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[1] Alternate bars in straight alluvial channels are migrating or nonmigrating. The currently
accepted view is that they are nonmigrating if the width-to-depth ratio is at the value of
resonance or if the bars are forced by a persistent local perturbation. We carried out 2-D
numerical computations and a long-duration mobile-bed flume experiment to investigate this
view. We find that nonmigrating bars can also occur in straight channels without resonant
width-to-depth ratio or steady local perturbation. They appear to be an intrinsic response of
the alluvial river bed. This finding bears on explanations for meandering of alluvial rivers,
for which nonmigrating bars are seen as a prerequisite. We find, however, that the intrinsic
tendency of a straight channel to form meanders usually has a different origin. The identified
intrinsic nonmigrating bars can only become the dominant mechanism for incipient
meandering if the erodibility of the banks is very low.
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1. Introduction
[2] Alternate bars in alluvial channels can be migrating

or nonmigrating. Both forms are natural free responses of
the system of water flowing over a mobile sediment bed,
but nonmigrating alternate bars tend to dominate in rivers
with arbitrary planforms, whereas migrating alternate bars
are common in straight alluvial channels with a uniform
width. It is usually assumed that alternate bars in straight
alluvial channels with a constant discharge can be nonmi-
grating only if the width-to-depth ratio is at the value of
resonance or if the bars are forced by a persistent local per-
turbation [e.g., Blondeaux and Seminara, 1985; Olesen,
1984; Struiksma et al., 1985; Tubino and Seminara, 1990].
Here we investigate the possibility that nonmigrating bars
can also become dominant spontaneously in straight alluvial
channels without these prerequisites.

[3] Nonmigrating alternate bars arouse specific interest
because they are closely related to the formation of meanders.
River meandering has intrigued generations of researchers,
including Leonardo da Vinci [e.g., Macagno, 1989] and
Albert Einstein [Einstein, 1926]. Natural rivers usually de-
velop a windy course because of irregularities in the ter-
rain, but despite the randomness of those irregularities,
they often evolve into regular meander geometries. Yet
more intriguing is that initially straight alluvial channels

with uniform characteristics develop into meandering
courses. Up to the 1970s, this was even called ‘‘mysteri-
ous’’ [e.g., Lebreton, 1974]. Some researchers proposed
that meandering resulted from an inherent instability of the
system of water and sediment motion, potentially under-
stood from a stability analysis, but others invoked earth
rotation or extremal hypotheses to explain the onset of
meandering.

[4] Stability analyses were carried out in the 1970s and
1980s. Two distinct approaches emerged: a bar theory and
a bend theory. The bar theory considers the stability of the
alluvial bed and shows that this bed may develop into a pat-
tern of alternate bars [e.g., Hansen, 1967; Callander, 1969;
Engelund and Skovgaard, 1973; Parker, 1976; Fredsøe,
1978]. Different bar wavelengths may be unstable, but
according to the theory the wavelength selected corresponds
to the bars with the largest temporal growth rate. At the
pools between these bars, near-bank flow velocities and
water depths are higher and may thus give rise to localized
bank erosion, transforming an initially straight channel into
a sinuous one. The bend theory [Ikeda et al., 1981] consid-
ers the planform stability of a straight channel and shows
that an infinitesimal perturbation of the channel centerline
may lead to the development of meanders. It assumes the
presence of bars implicitly through a relation between local
channel curvature and cross-sectional bed level asymmetry.

[5] The problem was that the resulting bar wavelength
according to the bend theory was much larger than the
wavelength of alternate bars with fastest growth according
to the bar theory. Olesen [1984] argued, however, that the
alternate bars with the largest growth rate are migrating
so fast that they lead to uniform bank erosion rather than
localized bank erosion if the banks are not highly erodible
(Figure 1). The result is channel widening rather than
channel meandering. Olesen proposed that nonmigrating
alternate bars offer a more adequate explanation for the
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formation of meanders. First, they are a condition for local-
ized bank erosion. Second, this localized bank erosion pro-
duces incipient meanders and associated curvature driven
point bars with the same wavelength. This leads to a form
of self-excitation in the incipient meanders, because bars
forced by channel curvature excite the natural wavelength
of the nonmigrating bars responsible for the bank erosion
that curves the channel. Olesen [1984] and De Vriend and
Struiksma [1984] argued that, in the absence of channel cur-
vature, nonmigrating bars can be forced by a persistent local
perturbation, such as a local variation in channel geometry.
This can be a local groyne, but also the result of localized
bank erosion by a migrating bar within a time frame shorter
than the bar wave period. The uniform widening in Figure 1
is hence an idealized picture for the sake of argument. Ini-
tial localized erosion because of migrating bars causes a
bankline variation which forces a nonmigrating bar pattern
over some distance downstream. The growth of meanders is
then transmitted from upstream to downstream. Struiksma
et al. [1985] presented a linear model for these nonmigrat-
ing bars by setting migration rate and temporal growth rate
equal to zero. This model for marginally stable nonmigrat-
ing bars agreed well with laboratory and field observations
and produced similar wavelengths as the bend theory. Semi-
nara and Tubino [1992] found the same marginally stable
nonmigrating bars in their theoretical analysis.

