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Abstract River meandering dynamics are here explored in light of unsteady water flows. While
mathematical models have usually focused on constant discharges—a reasonable and widely adopted approach
for long-term considerations—we show that varying flows strongly affect the short-term planimetric evolution
of meanders, before the cutoff occurrence. In particular, flow variability slows down the meanders' dynamics
while does not significantly influence the wavelength selection. We support our arguments with numerical
simulations and theoretical (linear and nonlinear) analyses, showing that an interplay between out-of-phase river
geometry and flow is responsible for the meander-dynamics slowdown. Our results suggest that accounting for
flow variability is critical in assessing yearly to decadal meander dynamics with important implications for river
engineering and management strategies.

Plain Language Summary Meandering rivers are natural sinuous channels shaping the Earth's
surface with their lateral migration motion. Beyond theoretical interest, the investigation of such dynamics is
fundamental for river management and restoration. A common way to study river meander dynamics is through
numerical simulations that simulate the planform evolution of the river geometry in space and time. A classic
assumption in these simulations is a constant water flow. In this study, we show that considering more realistic
temporally varying flow discharges slows down the meander growth compared to the case with a constant flow
discharge.

1. Introduction

The fascinating dynamics of meandering rivers have been widely investigated during the past decades, not only
because of their intrinsic beauty and frequent occurrence in nature but also for their key role in river engineering,
management, and restoration (Buijse et al., 2002; Jansen et al., 1979; Ollero, 2010). Typically, morphodynamic
models have represented a powerful tool to address and describe the physical mechanisms underlying the
meandering dynamics (Camporeale et al., 2007), that is, how the interplay of water flow, sediment load, channel
planform, and bed morphology determine the fluvial spatio-temporal evolution. Enhanced by the cooperative
advances in geomorphology and fluid dynamics (Seminara, 2006), robust analytical frameworks for flow field
and bed topography have been developed (Duan & Julien, 2005; Eke et al., 2014; Ikeda et al., 1981; Imran
et al., 1999; Johannesson & Parker, 1989; Parker et al., 2011; Zolezzi & Seminara, 2001). Despite the different
mathematical formulations and hypotheses distinguishing these models, a constant water discharge is usually
assumed for the flow field. This assumption of a steady component of the forcing, which is also referred to as
“formative’ discharge (Inglis, 1949), is grounded in the tenet that a single, dominant flow (arguably related to its
sediment transport capability) may determine river channel morphology (quasi-steady morphodynamics, e.g.,
Pittaluga & Seminara, 2011). In fact, statistical properties of the reach planimetry mainly depend on the dominant
flow and fluctuate without changing relevantly with respect to dominant flow-induced morphology (Howard &
Hemberger, 1991). Determining whether the equilibrium state under steady forcing is representative of river
dynamics, especially at different evolution periods, remains unresolved.

Actually, rivers are far from being steady forced systems: they experience stochastic flows due to the natural
fluctuations of the hydrologic forcing. Studies on river eco-morphodynamics have shown that different hydrologic
regimes strongly affect the formation and suppression of alternate bars (Carlin et al., 2021; Eekhout et al., 2013;
Hall, 2004; Tubino, 1991; Welford, 1994) and the growth of riparian vegetation (Bertagni et al., 2018; Vesipa
et al., 2017). Only a few notable studies have explored the impact of stochastic flows on river planar geometry.
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Pittaluga and Seminara (2011) found that different peak discharges affect the river bed scour and deposit. The study
highlighted that differences in bed elevation emerge at short-term timescales under varying flow, but concluded
that repeated flood sequences (a proxy for unsteadiness) result in a dynamic equilibrium of the system in the long
term. The model of Asahi et al. (2013) further demonstrated that flow unsteadiness affects the river planform shape
(e.g., width and sinuosity), and bank erosional and depositional processes in meandering rivers. However, a more
in-depth understanding of the meandering dynamics under varying flows—from both the riparian geomorphology
and hydraulic geometry perspectives—is still missing. Particular attention is also required in light of the extreme
events that rivers will increasingly be exposed to (Eccles et al., 2019; Francois et al., 2019).

