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Meandering rivers are distinguished by their characteristic sinuosity, which is subject to modulation through channel cutoff, resulting in the formation of oxbow lakes within the abandoned meander loops. Throughout the evolutionary course of a river, these cutoffs establish a connection between the channel and floodplain systems, both crucial to maintaining the dynamic equilibrium of the river system. Nonetheless, the interactive dynamic between the channel and floodplain and its influence on the transient behavior of the channel’s morphodynamics during a cutoff event are frequently reduced to simplistic representations in computational models. This study introduces a comprehensive numerical model that elucidates the adaptive processes of bed and planform during and subsequent to the inception of cutoff and oxbow lakes. The model is assessed through its application to a laboratory scale cutoff, before being employed to a real-world meandering river, specifically the Ucayali River in Peru, in order to gain understanding into channel development and the intricate patterns of planform dynamics following cutoff events. The model is able to capture the main modes of planform migration, translation and expansion for the case of the bend in the Ucayali River. During the neck cutoff, the model simulates the progression of erosional and depositional waves traveling in upstream and downstream directions respectively, underscoring the importance of incorporating both hydrodynamic and morphodynamic factors in characterizing the river dynamics associated with meander cutoffs.
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1 INTRODUCTION
Meandering rivers are pervasive worldwide, providing corridors for navigation, delivering resources for industry, agriculture and urban water use. They interact with their valleys through floods and bank migration. Despite human alteration of rivers, natural erosion and deposition processes remain a dominant factor changing most fluvial systems (Syvitski and Kettner, 2011), thereby altering their floodplains. The morphodynamics ofriver migration generated by the interaction of water flow, sediment transport, erosion and sedimentation, is characterized by two repeating planform changing processes. One process is the short-term increase of sinuosity via meander elongation with downstream migration (sometimes upstream) of meander loops. The second process is the reduction of sinuosity with intermittent, long-term occurrence of channel cutoffs, where the flow bypasses the meander loop by a shorter path with the subsequent formation of an abandoned reach (Camporeale et al., 2008). An example of the effect of such processes is illustrated by the reconstruction of the scrollbars and paleochannel of different ages distributed along the floodplain (following Rojas et al. (2023)’s methodology) of the Ucayali River shown in Figure 1. Notice the change in local sinuosity from 2.24 to 1.75 in the region where a cutoff occurred in 2014–2015 (determined from the satellite images from 2006 to 2017, when the bend was finally abandoned). It shows that bend expansion and translation were the primary modes for cutoff formation. During the lifetime of a meandering river, where migration and cutoffs interact in space and time, dynamic-equilibrium conditions occur and morphometrics (such as sinuosity, lateral migration rates, and rate of cutoff occurrence) reach their statistical steady-states (Gutierrez et al., 2014; Vermeulen et al., 2016; Ruben-Dominguez et al., 2021; Ielpi et al., 2023). Given the recurring and profound social-ecological impacts caused by the occurrence of channel cutoffs in meandering rivers (Abad et al., 2022; Nagel et al., 2022), fluvial geomorphologists have developed theories and tools to help explain this process (Stølum, 1996; Edwards and Smith, 2002; Camporeale et al., 2005). Yet, a predictive model of channel cutoff has not been sufficiently developed to simulate the interaction between rivers and related alluvial floodplains (Camporeale et al., 2007).
[image: Figure 1]FIGURE 1 | Multi-stage (modern and ancient) meander cutoffs along the Ucayali River, Peru (7°38′2.15″ S, 75°0′2.10″ W, affecting towns such as Santa Maria, Tumbes, San Roque, Monte de Cion, and others). The reconstruction of paleochannels was performed following Rojas et al. (2023)’s methodology. Notice that the Ucayali River is dynamic inside of the geologic valley. Seven Landsat imageries (from 2006 to 2017) of the central river bend are shown, at where a cutoff occurred in 2014–2015. The maximum migration rate during this period was over 200 m/year.
