
Morphodynamic regime and long-term evolution

of meandering rivers

Alessandro Frascati1 and Stefano Lanzoni1

Received 2 July 2008; revised 23 December 2008; accepted 26 January 2009; published 1 April 2009.

[1] In the present contribution we focus our attention on the long-term behavior of
meandering rivers, a very common pattern in nature. This class of dynamical systems is
driven by the coexistence of various intrinsically nonlinear mechanisms which determine
the possible occurrence of two different morphodynamic regimes: the subresonant and the
superresonant regimes. Investigating the full range of morphodynamic conditions, we
objectively compare the morphologic characteristics exhibited by synthetically generated
and observed planimetric patterns. The analysis is carried out examining, through
principal component analysis, a suitable set of morphological variables. We show that
even in the presence of the strong filtering action exerted by cutoff processes, a closer,
although not yet complete, similarity with natural meandering planforms can be achieved
only by adopting a flow field model which accounts for the full range of morphodynamic
regimes. We also introduce a new morphodynamic length scale, Lm, associated with
spatially oscillating disturbances. Once normalized with this length scale, the relevant
morphologic features of the simulated long-term patterns (e.g., the probability density
function of local curvature and the geometric characteristics of oxbow lakes) tend to
collapse on two distinct behaviors, depending on the dominant morphologic regime.

Citation: Frascati, A., and S. Lanzoni (2009), Morphodynamic regime and long-term evolution of meandering rivers, J. Geophys.
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1. Introduction

[2] Meandering rivers are highly nonlinear dynamic sys-
tems, which produce complex and fascinating planimetric
patterns. Understanding the nature of morphologic changes
of these rivers has long attracted the attention of the
scientific community, both in the fields of fluvial geomor-
phology and hydraulic engineering. Various types of
approaches have so far been proposed to explain how and
why meanders are initiated and how they evolve. In the
early stages of geomorphologic studies, the statistically
stable relations obtained between meander parameters
(i.e., meander length, channel width and radius of curvature
of bends) suggested an interpretation of meander forms in
terms of a quasi-equilibrium state, characterized by bends of
almost permanent form migrating downstream [Leopold
and Wolman, 1957, 1960; Langbein and Leopold, 1966].
Subsequent analyses of planform changes over historical
timescales, however, pointed out the lack of equilibrium
forms. Meandering systems were found to exhibit a wide
range of behaviors [e.g., Hooke, 2007; Seker et al., 2005;
Goswami et al., 1999], varying from meanders which are
evolving very slowly (e.g., channels in bedrock or resistant
material, channels with highly vegetated banks or very low
slope reaches) to those which are highly complex and

dynamic. These latter systems, often displaying a relatively
high sinuosity, were associated with a typical tendency of
meanders toward a nonlinear autogenic behavior, because of
intrinsic factors [Brice, 1974; Hickin, 1974; Hooke, 1984;
Guccione, 1984]. Nonlinearities were thought as the cause
of the wide variety of bend forms observed in nature,
namely upstream-skewed (downstream-skewed) bends, com-
pound bend, and multiple loops, whereby upstream- and
downstream-skewed bends coexist. Systematic monitoring
of the planform evolution of meandering rivers in particular
suggested that the formation of compound bends is one of the
key process whereby new bends develop [Hooke and Harvey,
1983].
[3] More recently, mainly in the last two decades,

mathematical modeling has provided a deeper insight into
meander dynamics [Ikeda et al., 1981; Blondeaux and
Seminara, 1985; Johanneson and Parker, 1989; Zolezzi
and Seminara, 2001]. Meander formation has been
explained in terms of a two-dimensional instability process
(bend instability) driven by bank erosion [Seminara, 2006].
This process tends to select a meander wavelength l which,
in general, depends on the aspect ratio b of the channel, on
the intensity of sediment transport and on flow resistance.
Moreover, the response of the system tends to grow indef-
initely for specific (resonant) values of the dimensionless
intrinsic wave number and of the aspect ratio, lr and br. The
bed pattern associated with this condition, denoted as
resonance, consists of stationary sediment waves, arranged
in periodic sequences of riffles and pools in alternate
fashion, i.e., a bed configuration which would not develop
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spontaneously, but is excited by channel curvature at
resonance. Note that only accounting for both curvature-
forced variations in velocity and depth and alternate bars
ensures the occurrence of resonance. This requires a full
coupling between the flow field, the bed load transport and
the bed evolution, as pursued by Blondeaux and Seminara
[1985], Johanneson and Parker [1989], and Zolezzi and
Seminara [2001]. Conversely, resonance cannot emerge if
only curvature forcing is considered and the bed topography
is not solved for, as done in the pioneering approach by
Ikeda et al. [1981]. Bar-bend instability theory, besides
supporting the idea of an autogenic behavior of meandering
channels, also highlights the existence of two distinct
morphologic regimes which strongly influence meander
dynamics. Theoretical findings [Seminara et al., 2001;
Lanzoni et al., 2006] indicate that under subresonant con-
ditions (b < br) meanders are typically characterized by
upstream skewing and downstream migration (downstream
influence). In contrast, downstream skewing and upstream
migration are obtained under superresonant (b > br)
conditions (upstream influence).
[4] On the short timescales characterizing meander evo-

lution before cutoff, theoretical models proved able to
reproduce many of the morphologic and dynamic features
of planimetric patterns observed in nature. In the absence of
geological constraints (like valley confinement), it has been
demonstrated that meanders of permanent form cannot
migrate in the longitudinal direction without displaying
any growth or decay [Parker et al., 1983; Parker and
Andrews, 1986; Seminara et al., 2001]. The curves pro-
posed by Langbein and Leopold [1966] and by Kinoshita
[1961] to describe the planimetric pattern of meanders,
rather than purely empirical correlations, turned out to be
the leading and second order approximations of the
exact solution of a suitable planimetric evolution equation
[Seminara et al., 2001]. A general consent also exists that,
on short timescales, the computed planimetric forms cru-
cially depend on the ability of a given flow field model to
account for the resonance phenomenon [Lanzoni et al.,
2006; Camporeale et al., 2007]. For example, the formation
of multi lobed meander loops (see Figure 1) before incipient
cutoff conditions was found to be favored by the growth of
harmonics higher than the third, which is enhanced near
resonant conditions [Seminara et al., 2001; Sun et al.,
2001].
[5] Mathematical models have been widely used also for