Previous works have addressed the problem of variable discharges by accounting for a set of flows that occur
intermittently over time (Paola et al., 1992; Parker et al., 1998). Here, we go beyond such simplification by
directly considering the probabilistic distribution of unsteady flows to explore their effects on meandering river
dynamics. In particular, we focus on the stream planform evolution at short-term timescales, defined as periods
shorter than the typical timescale for cutoff occurrence (sensu Camporeale et al., 2005). Short-term dynamics are
of interest because (a) they can reveal better insights into the meander geometry evolution, without being
compromised by the filtering action on geometric nonlinearities induced by cutoff events (Camporeale
et al., 2008; Perucca et al., 2005), and (b) they are crucial for engineering purposes and restoration practices given
their yearly to decadal timescales (e.g., Ciotti et al., 2021; Gilvear, 1999). To assess the impact of flow variability,
we perform short-term numerical simulations of meandering rivers with two models of different complexity,
using parameters typical of realistic meandering rivers in nature. By comparing the morphodynamic evolution
resulting from constant and unsteady flows, we find that flow variability slows down the planar evolution of the
meanders and impacts the meander wavelength. We also perform analytical linear and nonlinear analyses to
physically explain the reasons behind such behavior. Our work highlights short-term features that did not emerge
in previous constant-discharge analyses and should be considered when developing river engineering and
restoration plans.

2. Observations From Short-Term Numerical Simulations

We explore the effects of flow variability on river meander dynamics through a physically based numerical
approach. Specifically, we use the seminal model for the river centerline evolution, originally proposed by
Hasegawa (1977) and Ikeda et al. (1981) and here referred to as the HIPS model following Parker et al. (2011).
Although this model does not account for the riverbed morphodynamics, it has been widely employed in the
literature for its conceptual simplicity, robustness, and capability of reproducing the key elements of meandering
dynamics: (a) wavelength selection; (b) downstream meander migration; (c) meander elongation; and (d) up-
stream skewness of meanders (Camporeale et al., 2007). These features allow us to catch the essentials enclosed
in the physical interpretation of the phenomena occurring when unsteady discharges are considered. We
confirmed our findings by comparing them with a more refined physically based model (Zolezzi & Seminara,
2001), as discussed and shown in the Supporting Information S1.

The HIPS model is rooted in a linearized treatment of the shallow water equations, and its main assumption is that
the bank erosion rate, V, is proportional to the excess velocity at the river banks, u,, through an erodibility co-
efficient E (Parker & Andrews, 1986). The excess bank velocity u,(s)—where s is the curvilinear abscissa of the
river centerline—is the local and linear perturbation of the depth-averaged velocity at the banks with respect to the
uniform solution. After some algebra (Edwards & Smith, 2002), the main model outcome V(s) parametrically
depends on a spatial scale D, a temporal scale T and a pure number P (called the Parker number after Edwards and
Smith (2002)) that respectively read

H D? F?+A
D=——, T=—Ho = .
2C; bEU 2

(1

where H and U are the reach-averaged depth and velocity, Cy is the friction coefficient (dependent on sediment
roughness and depth), b is the channel half-width, F is the Froude number, and A is an empirical slope factor (Text
S1, Supporting Information S1). Some remarks are in order: (a) the scale D emerges from shallow water equations
and is the characteristic length scale of the backwater curve in open channel flows; (b) the timescale T is related to
the bank erosion, so it is of the order of years or longer; (c) due to the meander elongation, the planform sinuosity §
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changes in time and, consequently, so do the length and time scales according to D = DS V3and T = TS, where Dy
and T, correspond to S = 1 (i.e., straight channel conditions, henceforth referred to with subscript zero); and (d)
when dealing with unsteady flows, we also consider the change in the reach-averaged depth and velocity. To
simplify the analysis, we instead assume the width to remain constant according to an idealized rectangular section.

The simulations are performed for three gravel-bed rivers with morphodynamic parameters representing real
meandering rivers in the most likely sub-resonant regime (Seminara et al., 2024; Zolezzi et al., 2009)—that is,
width-to-depth ratio not too large, see Zolezzi and Seminara (2001); Seminara (2006); Gautier et al. (2007)—and
increasing formative flow (hence, increasing length scale Dy—see Table S1 in Supporting Information S1). The
choice of the parameters fulfills literature formulas for hydraulic geometry under uniform flow conditions (Parker
et al., 2007) (details are reported in Text S2, Supporting Information S1).