[6] Blondeaux and Seminara [1985] presented another
linear model by setting the spatial growth rate equal to zero,
which corresponds to considering only alternate bars with
constant amplitude along the channel. They discovered res-
onance in the resulting system at vanishing bar migration
rates and vanishing temporal growth rates. They proposed
that this resonance might explain the selection of nonmi-

grating bars and the onset of meandering at larger wave-
lengths than the wavelengths of migrating alternate bars
with maximum temporal growth rate. Contrary to Olesen’s
[1984] self-excitation of nonmigrating bars by incipient
meanders of the same wavelength, this resonance occurs
only at a specific width-to-depth ratio, because the wave-
length of the corresponding nonmigrating bar is a function
of this width-to-depth ratio. Under this particular condition,
meanders grow simultaneously and uniformly along the
entire channel.

[7] Parker and Johannesson [1989] demonstrated that the
nonmigrating-bar model of Struiksma et al. [1985] exhibits
resonance as well. This model, based on equating temporal
growth rates to zero beforehand, exhibits resonance at van-
ishing spatial growth rates, whereas the nonmigrating-bar
model of Blondeaux and Seminara [1985], based on equat-
ing spatial growth rates equal to zero beforehand, exhibits
resonance at vanishing temporal growth rates. Indeed, both
models predict resonance at the same wavelength and chan-
nel width-to-depth ratio. Both models allow a distinction
between subresonant, resonant, and super-resonant condi-
tions. Width-to-depth ratios larger than the resonant value
pertain to super-resonant conditions in both cases, but this is
because of positive spatial growth rates in the model of
Struiksma et al. [1985] and because of positive temporal
growth rates in the model of Blondeaux and Seminara
[1985]. Despite differences in the details, the explanations
based on stability analysis found wide support, as they were
based on validated physical concepts of water and sediment
motion [cf. Rhoads and Welford, 1991].

[8] Experimentally, both widening until the resonant
width-to-depth ratio and a persistent perturbation had been
shown to produce the nonmigrating bars that are needed to
explain the onset of river meandering [Fujita and Mura-
moto, 1982; Struiksma and Crosato, 1989]. The question
remained, however, whether nonmigrating bars can also be
an intrinsic response of an alluvial channel bed in straight
channels, without external forcings or resonant conditions.

[9] Other research refined the picture. Nonmigrating bars
can coexist with migrating bars, but they were found to
suppress migrating bars at larger channel sinuosity [Kinosh-
ita and Miwa, 1974; Tubino and Seminara, 1990] and at
greater channel slope [Lisle et al., 1991]. Flume experi-
ments by Fujita and Muramoto [1985], as reported by Nel-
son and Smith [1989], showed that migrating alternate bars
become slower and longer as they develop toward a finite
amplitude. Nonlinear computations by Nelson [1990] con-
firmed the bar elongation. This reduced the gap between the
short migrating alternate bars that grow fastest and the long
nonmigrating alternate bars needed for the onset of mean-
dering, although it did not bridge the gap fully. Hall [2004]
found from a weakly nonlinear stability analysis of
unsteady flow that interaction of discharge variations and
migrating alternate bars produced a nonmigrating sinusoidal
structure of the bed, which he suggested to be relevant to
meander formation. However, the discharge variations can
still be seen as an external forcing and meanders are known
to form at constant discharge as well.

[10] Notwithstanding these refinements, the general theo-
retical picture remained that nonmigrating bars and incipi-
ent meandering require a resonant width-to-depth ratio, a
persistent perturbation, or, possibly, a variable discharge.

Figure 1. (left) Experimental flume looking from down-
stream. Alternate bars become visible with colored water.
(middle) If bars are migrating and banks are erodible, the
channel tends to widen. (right) If bars are nonmigrating and
banks are erodible, the channel starts to meander. The
drawing aims at describing the concept, but does not aim at
showing the complex process of meander formation.
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We performed a series of numerical tests and a laboratory
experiment to investigate bar formation in a straight flume
with mobile bed without any persisting perturbations and
with constant discharge at nonresonant conditions.

[11] Section 2 presents the numerical simulations for
long durations using a physics-based depth-averaged non-
linear numerical model. Here short migrating alternate bars
developed first, but slowly growing nonmigrating bars,
characterized by larger wavelengths, evolved subsequently,
starting from either upstream or downstream. The nonmi-
grating bars tended to dominate the final bed topography.

[12] Section 3 describes the long-duration laboratory
experiment. Here migrating bars developed first too. In a
test without external forcing, the first nonmigrating bar sta-
bilized its length about 3 weeks after the start of the experi-
ment. Subsequently, this bar grew slightly in amplitude and
two more nonmigrating bars became visible about 6 weeks
after the start of the experiment. Again, nonmigrating bars
tended to dominate the final bed topography.

[13] Section 4 reviews earlier experiments on migrating
alternate bars where either a steady oscillation or bars with a
similar wavelength to nonmigrating bars had been observed.
These nonmigrating bars were previously ascribed to imper-
fections in the uniformity of the inflow conditions, but our
findings suggest that they could have been an intrinsic
response of the alluvial river bed. As nonmigrating bars are
seen as a key ingredient in explanations of river meandering,
we also reviewed mobile-bed experiments with erodible
banks. Here meanders developed without a steady upstream
perturbation or resonant conditions, most likely triggered,
however, by initial localized bank erosion because of
migrating alternate bars instead of the development of
intrinsic nonmigrating bars.

