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INTRODUCTION

The morphology of alluvial rivers is affected by 
several interrelated processes that contribute to 
shape the river bed, its planform configuration 
and the sedimentary structure of the surrounding 
floodplain (Howard, 1996; Frascati & Lanzoni, 
2009; Toonen et  al., 2012; Słowik, 2016; van de 
Lageweg et  al., 2016; Bogoni et  al., 2017). The 
inherent correlation between the history of a river 
and of its floodplain is of fundamental importance 

not only to predict reliably or reconstruct the evo-
lution of the river but also to stratigraphic studies 
and to guide the research of sedimentologists (e.g. 
Erskine et  al., 1992; Ghinassi, 2011; Ghinassi 
et al., 2016).

In general, the migration of an alluvial river is 
the result of the complex interplay between ero-
sion at the outer bank of bends and point bar 
accretion at the inner bank (Eke et  al., 2014; 
Iwasaki et al., 2016). Both processes are strongly 
related to the secondary helical flow circulations 
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driven by the curvature of the channel axis and by 
the bed topography (Seminara, 2006), as well as 
by the variation of cross section width (Luchi 
et al., 2011). The spatial structure of the flow field, 
in turn, controls the stresses transmitted to the 
channel banks and, consequently, the erosive pro-
cesses that eventually lead to outer bank collapse 
(Rinaldi et  al., 2008) and sediment deposition 
responsible for the inner point bar accretion.

Several other processes add complexity to the 
system. Vegetation cover, if present, affects the 
erodibility of the outer bank and contributes to 
 stabilise the inner point bar (Bertoldi et al., 2014; 
Oorschot et al., 2016; Zen et al., 2016). Floodplain 
heterogeneities, both planimetric and stratigraphic 
(Ielpi & Ghinassi, 2014), exert a strong control on 
channel bank erodibility and, consequently, on 
meandering dynamics (Schwendel et  al., 2015; 
Bogoni et  al., 2017). Heterogeneities are usually 
generated by selective transport and deposition of 
sediments, as in the case of scroll‐patterned sur-
faces (Nanson & Croke, 1992; van de Lageweg 
et al., 2014). Sediment storage in abandoned chan-
nels and oxbow lakes (Slingerland & Smith, 2004; 
Gautier et al., 2007), crevasse splay through levee 
breaches and overbank spilling of tie and tributary 
channels (Day et al., 2008; Swanson et al., 2008; 
David et al., 2017) are other processes that concur 
to floodplain heterogeneity.

Abandoned channels and oxbow lakes (see, e.g., 
Fig. 1) not only favour the formation of preserved 
sedimentary features across the floodplain, but 
owing to the large accommodation space, they can 
also contribute to the overall sediment balance of 
the channel‐floodplain system (Gay et  al., 1998; 
Constantine et  al., 2010; Grenfell et  al., 2012). 
Moreover, they result from morphodynamic pro-
cesses as cutoffs, whereby a river limits its sinuos-
ity and hence its planform complexity, ensuring 
the establishment of statistically stationary evolv-
ing planforms (Camporeale et al., 2005; Frascati & 
Lanzoni, 2010). Two different types of cutoff are 
usually recognised in natural channels: neck and 
chute cutoffs. Neck cutoffs occur when the local 
sinuosity becomes so large that adjacent bends 
intersect each other, leading to the formation of an 
abandoned loop (oxbow lake) when sedimenta-
tion closes the loop ends (Hooke, 1995; Howard, 
1996). Less clear is the genesis of chute cutoffs. 
They are relatively long flow diversions that occur 
when a meander loop is bypassed through a new 
channel that forms across the floodplain enclosed 
by the loop (Constantine et al., 2010). They most 
frequently form in wide channels with large 

Fig. 1. Allier River upstream of the city of Moulins, France 
(river n. 112 in the dataset of Kleinhans & van den Berg, 
2011; see also Van Dijk et al., 2014 for a detailed study). 
The original Digital Elevation Model is here de‐trended in 
order to highlight the topographical variability. The blue 
and magenta circles highlight chute cutoffs related to dif-
ferent formative mechanisms, as described later in the text 
(data courtesy of IGN‐France and Ministère de l’Ecologie et 
du Développement Durable).
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 curvature bends, high discharges, poorly cohe-
sive, weakly vegetated banks and high gradients 
(Howard & Knutson, 1984).