For each river, three configurations characterized by the same morphodynamic parameters but different flow
conditions are explored. The first one adopts a steady (constant) discharge Q,, that induces the lateral migration of
the river and corresponds to the one defining the river geometry (Text S2, Supporting Information S1). The other
two configurations involve a variable flow Q,,,; in which the stream velocity and depth are updated following the
varying discharge at every timestep of the evolution, thus affecting also the sinuosity-dependent length and time
scales governing the meandering dynamics (D and 7, see Text S1, Supporting Information S1). The variability is
simulated by randomly extracting a discharge value at any time step Q(¢) from a Gamma-shaped flood hydro-
graph. The rationale is that, when simulating discharge time series through a stochastic process resembling a
random flood hydrograph with a Compound Poisson Process (CPP), the probability density function (PDF) re-
sults Gamma-distributed and this has shown to be a parsimonious and robust strategy in fluvial hydrology (Ridolfi
etal., 2011). Although the CPP is a correlated process, the natural time correlation of discharge (order of months)
is much shorter than the morphodynamic timescale of river meandering (order of decades/centuries), so some
preliminary tests revealed that the temporal autocorrelation has no significant effects. For this reason, we here
adopt only uncorrelated Gamma-distributed signals. In particular, at every timestep we extract a discharge that
induces a lateral migration (i.e., Shield stress greater than its critical value)—thus overcoming the time-rescaling
issue arising in other approaches, for example, the intermittency factor (Paola et al., 1992).

For the sake of comparison, we consider the mean of the variable-flow PDF equal to the discharge of the steady
state, Q. The PDF variance, which is a proxy for flow unsteadiness, can be varied by adjusting the coefficient of
variation while maintaining the same mean value. For each parametric setting (i.e., fluvial scenario), the following
three cases are compared: C, = 0 (steady flow Q), C, = 0.4 and C, = 0.75 (unsteady flows Q). In the figures,
these scenarios are reported with solid, dashed, and dotted lines, respectively.

Figure 1a shows the temporal evolution of the reach-averaged dimensionless curvilinear wavelengths 1., that is,
twice the curvilinear distance between inflection points of the centerline (zero curvature). For comparison pur-
poses, the wavelengths and times have been non-dimensionalized with the characteristic scales D, and T,. The
temporal behavior of 4. highlights a first remarkable and counter-intuitive result: discharge variability slows
down the meander growth (i.e., the same A, values are reached at longer times) with respect to the case of constant
discharge. We identify four characteristic phases (colored shaded background in Figure 1a). In the beginning,
when the wavelength has not yet been selected because the noise in the planimetry has just started to trigger the
instability, all simulations are aligned, and the sinuosity is S~ 1 (phase 1). Then, the river starts selecting its
typical wavelength, and the sinuosity slightly increases, resulting in an enhanced mean curvilinear wavelength
(phase 2). In this phase, namely at /T = 1-5, the differences among the simulations are negligible. This phase is
still characterized by linear processes with only weak perturbations to the planimetric evolution of the rivers (the
average sinuosity for all the cases is still around S~ 1.001; see also planimetry A in Figure 1c). In this linear
phase, flow variability yields the same mean meander wavelength as constant discharge (corresponding to the
mean discharge of the unsteady case). The third phase, associated with the meander growth, completely changes
the game. The discrepancy between the steady and unsteady cases bursts out as the meanders grow in both the
curvilinear wavelength and sinuosity. The delayed evolution of the meanders forced by Q,,, is clear, and the time
lag between the two cases accumulates the more the nonlinearities drive the curve growth dynamics in this phase.
Finally, the fourth phase is dominated by the occurrence of cutoff events, a strongly nonlinear process by defi-
nition. They produce a saturation in the growth of the meanders and a long-term filtering action, resetting the
system's memory (Camporeale et al., 2008). Note that we have slightly overlapped the regions characterizing
phases 3 and 4 due to the different time scales of the three rivers.
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Figure 1. Impact of flow unsteadiness on simulated meander growth. Time series of (a) the dimensionless reach-averaged
curvilinear meander wavelength 4./ D, and (b) the river sinuosity S. The colors code the three simulated rivers set (Table S1,
Supporting Information S1), while line styles indicate flow conditions: solid for steady discharge Q,, dashed and dotted for
varying discharges (Q,,) With coefficients of variation of 0.4 and 0.75, respectively. The shaded areas in panel (a) qualitatively
highlight the four phases described in Sect. 2, with a focus on the corresponding river planimetries (black dots) reported in
panel (c).