[14] We conclude that both nonmigrating alternate bars
in straight channels with nonerodible banks and incipient
meanders in straight channels with erodible banks are
intrinsic responses of an alluvial channel bed that do not
require resonant conditions or an imposed steady upstream
perturbation. However, the nature of the two intrinsic
responses is different. We argue, nonetheless, that the slow
development of intrinsic nonmigrating bars may still
become the main mechanism for incipient meandering if
the erodibility of the banks is very low.

2. Numerical Tests
2.1. Model Setup

[15] We simulated the formation of bars in straight allu-
vial channels using a fully nonlinear, time-dependent,
physics-based numerical model for morphological processes
[Lesser et al., 2004]. The hydrodynamic part of the model is
based on the 3-D Reynolds-averaged Navier–Stokes
(RANS) equations for incompressible fluid and water
(Boussinesq approximation). We used a 2-D depth-averaged
version of the model with an appropriate parametrization of
two relevant 3-D effects of the spiral motion that arises in
curved flow [cf. Blanckaert et al., 2003]. First, the model
corrects the direction of sediment transport through a modi-
fication in the direction of the bed shear stress, which would
otherwise coincide with the direction of the depth-averaged
flow velocity vector. Second, the model includes the
transverse redistribution of main flow velocity because of

secondary-flow convection, through a correction in the bed
friction term. The closure scheme for turbulence is a k�"
model, in which k is the turbulent kinetic energy and " is the
turbulent dissipation.

[16] The evolution of bed topography is computed from
a sediment mass balance and a sediment transport formula.
The model accounts for the effects of gravity along longitu-
dinal and transverse bed slopes on bed load direction
[Bagnold, 1966; Ikeda, 1982].

[17] The equations are formulated in orthogonal curvilin-
ear coordinates. The set of partial differential equations in
combination with the set of initial and boundary conditions
is solved on a finite difference grid.

[18] We simulated the evolution of bed topography in
straight river channels with uniform width and nonerodible
banks. The banks were fixed in order to avoid any external
forcing of the flow arising from geometrical changes of
the river banks. We ran two cases with different channel
width-to-depth ratios and discharges. Sediment characteris-
tics and longitudinal bed slope were loosely based on the
Waal River in the Netherlands. The other characteristics
were selected such that both nonmigrating and migrating
alternate bars could be formed. We defined the range of
width-to-depth ratios suitable for the formation of migrat-
ing alternate bars by using results of Marra [2008], who
applied Tubino and Seminara’s [1990] method to the Waal
River. Suitable ranges for the formation of nonmigrating
alternate bars were determined by selecting m ¼ 1 in the
physics-based formula of Crosato and Mosselman [2009]:

m2 ¼ 0:17g
ðb� 3Þffiffiffiffiffiffiffiffiffiffiffiffi

�D50
p B3S

CQW
; ð1Þ

in which m is the bar mode, b is the degree of nonlinearity
in the relation between sediment transport rate and depth-
averaged flow velocity, B is the channel width, S is the
longitudinal channel gradient or bed slope, � is the rela-
tive submerged mass density of the sediment, D50 is the
median grain size, C is the Chézy coefficient for hydraulic
resistance, and QW is the water discharge. The degree of
nonlinearity is equal to the exponent in case of a power law
dependence qs1 ub and is always larger than 3 [e.g., Mos-
selman, 2005]. We kept the width-to-depth ratios well below
100 to remain within the validity range of equation (1).

[19] The length of the channel was 20 km; the longitudi-
nal bed slope 10�4 (0.1 m/km). The roughness coefficient
Cf, was assumed constant in space and time, with the value
of 0.005. The sediment was assumed uniform with a grain
diameter of 2 mm and relative submerged mass density of
1.65 (from a sediment mass density of 2650 kg/m3). The
sediment transport rates were computed using Engelund
and Hansen’s [1967] formula, valid for sand-bed rivers.
The sediment input at the upstream boundary was com-
puted with the same formula, which means that the input
from upstream was equal to the local sediment transport
capacity of the flow. The other channel characteristics are
summarized in Table 1.

[20] The conditions with respect to resonance can be
derived following the simplified linear approach by
Struiksma et al. [1985], i.e., by computing the longitudinal
damping coefficient of nonmigrating bars 1/LD. At
resonance, this coefficient is equal to 0; the system is

W03511 CROSATO ET AL.: INTRINSIC NONMIGRATING BARS IN ALLUVIAL CHANNELS W03511

3 of 14



subresonant if 1/LD has a positive value, the system is
super-resonant if 1/LD is negative. The formula used is the
following:

1
LD
¼ 1

2�w

�w

�s
� b� 3

2

� �
; ð2Þ

where

�W ¼
h0

2Cf
; ð3Þ

�s ¼
1
�2

h0
B
h0

� �2

f ð�0Þ ; ð4Þ

in which h0 is the reach-averaged water depth, Cf is the
friction factor defined by Cf ¼ g

C2, in which g is the acceler-
ation because of gravity, and f ð�0Þ accounts for the effect
of gravity on the direction of sediment transport over trans-
verse bed slopes. It satisfies an empirical relation [Talmon
et al., 1995]:

f ð�0Þ ¼
0:85

E

ffiffiffiffiffi
�0

p
; ð5Þ

where E is a calibration coefficient with a value around
0.5 and �0 is the reach-averaged value of the Shields
parameter.

