downstream (c)—for the period 2012-2021. Analysis of the graphs allows us to identify pro-
nounced differences in the dynamics of morphodynamic processes along the longitudinal
profile of the channel.

The upstream section (Figure 5a) is characterised by intense accretion, which increases
from the starting point, peaks (~5000 m?) at about 1.50 km, and then decreases towards the
lower part of the watercourse. Erosion along this section reaches a maximum at 1.00 km
(~4000 m?) before stabilising at around 3500 m?. This indicates an active redistribution of
sediment: accumulation occurs in the central part of the section, whereas at the beginning
of the section there is intensive erosion.
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Figure 5. Cont.
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Figure 5. Spatial distribution of erosion and accretion of the Ulken Almaty River channel from 2012
to 2021: (a) upstream; (b) midstream; (c) downstream.

In the midstream (Figure 5b) of the river, accretionary processes dominate, with a
maximum of about 3000 m? within 2.00 km. In contrast to the upstream, accretion is more
evenly distributed here and fluctuations in values are not so sharp. Erosion processes are
most pronounced in the first 0.50 km (about 2000 m?) and further changes are minimal. This
may indicate the stabilisation of channel forms and the presence of areas with stable flow.

The downstream section (Figure 5c) is characterised by alternating areas of erosion
and accretion, which is probably related to changes in channel morphology and the local
hydrodynamic conditions. Accretion ranges from 500 to 2300 m?, reaching a maximum at
about 2.80 km. Erosion here is most intense around 0.50-1.00 km (more than 4000 m?) and
then exhibits wave-like fluctuations. This pattern may be due to the complex morphology
of the channel and its fill level, changes in gradient, and the impact of economic activities.

For the calculation of erosion and accretion rates, in accordance with the DSAS 5.1 user
guide, the attributes of shapefiles representing the baseline and bank line data, including
historical riverbank locations, were prepared in ArcGIS 10.8.

When creating transects for the calculations, the following parameters were set: maxi-
mum search distance—150 m, transect spacing length—1 m, smoothing distance—2500.
Each bank line is measured at the point of intersection of the transect, and the rate of bank
line change is calculated based on these measurement points. Changes in the bank line
positions over a specific period of time serve as the basis for calculating the rate of bank
line change (in m/year).
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In this study, the erosion and accretion rates of the riverbank sections were classified
using the EPR and LRR methods (Table 5).

Table 5. Erosion and accretion rate summary of Ulken Almaty River.

Right Bank Left Bank
Riverbank Change Analysis
LRR (m/year) EPR (m/year) LRR (m/year) EPR (m/year)

g Average erosion rate —0.49 —0.33 -1 -1
S Average accretion rate 1.15 1.58 0.25 0.19
= Maximum erosion rate —-11.5 -9 —5.78 —4.54
o) Manimum accretion 26.3 35.6 1.05 0.65

rate
£ Average erosion rate —0.62 —0.70 —0.75 0
5 Average accretion rate 0.28 0.32 0.32 0.34
b= Maximum erosion rate —2.11 -2 -3 —-10.5
IU . .
..2.( 1:;[?QX1mum accretion 1.86 187 308 3
E Average erosion rate -1 0 —0.56 0
@ Average accretion rate 1.23 1.15 1.59 1
Z" Maximum erosion rate —134 —-12.5 —8.81 —8.79
E Maximum accretion 12 11.0 148 181
) rate

The data presented in the table summarize the average and maximum values of
erosion and accretion rates for the left and right banks of the Ulken Almaty River across
three altitudinal zones: upstream, midstream, and downstream. The assessment is based
on the calculation of LRR (Linear Regression Rate) and EPR (End Point Rate) indicators,
which reflect the linear and overall changes in the bank line in m/year.

In the upstream section, accretion processes dominate on the right bank, where the
average accretion rate reaches 1.58 m/year (EPR), with relatively low average erosion rates
(—0.33 m/year). The maximum accretion rate on the right bank is 35.6 m/year, significantly
exceeding the corresponding rate on the left bank (0.65 m/year). At the same time, the left
bank in this area exhibits more pronounced erosion processes, with an average erosion rate
of —1.64 m/year and a maximum of —5.78 m/year. This asymmetry may be attributed to
factors such as the direction of the main flow, the slope of the river channel, or the local
hydraulic conditions.