The behavior of 4. is mirrored in the river sinuosity S, that is, the ratio between the curvilinear length and the linear
distance between its endpoints (Figure 1b). The temporal evolution of S confirms that the discharge variability
slows down the meandering growth. In each Run, the sinuosity of the constant flow simulation starts growing
earlier than that of Q.. Namely, the meander bends develop faster without discharge fluctuations. The first
sinuosity drops due to cutoff events, which put an end to the simulations, are also delayed when flow unsteadiness
occurs. Notice that the delay in morphological dynamics induced by flow unsteadiness is greater the larger the
coefficient of variation, C,, so confirming that the shift in the meander growth is linked to the variability itself.

3. Mathematical Analysis and Interpretation

Three key features have emerged from the above numerical simulations: (a) flow variability does not significantly
affect the wavelength selection during the first (linear) phases (1 and 2) of the meandering dynamics, (b) different
wavelengths appear over medium-long times (phases 3 and 4), and (c) discharge fluctuations induce a meander-
growth slowdown that is evident throughout the dynamics. Here, we provide explanations and insights into these
results by physically based analyses. Specifically, the linear component of meandering dynamics helps to un-
derstand the initial meander-growth phases, while nonlinear components are critical during later stages.

3.1. Linear Dynamics

A long tradition of modeling has shown that the inception of river meandering is nicely described by analytically
manageable linear approaches (Camporeale et al., 2007). At the initial stages of the dynamics, when the river
sinuosity is still very low, a classical linear stability analysis of the evolution equation of a simple harmonic
planform provides the so-called dispersion relationship, relating the temporal growth rate o, the wavelength 1 and
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some relevant governing parameters (e.g., for the HIPS model the parameters listed in Equation 1, see also
Supporting Information S1, Text S1). By focusing on the role of the water depth H—that is, the fluctuating
forcing of the present problem, being H dependent on Q—the dispersion relationship has a general form
o = o(4, H). A contour plot of ¢, for the model HIPS, is reported in Figure 2a, and it is crucial to understand
phases 1 and 2 of the numerical simulations. The figure also reports the fastest-growing mode (black line)
associated with any flow depth, namely the value A, such as 6(/,) is maximum for a given depth. Notably, for a
given planimetric configuration (fixed value of 1), the meander growth rate in the proximity of the fastest-growing
mode decreases with higher flow depth values. Namely, higher flows slow down the meander growth and can
even reverse it (gray region of Figure 2a). The physical reason is that, when the depth increases, the lateral su-
perelevation of the free surface increases, with a damping effect on secondary currents and bed shoaling at the
outer bank, so reducing lateral bank erosion.

A crucial aspect is the quasi-linear dependence of the fastest-growing mode on the flow depth. Since the dynamics
are linear (thus, the superposition principle is valid), the nearly straight shape of the plot 4, = A,(H) implies that
the average wavelength, forced by random water depths (PDF p(H) shown in Figure 2b), is close to the wave-
length corresponding to the mean depth H. In fact, the probability-weighted (linear) growth rate
(1) = fo(4, H)p(H)dH peaks nearly at the same wavelength selected in the steady deterministic case with
H = H (Figure 2c). This explains why in the simulations, as long as the dynamics are linear (i.e., phases 1 and 2),
rivers exhibit the same typical wavelength regardless of depth fluctuations, being the (constant) water depth of the

deterministic case equal to the mean of the Gamma-distributed temporal series (H).