[21] The wavelength LP of nonmigrating bars can be
computed as follows [Struiksma et al., 1985]:

2�
LP
¼ 1
�w

�w

�s
� �w

LD

� �2
 !1=2

: ð6Þ

[22] Table 2 lists the damping coefficient (equation (2))
and the wavelength (equation (6)) of nonmigrating bars
derived from the linear model by Struiksma et al. [1985],
assuming b ¼ 5 (Engelund and Hansen’s [1967] transport
formula) and E ¼ 0.5.

[23] The numerical parameters of the model setup are
summarized in Table 3. The morphological factor in Table
3 amplifies the bed level changes in each hydrodynamic
time step to reduce the computational time for morphologi-
cal development. It serves as the ratio between morphologi-
cal and hydrodynamic time steps. This factor was given the
largest possible value that still kept the simulations realistic.
Nonetheless, even with a morphological factor equal to 10,

some runs took more than 40 days real time for completion.
Sensitivity analyses showed that the bar celerity increased
for increasing morphological factor. The minor overestima-
tion of bar celerity when using a morphological factor equal
to 10 was considered an acceptable shortcoming, since the
focus of the study was on the stabilization of migrating bars.

[24] The reproduction of migrating bars in a numerical
model requires an unsteady forcing at the upstream bound-
ary [e.g., Struiksma, 1998; Mosselman et al., 2003]. For
this reason, a very small, randomly varying perturbation of
the inflow was distributed in transverse direction over the
computational grid cells at the upstream boundary. We
applied two different magnitudes and frequencies of the
perturbation: (1) maximum amplitude equal to 1% of the
discharge, varying every minute (simulated hydrodynamic
time); and (2) maximum amplitude equal to 5% of the dis-
charge, varying every 3.5 h (simulated hydrodynamic time).
We also carried out simulations with a permanent finite per-
turbation at the upstream boundary, similar to the presence
of a groyne obstructing part of the channel width. These
simulations provided reference conditions to assess the
characteristics of the nonmigrating bars that are known to
form downstream of steady local perturbations [Struiksma
and Crosato, 1989; Lanzoni, 2000a]. The downstream
boundary condition was water elevation, recomputed at ev-
ery time step assuming normal flow conditions. The simula-
tions started with a plane channel bed and continued until
the bed topography stabilized, at least partly.

2.2. Computational Results
[25] Rapidly growing and relatively short alternate bars

developed first. Subsequently, bar wavelength gradually
increased and bar celerity gradually decreased, similar to the
bar development simulated by Nelson [1990] using another
nonlinear model. Eventually nonmigrating bars evolved
slowly. The time needed to produce nonmigrating bars
depended on the sediment transport capacity of the flow and
on the imposed upstream boundary conditions. This was
reflected in the different durations of the computations. The
permanent upstream perturbation produced the fastest stabi-
lization of a nonmigrating-bar pattern, with bars starting
immediately at the perturbed upstream boundary. Without
this permanent upstream perturbation, nonmigrating bars

Table 1. Characteristics of the Simulated Alluvial Rivers

Variable RUN1 RUN2

QW (m3/s) 200 300
B (m) 90 150
h0 (m) 3.0 2.8
B/h0 (-) 30 53
Nonmigrating bars m (-)a 1 1
Migrating bars m (-)b 1 1– 2
Groyne length (m)c 30 20

aMode according to Crosato and Mosselman [2009].
bMode according to Marra [2008].
cReference runs.

Table 2. Damping Coefficient and Wavelength of Nonmigrating
Bars Computed According to the Linear Model by Struiksma
et al. [1985]

Variable RUN1 RUN2

1/LD (m�1) 0.002 �0.001
Wavelength nonmigrating bars (m) 1332 2073

Table 3. Numerical Parameters of Model Setup

Parameter Value

Grid cell size in transverse direction (m) 15
Grid cell size in longitudinal direction (m) 25
Time step (minutes hydrodynamic simulated time) 0.5
Morphological factora 10

aMultiplication factor of bed level changes to speed up the
computations.
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developed more slowly and only beyond a certain distance
from the upstream boundary. This distance implies that the
bars were not caused by imperfections in the uniformity of
the inflow conditions.

[26] We can exclude the presence of any significant
(reflection) effects from the downstream boundary, since
the bars that were migrating in downstream direction could
disappear from the computational field with neither geo-
metrical deformations nor changes in celerity when
approaching the downstream boundary.

[27] The longitudinal bar wavelengths were derived by
means of spectral analyses, using a Fast Fourier Transform
(FFT) program. The results of the spectral analyses always
showed one or two clearly dominating spectral density
peaks. Tables 4 and 5 give the wavelengths of the two high-
est peaks at different times.

[28] The longitudinal bed level profiles of RUN1, 15 m
from the right bank, are shown in Figures 2 and 3 for the
three boundary conditions. Figure 2 shows the longitudinal
near-bank profiles after 2 and 4 simulated years. Figure 3
shows the bed topography at the moment in which the bed
was either fully stable, i.e., contained only nonmigrating
bars, or only partly stable, at the end of computations. The
long computational time was the only reason to stop the
computations when the bed was not completely stable yet.

[29] The bar celerity was roughly estimated by recording
bar top locations at different times. In the first phases of the
evolution, celerities had the order of magnitude of hundreds
of meters per year, i.e., several times the channel width per
year. At the final stages, they became of the order of meters
per year or less, i.e., a hundredth part of a channel width
per year.