the study of the long-term evolution of meandering streams,
that is after the repeated occurrence of cutoffs has substan-
tially altered the geometry of the channel axis [e.g.,Ferguson,
1976; Howard, 1992, 1996; Sun et al., 1996]. Indeed,
numerical simulations allow for a wide exploration of the
variations in physical process assumptions, in boundary
conditions, and in initial conditions, whereas the field study
of meandering channel dynamics at historical timescales is
typically complicated by the absence of homogeneous
reaches of sufficient length, by the deficiency of historical
time records and by the interplay of inherent dynamics of
the river and changes in external controls [Hooke, 2007].
Nevertheless, mathematical models are necessarily based on
a simplified description of process laws and of external
controls, owing to the constraints placed by the long-time
intervals and the large spatial scales to be investigated. The

question then arises of assessing how much long-term,
synthetically generated patterns reproduce the morphologi-
cal features observed in the field. Howard and Hemberger
[1991], using multivariate statistical methods, showed that,
despite visual similarities, long-term meander planforms
generated by numerical models can be statistically distin-
guishable from natural meanders. Possible reasons for the
observed morphometric differences were found in bank
erodibility heterogeneities, usually characterizing real rivers,
and in the inability of the adopted models to reproduce
correctly the formation of compound bends evolving from
simple bends through the development of a curvature
reversal [Howard, 1992; Sun et al., 1996; Lancaster and
Bras, 2002]. Recently, Camporeale et al. [2005, 2008],
comparing the results of different numerical models sug-
gested that cutoffs not only provide a statistical equilibrium
to meandering rivers, limiting the growth of sinuosity
[Stolum, 1996], but also exert a filtering action, preventing
several fluid dynamics mechanisms that are important in the
short term from exerting a significant role in the long-term
meandering dynamics. In particular, the reduction of
planform complexity (generated by meander elongation
through bend erosion) was associated with the tendency
of cutoffs to remove older meanders. Camporeale et al.
[2005] also suggested that the overall complexity of the
equilibrium state becomes essentially regulated by only one
spatial scale, namely a length of purely hydrodynamic
origin, emerging from the simplified hydrodynamic model
of Ikeda et al. [1981], as first recognized by Parker and
Johanneson [1989] and subsequently reconsidered by
Edwards and Smith [2002].
[6] In the present contribution we are interested to inves-

tigate whether the inspiring findings of Camporeale et al.
[2005] also apply to channels evolving under superresonant
conditions or changing morphodynamic regime during their
evolution. The analysis of Camporeale et al. [2005], in fact,
was carried out by considering only subresonant conditions,
which we know to represent only one of the morphologic
regimes which can be experienced by alluvial rivers. The
issue becomes particularly remarkable in the light of the
analyses recently carried out by Zolezzi et al. [2009] on a
wide data set of single-thread, gravel bed meandering rivers,
indicating that the occurrence in the field of superresonant
conditions is not so uncommon, and transitions from one
regime to another (most frequently from superresonant to
subresonant) are to be often expected during the evolution
of natural reaches. The questions we want to answer then
are: to what extent does the morphodynamic regime (either
superresonant or subresonant) influence, on the long term,
the geometrical features of synthetically generated patterns?
In particular, do the most advanced numerical models
reproduce the formation of compound bends and cumuli-
form shapes (Figure 1), often observed in nature, without
invoking external heterogeneities? And, in order to make a
comparison with the real world, which statistics must
be considered to objectively evaluate the differences/
similarities of different patterns? Finally, does a unique
spatial scale emerge also when considering the whole range
of morphodynamic conditions?
[7] The rest of the paper is organized as follow. Section 2

briefly summarizes the mathematical formulation of
the long-term planform evolution of meandering erodible
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channels. Section 3 analyzes the geometric characteristics of
long-term planform configurations computed using two
different linearized flow field models exhibiting a different
degree of approximation. Principal component analysis
(PCA) is used to pursue the comparison between synthet-
ically generated patterns and a set of real meandering
planforms occurring in different environmental contexts.
Section 4 discusses the presence in long-term planimetric
configurations and in the geometry of the abandoned
channels (oxbow lakes) of distinctive flow field signatures,
with particular attention to the existence of the characteristic
spatial scales which emerge when the full range of
morphodynamic regimes is accounted for. Finally, section 5
concludes the paper.

2. Formulation of the Problem

[8] The mathematical problem governing the planform
evolution of meandering channels has been thoroughly
described, among others, by Seminara [2006], Lanzoni et
al. [2006], and Lanzoni and Seminara [2006]. Therefore, to
set the scene for our discussions, we only briefly summarize

the main ingredients of the problem. With reference to the
notations of Figure 2, let us consider the permanent flow in
a wide meandering channel with constant width 2B*0,
uniform and cohesionless sediment, with diameter d*s, and
gently sloping erodible banks. Moreover, let D*0 the reach
averaged flow depth and U*0 the depth averaged longitudinal
velocity. Hereinafter a star superscript will denote dimen-
sional quantities. Following a framework stemming from
the seminal work of Ikeda et al. [1981], the river planform is
represented through its centerline, lying on a plane and
defining the longitudinal coordinate s*. Each point of the
channel centerline evolves in time moving in the normal
direction n* with some lateral migration speed z*, driven by
bank erosion processes. An intrinsic dimensionless formu-
lation of this purely geometrical rule yields the following
nonlinear, integrodifferential planimetric evolution equation
[Seminara et al., 2001]:

@z
@s

¼ @q
@t

� @q
@s

Z s

0

z
@q
@s

ds; ð1Þ

where q(s, t) is the angle that the local tangent to the channel
axis forms with the direction of a Cartesian axis x* and the
following scaling has been adopted:

s*; n*ð Þ ¼ B0* s; nð Þ; z* ¼ U0*z; t* ¼ U0*t=B0*: ð2Þ

[9] The mathematical formulation next requires an
erosion law relating the lateral migration speed of the
channel z to the stream hydrodynamics, which depends on
channel curvature. Usually, bank erosion is an intermittent
and heterogeneous process, whose mechanism is rather
complex [Darby and Thorne, 1996; Darby, 1998; Darby et
al., 2002]. However, on the very slow timescale associated
with channel planimetric development, erosion and deposi-
tion processes can be considered as contemporaneous events
and, consequently, bank erosion may be modeled as a
continuous process which keeps nearly constant the average
width of the river. Following Ikeda et al. [1981] we set

z ¼ EUb; ð3Þ

Figure 1. Examples of the shapes of meandering bends
usually observed in nature. (a) Upstream- and (b) downstream-
skewed bends, (c–f) compound bends, and (g and h) multiple
loops. The river locations are northern Papua New Guinea
(Figures 1a–1c), Alaska (Porcupine River) (Figures 1d and
1e), Peru (Rio Madre de Dios) (Figure 1f), western Canada
(Figure 1g), and Peru (Figure 1h). The images have been
obtained from the Landsat mosaic image Web sites: https://
zulu.ssc.nasa.gov/mrsid/ (Figures 1a, 1b, 1c, 1g, and 1h) and
http://glcfapp.umiacs.umd.edu/ (Figures 1d–1f). The arrows
indicate flow direction.

Figure 2. Sketch of the meandering channel and notations.
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where Ub is the near-bank velocity increment of the
perturbed flow, scaled by U*0, and E is a dimensionless
long-term erosion coefficient.
[10] In order to complete the formulation of the problem

we finally need a hydrodynamic model of flow field in
sinuous channel with cohesionless bed and an arbitrary
distribution of channel curvature. In the present contribution
we refer to two physics-based linear models, characterized
by a different degree of approximation, namely the models
proposed by Ikeda et al. [1981] and Zolezzi and Seminara
[2001] (hereinafter referred to as IPS and ZS, respectively).
These two models can be regarded as the simplest and the
much more refined tools among the category of physically
based models. The model developed by Johanneson and
Parker [1989] was not considered simply because, as
discussed by Camporeale et al. [2007], it represents an
intermediate level of completeness in the hierarchy of
linearized models.
[11] The IPS model has been so far widely employed in

the study of long-term meandering river dynamics [e.g.,
Howard and Knutson, 1984; Sun et al., 1996; Stolum, 1996;
Edwards and Smith, 2002; Camporeale et al., 2005]. In this
model the near-bank velocity increment Ub is evaluated by
decoupling the hydrodynamic and the sediment conserva-
tion equations. The main consequence of this simplification
is that resonance cannot occur and, therefore, the model
provides only a part of the complete solution of the
problem. In particular, the functional relationship for Ub

turns out to be of the form

Ub ¼ F n0; b;Cf ; t*; C;
Z s

0

C xð Þ el0 s�xð Þ dx
� �

; ð4Þ

where n0 is the curvature ratio, defined as the ratio of half
channel width to some characteristic value of the radius of
curvature of the channel axis, say its minimum value in the
meandering reach, b (=B*0/D*0) is the bankfull aspect ratio,
Cf is the friction coefficient, which in general depends on
the dimensionless grain size ds = d*s/D*0 and on the bed
configuration (i.e., plane or dune covered), t* is the Shields
parameter (a dimensionless measure of the bed shear stress),
C (=�n0

�1 @q/@s) is the local value of the channel axis
curvature, and l0 = �2bCf is a characteristic exponent.
Equation (4) implies that the flow and bed topography at a
given section are affected not only by the local value of
curvature but also, through the convolution integral, by the
hydrodynamics and morphodynamics of the reaches located
upstream (downstream influence).
[12] The ZS model represents an extension to rivers with

an arbitrary distribution of channel axis curvature of the bar-
bend theory developed by Blondeaux and Seminara [1985]
for sequences of sine generated meanders. This model,
similarly to the much simplified version proposed by
Johanneson and Parker [1989], includes all the principal
morphodynamic mechanisms, although at a linear level. In
particular, the coupling of the two-dimensional linearized
flow field with the Exner sediment balance equation implies
that meanders behave as linear oscillators which resonate at
specific values lr and br of their intrinsic dimensionless
wave number l(= l* B*0) and aspect ratio b, depending on
the intensity of sediment transport and friction. As discussed
by Lanzoni et al. [2006] (but see also Seminara et al. [2001]

and Camporeale et al. [2007]), the ability of a model to
reproduce resonance has important implications for the
issues of upstream/downstream morphodynamic and hydro-
dynamic influence, and for the appropriate choice of the
boundary conditions, at least on short timescales. The
functional relationship for the near bank velocity increment
Ub now reads

Ub ¼ F n0; b;Cf ; t*; C;
Z s

0

C xð Þ elmj s�xð Þ dx
� �

; ð5Þ

where lmj (m = 0, 1; j = 1, 4) are characteristic exponents
for the mth lateral Fourier mode. These exponents are
crucial to determine, through the related convolution
integrals, whether flow and bed topography at a given
position along s are affected by the reaches located
upstream (downstream influence) or downstream (upstream
influence). Figure 3a describes a typical behavior of the
characteristic exponents for the first transverse mode m = 1.
The first two exponents lm1 and lm2 are always real, O(1)
quantities, with opposite sign (lm1 > 0; lm2 < 0) and,
therefore, describe nonoscillatory spatial perturbations
which decay fairly fast either downstream or upstream.
The other two exponents, lm3 and lm4, are complex
conjugate, with real (lm3r = lm4r) and imaginary (lm4i =
�lm3i) parts which attain values ranging about 0.1–0.3.
They describe oscillatory spatial perturbations which decay
fairly slowly, spreading their influence over a considerable
channel length. In the subresonant regime (b < br), the real
parts of the complex conjugate exponents are negative (lm3r =
lm4r < 0) and, therefore, lead to a downstream influence, as in
the case of the IPS model: meanders are skewed upstream and
migrate downstream. An opposite scenario arises in the
superresonant regime (b > br) for which lm3r = lm4r > 0, thus
leading to upstream influence: meander are skewed down-
stream and migrate upstream. Clearly, the uncoupled IPS
model, being unable to predict the resonance phenomenon,
cannot describe the superresonant regime and the related
dominant upstream morphodynamic influence.
[13] On long timescales typical of river meander evolu-