In the midstream section, there is a balance between erosion and accretion, but overall,
the processes are less intense. The average erosion rates on both banks range from —0.70
to —0.86 m/year, indicating a reduction in lateral movement compared to the upstream
section. Accretion is weakly expressed: the average accretion rates on both banks do not
exceed 0.34 m/year, with maximum values not exceeding 3.27 m/year. Therefore, the
midstream section represents a relatively stable zone, where the dynamics of the bank line
are calm.

The highest channel mobility is observed in the downstream section (Figure 6). The
maximum erosion rates reach —13.4 m/year on the right bank and —8.81 m/year on the
left bank, indicating active scouring processes. At the same time, accretion is also intense,
with maximum rates of 14.8 m/year (left bank) and 12.9 m/year (right bank) and average
rates exceeding 1 m/year. This confirms that the downstream section is the most dynamic
zone, where both accretion and erosion processes occur simultaneously, possibly due
to the flatness of the area in question. Changes in the morphostructure of the channel
require special attention in terms of spatial planning, monitoring, and potential riverbank
protection measures. The differences between the LRR and EPR indicators also allow
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us to conclude that in some areas short-term changes dominate, while in others a stable
long-term trend of bank relocation can be observed.
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2021
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August2021
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. sy
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Figure 6. Channel dynamics of the Ulken Almaty River ((a)—upstream; (b)—midstream;
(c)—downstream), 2012-2021.

In this study, the results of the forecast of channel changes are presented in the form of
channel contours for 10- and 20-year periods, taking into account erosion and accumulation
processes (Figures 7-9).

The predicted position of the right bank (Figure 7a) indicates moderate shifts in the
coastline compared to its position in 2021. The most pronounced discrepancy between
the current and predicted lines is observed near the mouth of the section, where active
meander formation is observed. Towards the source, the degree of discrepancy decreases
significantly, which may indicate a more stable morphology for the right bank in the
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— current right bank position in 2021

(a)
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Figure 7. Forecast of right (a) and left (b) bank line shifts of the Ulken Almaty River (upstream).

The left bank (Figure 7b) shows greater dynamism, especially in the mouth area, where
the predicted river contours for the 20- and 10-year predictions differ significantly from
the current position of the coastline. This indicates lateral erosion in the zone of active
meanders. Towards the source, the predicted shifts become less pronounced, but in some
places the 10- and 20-year contours diverge significantly, which may indicate unstable areas
with a high probability of further channel transformations.

The upper part of the river section shows a relatively stable channel, especially on the
right bank, with minimal predicted changes.

In the area where the river flows into Ulken Almaty Lake, the most active channel
transformations have been recorded, including the expansion of meanders and increased
bank instability.

In the upper part of the middle course, the predicted shifts of the right bank have a
small amplitude and are relatively uniform. The difference between the 10-year and 20-year
forecasts is insignificant here, indicating a relatively stable coastline. However, towards the
lower part, there are areas with increased divergence between the current coastline and the
forecast coastline, especially in the bends.

Similarly, the left bank is also characterised by a stable configuration near the upper
part of the section, with minimal differences between the coastline position in 2021 and
the 10- and 20-year forecasts. However, as we move towards the lower part, there are
local areas with more pronounced predicted shifts, mainly within active meanders. In
most cases, the 10- and 20-year forecasts are practically identical, which may indicate a
weak erosion/accumulation trend or stabilising processes (e.g., scrub encroachment, slope
flattening or protective structures).
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Figure 8. Forecast of right (a) and left (b) bank line shifts of the Ulken Almaty River (midstream).

In the upper part of the downstream section, the predicted changes in the position
of the right bank are not very pronounced: the 10- and 20-year forecast lines practically

coincide, which indicates that the channel configuration will remain stable.