[30] Given the large wavelengths and considering the
overestimation of bar celerity caused by the morphological
factor, bars having celerity of a few meters per year can be
reasonably considered nonmigrating. The averaged values
of the bar celerity computed for either the upstream or the
downstream half of the channel were used to assess
whether bars started to stabilize from upstream or from
downstream (Table 6). Bars became nonmigrating either
from upstream or downstream.

[31] Figures 4 and 5, show that the bar wavelengths
increased with time until they reached an equilibrium
value. In RUN 1, the final steady bar wavelengths were

10.6 to 11.7 times the channel width; 11.1 to 12.1 times in
RUN 2. On average, the final steady bar wavelength was
11.4 times the channel width. The difference in final bar
wavelength between the three cases having different
boundary conditions was less than 10%.

3. Long-Duration Flume Experiment
3.1. Experimental Setup

[32] The experiment focused on the formation of bars,
migrating and nonmigrating, in a straight channel at nonre-
sonant conditions, either with a permanent upstream flow
perturbation or without any perturbations. The experiment
consisted of recording the long-term water flow and chan-
nel bed evolution in a straight flume with sand bed, fixed
banks, and constant discharge (Figure 1, left).

[33] The total length of the flume was 26 m, but because
of the measuring and postprocessing techniques the effec-
tive length became 20 m; the channel width was 60 cm.
The bed was covered by an initially smooth layer of sand
having a thickness of 25 cm. The median diameter of the
sediment D50 was 0.238 mm. Water and sediment were
recirculated, but water was added regularly, to compensate
for small losses because of evaporation. The discharge was
kept at 6.9 L/s.

[34] A wire mesh was introduced at the upstream bound-
ary to dissipate the excess energy of the incoming water
and to distribute the flow uniformly. A honeycomb flow
straightener was placed immediately downstream of it, fol-
lowed by a floating sponge to further diminish large-scale
fluctuations and to suppress surface waves.

[35] Because of the presence of dunes and ripples, the
rough data had to be filtered to clean the bar signal. The fil-
ter used was based on the Matlab software ProcessV3 and
optimized for bed forms having wavelength larger than 1 m
(bars). The characteristics of migrating bars were deter-
mined by plotting subsequent filtered bed level profiles,
which allowed detecting their size and celerity. Nonmigrat-
ing bars were identified by averaging the filtered bed level
profiles over time, which smoothed out most unsteady sig-
nals. Unfortunately, the filtering and time averaging
reduced the amplitude of the bar signal. Upstream turbu-
lence and perturbation smoothing as well as the measuring

Table 4. RUN1: Bar Wave Lengths Corresponding to the Highest Two Peaks Resulting from the Spectral Analysis at Different Timesa

Morphological Simulated
Time (year)

Groyne Max Random Perturbation 1% Max Random Perturbation 5%

First Peak Second Peak First Peak Second Peak First Peak Second Peak

2 907 453 798 384 Only small bed
oscillations

Only small bed
oscillations

4 907 453 997 767 950 767
8 907 453 798 384 831 998
12 907 475 798 384 867b -
16 950 475 798 997 867 623
20 950 475 798 867 731 383
28 950 475 907 998 1050b -
36 950 475 907 391 1108b -
42 950 475 907a - 1050b -
54 950 475 950a - 1050b -

aBar wave lengths are given in meters.
bThe s peak from spectral analysis very small or absent.
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Table 5. RUN2: Bar Wave Lengths Corresponding to the Highest Two Peaks Resulting from the Spectral Analysis at Different Timesa

Morphological
Simulated Time (yr)

Groyne Max Random Perturbation 1% Max Random Perturbation 5%

First Peak Second Peak First Peak Second Peak First Peak Second Peak

2 1050 525 867b - 1050 512
4 907 453 1174 907 1050 512
8 1663 1425 1247 1425 1425 1174
12 1535 2850 1535 3325 1425 1663
16 1535 2850 1663 3325 1535 798
20 1663 2494 1663 2850 1535 1814
28 1663b - 1814b - 1663 1425
36 1814b - 1663 1425 Run stopped after 28 yr Run stopped after 28 yr
42 1814b - 1663 1425 Run stopped after 28 yr Run stopped after 28 yr

aBar wave lengths are in meters.
bThe s peak from spectral analysis very small or absent.

Figure 2. RUN1: initial longitudinal bed level profiles at 15 m from the left bank after 2 years (contin-
uous line) and after 4 years (dotted line) from the start of the simulation.
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and postprocessing techniques adopted reduced the effec-
tive length of the channel to about 20 m.

[36] We could not carry out any spectral analyses, since
the length of the flume was only 2 –3 times the steady bar
wavelength. In such cases, spectral peak locations are too

dependent on initial phase. Some tentative FFT runs pro-
duced indeed unacceptable results.

[37] Two experimental tests were carried out. In the first
one, a transverse plate was placed at the upstream boundary
to create a permanent external flow perturbation. This test

Figure 3. RUN1: longitudinal bed level profiles at 15 m from the left bank when the channel bed was
either fully stabilized or had started to stabilize.