Commonly, chute cutoffs form in meandering 
channels when flood waters can no longer be con-
tained within the main channel. A chute is thus 
incised in the floodplain and eventually conveys 
most of the river discharge. The new path is in fact 
shorter and with a steeper water surface than the 
original meander loop. Chute channels may 
develop over a long period (Gay et al., 1998), with 
only flood‐water flow at first, or during a single 
flood event (Iwasaki et  al., 2016). The original 
meander loop may either be filled with sediment 
to create a channel fill deposit or, less frequently, 
remain active along with the chute channel (e.g. 
as in the Strickland River, Fig.  2 and Grenfell 
et al., 2012).

From a morphological point of view, chute cut-
offs control the river sinuosity by counteracting 
the bend lengthening that is inherent in meander 
migration (Howard & Knutson, 1984; Tal & Paola, 
2010; Ghinassi, 2011; Van Dijk et  al., 2012; 
Morais et al., 2016). Moreover, they can be seen 

as a mechanism of transition from meandering 
channel to braided channel (Kleinhans & van den 
Berg, 2011; Zolezzi et  al., 2012; Iwasaki et  al., 
2016). Their occurrence is related to floods as, 
unlike neck cutoffs, high water levels and high 
rates of bed load transport are required (Lewis & 
Lewin, 1983; Howard, 1996; Zinger et al., 2011; 
Van Dijk et al., 2014). The incision of chute chan-
nels causes the removal of relatively large 
amounts of floodplain materials, thus delivering 
intense sediment pulses (Zinger et al., 2011) that 
stimulate downstream bar formation (Fuller 
et  al., 2003; Dieras et  al., 2013; Zinger et  al., 
2013). This sediment delivery is also favoured by 
the shortening of the river path consequent to 
chute formation. The increase in water surface 
slope that occurs after the cutoff enhances the 
transport capacity of the river reach, that tends to 
get deeper and to adjust its width. More gener-
ally, individual cutoffs were shown to accelerate 
the river migration and to drive channel widen-
ing both upstream and downstream of the cutoff 
locations (Morais et  al., 2016; Schwenk & 
Foufoula‐Georgiou, 2016).

Fig. 2. Strickland River in Papua New Guinea (see also Grenfell et al., 2012, 2014), about 50 km north‐east of the confluence 
with the Fly River (aerial photo from Google Earth, 2017). Red rectangles denote locations probably characterised by large 
gradient advantage.
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Given the important role of chute cutoffs in 
shaping both the river planform and the stratigra-
phy of the adjacent floodplain, their study has 
attracted increasing attention in the last years. 
Different mechanisms leading to the formation of 
chutes have been identified (e.g. Constantine 
et  al., 2010; Van Dijk et  al., 2014; Eekhout & 
Hoitink, 2015). However, due in part to the lack of 
extensive and systematic field observations 
(Micheli & Larsen, 2011) and especially to the 
multiplicity of mechanisms and controls involved 
in the process, the predictability of chute cutoff 
occurrence remains an open problem. Importantly, 
a systematic physics‐based framework for chute 
cutoff occurrence is still missing.

In order to contribute to fill this gap, the present 
work investigates the hydrodynamic conditions 
that control the initiation of chute cutoffs. The 
aim is to identify the relevant features of the in‐
channel flow and of the overbank flow on the sur-
rounding floodplain that enhance the triggering of 
chutes. Two different categories of mechanisms 
are considered. The first is related to the inertia 
and direction of the in‐channel flow upstream of 
the chute channel. The second concerns the flow 
over the portion of floodplain contained within 
a  meander loop and driven by the free‐surface 
 gradient. These mechanisms are investigated 
with  reference to two field cases concerning the 
Sacramento River (US) and the Cecina River 
(Italy), respectively. We anticipate that in the first 
case the inception of a chute is controlled by the 
shear stress distribution at the outer bank down-
stream of a bend apex. This distribution is mainly 
associated with the inertia and direction of the in‐
channel flow driven by channel axis curvature 
and cross section width variations. In the second 
case, the free‐surface gradient, the topographic 
irregularities and the sedimentological composi-
tion of the floodplain area within the meander 
loop play a major role in triggering the chute 
formation.