Cutoffs are sporadic events. They may be triggered by hydrologic events (Turnipseed et al., 2021), or when the sinuosity of the channel attains a critical condition (Stølum, 1996; Hooke, 2004). Cutoffs govern different aspects of river and floodplain morphology, limiting channel sinuosity and determining sedimentary deposits through channel migration and avulsion on the floodplain (Ielpi et al., 2020). Two types of cutoffs are typically identified: chute cutoffs, which develop over the floodplain with an incised chute channel that bypasses the meander during large floods (Camporeale et al., 2008; Turnipseed et al., 2021), and neck cutoffs. Meander neck cutoffs are defined as the shorter path the river follows during an incision through the neck of a meander (Tower, 1904), and occur when the upstream and downstream banks of the meander migrate into one another until the bank collapses, creating a shorter path and forming an oxbow lake. Recently, two main modes of neck cutoff have been identified; mode 1) is related to low frequency, medium to high magnitude floods, cutting through the neck; and mode 2) is related to low to medium flow, with progressive bank erosion and intermittent bank collapse (Li et al., 2022). Cutoffs limit geometrical complexity by removing older meanders by shortening the channel length, stabilizing mean river geometry around a statistically steady state (geometrical role); and act as a noise generator that limits the deterministic space-time dynamics of meander migration (dynamical role) (Camporeale et al., 2008). A conceptual model for long-term neck cutoff evolution (Richards and Konsoer, 2020), considers four main stages: 1) the active meander stage occurs before the cutoff development; 2) neck cutoff stage is characterized by the deevelopment of a shorter path while the old bend remains active; 3) the lacustrine stage involves the plugging of the input and output of the old bend; 4) the terrestrialized stage marks the filling of the oxbow lake with sediment. Depending on local hydrogeomorphic conditions, some of the abandoned channels remain connected or not the main channel Rojas et al. (2023). Accelerated erosion and increased sediment supply have been noted downstream of cutoffs (Howard and Knutson, 1984; Zinger et al., 2011). Thus, a key response of the system to the disturbance is the formation of a sediment erosional wave traveling upstream and a sediment depositional wave traveling downstream from the cutoff point. This phenomenon has been observed both in an experimental setting (Han and Endreny, 2014a), and in the field (Hooke, 1995; Abad et al., 2012).
Sustainable river management and restoration planning require spatiotemporal modeling of channels (Pannone and De Vincenzo, 2022), and cutoffs need to be accounted for long-term meandering evolution (Bogoni et al., 2017). Several river evolution models have successfully represented the statistical properties of river sinuosity, as well as pool and point bar development (Sun et al., 1996; Howard, 1996; Darby et al., 2002; Lancaster and Bras, 2002; Abad and Garcia, 2006; Seminara, 2006; Crosato, 2008; Frascati and Lanzoni, 2010; Motta et al., 2012b,a; Asahi et al., 2013; Schwenk et al., 2015; Bogoni et al., 2017; Sylvester et al., 2019). A common framework of meandering modeling focuses on the evolution of the river centerline. This framework is based on geomorphological evidence, indicating that the erosion of the concave bank balanced by deposits in the opposite bank, and the width remains constant during the migration process (Camporeale et al., 2008). For simplicity and long-term simulation, these models handle cutoff processes with a geometric scheme for the active reach. The scheme tracks the planimetric distance between the external banks of two meander bends. When the centerline of the bends gets closer than a specified distance, typically the channel width, it is assumed that the cutoff occurs, and the loop is deleted from the simulation (Howard and Knutson, 1984). Pannone and De Vincenzo (2022) proposed a 1D theoretical model for meander growth and death, when tested with field data, the results had agreement with the time elapses of the real cutoff. Geometrical schemes of cutoff neglect the spatially and temporally elaborate in-channel cutoff sequence reported by field studies such as Kiss and Sipos (2015) in Hungary, Gay et al. (1998) in the Power River (Montana, United States), Micheli and Larsen (2011) in the Sacramento River (California, United States), Richards and Konsoer (2020) in the White River (Arkansas, United States), and Abad et al. (2022) in the Ucayali River (Loreto, Peru). Based on these field studies, identified precursors to cutoff include channel widening, bar development, and slope steepening. The geometric schemes also neglect paleo-channels, which influence surficial lithology and later can serve for inference of paleo-ecology and paleo-climate, and are therefore helpful in long-term reproduction or prediction of river evolution and sediment budgets (Todd and Went, 1991; Sylvia and Galloway, 2006; Davidson and North, 2009; Constantine et al., 2014; Rojas et al., 2023). A physically-based model was proposed by Asahi et al. (2013) based on numerical models flow, bed evolution, and bank erosion; however, it still ignored the complex hydrodynamic and sediment deposition processes that happen during the cutoff stage [stage 2 described before (Richards and Konsoer, 2020)].