Table 6. Averaged Bar Celerity in the Upstream and Downstream Half of the Channel (Total Length 20 km) at the Final Stage of
Computationsa

Run

Groyne Max random pert. 1% Max random pert. 5%

First 10 km Second 10 km First 10 km Second 10 km First 10 km Second 10 km

RUN1 0.5 0.8 153.7b 125b 50 2.5
RUN2 28.7 2.9 1.4 3.9 40 2

aHalf of the channel was a total length of 20 km. The Averaged bar celerity is in m/y.
bThe run was stopped when only a few bars had become nonmigrating. These nonmigrating bars cannot be recognized from the average value of bar
celerity computed over a 10 km long reach.
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was meant to study the formation of nonmigrating bars in a
reference case similar to previous experiments [Struiksma
and Crosato, 1989; Lanzoni 2000a, 2000b]. These bars are
generally referred to as ‘‘forced’’ bars, since they represent
the free river response to finite external forcing. In the sec-
ond test, the transverse plate was removed and the initial
bed carefully smoothed out to eliminate all perturbations to
the flow. The second test was meant to study the evolution
of the bed topography in the same system, but without any
external forcing. Previous experimental tests [e.g., Fujita
and Muramoto, 1985] would suggest that this case would
lead to the formation of migrating bars only.

3.2. Test With External Forcing
[38] The experiment with a transverse plate started on 11

June 2009 with the layout shown in Figure 6. Overall mor-
phodynamic equilibrium, characterized by a constant longi-
tudinal slope, was reached within 2 days. At that point, the
flow characteristics were those listed in Table 7.

[39] The value of the damping coefficient and the wave-
length of nonmigrating bars, computed using equations (2)
and (6), respectively, assuming b ¼ 5 and E ¼ 0.5, are
1/LD ¼ �0.12 (m�1) and LP ¼ 4.9 m. The negative damping

coefficient implies that the experimental conditions were
super-resonant.

[40] Longitudinal profiles of the bed and water levels
were measured three times per day. Transverse velocity
profiles were measured across several sections, but less
frequently.

[41] Nonmigrating alternate bars started to develop im-
mediately after the start of the experiment, forced by the
presence of the plate. Their wavelength slowly increased
from an initial value of 6.5 m to a final value of about 7.5
m, reached after about 2 weeks. The initial and final values
of bar wavelength were 10.8 and 12.5 times the channel
width, respectively. Figure 7 shows the temporal evolution
of the relative longitudinal bed level profile measured 5 cm
from the left sidewall. Each curve plotted in Figure 7 repre-
sents the bed level profile averaged over one week. Time
averaging smoothed out most of the migrating bars. Two
and a half nonmigrating bars became visible.

[42] Relatively short migrating bars were present from
the first day on, but only in the second half of the flume
(Figure 8). The area in which migrating bars developed
gradually reduced in size, moving downstream. This was
because of the gradual dominance of nonmigrating bars,
starting from upstream.

[43] The typical wavelength of migrating bars ranged
between 2.6 and 4.1 m. These wavelengths were 4.3 to 6.8
times the channel width, one third to one half of the steady
bar wavelength, as observed also in previous experiments
[e.g., Lanzoni, 2000a]. The bar celerity ranged between 22
and 39 cm/h; the (filtered) bar amplitude between 5 and 17
mm.

3.3. Test Without External Forcing
[44] The experiment without external forcing started on

30 June 2009, and its duration was about 10 weeks, which
is much longer than the duration of any other published
experiment of this type. Overall morphodynamic equilib-
rium, characterized by a constant longitudinal slope, was
reached within 2 days. Since that moment, the flow charac-
teristics were those listed in Table 8. The small differences
in the values of longitudinal slope, water depth, and flow
velocity with respect to the previous experiment can be

Figure 4. RUN 1: results of spectral analysis. Temporal
evolution of the first-peak alternate-bar wavelength.

Figure 5. RUN 2: results of spectral analysis. Temporal evolution of the first-peak alternate-bar
wavelength.
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attributed to the absence of the transverse plate, which
caused extra resistance in the preceding test.

[45] The value of the damping coefficient and the wave-
length of nonmigrating bars, computed using equations (2)
and (6), assuming b ¼ 5 and E ¼ 0.5, were 1/LD ¼ �0.08
(m�1) and LP ¼ 5.1 m. This means that the conditions were
again super resonant.

[46] Transverse profiles of depth-averaged flow velocity
were measured at 2.2, 12.2, and 22.2 m from the upstream
boundary, twice per day for the first 10 days and once every
3 days during the month July. The time-averaged values of
flow velocity near the upstream boundary did not show
deviations from uniformity. This excluded the presence of
any external forcing caused by inflow nonuniformities.

[47] During the first week, the longitudinal profiles of
bed and water levels were measured 3 times per day. These
measurements were subsequently carried out twice per day
in July and only once every 3 days in August. At the end of
August the measurements were carried out again with the
initial frequency.

[48] On 5 September, 68 days after the start, an accident
occurred to the pump which compromised the progressive
bed evolution. The last useful measurement was taken on 4
September.