The paper is organised as follows. First, the pro-
cesses and factors involved in the formation of 
chute cutoffs are reviewed based on the available 
literature. Then, a two‐dimensional finite element 
model is used to investigate the hydrodynamic 
features of the flow field within the channel and 
over the floodplain, while a linearised two‐dimen-
sional hydro‐morphodynamic model is adopted 
to reconstruct the channel bed topography when 
missing. The general features of the involved 
processes are analysed with reference to the 

considered case studies, paying specific attention 
to the hydrodynamic features of the flow field and 
the topographic signatures of the floodplain. 
Finally, a closure section summarises the main 
results of this study.

PROCESSES AND FACTORS 
CONTROLLING CHUTE CUTOFF 
DYNAMICS

Mechanisms of chute cutoff formation

Chute cutoffs occur when water flows from the 
main river channel to the adjacent floodplain. The 
flow can thus interact with the floodplain topog-
raphy and the vegetation hosted on it. Eventually, 
a chute incises across the inner side of the point 
bar (i.e. a meander neck), or through exposed allu-
vial bars (McGowen & Garner, 1970; Erskine et al., 
1992; Gay et  al., 1998; Bridge, 2003; Ghinassi, 
2011). These chutes, which typically form within 
the active channel belt (Hooke, 1995), are seg-
ments with length on the order of one meander 
wavelength (David et  al., 2017) linking together 
reaches of the same river.

Different mechanisms have been observed to 
cause the incision of a chute channel. With refer-
ence to the sketch of Fig. 3, (at least) three main 
types of mechanisms can be distinguished. The 
first consists of downstream extension, triggered 
by the concentration of in‐channel flow velocity 
and shear stresses at the outer bank, downstream 
of a bend apex. The consequent localised erosion 
of bank material in some cases leads to the 
 formation of a pre‐chute erosional embayment 
(Constantine et  al., 2010). Subsequent floods 
extend the embayment downstream until it inter-
sects the river course, forming a chute. During 
intermediate stages of the process, a bar can form 
at the downstream end of the chute incision 
(Kleinhans & van den Berg, 2011), which is com-
pletely eroded when the cutoff finally occurs. The 
second type of chute cutoff is driven by headward 
erosion of a channel (or gully) through the flood-
plain. The headcut migrates from the downstream 
end of the forming chute, progressively capturing 
an increasing fraction of the overbank flow and 
finally causing the cutoff of the original bend (Gay 
et al., 1998; Zinger et al., 2011, 2013). The third 
type of chute cutoff is determined by the gradual 
erosion of existing swales (or sloughs) within the 
scroll bar located inside of the bend. These swales 
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provide preferential flood routing paths, until 
most of the discharge is conveyed by the new 
channel, thus leading to a chute cutoff. This type 
of chute cutoff is actually the more widely recog-
nised (Fisk, 1947; Bridge et al., 1986) and is fre-
quently found along meandering rivers that, 
during their migration, produce the ridge and 
swale topography typical of scroll‐bars (Hickin & 
Nanson, 1975; Grenfell et al., 2012). Possible pref-
erential paths are also provided by abandoned 
channel reaches that are not yet completely filled 
with sediment deposited by overbank floods.

A chute may form by following one of these 
mechanisms or a combination of them (Kleinhans 
& van den Berg, 2011). Each mechanism requires 
specific conditions in order to occur. The forma-
tion of chutes through downstream extension, 
requires a sufficient stage difference across the 
floodplain (as recognised by Constantine et  al., 
2010). In addition, the in‐channel flow upstream 
of the outer bank where the chute starts must be 
suitably directed and possess a large enough 
momentum (Van Dijk et al., 2012). On the other 

hand, headward erosion of a chute is necessarily 
associated with overbank flow and is weakly 
affected by the upstream channel flow. Rather, the 
water level in the main channel at the downstream 
end of the forming chute must be sufficiently low, 
in order for the free‐surface to drop at the headcut, 
thus enhancing headward erosion (Zinger et  al., 
2011, 2013). Finally, in the case of a chute driven 
by an existing swale or a palaeo‐channel that links 
an upstream and a downstream section of the 
river, the erosion power along the forming chute 
mainly depends on the stage difference and, in 
particular, on the so‐called gradient advantage 
associated with the shorter path through the 
point‐bar (Grenfell et  al., 2012). Van Dijk et  al. 
(2014) observed that sloughs and hence chute 
channels, form where inner‐bank attachment of 
scroll bars is interrupted.