As we approach the lower part, in the area of pronounced meandering, there is an
increase in the divergence between the current and predicted coastlines, indicating the in-
tensification of lateral erosion processes. In some areas, the predicted displacement reaches
15-20 m, mainly on the convex sides of the meanders, reflecting the high morphodynamic

activity of the riverbed, probably due to the absence of bank reinforcements.

In the lower part of the left bank, the predicted shifts in the bank line do not exceed
a few metres, which indicates the morphodynamic stability of the riverbed. However, in
the areas where the river bends, the predicted line (20-year prediction) is shifted outwards
from the river meanders, indicating active erosion transformation. Judging by its outline,

the left bank is more susceptible to changes in certain areas.
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Figure 9. Forecast of right (a) and left (b) bank line shifts of the Ulken Almaty River (downstream).

4. Conclusions

This study evaluated morphostructural changes in the river channel across three
segments—upstream, midstream, and downstream—based on GIS and remote sensing (RS)
data. It was established that morphometric parameters such as riverbed area, channel width
and length, water surface area, islet area, and the tortuosity coefficient generally increased
in the upper and middle reaches. In contrast, these parameters exhibited a decreasing trend
in the lower reaches over the study period.

Spatial analysis of the delineated river sections enabled quantitative estimation of
erosion and accretion zones, revealing significant variability in bank line dynamics. These
processes were found to be strongly influenced by the river’s hydrological regime and the
seasonal pattern of floodwater contributions. However, their intensity is not determined
solely by discharge; other influencing factors include the geological structure of the banks,
the presence and condition of riparian vegetation, and anthropogenic activities such as
flow regulation and hydraulic infrastructure development. Additionally, geomorphological
conditions—including bank slope, sediment granulometry and lithology, and underlying
tectonic activity—exert a substantial impact on channel dynamics.

The findings indicate that the integration of GIS and RS technologies constitutes the
most effective approach for analysing morphological transformations in the river network,
particularly in data-scarce environments. This methodological integration enabled the de-
tection of historical channel changes and supported the projection of future morphological
development scenarios over 10- and 20-year horizons. These forecasts were generated
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using the DSAS 5.1 extension within the ArcGIS 10.8 environment, applying the Kalman
filter for trajectory smoothing and prediction of bank line positions.

The results hold practical significance for a variety of engineering and environmental
management applications, including the design of hydraulic structures, land-use zoning,
delineation of water protection zones, and risk assessment related to bank erosion and
mudflow hazards. Specifically, the identification of areas exhibiting the greatest riverbank
instability provides a basis for planning and justifying riverbank protection and channel
stabilisation measures. Predicted trajectories of bank line migration offer essential input
for land-use planning, particularly in avoiding the siting of infrastructure in high-risk
zones. Furthermore, the inclusion of long-term channel variability in water protection
zone delineation enables a more accurate and dynamic approach to environmental regula-
tion, which is increasingly relevant under conditions of climate change and intensifying
anthropogenic pressure.

Nonetheless, this study is limited by the scarcity of monitoring data on both liquid
and solid runoff, the absence of detailed field data on the geological characteristics of
bed sediments, and the uneven availability of RS imagery across the study area. These
constraints may affect the precision and reliability of long-term morphological forecasts.

Future research should aim to expand the monitoring network by incorporating
unmanned aerial vehicles (UAVs) and very-high-resolution satellite imagery. In this context,
the continued integration of GIS and RS remains a promising direction for producing
scientifically robust forecasts and supporting adaptive river basin management.

The comprehensive application of GIS and RS tools provides a reliable and efficient
means for assessing morphostructural changes in river systems, thereby supporting the
prediction and management of erosion and accretion dynamics. To enhance predictive
accuracy, we propose broadening the scope of analysis by incorporating high-resolution
datasets and advanced hydrodynamic modelling. Furthermore, the integration of artificial
intelligence (AI) and machine learning techniques [93,94] offers significant potential for im-
proving forecasts of riverbank evolution, given the growing adoption of these technologies
in contemporary river morphology research.
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