There are processes of river meandering that morphodynamic models ignore, such as the period where the old bend is still active transporting water and developing aggradation, flow variability, influence of riparian vegetation, overbank processes (Camporeale et al., 2008). To address the lack of some of these processes, a new model is presented that solves numerically the free surface flow equations, the Exner equation, and the bank erosion and accretion processes. This model is coupled with a sub-model designed for cutoff scenarios, thereby enabling the characterization of post-cutoff morphodynamics. Two cases are analyzed for validation purposes focusing on the sediment load variation after the cutoff and the morphodynamics of the cutoff stage, where the old bend is still active. The first case used experimental cutoff data derived from a controlled laboratory environment (Han and Endreny, 2014a). The second case, was set to replicate the Ucayali River’s cutoff event shown in Figure 1.
2 METHODS
The meander cutoff model comprises three main processes: i) the initial mesh generation and the assignment of the initial river bank lines; ii) the computation of the two-dimensional depth-averaged hydrodynamics with the model TELEMAC-2D (Lang, 2013). Additionally, the model calculates sediment transport and bed evolution using SISYPHE (Tassi and Villaret, 2014); and iii) the channel migration, cutoff detection, and mesh continuous adaption, which are performed using the submodel MEANDRE (Langendoen et al., 2016).
2.1 Initialization of computational mesh and river bank lines
The initial mesh generation divides the computation domain into two regions. The first is the channel region, where the mesh has a higher spatial resolution since it is where key morphodynamic processes occur. The maximum size of the triangular elements in the channel region, ds is defined as ds = b/5, where b is the river channel half-width. The second region is the floodplain region, where a coarser resolution is used, with a size of triangular elements, df between 3ds and 5ds to reduce computational effort. The mesh size transition between the two regions is progressively increased to minimize numerical instability.
The initial river bathymetry and floodplain topography are mapped onto the initial mesh within the framework of a Cartesian coordinate system. In cases where digital elevation model (DEM) data for the floodplain is not accessible, an alternative method for defining the valley slope, Sv, is based on the equation Sv = Sc ⋅Ω, where Sc is the longitudinal channel slope and Ω is the channel sinuosity. The initial demarcation of the river bank lines is required to separate the channel and floodplain domains. These bank lines are subject to dynamic modifications enacted by the channel migration submodel.
2.2 Hydrodynamics and bed morphodynamics
TELEMAC-2D and SISYPHE are mature open-source models developed by EDF-R&D (France). More details about TELEMAC-2D and SISYPHE can be found in the two manuals by Lang (2013) and Tassi and Villaret (2014), respectively. We will briefly introduce the governing equations of the two models below.
TELEMAC-2D solves the two-dimensional time-dependent shallow water equations (Eqs. 1–3) using the h-type finite element method (Lang, 2013) for spatial discretization. The mass and momentum conservation equations are:
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where h is the water depth; t is the time; U = (u, v) is the depth-averaged velocity vector in Cartesian (x- and y-direction) coordinates, respectively; Srch, Srcx and Srcy are the source/sink terms in mass and momentum conservation (bottom roughness is wrapped into the two terms Srcx and Srcy); g is the gravitational acceleration; H is the water surface elevation; νt is the turbulent eddy viscosity. We used a k-ϵ model averaged over the vertical for turbulence closure in the 2D model utilized in this work (Hervouet, 2007).
SISYPHE computes the sediment transport (as bedload and suspended load for non-cohesive or cohesive sediments) and the evolution of the riverbed (Tassi and Villaret, 2014). Among several classical bedload transport formulae, the Meyer-Peter-M[image: image]ller formula (Eq. 4) was selected for validation of the cases analyzed herein.
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where Φb is the non-dimensional sand transport rate and θ′ is the Shields parameter.
The Exner equation (Eq. 5) is used in the SISYPHE model to solve bed evolution:
[image: image]
where zb is the bed elevation; t is the time; λ is the material porosity; Qb = (Qbx, Qby) is the vector of unit sediment discharges in x- and y-direction, respectively.
The formulation of Soulsby (1997) and Talmon et al. (1995) was used to correct the magnitude and the direction of the bed load transport, respectively, and Engelund’s formula to evaluate the deviation of sediment transport and the depth-averaged flow due to secondary flow.
The computation of the flow field is performed by TELEMAC-2D and the computation of Exner equation is addressed by SISYPHE. Flow field and bed morphology have different time scales; hydraulic perturbations occur faster than the bed evolution processes. For that reason, the computation of flow and bed evolution can be decoupled. Once the flow variables are solved, they are passed to SISYPHE to solve bedload and bed evolution.