The fate of the newly formed chute is another 
interesting issue that depends on many factors. 
Among the many, it is worth mentioning the 
intensity of helical flow due to the upstream chan-
nel curvature, which influences the bifurcation 

Fig. 3. Different mechanisms of chute cutoff formation in meandering rivers. 1) Downstream elongation of a chute, con-
trolled by inertia and direction of the in‐channel incoming flow, 2) headward incision; and 3) swale enlargement aligned 
to main scroll bar direction.
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asymmetry and, hence, the division of bedload 
between the two branches (Kleinhans et al., 2008). 
Due to the reduced water discharge, the sediment 
transport capacity in the original channel branch 
decreases. If the resulting transport capacity is 
still greater than the supply, the original channel 
can remain active along with the chute (Grenfell 
et al., 2012). Alternatively, a sandy plug bar causes 
the closure of the original branch (Constantine 
et  al., 2010; Van Dijk et  al., 2012, 2014) which 
tends to be progressively filled by fine material 
supplied by overbank flow (Toonen et al., 2012; 
Dieras et al., 2013). The role of bars in determin-
ing the fate of bifurcations has been suggested by 
experiments conducted in straight channels 
(Bertoldi et al., 2009) and by analytical findings 
(Redolfi et al., 2016). Zinger et al. (2013) assessed 
the fate of an already formed chute, performing 
measurements of flow velocity and morphology. 
They also developed a conceptual model of chute‐
cutoff dynamics in which the upstream and down-
stream ends of a chute channel are treated as a 
bifurcation and confluence, respectively.

Controlling factors

The incision of chutes invariably needs overbank 
flow (Howard & Knutson, 1984; Bartholdy & Billi, 
2002) and a significant stage difference between 
the upstream and the downstream ends of the 
forming chute ensuring a gradient advantage with 
respect to the original bend (Grenfell et al., 2012). 
Various controlling factors can be identified with 
reference to specific features of the river and the 
floodplain.

In‐channel flow features

Water levels normally rise during floods; and 
stage difference along the meander undergoing 
cutoff can be further increased by piling up of 
woody debris or ice (Keller & Swanson, 1979; Gay 
et al., 1998) and by the formation of central‐bars 
or plug‐bars. Seminara (2006) observed that the 
formation of a central bar at the bend apex pro-
motes a tendency of the stream to bifurcate into an 
outer and an inner branch, the latter being a poten-
tial precursor of chute cutoff (see also Jager, 2003). 
Recently, Eekhout & Hoitink (2015) described the 
formation of a chute cutoff triggered by the forma-
tion of a plug bar within the main channel, owing 
to a backwater effect. After the plug bar was depos-
ited, an embayment (Type 1, Fig. 3) formed in the 

floodplain at a location where the presence of a 
former channel probably implied less consoli-
dated sediment prone to erosion.

The presence of central‐bars or point bars is 
often associated with longitudinal oscillations of 
the bankfull river width that shift in space and 
vary in time, strongly affecting the in‐channel 
flow and, consequently, the rate of meander migra-
tion (Brice, 1975; Lagasse et al., 2004; Luchi et al., 
2010; Zolezzi et  al., 2012). Meandering rivers 
exhibiting a larger bankfull width near the bend 
apexes are observed to migrate most rapidly, while 
rivers displaying an irregular distribution of width 
oscillation are more stable in terms of planform 
configuration. The nonlinear perturbation analy-
sis carried out by Luchi et al. (2011) confirms that 
meander widening at the bend apex are more 
inclined to bend migration. This tendency is due 
to the nonlinear interactions between curvature 
and width oscillation that increase the velocity 
excess between the channel banks responsible for 
outer bank erosion.

Width oscillations can also occur as a conse-
quence of the different rates at which, as a mean-
der bend migrates, the outer bank is eroded and 
the inner bank progrades due to point bar accre-
tion. When the outer bank retreat is faster than the 
inner bank progress (bank pull) the widest section 
tends to be located close to the bend apex. 
Conversely, smaller values of the ratio between 
erosion and accretion (bar push) imply a widen-
ing of the river towards the inflection points of 
consecutive bends.