[49] A single (weak) nonmigrating alternate bar started to
appear in the upstream half of the flume already 1 day after
the start of the experiment. However, during the first weeks
this bar had small amplitude and was unstable, since it disap-
peared and reappeared at the same place several times. The
initial wavelength of this nonmigrating bar was about 7.0 m.
Just like in the previous experiment, the wavelength gradu-
ally increased. The final value of approximately 7.5 m was
reached about 3 weeks after the start of the experiment. Sub-
sequently, the nonmigrating bar grew slightly in amplitude
and two more bars started to appear. These became visible,
although not well developed, about 6 weeks after the start of
the experiment. Figure 9 shows the longitudinal profile of the
time-averaged bed elevation along the left sidewall. The gray
line represents the average of the first month and the black
line the average of the second month of the experiment.

[50] Unfortunately the experiment had to be stopped
when the nonmigrating bars were still in development,
which means that we cannot show the completion of the

bar growth process. Nevertheless, Figure 9 clearly shows
the nonmigrating waving bed topography.

[51] The time-averaged values of the bed level profiles
measured along both left and right sidewalls are plotted in
Figure 10. Shallow areas near one sidewall correspond to
pools near the opposite sidewall. This demonstrates that the
bed oscillation is because of the presence of nonmigrating
alternate bars.

[52] The nonmigrating bars have a different phase lag
than in the preceding test with external forcing and smaller
amplitude, but they have the same wavelength. This allows
the conclusion that the nonmigrating bars that developed
during the test without forcing are of the same type as the
traditional ‘‘forced’’ bars. This is in line with the numerical
results in section 2.

[53] Migrating bars started to form from the first day on.
Their wavelength ranged between 2.5 and 4.9 m; their ce-
lerity between 23 and 40 cm/h; their (filtered) amplitude
between 5 and 16 mm. Migrating bars were initially present
along most of the flume length, but once nonmigrating bar
started to appear, migrating bars formed only in the second
half of the flume (Figure 11). The situation became similar
to the one in the preceding test with the transverse plate,
which means that, even in the absence of any upstream dis-
turbance, the channel bed topography gradually acquired
the characteristics of a ‘‘forced’’ system.

4. Discussion
[54] Our findings shed a new light on previous experi-

ments in which nonmigrating bars appeared but were
ascribed to imperfections in the experimental setup rather
than to an intrinsic instability. Crosato [2008] reports that
her 1989 reference experiment without upstream perturba-
tion [Struiksma and Crosato, 1989] exhibited a nonmigrating
bed deformation, despite many efforts to make the inflow
conditions perfectly uniform. Lanzoni [2000a] obtained a si-
multaneous occurrence of alternate bars with two different
wavelengths, one about twice as long as the other one, in his
experimental tests P2403 and P0404 for uniform sediment.
There were no evident upstream perturbations. Bars with
different wavelengths occurred simultaneously also in
Lanzoni’s [2000b] experiments with graded sediment. Our

Figure 6. Flume with a transverse plate partially obstructing the inflow.

Table 7. Experimental Conditions at Reach-Scale Equilibrium, Test With Transverse Plate

Channel
Length (m)

Channel
Width (m)

Longitudinal
Bed Slope (-)

Water Discharge
(m3/s)

Mean Sed.
Diameter (mmol)

Mean Water
Depth (m)

Mean Flow
Velocity (m/s)

26 0.6 3.54 % 6.9 � 10�3 0.238 0.051 0.225
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findings suggest that the slow development of nonmigrating
bars in the absence of a substantial steady upstream perturba-
tion explains why they remained unnoticed in previous
experiments and numerical studies of migrating alternate
bars. Apparently, previous experiments and computations
had been terminated before completion of the transition pro-
cess from migrating to nonmigrating bars. The fastest grow-
ing bars characterize a transient stage rather than the final
channel bed topography.

[55] Struiksma and Crosato’s [1989] experiments, Lan-
zoni’s [2000a, 2000b] experiments, and the present work
relate to straight channels with nonerodible banks. The ini-
tiation of meandering in situations with erodible banks can
be studied from the milestone experiments by Friedkin
[1945]. He reproduced the initiation and progression of
river meandering in the absence of upstream perturbations
and sediment feeding with a constant discharge. He docu-
mented the vertical and lateral movement of an initially
straight trapezoidal channel during an experimental run of
72 h. In the experiment, the channel was allowed to widen
in a 40 m long and 12 m wide basin filled with fine sand

characterized by a median diameter D50 equal to 0.20 mm,
whereas the diameter for which 90% of the material is
smaller, D90, was 0.26 mm. The channel was exposed to a
constant discharge of 8.5 L/s. Figure 12 shows the initial
and final conditions. During the experimental test, the
channel width increased and, because of the increase of
channel sinuosity, the longitudinal bed slope decreased.
The averaged initial and final channel characteristics are
listed in Table 9. We derived the values of the variables not
given directly by Friedkin from the pictures provided and
from the assumption that the Chézy coefficient did not
change with time.

[56] Friedkin did not provide information on the forma-
tion of alternate bars during the experiment, but Rüther and
Olsen’s [2007] numerical simulation of this experiment
shows that alternate bar formation preceded the initiation
of meandering and that meanders developed from upstream
to downstream. Table 10 lists the nonmigrating bar charac-
teristics at the initial and final stages, computed using equa-
tions (2) and (6) with the adoption of Engelund and
Hansen’s [1967] transport formula (b ¼ 5) and E ¼ 0.5 in
equation (5). The spatial damping coefficient was negative
both at the start and at the end of the experiment. The onset
of meandering in Friedkin’s experiment is hence related to
neither resonance nor the intrinsic nonmigrating bars iden-
tified in straight channels with nonerodible banks. Initial
localized bank erosion because of migrating bars appears to
be the main mechanism.