2.3 Channel migration and cutoff detection
Planform channel migration occurs by fluvial erosion and bank geotechnical processes causing bank retreat, and by depositional processes then produce bank advance (Parker et al., 2011). Here MEANDRE is used (Langendoen et al., 2016) to solve bank erosion and accretion as expressed by Eqs. 6, 7:
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where E and A are the bank erosion and accretion rates [m/s], respectively; Me and Ma are the erosion-rate and accretion-rate coefficient (m/s), respectively; τ is the shear stress exerted by the flow on the banks; τce is the critical shear stress for erosion of the material on the banks, on the other hand, τca is a conceptual parameter equivalent to critical shear stress, on the contrary applied for accretion. The relation between the two previous critical shear stresses is important since their net effect is the widening or narrowing of the channel. Typically, we let Me = Ma and τce = τca to maintain a dynamically uniform channel width. Me, Ma, τce, and τca are model calibration parameters in MEANDRE, and they are typically chosen to match the observed channel migration rates in the study river through an analysis of multi-year remotely-sensed images.
Besides the flow field and bed evolution, bank migration (planform dynamics) is involved in the morphological evolution of rivers and it has the largest time scale. The algorithm proposed for the erosion and accretion processes also has a different coupling period from bed morphology and flow field computations. During the step of the computation of the erosion and accretion rates, we can obtain the migration distances of the river through Eq. 8. The migration of the banks determined by d, triggers adaptation of the elements of the mesh and reconfiguration of its topology (adaptation of nodes and reconfiguration of elements of the mesh).
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where d is the migration vector; Δt is time step in the model; and en is the unit vector normal to the bank.
Previous studies have proposed an algorithm for detecting imminent cutoffs in numerical modeling (e.g., Sun et al., 1996; Camporeale et al., 2005). In this study, we utilized a modified version of Camporeale et al. (2005)’s algorithm, which uses the outer-bank line instead of the channel centerline and optimizes the sweeping range. These modifications significantly reduce iteration times compared to enumerating all nodes to calculate their distances and locate the minimum distance that identifies an imminent cutoff. The algorithm is briefly described below (Figure 2):
1. The outer-bank lines are discretized at equal length intervals (ds in Figure 2) and n nodes that are sorted onto a uniform square grid board. The size of each cell is exactly equal to the threshold distance of cutoff dc, where dc is set to be equal to 2ds in our model, i.e., 20% channel width or 0.4b.
2. Approximately n operations are needed to traverse all outer-bank nodes. From upstream to downstream, when a node (Pi in Figure 2) is being examined, except for the cell that Pi is in (namely the center cell), only five cells contain nodes and will be swept. In other words, for the case illustrated in Figure 2, standing at the center cell, the five cells to be traversed are the west, east, southwest, south, and southeast cells.
3. Then, all nodes within the center cell are swept to identify if a node exists that fulfills two conditions, first, a Cartesian distance to node Pi lower than dc, and second, streamwise distance between these two nodes larger than 5dc. Then the same search statements are executed in the five nearby cells.
4. If the node fulfills the conditions to trigger a cutoff, the two nodes where a cutoff occurs are recorded and both the oxbow lake and the new shortened channel are formed.
[image: Figure 2]FIGURE 2 | Schematic of the cutoff detection algorithm: an outer-bank line is discretized into a finite number of nodes, P1, P2, …, Pn; an arbitrary node, Pi (orange node), is being scanned for possible cutoff; the distance between Pi and Pj (blue node) is found less than dc, as well as the streamwise distance of these two nodes are larger than 5dc, indicating a cutoff has been detected.
Integrating the above algorithm, the model can detect incipient cutoffs. As described in earlier sections, the present model uses an irregular mesh based on triangular elements for the main channel and the floodplain; thus, it is crucial to keep track of the bank lines during meander evolution. Therefore, we define a binary variable to track the channel–floodplain regions. For the initial mesh, all channel nodes are given the value of 0, and all floodplain nodes are given the value of 1. The boundaries of “0 region” and “1 region” are two polylines representing the left and right bank lines (see Figure 3A). After several time steps, especially at the moment of cutoff, the “0 region” will be enlarged and forms a new left bank line or a right bank line (see Figure 3B). Next, the model will continuously run using the new configurations. Flow velocities in the newly-formed oxbow lake will reduce when time advances; thus, the “1 region” will gradually shrink and eventually form a new channel (see the process in Figures 3C–F).
[image: Figure 3]FIGURE 3 | A demonstration of mesh adaptation for pre-cuotoff (A), cutoff (B,C), and post-cutoff (D–F) condition. Notice that the finer mesh along the main channel is maintained during the transitional stage of the cutoff process. Herein, the water depth (sub-panels) is shown only when flow velocity magnitude is above a tolerance (1e-3 m/s).