The formation of central or plug bars as a driver 
of chute channel incision is an interesting feature, 
as it can lead to chute incision also under steady 
flow conditions and with water discharges that 
are unable to produce overbank flow. However, 
the occurrence of chute cutoffs under a constant 
water discharge has been, so far, observed only in 
laboratory or controlled experiments (Peakall 
et al., 2007; Braudrick et al., 2009; Van Dijk et al., 
2012; Visconti et  al., 2012). On the other hand, 
backwater effects are one of the factors promoting 
the formation of point‐bars, central‐bars and plug‐
bars within a river (Kasvi et al., 2013). More gen-
erally, in‐channel bars form due to a downstream 
reduction of bed shear stress, of which backwater 
effects are only one of the possible causes. Indeed, 
bed shear stress can reduce because of channel 
widening (Miori et  al., 2006), lengthening (Van 
Dijk et al., 2014), curvature driven helical flows 
(Lanzoni et al., 2006; Seminara, 2006; Kleinhans 
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et  al., 2008), presence of bars (Kleinhans et  al., 
2011) and inlet steps (Bertoldi et al., 2009).

Discharge variability can also influence the for-
mation of chute cutoff (Schuurman et al., 2016). 
Indeed, changes in the frequency of flood events 
were shown to be related to the frequency and the 
occurrence of chute cutoffs (Ghinassi, 2011; 
Micheli & Larsen, 2011; El Gammal, 2016; Li 
et al., 2017).

Floodplain characteristics

Floodplain features such as local differences in 
topography, sediment composition and vegetation 
can alter locally the overbank flow, promoting or 
inhibiting erosion (Constantine et  al., 2010). 
Consequently, not only the type of chute incision 
but also its inception and subsequent develop-
ment may vary considerably between different 
floodplain settings.

Actually, it is widely recognised that small 
channels crossing the point bar play a key role in 
the formation of chutes (Brierley, 1991), as they 
provide preferential pathways where overbank 
flow concentrates, increasing the shear stress and, 
hence, the erosion power. Besides scroll bar 
swales, also the presence of palaeo‐meanders and 
abandoned channels, not completely filled by 
sediments, can promote the formation of chute 
cutoffs (Constantine et al., 2010). An example is 
the chute channel that formed in 2011 along the 
Chixoy River, Guatemala (Fig. 4). It is worth not-
ing that the presence of palaeo‐meanders within 
the river belt is a widespread and common feature 
of meandering rivers, of which Fig. 2 and Fig. 4 
are clear examples. David et al. (2017) performed 
a detailed reach‐scale mapping of floodplains and 
found that up to 75% of channel reaches within a 
floodplain are probably palaeo‐meander cutoffs.

Besides topography, floodplain erodibility is 
another crucial factor in determining the success or 
failure of a chute cutoff (Lewis & Lewin, 1983; 
Braudrick et al., 2009; Constantine et al., 2010; Tal & 
Paola, 2010; Micheli & Larsen, 2011; Dunne & Aalto, 
2013; Grenfell et  al., 2014; Harrison et  al., 2015; 
Schuurman et al., 2016; Słowik, 2016; El Gammal, 
2016; Iwasaki et al., 2016; David et al., 2017).

River morphometry

Observed data suggest that chute cutoff occur-
rence is linked to specific morphometric features 
of the main river, first of all to relatively high 
slope reaches (Lewis & Lewin, 1983; El Gammal, 
2016). In particular, the observations made by 
Lewis & Lewin (1983) indicate that chute cutoffs 
are more probable when the radius of bend curva-
ture to channel width is in the range 1 to 2. The 
morphometric analysis carried out by Micheli & 
Larsen (2011) along the Sacramento River (CA, 
USA) confirms that the radius of bend curvature is 
one of the controlling factors for chute incision. A 
larger radius (smaller curvature) implies longer 
chute channel to form and, consequently, the need 
of a greater erosive power. Chute cutoffs were 
indeed found to occur most frequently in wide 
channels where bend curvature is strong (Howard 
& Knutson, 1984). Micheli & Larsen (2011) identi-
fied a specific range of sinuosity and angle of 
entrance for which chute cutoffs formed, but they 
also showed that chutes did not form in all the 
bends matching those characteristics. Then, the 
conditions for chute occurrence inferred by 
Micheli & Larsen (2011) were necessary but not 
sufficient for the incision of a chute.