tion, the features of planimetric patterns are further compli-
cated by the occurrence of cutoff processes. In fact, the
abrupt channel shortening associated with cutoff produces
strong nonlinear interactions which add up to geometric
nonlinearities related to equation (1) and, although
neglected here, to flow field nonlinearities. Obviously,
external controls (e.g., flow variability, spatiotemporal het-
erogeneity of floodplain and bank characteristics, geological
processes, human interference) also contribute to the non-
linear shaping of meander bends [Hooke, 2007] but, as we
will see, they are not strictly necessary to reproduce the
main features of the patterns observed in nature. Two
different types of cutoff are usually recognized in natural
channels, i.e., chute and neck cutoffs. Chute cutoffs are
relatively long flow diversions which occur when a meander
loop is bypassed through a new channel which forms across
the bar enclosed by the loop. They most frequently form in
wide channels with large curvature bends, high discharges,
poorly cohesive, weakly vegetated banks, and high
gradients [Howard and Knutson, 1984], and their prediction
is a yet unresolved problem. In the present contribution we
thus focus our attention only on neck cutoff processes (see
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Figure 4), which characterize the long-term development of
highly sinuous meandering rivers. This kind of cutoff
occurs when the local sinuosity becomes so large that
adjacent loops intersect each other, leading to the formation
of an abandoned loop (oxbow lake) when sedimentation
closes the ends of the former loop.
[14] The problem outlined so far needs to be solved

numerically. The channel axis is discretized through a
sequence of equally spaced nodes. At every time step Dt,
the planimetric evolution of the channel axis is calculated by
displacing each node orthogonally to the channel centerline
by an amount zDt. A constant erodibility coefficient E is
assumed (say 10�8) as a first approximation, thus neglecting
the different erodibility characterizing the undisturbed flood-
plain, the point bar deposits and the oxbow lakes. The
longitudinal near bank velocity given by either the ZS or
the IPS linearized flow field models is used to predict, at each
time step, the local value of the channel axis migration rate z.
The computation of the local value of dimensionless channel
curvature C appearing in (4) and (5) requires a particular care.
In order to limit as much as possible numerical errors, which
could arise in some points of the curvature series when
resonance conditions are crossed, C is determined approxi-
mating through a centered finite difference scheme the
geometrical relationship n0C(s) = �@q/@s, where the spatial
distribution of the angle q is determined by averaging back
and forth [Seminara et al., 2001]. This procedure turned out
to give a quite robust estimate of the curvature series, as

shown in Figure 5 which reports a typical example of two
bends of the channel axis planform configuration and their
related curvature for conditions very close to resonant tran-
sition (b � br = 0.04). In any case, the local value of the
curvature is periodically monitored by using a Savitzky-
Golay smoothing filter.
[15] In order to significantly reduce the computational

effort determined by the convolution integrals which also
appear in the relationships (4) and (5), the integration is
performed using a semianalytical approach, on the basis of
the assumption that the curvature varies linearly between
two consecutive nodes. Moreover, taking advantage of the
fact that the functions to be integrated decay exponentially,
the integration is truncated when the function is smaller than
a given tolerance (say 0.0001), with a further significant
reduction of the computational time. In order to improve the
accuracy and efficiency of computation, a time marching
predictor-corrector method [Crosato, 1990] is used. A
standard cubic spline interpolation is used to remesh the
points uniformly after each time step and new nodes are
periodically added to maintain the size of the spatial step in
the range 0.8–0.9. Following Howard and Knutson [1984]
and Sun et al. [1996], the presence of potential neck cutoffs
is detected by controlling whether the distance between the
ith node Pi and a given node Pi+k (not immediately upstream
or downstream of Pi) approaches some critical distance (say
2.2B*0). When such a distance is reached, all the points Pi+j,
j = 1, k, representing the abandoned channel loop, are
removed. To recognize the nodes closer than the selected
critical distance we used the matrix algorithm described by
Camporeale et al. [2005], which ensures a significant
reduction of the computational effort. Furthermore, in order
to avoid the presence of physically nonrealistic cusp-like
regions with very high curvature at a reconnection, we
chose to remove also a few nodes upstream and downstream
of Pi and Pi+k, respectively. This somehow artificial proce-
dure is justified by the fact that, in meandering rivers, the
rapid smoothing of sharp bends through neck cutoff is a
well-known process [Hooke, 1995] (see also Figure 4).

3. Analysis of Long-Term Planforms

3.1. Morphologic Features of Computed Patterns

[16] Starting from an initial straight planimetric configu-
ration, slightly and randomly perturbed, we have simulated
the long-term planform evolution of meandering rivers

Figure 3. (a) Typical behavior of the characteristic
exponents of the two linearized flow field models used in the
computations: IPS model (dashed line) and ZS model (m = 1;
solid line). (b) Plot of the normalized differenceD between the
eigenvalue (l0) of the IPS model and the imaginary part of the
complex conjugate eigenvalues (lm4i = �lm3i) of the ZS
model as a function of the aspect ratio b of the channel. The
values of the relevant parameters are t* = 0.4 and ds = 0.001
(dune-covered bed).

Figure 4. Examples of channel shortening via neck cutoff
processes. (a) Numerical simulation (ZS model). (b) Natural
river located in Brazil (Juruá River; from http://glcfapp.
umiacs.umd.edu/). Flow is from left to right.
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using both the ZS and the IPS linearized flow field models.
Subresonant and superresonant regimes, as well as plane and
dune-covered bed conditions, have been investigated. In all
cases, no constraints on channel migration have been
imposed at either channel end [see Lanzoni and Seminara,
2006]. Since we were interested in understanding the ability
of mathematical models to describe natural forms without
invoking changes in external controls, we assumed a constant
formative bankfull discharge yielding, at the beginning of
each runs, the values of the relevant parameters b, ds, t*,
reported in Table 1. A temporally constant valley gradient
was also assumed during a given simulation. Furthermore,
the total time of each simulation was set large enough to
ensure the achievement of statistically steady conditions. The
total time of simulation, normalized by the time at which
incipient cutoff conditions occurred and averaged over IPS
and ZS simulations, is reported in Table 1.
[17] Figure 6 reports a summary of the typical patterns