2.4 Relevant timescales and computation strategy
Three categories of physical processes are involved: hydraulics, sediment transport/bed evolution, and migration of the river banks. Each of them has different timescales and for that reason, different time steps can be used for the numerical solution of the flow field, the bed evolution, and the computation of the migration of banks. The decoupling of the hydraulics and bed evolution is handled internally by SISYPHE. The time step is specified in term of multiples of the time used for the hydraulics (one, two or three orders of magnitude are typically utilized). The time step for the migration of the banks is managed by MEANDRE; the time step for the migration of the banks is set as several times the time step used to evolve the river bed. In cases where local processes are acting (e.g., bank collapse) at different rates than reach-averaged rates, a coupling between the different modules has to be accounted for.
3 RESULTS
3.1 Modeling Han and Endreny’s laboratory cutoff experiment
The validation of the methodology formulated here was performed first using the results of the experiment of Han and Endreny (2014a); they utilized a physical model to simulate the development of a cutoff. The experiment was set in a mobile bed river table (3.66 m × 1.83 m × 0.2 m) where the water surface and riverbed were periodically monitored before, during and after the cutoff development. The water surface and riverbed configuration were measured at a sub-millimeter scale at various meander evolution stages: M3 was the initial stage; M4 was the pre-cutoff stage; M5 was at cutoff; M6 was 5 h after cutoff; all the mentioned stages are depicted in Figure 4A. The experiment used an 80 mL/s constant rate input of water into the river table’s upper reservoir while draining the lower reservoir from a fixed elevation orifice weir crest. The river had an average channel width and depth of 80 mm and 25 mm, respectively, a valley slope of 1.8%, a sediment size D50 of 0.2 mm with 10% talc powder to create cohesivity, a mean velocity of 0.04 m/s, a Reynolds number of 3200, a Froude number of 0.05, an average boundary shear stress of 0.18 Pa and the bed material had a critical shear stress of 0.15 Pa. The river water surface and riverbed digital elevation model (DEM) data during the experiment were obtained from post-processing stereo-pair images (Han and Endreny, 2014b).
[image: Figure 4]FIGURE 4 | Modeling results compared against experiment results. Flow is from left to right. (A) Experiment results (bed elevation and water surface elevation). M4-M6 are temporal stages. Note that the bed elevation data at M5 was not captured to avoid the potential interference of draining the river. (B) Modeling results (bed elevation, water depth, and flow velocity). Cycle = 0, 8 and 24 correspond to M4, M5, and M7 in the experiment, and cycle = 89 refers to the formation of the new straight channel after cutoff, which is an extension of the experiment. For simplicity the floodplain topography is not shown.
The cutoff modeling approach described herein was utilized to simulate this experiment and the results of flow velocity, bed shear stress, water depth and bed topography are shown in Figure 4B for the experimental meander stages M4, M5 and M6, which corresponded with the model Cycle 0, 8 and 24. A cycle is a single timestep where the river banks are adapted by the processes of bank erosion and accretion, and the mesh is generated again if necessary for a better representation of the river banks position. The model also simulated beyond M6 (Cycle 89), corresponding to a stage when the cutoff had transitioned to its lowest sinuosity. The water depth and velocity vectors at M5 (also shown at Figure 4) capture the development of the cutoff breaching the channel outer banks, and the changes in water depth between the stages M5 and M7 capture the transition from oxbow lake to paleo-channel. During cutoff, shear stresses increased in the cutoff region; these larger shear stresses then spatially expanded and cut a deeper, straighter channel through the meander neck, which resulted in their decrease.
The model simulated the post-cutoff sequence through Cycle 89 to track activity in the upstream erosional and downstream depositional processes, extending beyond M7, after the laboratory experiment terminated. This additional tracking allowed us to outline a conceptual model of the development of the longitudinal bed profile during and after the cutoff (Figure 5), which is based on the river geometry and other bend wavelengths and amplitudes found during cutoff evolution (Gutierrez and Abad, 2014; Gutierrez et al., 2014). The first stage of the conceptual model involves the conditions just before the cutoff, with the channel planform and longitudinal bed profile described in Figure 5A, where Se denotes the equilibrium streamwise slope. The next stage is the development of the cutoff (Figure 5B), where the longitudinal bed profile is modified with a reach of slope, SAB, where the shorter length of the new channel compared to the pre-cutoff conditions produced a larger slope. The next stage is indicated in Figures 5C, D; the channel tends to return to an equilibrium bed profile by triggering an erosional wave traveling upstream and a depositional wave traveling downstream, as indicated in Figure 5C, and depicted in the bed longitudinal profile; this process also promotes planform migration (Abad et al., 2012). A fundamental part of the conceptual model is the erosional and depositional waves (Figure 5C); the erosional wave moves upstream, incising the bed, and the depositional wave moves downstream, depositing the sediment eroded from the upstream area. This process helps the development of the oxbow lake with the definition of the new left bank line, as identified in Figure 5D. Moreover, the deposition of sediments downstream contributes to plugging the outlet of the oxbow lake.
