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ABSTRACT

Introduction

Meandering rivers represent one of the most dynamic fluvial systems, characterized by
continuous adjustments in planform geometry, channel migration, and sediment
redistribution in response to hydrological variability, sediment supply, and extreme
flood events. Multi-temporal approaches enable the detection of gradual trends as well
as abrupt changes related to extreme hydrological events. Meanwhile, the integration
of UAV-based data has allowed for unprecedented spatial resolution and accuracy in
identifying short-term channel adjustments. Morphodynamic response of meandering
rivers to extreme flood events, particularly in terms of transitions between simple and
complex planform types, remains insufficiently documented, especially in Iranian river
systems. This study addresses these gaps by providing a detailed, multi-temporal
morphodynamic analysis of meandering reaches along the Atrak River in the Chat-
Gonbad area, northeastern Iran. By integrating high-resolution satellite imagery and
UAV-derived data, and by combining qualitative classification of meander forms with
quantitative morphometric analysis of the channel centerline, the study aims to clarify
how meandering river forms evolve over two decades and respond to a major flood
event (the 2019 flood).

Methodology

The study focuses on a meandering reach of the Atrak River within the Chat-Gonbad
area of Golestan Province. To capture morphodynamic changes over time, a multi-
temporal dataset was employed, consisting of high-resolution satellite images from
QuickBird (2005), SuperView (2019), Pléiades (2019), and UAV imagery (2024).
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These datasets represent conditions before and after the major flood event of 2019, enabling both long-term trend
analysis and event-based assessment. All imagery was geometrically corrected and co-registered to ensure spatial
consistency. River centerlines were extracted for each time period using visual interpretation supported by GIS analysis.
The centerline was selected as the primary indicator of morphodynamic change because it integrates the cumulative
effects of channel migration, erosion, deposition, and hydrodynamic forces, such as centrifugal acceleration and
secondary (helical) flows toward the outer bank. The study reach was subdivided into 21 meandering units, each
analyzed individually to capture spatial variability in morphodynamic behavior. Meander forms were classified
qualitatively based on established geomorphological criteria, distinguishing between straight, simple meandering, and
complex meandering patterns, as well as symmetric and asymmetric geometries. Alongside this classification,
quantitative morphometric parameters, including sinuosity and changes in channel length, were calculated for each unit
and time interval. Morphodynamic changes were categorized into main evolutionary trends, including:

1. Positive longitudinal development accompanied by downstream migration,

2. Negative longitudinal development with downstream displacement, and

3. Lateral expansion and channel widening.
This combined qualitative—quantitative framework allowed for a comprehensive interpretation of river behavior,
linking geometric transformations to underlying hydrological and geomorphic processes.

Results and Discussion

Analysis of multi-temporal data reveals a clear trend toward increased planform complexity of the Atrak River meanders
between 2005 and 2024. One of the most prominent findings is the complete disappearance of straight channels, with
their number decreasing from two in 2005 to zero in 2024. This change indicates a progressive shift away from low-
sinuosity forms toward more developed meandering patterns. Conversely, meandering channels with high sinuosity
(greater than 1.5) increased over the study period. Specifically, the number of highly sinuous meanders rose from nine
in 2005 to ten in 2024, reflecting an overall enhancement of geometric complexity and channel curvature. These results
demonstrate that the river system has undergone sustained morphodynamic adjustment rather than oscillating around a
stable equilibrium. The impact of the 2019 flood event is particularly evident in the transition from simple symmetric
meanders to complex asymmetric forms. Immediately following the flood, the number of simple symmetric channels
declined sharply (from nine to three), while complex asymmetric channels increased (from one to three). This rapid
reorganization within a short time frame highlights the critical role of extreme hydrological events as triggers for
morphological restructuring. Longitudinal analysis further indicates that positive longitudinal development
accompanied by downstream migration is the dominant evolutionary trend across most meandering units. This pattern
reflects active channel mobility and continued downstream adjustment of the river system. In contrast, negative
longitudinal development, observed in several specific units, suggests localized constraints related to reduced discharge,
channel slope changes, or boundary conditions imposed by valley geometry or human interventions. Lateral
development and channel widening were also observed in selected segments, indicating zones of enhanced bank erosion
and sediment redistribution. The spatial heterogeneity of these responses underscores the importance of reach-scale
analysis rather than reliance on averaged metrics over long river sections. Compared with previous studies, the results
align with broader observations that increased hydrological variability and extreme events promote channel complexity
and asymmetric development. However, the high spatial resolution and dense temporal framework employed in this
study enable a more precise quantification of short-term morphodynamic responses. The integration of UAV data with
satellite imagery proves especially valuable in capturing subtle but geomorphologically significant changes that may be
overlooked in coarser-resolution analyses. Overall, the findings demonstrate that combining qualitative
geomorphological classification with quantitative morphometric indicators provides a robust framework for interpreting
meandering river evolution. This approach not only improves understanding of past and present dynamics but also
enhances the potential for predicting future morphological trajectories.

Conclusions

This study presents a comprehensive analysis of the morphodynamic evolution of meandering river forms along the
Atrak River over a 20-year period. The results show a clear progression toward increased channel complexity, driven
by both long-term processes and the immediate impact of the 2019 flood. The disappearance of straight channels, the
rise in highly sinuous meanders, and the shift from symmetric to asymmetric forms collectively indicate an active and
evolving river system. The applied multi-temporal, multi-source remote sensing approach, integrating satellite and UAV
data, proved effective for detecting both gradual trends and abrupt morphological changes. By linking qualitative
classifications with quantitative measures derived from the river centerline, the study provides a transferable
methodological framework for morphodynamic analysis of meandering rivers in similar environments.
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Figure (3): Recorded discharge at the Hootan gauging station for the 2018-2019 water year (top), and the massive 15-day flood event
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Figure (4): Georeferenced and co-registered satellite images of the study area surface: (a) QuickBird, (b) SuperView, (c) Pléiades, and
(d) UAV orthophoto.
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Figure (5): Schematic representation of the classification of geomorphological units in the study reach based on the dominant
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Figure (6): Classification of meander evolution proposed by Lewin (1978)
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Table (2): Classification of meandering river forms in the study area based on the work of Lewin (1978)
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Figure (11): Planform configuration of river centerlines across the 21 defined reaches during different time periods in the Chat Gonbad
study area (the hillshade background map represents the current topographic condition of the river bed)
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Table (3): Degree of development and activity of meanders across the 21 defined reaches in the Chat Gonbad study area
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Figure (12): Variations in annual runoff volume at Hootan station and its synchronization with the timeline of satellite imagery and
UAYV data acquisition (2005-2024)
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