The oscillations of channel width can also have 
possible implications for the occurrence of chute 
cutoffs, since river widening is known to promote 

Fig. 4. Chute cutoff occurred in 2011 along the Chixoy River (Guatemala). The chute channel (blue circle in panel B) is 
clearly a palaeo‐meander, still active in 1988 (panel A) and re‐activated by overbank flow during a severe flood. The white 
dashed line in panel B represents the river configuration in 1988 (panel A).
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the formation of central bars and, in turn, the ten-
dency to originate channel bifurcations (Seminara, 
2006; Camporeale et al., 2008; Constantine et al., 
2010; Luchi et al., 2010; Parker et al., 2011; Zolezzi 
et  al., 2012; Frascati & Lanzoni, 2013; Grenfell 
et  al., 2014; Church, 2015; Eekhout & Hoitink, 
2015). The analysis of three different rivers by 
means of binary logistic regression carried out by 
Grenfell et al. (2012) suggests that the only statis-
tically significant predictor of chute initiation at a 
bend is the average rate of bend extension (i.e. the 
rate at which a bend elongates in a direction per-
pendicular to the overall channel axis trend). An 
increased probability of chute initiation seems to 
be related to a larger rate of bend extension, as 
typically observed in the presence of bend widen-
ing (Brice, 1975; Grenfell et  al., 2014; Słowik, 
2016). Mathematical simulations confirmed that a 
faster migration favours the occurrence of chute 
cutoffs, which were instead not forming in the case 
of low migration rates (Schuurman et al., 2016).

Sediments

Chutes are eroded in the floodplain provided that 
the energy of floods is sufficient to transport sedi-
ment delivered from the river to the floodplain, to 
remove sediments from the floodplain floor and to 
transport this whole sediment load downstream, 
back into the river (Constantine et al., 2010). On 
one hand, the importance of sediment dynamics 
is obvious; on the other hand, the spatial and tem-
poral patterns of erosion and deposition in topo-
graphically heterogeneous floodplains are extremely 
complex (Piégay et al., 2008).

Interestingly, chute cutoffs are more frequently 
found in the presence of poorly cohesive banks 
(Howard & Knutson, 1984; Howard, 2009) and 
where infill rates are lower (Hooke, 1995; Dunne & 
Aalto, 2013). Note that the suspension of bed mate-
rial is a key control on river morphology (Nicholas, 
2013), as it limits the gravitational deflection of 
sediment in the direction of the local bed slope. 
Hence, in the long term, suspended sediment load 
leads to a more uniform filling of areas adjacent to 
the main course of the river, with repercussions on 
aggradation and resistance to erosion of a flood-
plain. Indeed, high rates of suspended sediment 
aid the connection of bars to floodplain (Braudrick 
et  al., 2009) and, by levelling out the point bar, 
they limit the presence of sloughs and swales that 
play a major role in chute formation by acting as 
preferential pathways to overflow.

Anthropogenic factors

Anthropogenic factors are also known to play a sig-
nificant role in the evolution of rivers and, of 
course, in the formation of chute cutoffs (Parker & 
Andres, 1976; Simon & Robbins, 1987). An inter-
esting example is the artificial cutoff produced in 
the Ucayali River, a tributary of the Amazon River 
that is extraordinarily active from a morphological 
point of view. In 1997, a 72 km‐long, triple‐lobed, 
meander bend was removed. The chute channel 
formed from a small shortcut channel that was 
carved some decades before by local people in 
order to reduce the canoe travel time along the river 
(Schwenk & Foufoula‐Georgiou, 2016). Contrarily, 
anthropogenic modifications such as flood control 
structures and large impoundments, by diminish-
ing the frequency and magnitude of floods and thus 
the river‐floodplain connectivity, reduce the 
chance of chute cutoffs (Edwards et al., 2016).