[image: Figure 5]FIGURE 5 | 3D view of bed morphology: (A) pre-cutoff condition, (B) connectivity between the bends is initiated, (C) the erosional and depositional waves are propagated, (C) to (D) width and bed adjustment take place. The quality of the mesh (along the main channel and the floodplain) is maintained during the transitional cutoff process. Vertical exaggeration is 2. The conceptual model of morphological response after cutoff: i) profile before cutoff, ii) profile right after cutoff, iii) the river tends to return to equilibrium conditions by producing erosional (upstream) and depositional (downstream) waves (Abad et al., 2012).
The evolution of bed shear stress and bedload for the numerical modeling of Han and Endreny (2014a)’s cutoff experiment is shown in Figure 6. Bed shear stress increases after the cutoff, first locally near the neck, and upstream and downstream of it (see M5 and M6 in Figure 6A). After the meander loop is abandoned, the shear stress in the new shorter reach is larger than before the cutoff (compare M4 to M7 in Figure 6A). Note that after the cutoff, the downstream reach widens, because of the increased shear stress. Bedload upstream and downstream the cutoff increases to a peak (by cycle 30), and then gradually decreases (Figure 6B). The increment is larger downstream the cutoff. After the meander loop has been abandoned, and the reach of the cutoff has been straightened, bedload is larger than before the cutoff.
[image: Figure 6]FIGURE 6 | Analysis of sediment transport computed for Han and Endreny (2014a)’s experiment modeling: (A) bed shear stress, (B) evolution of unit sediment transport computed by the model before and after the cutoff.
3.2 Modeling a cutoff in the Ucayali River
Following the model application in the laboratory scale, we conducted the simulation on a natural cutoff in the Ucayali River. In the satellite imagery provided by the Landsat Missions, a massive number of cutoffs, oxbow lakes, scroll bars, and paleo-channels can be observed along the Ucayali River (see the example reach illustrated in Figure 1). A cutoff event that occurred between 2014 and 2015 was considered for modeling with the approach presented in this study. The cutoff was located approximately 200 km downstream of Pucallpa City, eastern Peru. From the satellite imagery of 2006, 2010, 2013, 2014, 2015, 2016, and 2017, it was determined that the channel banks migrated at approximately 50–200 m/yr (see Figure 1). To set up the cutoff model based on the 2013 river geometry, several assumptions were made: 1) Since the goal was to reproduce the main physical processes of the cutoff (bank migration, riverbed erosion and sedimentation), the initial river geometry was considered of constant width of 800 m instead of the spatially varying river widths. The width was eventually self-adjusted during the simulation; 2) Due to the limitation of available data, the initial river bathymetry was obtained from a synthetic riverbed topography model proposed by Li and García (2021), which represents the morphodynamic bed equilibrium configuration around river bends. The computed bed topography was validated against the measured cross-sectional profiles. Similar to the channel width, the bed evolution will self-adjust the bathymetry during modeling; 3) The topography on the floodplain was not considered in this study. Hence, instead of applying local DEM data as the initial floodplain topography, the initial floodplain topography was modeled as an inclined plane with a constant valley slope; 4) A constant flow discharge of 12,000 m3/s (annual mean) was imposed as boundary condition at the inlet; 5) For the sediment boundary condition, a model of recirculating boundary condition was presented by Mendoza et al. (2016), where the volume of sediment measured at the outlet is fed back at the inlet. In such conditions, the sediment transport is at the dynamic equilibrium state, with oscillations caused by the development of bedforms. However, for the case of the Ucayali River, equilibrium conditions were set at the inlet sediment boundary condition, since after the neck cutoff, the sediment would have been fed at the inlet, something not necessarily true when only one cutoff is simulated.