A second and more subtle aspect emerges. Each water depth tends to select the wavelength A, performing the
maximum growth. For example, in the constant flow case (H = H = 3 m in Figure 2a), the selected wavelength is
around A|,_; = 1900 m, and the typical time scale is 7 = 2z/6 ~ 120 years. However, in the varying flow case
depths change over time and the linear wavelength selection mechanism adjusts continuously. The two red paths
reported in Figure 2a provide possible scenarios. The path from point A to C describes an increase in water depth (H
from 3 to 4 m), with two consequences on the system: (a) a first rapid response (A—B) induced by the new water
current (H = 4 m) flowing in the planimetry and having wavelength 4|,_; selected by H = 3 m. This results in a
reduction of the growth rate o, that changes from o(A|_3, H = 3) = 0.05 to 6(4,|,_3, H = 4) = 0.02; (b) asecond
slow response (B—C), that is the wavelength selection adjustment which gradually brings the wavelength to the
new value of A;|;_, ~ 2800 m (on the black line) and to the growth rate 6(/13, ly=a H = 4) = 0.02. This path A-B-C
therefore implies a slowdown of growth. Differently, reducing the water depth from 3 to 2 m (path A-B’-C’)
performs an opposite picture: both rapid and slow responses entail a greater growth rate compared to the starting
condition with H = 3 m. The key point explaining the overall slowdown of meandering dynamics observed in the
simulations is that a large region of the domain exhibits low or negative growth rates. Therefore, a ‘slowdown
effect’ seems generally to prevail when discharge fluctuations induce H to move over the entire domain.

A definitive proof of such a prevalence is provided by the computation of the probability-weighted function
6(1) = [ 6(4, H)p(H)dH where, for a given value of 4, the growth rate is weighted with the PDF of the depth (see
yellow line in Figure 2c¢). It clearly emerges that this function is sensibly lower than the growth rate computed
with the average depth (i.e., 6(/1, H= H) , blue line in Figure 2c). In particular, both functions peak at almost the
same wavelength, but the peak value of the former is about 30% smaller than the latter. Finally, notice that the
same slowdown effect occurs if other (realistic) water depth PDFs (e.g., exponential, log-normal) or more
advanced meandering models (e.g., by Zolezzi and Seminara (2001)) are taken into account. It follows that the
stochasticity-induced delay with respect to the constant-discharge case is not model-specific, but it is peculiar to
the meandering dynamics.

3.2. Nonlinear Dynamics

Geometrical nonlinear effects come into play as the river plan evolves and the meanders grow in sinuosity. To
understand the role of the (geometric) nonlinearities in the slowdown effect under unsteady conditions, we
consider a realistic prototype of channel planimetry, known as Kinoshita's curve (Parker & Andrews, 1986). The
curve representation is based on the local tangent angle with respect to the downslope direction, given in terms of
the curvilinear coordinate s, as in
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Figure 2. Linear (a)—(c) and nonlinear (d)—(g) analyses. (a) Contour plot of the linear growth rate ¢ as a function of the meander wavelength (1) and flow depth (H). The
solid black line marks the fastest-growing wavelength for any given water depth, while red arrows indicate the paths A-B—C and A’-B’—C’ (details in the main text).
(b) Example of PDF for the water depth (C, = 0.75). The average flow depth (H=3m) equals the flow depth in the deterministic case with constant flow. (c) Growth
rate versus wavelength for the constant flow depth (blue line) and probability-weighted growth rate f 6(H, A)p(H) dH for the varying flow case (yellow line). The vertical
dashed line highlights the maximum growth rate selecting the emerging wavelength /4, in the deterministic case. Note how the maximum growth rate in the varying flow
case is much lower. (d) Local migration rate V along the meander for various flow depths as fractions or multiples of the time-averaged formative flow (I:I ) . The box at the
top shows the meander geometry obtained with the Kinoshita curve (Equation 2) for S = 4. (e) Wavelength-averaged migration rate (|V|), and (f) length change rate Lasa
function of the flow depth and for different meander sinuosities S. (g) Relative meander length change rates L/L for the average depth H (blue line) and integrated over the
PDF of H (yellow line) as functions of the sinuosity S. In all the panels, the river parameters are: b = 27 m, dsy = 0.03 m, E = 107, and slope J = 0.43%.

0(s) = € sin(gs) +g VP + cos(3gs) + %sin(3qs) , ®)
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where ¢ is the meander amplitude, related to sinuosity through the polynomial S~! = 1 — €2/4 + ¢*/64 — €°/2304
(Edwards & Smith, 2002), and ¢ = 2z/4 is the curvilinear wavenumber. By introducing Equation 2 in the HIPS
model (see Equation 3 in Supporting Information S1, Text S1) and assuming periodic boundary conditions,
V(s) = V(s + 2x/q), one obtains the migration velocity along the meander

V(s) = asU[a; cos(gs) + a, cos(3gs) + a3 sin(gs) + ay sin(3gs)], 3)

where the coefficients ¢; are reported in Text 3 of Supporting Information.