MATERIALS AND METHODS

A detailed examination of the hydraulic controls 
on chute incision is the first step towards a better 
understanding of how a chute cutoff occurs 
(Constantine et al., 2010). In the following, the key 
hydraulic and topographic factors triggering the 
formation of chute channels are analysed on the 
basis of satellite and aerial photographs, digital 
terrain models and by means of two mathematical 
models. The first model is based on a linearised 
treatment of the two‐dimensional equations 
 governing mass and momentum conservation of 
the liquid phase and the sediment balance. In the 
absence of elevation data, it is used to estimate the 
steady bed topography and the corresponding two‐
dimensional (depth averaged) flow within the 
channel, except the bank region. The second 
model solves numerically, through finite elements, 
the two‐dimensional shallow water equations (see 
Appendix A) and is here used to compute the in‐
channel and the overbank flow fields.

Linearised morphodynamic models, owing to 
their low computational costs, have been widely 
used to predict long‐term migration of meander-
ing rivers. Coupled with simplified laws to drive 
outer bank erosion and to account for neck cut-
offs (e.g. Frascati & Lanzoni, 2010; Bogoni et al., 
2017), they typically model the water flow and 
the bed topography in the main channel but 
neglect the bank region where boundary layer 
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effects cannot be described by a depth averaged 
treatment. In this type of models, effects of chute 
cutoffs have been accounted for only adopting a 
heuristic statistical framework, e.g. by consider-
ing a quasi‐random occurrence of chute cutoffs 
(Howard, 1996).

On the other hand, more refined hydrody-
namic models are needed to provide information 
about the water flow both in the main channel 
and over the adjacent floodplain and, therefore, 
to disclose the complex interactions associated 
with the transfer of momentum between the in‐
channel streamflow and the floodplain overflow 
(Shiono & Muto, 1998; Shiono et  al., 1999, 
2009a; b; Patra & Kar, 2000; Wormleaton et al., 
2004; Patra et al., 2004; Shiono & Shukla, 2008; 
Khatua & Patra, 2009; Liu et  al., 2014; Shan 
et  al., 2015). Although full three‐dimensional 
(3D) models offer a more detailed description of 
the flow field, especially near to the banks, two‐
dimensional (2D) depth‐averaged models have 
been found to reproduce accurately many impor-
tant hydrodynamic features, with a sensible 
reduction of computational costs (Rameshwaran 
& Shiono, 2003; Shiono & Shukla, 2008; Riesterer 
et al., 2016).

In the present contribution, the linearised hydro‐
morphodynamic model of Frascati & Lanzoni 
(2013) is used to estimate the channel bed topogra-
phy antecedent to chute formation in the absence 
of reliable field data. Indeed, the model, although 
linearised, has been found to describe with a good 
accuracy the bed topography in mildly curved and 
long bends with weak width variations. The ana-
lytical character of the model allows to describe 
the two dimensional bed topography and the cor-
responding flow with the desired spatial resolu-
tion. More specifically, the model describes the 
steady, spatially varying flow and the sediment 
transport in channels with arbitrary distribution of 
channel axis curvature and channel width. The 
governing equations are linearised and solved by 
means of a two‐parameter perturbation expansion 
technique, taking advantage of the fact that allu-
vial rivers often exhibit mild and long meander 
bends, as well as evident but relatively small width 
variations. The model, which accounts for the 
dynamic effects of secondary flows induced by 
both curvature and width variations, allows us to 
compute the steady two‐dimensional in‐channel 
flow field (i.e. water elevation, flow velocity and 
depth) and the equilibrium bed elevations corre-
sponding to a given flow discharge.

The hydrodynamic interactions between the in‐
channel flow and the floodplain overbank flow 
are investigated by means of a finite‐element 
model that solves the full two‐dimensional shal-
low water equations on irregular grids, accounting 
for wetting and drying processes through a suita-
ble parametrisation (Defina, 2000; Viero et  al., 
2013, 2014; Viero & Valipour, 2017). The shallow 
water equations (see Appendix A) are solved 
using a semi‐implicit staggered finite‐element 
method, based on mixed Eulerian‐Lagrangian 
approach (D’Alpaos & Defina, 2007; Viero & 
Defina, 2016). The depth integrated horizontal 
turbulent and dispersion stresses are evaluated 
using the Boussinesq approximation (Stansby, 
2003) and the eddy viscosity according to 
Uittenbogaard & van Vossen (2004). In principle, 
the considered hydrodynamic model can be easily 
coupled with the two‐dimensional Exner equa-
tions to describe channel bed dynamics (Defina, 
2003). Nevertheless, the modelling of chute 
 cutoffs, from chute inception to meander bypass 
and, possibly, abandoned channel infilling 
requires a more sophisticated approach, to include 
fundamental processes such as bank erosion (see, 
e.g. Iwasaki et  al., 2016) and graded sediment 
transport and deposition. In the following, atten-
tion is then restricted to the hydrodynamic and 
topographic factors that control the initiation of 
chute incisions.