Figure 7 shows the modeled migration of the banks between 2013 and 2017 in the analyzed reach; at Cycle 35, the cutoff was initiated. An abrupt drop in flow velocity is observed at the bend, that is, being abandoned. In Cycle 60 of the simulation, which corresponds chronologically to the satellite imagery of 2015, an oxbow lake was fully formed since the velocity is zero although the oxbow is still not infilled. There is a coincidence in the development of bars when comparing the modeling results; the bars marked with a to c indicated in the results of cycle 60 illustrated in Figure 7, are similar to the ones observed from the satellite imagery of 06/2015. During Cycle 100 the simulation developed a large bar just downstream of the cutoff point, which reconfigures the flow distribution and promotes bank erosion in front of such bar. This is also observed in the satellite imagery (image of 2017 in Figure 7). After the cutoff developed, the new shortened channel will progressively self-adjust to a new meander bend, whose channel sinuosity will gradually increase due to channel migration, same as the rest of the upstream and downstream bends (Figure 8). The simulation took 120 h for the Ucayali River in a high-performance cluster using 32 cores of computation. The channel (floodplain) was discretized using triangular elements with maximum size of 50 m (250 m) edge length.
[image: Figure 7]FIGURE 7 | The Ucayali River. Modeling results compared against Landsat imageries, flow goes from left to right. Modeled bed elevation, flow velocity and water depth are shown at the initial condition (Oct. 2013), Cycle #35 (cutoff initiation, no satellite imagery available), Cycle #60 (Jun. 2015) and Cycle #100 (Apr. 2017).
[image: Figure 8]FIGURE 8 | The Ucayali River. Simulated bank line migration [in (A)] agrees with the trend of the Landsat imageries-derived centerline migration [in (B)]. Hollow arrows indicate the regular migration patterns without cutoff impact: translation and expansion. Solid arrows indicate the cutoff-induced channel migration: channel widening, shortened waterway formation and oxbow lake sedimentation.
The process of bed evolution also determines how the cutoff bend interacts temporarily with the flow before being completely abandoned. Such interaction is observed in the modeled flow velocity and bed elevation (Figure 7), where the velocity after the cutoff gradually diminished while the original bed was aggrading. The abandonment of the original bend occurs progressively. For instance, Turnipseed et al. (2021) showed the case of a neck cutoff in the White River, Arkansas, where during a bank full event the original meander still captured 51% of the flow 1 year after the cutoff.
4 DISCUSSION
4.1 Model novelties/advantages and limitations
4.1.1 Novelties/advantages
Asahi et al. (2013) have presented numerical simulations of river meandering processes for steady (bankfull) and unsteady flow discharges considering the conceptual model presented by Parker et al. (2011). The simulated hydraulic conditions were typical of laboratory experiments. Turnipseed et al. (2021) described the numerical simulation of early stages of cutoff along the White River (channel width: 150 m, mean annual discharge: 750 m3/s) in Arkansas, United States. The computational domain (mesh) at these stages were predefined using field measurements, thus no simulation of the cutoff process was presented. The present study validates the computational results against both laboratory-based experiments and at the field scale considering one of the most dynamic rivers in the world, the Ucayali River (Schwenk and Foufoula-Georgiou, 2016; Lopez Dubon and Lanzoni, 2019; Abad et al., 2022). The Ucayali River presents migration rates from 50 to 200 m/yr, channel width of 800 m, and a mean annual discharge of 12,000 m3/s. According to Asahi et al. (2013) when using a constant flow discharge, planform patterns did not evolve towards more complex shapes, but attained low sinuosities without developing cutoffs. Conversely, under unsteady flows, higher sinuosities bends formed. In our study, the initial planform is that observed just prior to a neck cutoff, with the well developed secondary circulation driven by channel axis curvature and topographic steering (Seminara, 2006). The high-resolution mesh used along the main channel and repeated remeshing of the eroded floodplain allowed to reproduce the complex erosional and depositional patterns observed in the laboratory and in the field during the various phases of the cutoff (see videos in the Supplemental material S1).
Long-term simulations (from hundreds of years to geologic time scales) were usually performed with linearized models (Sun et al., 1996, 2001; Camporeale et al., 2005; Frascati and Lanzoni, 2010; Schwenk et al., 2015) computing in a simplified manner river migration and cutoff processes, and their interactions with the river valley. These models in general neglect erosional and depositional waves due to cutoff occurrence (Abad et al., 2012), the stage of cutoff where the old bend is still active capturing part of the flow (Richards and Konsoer, 2020), the bedform modulation of bank stability due to bedform migration (Abad et al., 2013), flow variability (hydrographs) possibly leading to inundation of the floodplain (Simon et al., 2020), floodplain heterogeneities. The model presented here can account for sediment waves after cutoff, large scale bedform modulation (bar dynamics), and flow variation. The model has been shown to reproduce successfully neck cutoff dynamics at both the laboratory timescale (few tens of hours) and in the field. In this latter case, the simulated time period is typical of short-term river evolution (a few years). Longer evolution periods however require a computational cost, that is, too heavy even for a modern high-performance computing platform.