resulting from computations carried out with the ZS model.
Visual comparison with the bend forms depicted in Figure 1
shows that the entire range of bend geometries observed in
nature, namely simple bends (upstream or downstream
skewed), compound bends, and multiple loops can be
correctly generated by the model. Particularly remarkable
is the ability of the model to reproduce the formation, often
observed in nature [e.g., Brice, 1974; Hooke and Harvey,
1983], of a compound bend evolving from a simple bend
which develops a curvature reversal along the bend itself.
Figure 7 shows how this ability is strictly related to the
transition from superresonant to subresonant conditions.
The ceaseless elongation/shortening of channel intrinsic

length, in fact, causes a variation not only of the aspect
ratio b, but also of its resonant value br, and this fact may
produce a change in morphodynamic influence, as depicted
in Figure 7b. These results indicate that the formation of
compound bends does not necessarily need the locking of
the system (owing to a neck cutoff event) near resonant
conditions, as suggested by previous numerical analysis
[Sun et al., 2001; Seminara et al., 2001]. Similarly, hetero-
geneity of bank erodibility, invoked by Sun et al. [1996] to
explain multiple loops (i.e., the cumuliform shapes observed
by Howard [1992]), is not strictly needed to reproduce these
bend forms, although it surely helps to determine the actual

Figure 5. Example of (a) channel axis planform config-
uration and (b) its related curvature for conditions very
close to resonant transition (b � br = 0.04). The curvature
series is not affected by any detectable numerical error.

Table 1. Values of the Relevant Dimensionless Parameters at the

Beginning of Each Simulation for a Straight, Slightly and

Randomly Perturbed, Planimetric Configurationa

Runs b0 ds0 t
*0

Bed Morphodynamic Influence t/tic

1 12 0.001 0.6 dune subresonant 9.0
2 15 0.005 0.7 dune superresonant 8.8
3 20 0.005 0.4 dune superresonant 13.5
4 11 0.001 0.5 dune subresonant 14.3
5 25 0.005 0.4 dune superresonant 10.6
6 22 0.0025 0.6 dune superresonant 9.5
7 13 0.0001 0.6 dune subresonant 15.0
8 15 0.01 0.15 plane subresonant 12.8
9 18 0.01 0.1 plane superresonant 14.8
10 14 0.025 0.08 plane superresonant 16.7
11 13 0.005 0.1 plane subresonant 14.0
12 20 0.03 0.15 plane superresonant 10.3
13 13 0.005 0.1 plane subresonant 7.4
aHere b0, bankfull aspect ratio; ds0, dimensionless grain size; t

*0
, shields

parameter; t/tic, total time, averaged over runs, carried out using IPS and ZS
models and normalized by the time tic at incipient cutoff conditions.

Figure 6. Examples of the shapes of meandering bends
generated synthetically using the ZS linearized flow field.
(a) Upstream-skewed bend, (b) downstream-skewed bend,
(c–f) compound bends, and (g and h) multiple loops. The
flow is from left to right.
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meandering shapes. As far as the much more simplified IPS
model is concerned, numerical simulations show that it does
not simulate the formation of downstream-skewed bends, in
accordance with the fact that it is unable to reproduce
resonance and, hence, superresonant conditions. Moreover,
compound bends and multiple loops can be generated only
by repeated cutoffs.

3.2. Comparison With Natural Patterns

[18] In order to objectively test the ability of mathemat-
ical models to reproduce the long-term dynamics of river
meandering we can pursue either a kinematic or a static
comparison. Although the former approach is potentially
effective, it however requires a set of information not easily
available. Indeed, systematic monitoring at historical time-
scales of the planar evolution of long-enough river reaches
[e.g., Hooke, 1995; Gautier et al., 2007] is, in general, not
accompanied by other key data required by numerical
models, concerning detailed information on upstream and
downstream boundary conditions, hydraulic conditions,
sedimentological properties of the investigated stream and
of the surrounding floodplain, and information on possible
hydrological changes. On the other hand, static comparison
between different planform configurations has the advan-
tage to point out the deficiencies in mathematical models by
simply exploring the range of values which can be attained
by the relevant parameters. The richness of meandering
geometries, however, has to be measured properly in order
to emphasize the subtle differences which can emerge
between apparently similar configurations. In this contribu-
tion, a static comparison has been pursued by considering
fifteen reaches with likely minimal anthropic perturbations
(see Table 2). In particular, the selected set of real rivers has
been chosen on the basis of data available in literature and
also trying to include as much as possible different envi-
ronmental and geological contexts (e.g., Amazonia, North
America, Papua New Guinea).
[19] Various criteria have been so far proposed to achieve

static characterization of meandering patterns [Howard and

Hemberger, 1991; Andrle, 1996; Lancaster and Bras,
2002]. Here, following the multivariate approach developed
by Howard and Hemberger [1991], we set up a suite of 12
morphometric variables able to distinguish between natural
and modeled channels. These variables are summarized in
Table 3, and can be sorted out into four groups. The first
includes quantities concerning the sinuosity, referred either
to the entire reach under investigation or to single meanders
(or half meanders). They are: the total sinuosity (tortuosity)
sT, the half-meander average sinuosity sH, and the full-
meander average sinuosity sF, defined by the following
relationships:

sT ¼
P

Li

LT
sH ¼ 1

N

XLi

‘i
sF ¼ 1

M

XLfi

‘fi
; ð6Þ

where, as shown in Figure 8a, LT is the cartesian distance
between the initial and the final points of the investigated
planform configuration, Li (Lfi) is the half-meander

Figure 7. (a) Typical example of the planform channel evolution, until incipient cutoff condition,
starting from a straight planar configuration, slightly and randomly perturbed (configuration 1). (b) Time
evolution of the aspect ratio b (dash-dotted line) and its resonant value br (solid line). The ceaseless
elongation/shortening of the channel intrinsic length causes a variation of resonant conditions, and this
fact may produce a change in morphodynamic influence. Here the case of a transition from superresonant
(configurations 1 and 2; b > br) to subresonant (configuration 3; b < br) conditions with formation of
compound bends and disappearance of the downstream straight reach is reported. The initial values of the
parameters used in the simulation are b = 13.4, ds = 0.005, and t* = 0.7 (dune-covered bed). Here tic
denotes the time at incipient cutoff condition.