Figure 2d shows the migration rate V(s) for a Kinoshita-meander planimetry characterized by a relatively high
sinuosity (S = 4) for different water depths. Two important nontrivial features emerge: (a) the structure of the
function V = V(s) is highly dependent on the flow characteristics, with peaks occurring at different points along
the meander, depending on the water depth; (b) although the peak values of V(s) can increase with depth, this is
not generally true for large portions of the meander, where migration rates not ordered according to the water flow
are observed.

The response of the meander migration rate to different flow rates has very interesting consequences for both the
wavelength-averaged migration rate, (|V|) = (¢/2x) foz”/ 9|V|ds, and the rate of meander length change,

L= foz’r/ 1V (dO/ds)ds (see Text S3, Supporting Information S1 for the analytical solution). The non-obvious
behaviors of these quantities are shown in Figures 2e—2g. The average migration rate (|V|) is not a monoto-
nously increasing function of the flow, but it has a maximum at low-medium depth values that becomes more
evident at higher sinuosities. That is, the greater discharges can give rise to high local values of migration (see
peaks in Figure 2d), but they are not responsible for the greater global planimetric movements along the entire
meander. This counter-intuitive result is confirmed by looking at the relation between the meander length change
and the flow depth for different sinuosities, L=IL(H,YS) (Figure 2f). L increases with the sinuosity but depends on
the water stage to a great extent. Lis higher for low flows and becomes negative for high flows when the spatial
distribution of the local migration velocity, V, is such that the meander tends to straighten back. In other words—
before imposing their typical wavelength—high discharges have a straightening effect on the pre-existing plan
(i.e., harmonic damping).

To clarify whether the acceleration of low flows or the dampening of higher flows is stronger in the nonlinear
meander dynamics, we integrate L over the range of flow depths and compare it to the L obtained for a fixed,
average flow—basically extending the linear stability analysis for o (Figure 2a) to the finite-amplitude meanders.
The results (Figure 2g) show an interesting regime shift as a function of the meander sinuosity. A meander with a
low sinuosity evolves slower with variable flows, as expected from the linear analysis results. By contrast, a well-
developed meander with a high sinuosity evolves faster with variable flows, meaning that the acceleration
induced by low flows prevails over the dampening of the high flows. The location of the regime transition (namely
the intersection between the two curves in Figure 2g) depends on the combination of hydrological and
morphological parameters such as the PDF of H and the meander geometry, suggesting that location-specific
analyses are necessary to assess the impact of flow variability on well-developed meanders.

4. Discussion and Conclusions

The comparison between the short-term evolution of meandering rivers under variable and constant flows has
yielded several unexpected and counter-intuitive results. As often happens with nonlinear natural systems, the
presence of noise leads to nontrivial phenomena. In this study, the noise is represented by the varying discharges,
which play quite a surprising and unforeseen role in highly nonlinear complexities like meandering rivers. The
most unpredictable effects are summarized here. Firstly, flow variability slows down both the formation and the
evolution of meanders, resulting in a reduced sinuosity and average growth rate than the case under constant flow.
In addition, the reach elongation induced by the local bank erosion is delayed, and such delay increases with time
as the evolution proceeds. Finally, the meander length and the mean migration velocity decrease with high flow
values.

In this context, it is worth discussing these outcomes in light of several implications upon the common knowledge
of rivers, their management and flow regulation. Our analyses suggest that meandering rivers can experience a
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Figure 3. Evolution of a given river meander geometry for different flow values. (a) Evolution of the river-averaged
curvilinear wavelength 1, for the 4 cases reported in the legend (Q,, = 500 m?). (b) Initial planimetric configuration of the 4
simulations, that is, at time ¢ = 0 years. (c) Zoom of the final configurations (at time t = 10 years); the color codes are the same
as panel (a).