[57] The intrinsic nonmigrating bars in straight channels
with nonerodible banks still lack a theoretical explanation.
The marginally stable nonmigrating bars of Struiksma et al.
[1985] and Seminara and Tubino [1992] imply that nonmi-
grating bars are part of the natural response, but they do not
explain why this part becomes dominant in the absence of
steady perturbations or resonant conditions. Once present,
nonmigrating bars might suppress migrating bars in the
same way as Tubino and Seminara’s [1990] suppression of
migrating bars by point bars in sinuous channels, but this
still does not explain the initial growth of nonmigrating
bars. Our first hunch is that the unsteadiness introduced by
the mere presence of migrating bars might excite a steady

Figure 8. Successive measurements of bed level profile at 5 cm from the left sidewall (filtered data).
Test with transverse plate.

Figure 7. Weekly averaged bed level profiles measured
at 5 cm from the left sidewall (values relative to the cross-
sectionally averaged value of the bed level). Test with
transverse plate.
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mode in the response. Mosselman’s [2009] crude analysis
to demonstrate this, however, has been criticized (G. Semi-
nara, personal communication, 2009), because he introdu-
ces temporal variations of bar wavelength at the end of the
mathematical derivation instead of including them from the
start.

[58] The results of this study, applied only to sand-bed
channels, do not allow determining in which cases nonmi-
grating bars form spontaneously or not. We believe, how-
ever, that they arise when the river conditions fall within
the range of steady bar formation defined by Struiksma
et al. [1985], i.e., when the solution of equation (6) is real,
but extra work would be needed to confirm this.

5. Conclusions
[59] We carried out 2-D numerical computations and a

long-duration mobile-bed flume experiment to investigate
the hypothesis that nonmigrating bars might be an intrinsic
response of alluvial channel beds in straight channels. The
numerical computations were carried out with a physics-
based depth-averaged morphological model. Here short
migrating alternate bars developed first, but slowly growing,
nonmigrating bars, characterized by larger wavelengths,
evolved subsequently, starting from either upstream or
downstream. The nonmigrating bars dominated the final bed
topography, notwithstanding the absence of resonant condi-
tions, nonuniformities in the inflow conditions, or reflections

Table 8. Experimental Conditions at Reach-Scale Equilibrium, Test Without Transverse Plate

Channel
Length (m)

Channel
Width (m)

Longitudinal
Bed Slope (-)

Water Discharge
(m3/s)

Mean Sed.
Diameter (mmol)

Mean Water
Depth (m)

Mean Flow
Velocity (m/s)

26 0.6 3.74 % 6.9 � 10�3 0.238 0.049 0.235

Figure 9. Monthly averaged longitudinal profiles of bed elevation at 5 cm from the left sidewall
(values relative to the cross-sectionally averaged value of the bed level). Test without transverse plate.

Figure 10. Monthly averaged longitudinal profiles of bed elevation at 5 cm from the left and right side-
walls (values relative to the cross-sectionally averaged value of the bed level). Test without transverse
plate.
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from the downstream boundary. Migrating bars developed
first in the flume experiments too. In the test without exter-
nal forcing, the first nonmigrating bar stabilized its length
about three weeks after the start of the experiment. Subse-
quently, this bar grew slightly in amplitude and two more
nonmigrating bars became visible about 6 weeks after the
start of the experiment. Apparently, fast growing migrating
bars represent a transient stage and are not representative for
the final channel bed topography.

[60] We reviewed earlier experiments on migrating alter-
nate bars by Struiksma and Crosato [1989] and Lanzoni
[2000a, 2000b] where either a steady oscillation (reported

by Crosato [2008]) or bars with a similar wavelength
as nonmigrating bars had been observed. Our findings sug-
gest that these could be nonmigrating bars that were an
intrinsic response rather than a response forced by imper-
fections in the uniformity of the inflow conditions, as
thought previously.

[61] As nonmigrating bars are seen as a key ingredient in
explanations of river meandering, we also reviewed Fried-
kin’s [1945] mobile-bed experiments with erodible banks.
Here meanders developed without a steady upstream per-
turbation or resonant conditions, but Rüther and Olsen’s
[2007] simulation suggests that initial localized bank

Figure 12. Friedkin [1945]: meander evolution at super-resonant conditions without any appreciable
upstream disturbance.

Figure 11. Successive measurements of bed level profile at 5 cm from the left sidewall (filtered data).
Test without transverse plate.
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erosion because of migrating alternate bars triggered this
development.

[62] We conclude that both nonmigrating alternate bars
in straight channels with nonerodible banks and incipient
meanders in straight channels with erodible banks can be
intrinsic responses of an alluvial channel bed that do not
require resonant conditions or an imposed steady upstream
perturbation. However, the nature of the two intrinsic
responses is different. The nonmigrating bars between
nonerodible banks result from the slow development of a
marginally stable nonmigrating bed topography mode.
Meanders and associated nonmigrating bars between erodi-
ble banks are generated by localized bank erosion at the ini-
tial pools of migrating alternate bars. For erodible but very
resistant banks, however, the slow development of intrinsic
nonmigrating bars may still become the main mechanism
for incipient meandering in conditions without resonance
or imposed steady perturbations.
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