Table 2. Real Rivers Used in the Comparison With Synthetically

Generated Planforms

Rivers Location Data Sourcea

Lesser Slave River Alberta, Canada 1, 3
Juruá River Brazil 2, 3
Porcupine River Alaska, USA 3
Athabasca River Alberta, Canada 3
Rio Madre de Dios Peru 3
Ramu River Papua New Guinea 3
Preacher Creek Alaska, USA 4
Takotna River Alaska, USA 4
North Fork Kuskokwim River Alaska, USA 4
Melozitna River Alaska, USA 4
Teklanika River Alaska, USA 4
Dishna River Alaska, USA 4
Birch Creek River Alaska, USA 4
North Fork Kuskokwim River,
Medfra

Alaska, USA 4

Innoko River Alaska, USA 4
aSources are as follows: 1, Beltaos and Day [1978]; 2, Stolum [1998]; 3,

http://glcfapp.umiacs.umd.edu; and 4, Lancaster and Bras [2002].
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(full-meander) intrinsic wavelength, ‘i (‘fi) is the half-
meander (full-meander) cartesian wavelength, and N (M)
is the total number of half meanders (full meanders). The
second group of variables concerns the distribution along
the reach of the cartesian half-meander wavelength and
includes the mean (‘av), the variance (‘va), the skewness
(‘sk) and the kurtosis (‘kr) of ‘i. The third group of statistics
consists of the variance (Cvar) and the kurtosis (Ckr) of the
spatial distribution of the local channel axis curvature. This
group does not include the mean (Cav) and the skewness
(Csk) of C in order to avoid redundancy of information.
Indeed, the analysis carried out by Howard and Hemberger
[1991] indicates that Cav and Csk are not really able to
discriminate between different patterns. Finally, the fourth
group of morphometric parameters measures the tendency
of meanders to be asymmetrical by considering the asym-
metry index [Howard and Hemberger, 1991]:

A ¼ Lu � Ld

L
; ð7Þ

where Lu and Ld are the intrinsic lengths of the channel axis
upstream and downstream the locus of maximum curvature
Cmax along the half meander (see Figure 8b). The parameter
A, which can take values between �1 and +1, determines
whether half meanders are upstream (A < 0) or downstream
skewed (A > 0), and therefore can be of some help in
discriminating between downstream and upstream morpho-
dynamic influence, as it will be discussed later on. In order
to objectively quantify the morphodynamic regime prevail-
ing in the analyzed reaches, we then consider the reach
averaged asymmetry coefficient Aav, its kurtosis Akr, and
the 60–90 length percentile A60–90.
[20] The selected suite of statistics has been analyzed

through Principal Component Analysis (PCA). The goal of
the PCA is to reduce the dimensionality of the data while
retaining as much as possible of the variation present in the
original data set. The best lower-dimensional space can be
determined keeping only the terms corresponding to the
largest eigenvalues of the covariance matrix of the data [see
Lay, 2000]. In the specific case treated here, only the first two
principal components (i.e., the eigenvectors corresponding
to the first two largest eigenvalues of the covariance
matrix), are considered, and the total variance accounted
for them is approximatively equal to the 62% of the overall
variance of the data set. The scatterplot of their coefficients
a1, a2, displayed in Figure 9a, indicates that the ensemble of

morphological variables here considered can discriminate
among different meandering patterns. First of all, it turns
out that the simplified description of the physical processes
embodied by the IPS model does not reproduce correctly
the overall geometrical characteristics observed in nature.
The cluster of points resulting from IPS simulations and
those referring to natural stream, in fact, does not overlap at
all. Some differences are also observable between IPS and
ZS planforms under subresonant conditions. A certain over-
lapping with observed patterns is on the contrary attained
when considering the ZS planforms simulated under super-
resonant conditions. This result is extremely encouraging,
also in consideration of the simplifications embodied by the
ZS model and of the fact that present simulations do not
account for changes in external controls (e.g., discharge
intermittency, floodplain inhomogeneities, vegetation
effects). The scatterplot of Figure 9a also points out that it
is essentially the coefficient a1 which discriminates among
the various patterns.
[21] Some information on the causes of similarities/

differences intrinsic to the various planforms can be gathered
from Figure 9b, describing the contribution to the first two
principal coefficients provided by each morphological vari-
able of the original set. As already pointed out by Howard
and Hemberger [1991] and Howard [1992], natural rivers
tend to have less sinuous half and full meander (i.e., smaller
sF, sH) and smaller overall sinuosity (sT). This result is not
surprising if we recall that the occurrence of chute cutoff has
not been considered in the present simulations. Indeed, the
formation of these longer flow diversions has been demon-

Figure 8. (a) Planimetric pattern of channel centerline
showing the inflection points (circles), the half-meander
(full-meander) intrinsic L (Lf) and cartesian ‘ (‘f) wave-
lengths, and the straight distance (LT) between the initial
and final inflection points of the investigated reach. The
portion of the channel axis denoted by a dashed line shows
a typical example of multiple loop. (b) Spatial distribution
of the corresponding local curvature n0C.