straightening process in the case of high flow to eventually set a different harmonic wave. A remarkable practical
consequence is that a variation in the flow regime due to natural effects (e.g., climate-change induced droughts) or
anthropogenic disturbance (e.g., dam regulation) can impact the existing meander wavelength. This aspect is
further confirmed and investigated by numerical simulations shown in Figure 3. Starting from an already well-
developed planimetry where the typical linear wavelength has already been selected, we investigate the impact
of a sudden flow change on the meander curvilinear wavelength. Both lower and higher values of the flow
(colored curves in Figure 3a) lead to a substantial reduction in the growth rate of the meander compared to the
steady flow that generated the initial planform (black curve in Figure 3b). Moreover, if the discharge is partic-
ularly high (pink line in Figure 3), the river experiences a straightening and a reduction in the meander curvilinear
length. This arguably counter-intuitive result demonstrates that an increase in the flow rate does not necessarily
cause an increase in sinuosity.

Another crucial issue regards the actual dominant (or ‘formative’) discharge to be considered for meandering
rivers. Our outcomes suggest that two formative flows are needed to characterize the meander dynamics: one for
the meander wavelength selection (i.e., the average water flow), and one that determines the evolution timescale,
which is not coincident with the mean flow. This can be verified by comparing the evolution of sinuosity for: (a) a
constant steady discharge Q; (b) the equivalent variable flow O, with mean equal to the steady case and degree
of unsteadiness set to Cv = (.75; and (c) a constant steady discharge slightly higher than Q. We observe that
there is a steady flow (case (c) in this example) providing a temporal evolution of the sinuosity very close to the
unsteady case (Figure S2, Supporting Information S1). Particularly, the value of the constant discharge that
should be set in order to describe, as closely as possible, the timing of the meandering dynamics in the unsteady
case is actually higher than the mean of the varying flow. This implies that the value adopted in numerical
simulations running with a constant discharge should be chosen carefully and that the so-called formative
discharge takes on different values depending on which aspect of the meandering dynamics one focuses on.

Along these lines, one wonders whether the choice of the numerical model (and so of the meandering features that
it is capable of capturing) may affect such statements. We have therefore verified that the same outcomes emerge
with a more advanced model proposed by Zolezzi and Seminara (2001) (Supporting Information S1). Although it
takes into account features that are instead neglected in the HIPS model (e.g., secondary currents and sediment
transport), the same conclusions are found with both models (Supporting Information S1, Figure S1). This
suggests that the slowing down induced by varying flows is not imputable to sediment transport phenomena nor to
modeling artifacts, but is a physical feature of the meander dynamics.

A final relevant remark concerns bank erodibility (E). This parameter depends on the history of the planform
evolution process, the riparian vegetation, geological constraints, and anthropogenic effects (Seminara, 2006). As
such, in this study, we adopted a typical literature value for E, resulting from field campaigns under the
assumption of constant discharge (Parker & Andrews, 1986). For example, it was found that the erodibility
coefficient mainly depends on bank material properties (C. Constantine et al., 2009) and, therefore, it seems that it
can be estimated directly from field data without any assumptions on the controlling conditions, namely the
forcing discharge(s). This implies that the choice of E implicitly accounts for an (historical) morphodynamic
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evolution, where discharges have naturally varied and shaped the considered planform according to unsteady
timescales. Thus, our study may open a debate around the proper steady discharge to be considered when testing
in-situ conditions for the calibration of E. Of course, future work is needed to address and verify this hypothesis.

To conclude, we acknowledge that our current modeling approach operates under the assumption of a constant
channel width. Although curvature nonlinearly induces width oscillations, and meandering rivers typically exhibit
periodic planform sequences (Zolezzi et al., 2012), this assumption remains suitable for capturing discharge
variability. Indeed, under varying flow conditions, Asahi et al. (2013) observed an overall equilibrium between
bank erosion, leading to channel expansion, and land accretion, resulting in channel narrowing. Consequently,
channel width remains nearly constant throughout the studied evolution.

It is important to note that many other factors contributing to river dynamics' complexity and fascination were not
addressed in this study. These factors include, for example, temporal variations in river transects due to different
flow regimes, interactions with vegetation dynamics, and soil heterogeneity. However, the findings presented
here clearly demonstrate that flow fluctuations can induce non-trivial noise-induced phenomena, with significant
implications for river engineering and the way rivers respond to changes in hydrological forcing.

Data Availability Statement

The Matlab code for the numerical simulations is available at Bassani and Camporeale (2024).
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