4.1.2 Limitations
Horizontal and vertical heterogeneity of floodplain material is not accounted for in the present model. The rate of bank retreat in rivers, however depends on the interaction of forcing factors (shear stress exerted by the flow and bank instability) with the resistance to erosion and geomechanical properties of the bank material. In the present modeling framework, we have simplified the bank erosion/accretion processes and ignored the bank collapse events. Horizontal (floodplain soils of different properties) and vertical (layers of soils of different properties) heterogeneities may have important effects on the dynamics of meandering rivers (Motta et al., 2012b; Motta et al., 2014; Bogoni et al., 2017; Zhao et al., 2021). In addition, repeated bank collapses can produce a catch-up behavior (outer bank collapse and subsequent inner bank accretion) as shown by Zhao et al. (2021).
4.2 Complex morphodynamic processes
The morphodynamic processes prior, during and after cutoff processes involve several complex patterns which can be addressed by the present modeling framework.
Paleochannels and river migration: As observed in Figure 1, during the lifetime of a river, both recent geomorphic features (e.g., scroll bars and oxbow lakes) and ancient geomorphic features (e.g., paleochannels and terraces) are found. The floodplain is usually characterized of fine sediment deposits and vertical layers of heterogenous soils (Abad et al., 2022), vegetation responding to river dynamics, differentiated elevations throughout the floodplain, and complex connectivity due to the existence of dry and wet paleochannels (Rojas et al., 2023), a required ingredient for preservation of the stratigraphic record in fluvial meander-belt deposits (Durkin et al., 2017).
Forced and migrating free bars: the coexistence of forced and free bars in meandering channels (Tubino and Seminara, 1990) is typical of meandering rivers. After cutoff, the channel develops a low sinuosity (less curvature forcing), and free migrating bars can interact with bars forced by channel enlargements (Luchi et al., 2010) as those produced by a neck cutoff (Figure 7). In addition the migration of both large scale (bars) and small scale (dunes) bedforms produces a modulation of the shear stresses exerted on the outer bank and, hence, on bank erosion (Abad et al., 2013).
4.3 Detailed monitoring of large scale processes
Recently, detailed field measurements in cutoffs were performed along different rivers; White River, Arkansas (United States) (Richards et al., 2018; Richards and Konsoer, 2020; Turnipseed et al., 2021), Wabash River, Indiana and Illinois (United States) (Zinger et al., 2011), Huallaga River, Loreto (PERU) (Valverde et al., 2023). However, still a need for more detailed high-resolution hydrogeomorphic characterization of the different phases during pre-, cutoff, and post-cutoff conditions, including those of traveling sediment waves. In Amazonian rivers, cutoffs occur in a timescale dependent of the river characteristics, but the Ucayali River is one of most dynamic rivers where little hydrogeomorphic data is available (Abad et al., 2022). In order to improve river modeling at these large and very active systems, more detailed river data is needed, not just to understand the physical processes, but also to calibrate sediment transport equations, since, along these rivers, sediment fluxes are dependent on planform conditions (including influence of tributaries), flow variability and bedforms activity (Abad et al., 2022; Abad et al., 2023; Valverde et al., 2023).
5 CONCLUSION
The present research introduces a computational model capable of predicting the transitional hydrodynamics and morphodynamics associated with a meander neck cutoff, considering the temporary interaction with the reach undergoing abandonment. The model was validated by means of a laboratory-controlled mobile bed experiment and an actual cutoff observed in the Ucayali River. It is shown to effectively reproduce cutoff dynamics and evaluate non-local morphological effects beyond the constraints of existing linear models, such as bar formation, sediment wave evolution, and two-dimensional flow field structure. The results of the model show widening of the cutoff cross-section, with the consequent formation of forced bars, adaptation of the main channel bed through upstream and downstream sediment waves, formation of oxbow lakes, and preservation of the resulting paleo-channel in the floodplain. In summary, the model demonstrates efficient cutoff detection and channel adaptation capabilities, thereby highlighting the importance of considering both hydrodynamics and morphodynamics for describing meander cutoff temporal evolution. The study also describes the need to develop physics-based simplified models for incorporating local effects of neck cutoffs into the long term river migration models.
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