Table 3. Suite of the Morphometric Variables Used to Objectively

Characterize Planform Meandering Patterns

Variable Description

sT reach tortuosity
sF full meander average sinuosity
sH half meander average sinuosity
‘av half meander intrinsic length average
‘va half meander intrinsic length variance
‘sk half meander intrinsic length skewness
‘kr half meander intrinsic length kurtosis
Cva variance of local curvature
Ckr kurtosis of local curvature
Aav average half meander asymmetry coefficient
Akr kurtosis of asymmetry
A60 – 90 sixtieth to ninetieth percentile of asymmetry
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strated to be able to produce also in simulated patterns a
degree of sinuosity resembling natural landforms [Howard,
1996]. A clear difference between natural and simulated
patterns disclosed by Figure 9b is related to the degree of
asymmetry. IPS patterns turn out exaggeratedly upstream
skewed, whereas natural streams are characterized by a nearly
vanishing asymmetry or, like ZS superresonant planforms,
are skewed downstream, thus leading to a negative weighting
ofAav andA60–90. A possible explanation of this latter result,
in accordance with the analysis carried out by Zolezzi et al.
[2009], is that transitions from onemorphodynamic regime to
another (most frequently from superresonant to subresonant)
are to be often expected during the evolution of natural
reaches. This implies the presence along a given reach of
both upstream-skewed and downstream-skewed bends which
leads to a relatively small value of Aav. We must however
point out that the formation of almost symmetric or
downstream-skewed meanders can be also related to the role
played onmeandermigration by heterogeneities in floodplain
erodibility associated, for example, with the interplay
between river morphology and vegetation dynamics
[Perucca et al., 2007]. The role played by half-meander
and curvature statistics is less clear, as also emerges from
Table 4, reporting the mean values of the morphological
variables calculated for each type of pattern. In general,
natural rivers and ZS superresonant planforms tend to have
similar values of ‘av, ‘va, ‘sk and Cva. IPS configurations
exhibit values of ‘av, ‘va, ‘kr and Ckr higher that those
observed in the field. Finally, ZS superresonant planforms
are characterized by mean values of the morphologic
parameters that are intermediate between those of ZS
subresonant configurations and those typical of natural forms.

4. Morphodynamic Signatures and Filtering
Action of Cutoff

[22] The analysis carried out so far suggest that the better
performance of the ZS model in reproducing the geometric

features of observed patterns is related to its ability to
account for the entire range of morphodynamic regimes.
In particular, we have seen that the transitions from super-
resonant to subresonant conditions can generate compound
bends even before incipient cutoff. On the other hand, the
analysis put forward by Camporeale et al. [2005] suggests
that the statistically steady state attained as a consequence of
the filtering action exerted by repeated cutoff events is
independent of the morphodynamic model adopted in the
simulations. These apparently contrasting results can be
explained by recalling that Camporeale et al. [2005] con-
sidered only subresonant conditions, a morphodynamic
regime which describes only one aspect of the behavior of
natural streams. Moreover, the results of PCA analysis just
discussed indicate that the properties used by Camporeale et
al. [2005] to characterize statistically the river geometry,
i.e., the local curvature, the intrinsic wavelength and the
cartesian wavelength, are not sufficient to fully characterize
the subtle, but fundamental differences among meandering
planform configurations.
[23] The presence of clear morphodynamic signatures

even in the long term, i.e., after repeated cutoff events have

Figure 9. (a) Scatterplot of the principal component coefficients a1 and a2. Symbols are as follows:
squares, IPS model; circles, ZS model; and triangles, natural rivers. Gray symbols denote superresonant
conditions; black symbols denote subresonant conditions. The typical planform configurations also
reported in the plot refer to a natural river located in Peru (Rio Madre de Dios) and to two synthetic
patterns simulated considering the IPS model (run 3) and the ZS model (run 3). The dimensionless
planimetric scale is expressed in half-width units. (b) In this plot each of the 12 morphometric variables
considered in the analysis is represented by a vector, and the direction and length of the vector indicate
how each variable contributes to the two principal components in the plot.

Table 4. Mean Values Attained by the Morphologic Variables

When Considering Each Type of Pattern Separately

Variable IPS ZS Subresonant ZS Superresonant Natural River

sT 3.5 3.2 2.8 2.5
sF 2.4 2.3 2.2 1.9
sH 1.9 2.0 2.0 1.5
‘av 36.7 38.7 20.2 19.7
‘va 425.7 193.4 71.5 70.3
‘sk 1.6 1.2 1.0 0.8
‘kr 7.6 5.3 6.2 3.8
Cva 0.007 0.004 0.019 0.018
Ckr 6.7 3.5 3.0 3.4
Aav �0.3 �0.13 0.12 0.02
Akr 2.9 2.8 2.5 2.4
A60 – 90 �0.1 0.01 0.39 0.30
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removed the older reaches from the active river, also giving
rise to a shot noise that randomly disturbs (in space and
time) the deterministic dynamics and propagates along the
river [Camporeale et al., 2008], can be appreciated by
considering the morphodynamic length scale Lm which
arises within the context of the ZS model. This scale is
associated with the inverse of the imaginary parts of the two
complex conjugate exponents lm3 and lm4 appearing into
(5), and determines the typical length of spatially oscillating
disturbances. Figure 3b shows that the spatial scaleLh(= 1/l0),
emerging from the IPS model, can attain values similar to
Lm(= 1/lm3i, m = 1) not only in the subresonant region but,
depending on the values of the relevant parameters, also in
the lower portion of the superresonant region. However, the
two scales tend to deviate significantly (by a factor larger
than 1–2) as the bankfull aspect ratio of the river increases
sufficiently above its resonant value. This behavior is
related to the fact that Lh determines the length typically
required for a perturbation of the near bank velocity
increment Ub to decay and, therefore, is dictated only by
curvature-forced variations in velocity and depth. On the
other hand, meander dynamics generally depends also on
the free response of the sediment bed in terms of alternate
bars, as accounted for through Lm.
[24] The persistence also in the long term of geometric

features intrinsically related to a specific morphodynamic
regime is described by Figure 10. As already documented
by Camporeale et al. [2005], the curvature probability

density functions of both IPS and ZS planform configura-
tions, when scaled by Lh, tend to collapse on a common
behavior (Figures 10a and 10b). Nevertheless, the scatter
exhibited by ZS curves is significantly higher when both
the morphodynamic regimes are accounted for. This result
is not surprising, in that the hydrodynamic scale
Lh approximates reasonably the actual morphodynamic
length scale mainly in the subresonant regime (see Figure 3b).
Conversely, a remarkable collapse on two distinct common
behaviors is obtained if Lm is adopted to scale the pdf of
curvature associated with ZS planforms (see Figure 10c).
The signature of the morphodynamic regime (either sub-
resonant or superresonant) then persists also in the long
term and, therefore, the occurrence of repeated cutoffs is not
sufficient to filter out completely the geometrical complex-
ity driven by morphodynamic influence.
[25] The importance of the role played by the morphody-

namic length scale Lm is confirmed by the analysis of the
geometric features of oxbow lakes (summarized by the
intrinsic length Lo and the area Ao defined in Figure 11)
formed by neck cutoff processes during the entire channel
planform evolution. Figure 12 reports the cumulative dis-
tribution functions (cdf) of oxbow lakes intrinsic length
characterizing IPS (Figure 12a) and ZS (Figure 12b) planforms.
Again, all the cdf curves deriving from IPS simulations
completely merge if scaled by Lh, whereas a remarkable
collapse on two distinct common behaviors, corresponding
to either subresonant or superresonant conditions, is attained

Figure 10. Scaling of the probability density function (pdf) of channel axis curvature resulting from
different models. (a) IPS model, pdf’s scaled by Lh, and (b) ZS model, pdf’s scaled by Lh. Solid lines
denote subresonant conditions, whereas dashed lines denote superresonant conditions. (c) ZS model,
pdf’s scaled by Lm. Once again, solid lines denote subresonant conditions, and dashed lines denote
superresonant conditions; red and blue lines denote mean pdf distributions.

Figure 11. (a) Details of a single oxbow lake and notations. (b) Typical example of long-term planform
configuration of a meandering river resulting from the linearized ZS flow field model (run 2). The image
highlights the oxbow lakes (gray lobes) occurring during the entire planimetric evolution. Planimetric
dimensionless scales are expressed in half-width units.
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by scaling ZS cdf’s by Lm. Similar results (not shown here)
hold for the cumulative distribution functions of oxbow lake
area.
[26] Which conclusions can then be drawn about the long-

term role of cutoffs? Surely the removal of older, well
developed meanders limits the planform geometrical com-
plexity and, consequently, ensures the reaching of statistically
steady planform configurations. This systematic elimination
action, along with the propagation of the disturbances locally
generated by each cutoff event (i.e., the geometric and
dynamic mechanisms pointed out by Camporeale et al.
[2008]) likely smooth out the differences associated with
the various level of approximation adopted in modeling
curvature-forced circulations. These differences, embodied
by the length scalesLh and Lm, are anyhow relatively limited
under subresonant conditions, for which Lh and Lm get very
similar values. In this case, the advantage of resorting to
Lh (defined as the ratio of the depth to the friction factor)
consists of the easiness of its estimation. The computation of
Lm, in fact, requires the solution of a fourth order algebraic
equation whose coefficients are functions of the relevant
parameter of the problem (namely the bankfull aspect ratio,
the Shields stress of the basic uniform flow and the relative
grain roughness) and, hence, is surely less immediate. In any
case, the signatures exhibited by different morphodynamic

regimes are not removed by the filtering action of cutoffs. In
order to catch the long-term similarity of different planform
configurations it is thus necessary to introduce the morpho-
dynamic length scale Lm which arises only if the free
response of the sediment bed in terms of alternate bar
perturbations is also considered. For reasonable values of
the relevant parameters, the wavelength of these perturba-
tions, falling in a range of about 10–30 channel widths, is
very similar to the cartesian wavelength (i.e., the distance
between three consecutive inflection points) exhibited by
real meanders. The repeated occurrence of cutoffs likely
reinforces the selection of this particular length scale which,
strictly speaking, arises in the early stages of meander
development (i.e., when the perturbations are small enough).

5. Conclusions

[27] The fully nonlinear simulation of the lateral migra-
tion of meandering channels, combined with an analytical
description of the linearized flow field, gives a powerful and
yet computationally accessible tool to investigate short- and
long-term evolution of alluvial rivers.
[28] Present results indicate that the ability of the flow

field model to account for the resonance phenomenon, and
therefore to describe the whole range of morphodynamic
regimes (subresonant and superresonant) is a crucial ingre-
dient for reproducing the variety of bend forms observed in
nature not only on short timescales, typical of the evolution
of single meanders before cutoff, but also on the long term,
when older reaches are systematically removed from the
active river by repeated cutoff events. In particular, the
transition from one morphodynamic regime to another
(mainly from superresonant to subresonant), which can take
place as a consequence of the ceaseless elongation/shortening
of channel axis intrinsic length, turns out to be one of the
possible mechanisms leading to the formation of compound
bends from simple bends through the development of a
curvature reversal, as usually observed in the field. More-
over, the objective characterization of meander geometric
features ensured by multivariate (e.g., PCA) analysis of a
suitable set of morphometric variables indicates that a
closer, although not yet complete, similarity with natural
meandering shapes is achieved only if superresonant con-
ditions are accounted for in numerical simulations. This
finding has twomain implications. On the one hand, it further
confirms that the superresonant regime is likely not so
uncommon in nature, on the other hand it support the idea
that the strong filtering action provided by cutoff events is
unable to completely remove the geometrical complexity
driven by fluid dynamic processes.
[29] The subtle yet significant differences between appar-

ently similar long-term planforms computed under either
subresonant or superresonant conditions is also reflected by
the remarkable collapse on two distinct common behaviors
exhibited by the probability distributions of key geometric
features, like the local channel axis curvature and the oxbow
lake intrinsic length, when an appropriate length scale, of
morphodynamic origin, is considered. This length scale,
emerging only within a framework which accounts for
both secondary circulations (induced by curvature and
topography) and alternate bar perturbations, is determined
by spatially oscillating disturbances of bed elevation and

Figure 12. Scaling of the cumulative distribution function
(cdf) of oxbow lake intrinsic length resulting from different
models. (a) IPS model, cdf’s scaled by Lh. (b) ZS model,
cdf’s scaled by Lm. Solid lines denote subresonant
conditions, dashed lines denote superresonant conditions,
and red and blue lines denote mean cdf distributions.
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controls the distribution of the near bank velocity increment,
that is the lateral migration speed of the channel axis.
[30] To conclude, let us recall that changes in external

controls, such as spatial-temporal variations of floodplain
erodibility (related to sedimentation processes, geological
constraints, and vegetation dynamics) as well as changes in
formative discharge, neglected in the present simulations,
although not strictly needed to reproduce the bend forms
observed in nature, surely play some role in determining the
actual meandering shapes. Similarly, the role of hydrody-
namic nonlinearities as well as of chute cutoffs, not
accounted for here, will surely require attention in the near
future.
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