CASE STUDIES

In this section, the modelling framework described 
above will be used to identify the hydraulic and 
topographic controls on chute cutoffs with 
 reference to two case studies: the Sacramento 
River and the Cecina River. In these two  examples, 
chute formation is driven by distinct mechanisms: 
in‐channel flow in the former case and free‐sur-
face gradient in the second. This separation allows 
a clear characterisation of the different hydraulic 
and topographic controls.

Sacramento River

The Sacramento River is the largest river of 
California (USA). It collects precipitation and 
snowmelt runoff from the western slopes of the 
Sierra Nevada, the eastern slopes of the Coast 
Range and the southern Trinity and Klamath 
ranges; and finally discharges into the Pacific 
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Ocean via the San Francisco Bay (Micheli & 
Larsen, 2011). The river is about 480 km‐long, 
flowing from north to south. The Sacramento 
River Valley is mainly composed of sedimentary 
rocks and recent alluvium, with a meander belt 
dominated by Pliocene–Pleistocene alluvium and 
fluvial deposits. Along the investigated reach, the 
Sacramento River is predominantly an uncon-
strained, single‐thread, sinuous channel, with 
slope ranging from 0.0002 to 0.0007. The riverbed 
material is mainly sand and gravel with a median 
grain‐size ranging from 5 to 35 mm. The average 
height of the top of the bank varies from 2 to 8 m 
with respect to the channel bed. The average chan-
nel width is about 250 m at bankfull conditions. 
The construction of the dam at Shasta Lake in the 
early 1940s, and of a number of flood control 
structures diverting excess flow into overflow 
catchment basins during peak floods, caused a 
sensible increase of return periods of bankfull and 
major peak floods (Micheli & Larsen, 2011).

The reach considered in this study is character-
ised by the presence of two consecutive bends 
(Fig. 5) and it is located about 15 km South of Red 
Bluff, between the river miles 233 and 236 (accord-
ing to the 1991 Sacramento River Atlas, Army 
Corps of Engineers). The second of these bends 
experienced two distinct chute cutoffs, approxi-
mately in January 1978 (Fig. 5A) and in January–
March 1995 (Fig. 5B).

The Digital Elevation Models (DEMs) shown in 
Fig.  5 are characterised by different resolution. 
The first (Fig. 5A) has a resolution of ~  10 m (1/3 
arc‐second) and was extracted from the U.S. 
Geological Survey (USGS) National Elevation 
Dataset (NED). It refers to the year 1976, before the 
occurrence of a chute cutoff probably caused by a 
flood in January 1978 (see Fig. 6A) and has been 
selected after comparing together the planform 
paths attained by the river in the last 100 years, 
available in the form of shapefiles at the 
Sacramento River forum website (www.
sacramentoriver.org).

The high‐resolution (~3 m) DEM depicted in 
Fig. 5B, provided by the California Department of 
Water Resources, was acquired from the CVFED 
LiDAR survey. Although being useless for the pre-
sent modelling purposes (it refers to a post‐cutoff 
configuration), it provides an interesting picture 
of the topographic heterogeneity that character-
ises the Sacramento floodplain, with the presence 
of many scroll bars, floodplain channels and pal-
aeo‐meander cutoffs (David et al., 2017). The gross 

features of the floodplain are very similar to those 
emerging from the lower resolution DEM of 1976.

Fig.  5A indicates that both the considered 
meandering bends are strongly confined by rela-
tively high banks on the outer side, with flattened 
elevations at the apex of the upstream bend and 
just after the apex of the downstream bend. One of 
the most interesting aspects of the 1976 channel 
configuration is the presence of an encroachment 
located downstream of the bend apex and 
upstream of the inflection point between the two 
bends, which shows similarities with that investi-
gated by Constantine et al. (2010). Nevertheless, 
differently from Constantine et  al. (2010), who 
linked the presence of embayments to nearly uni-
form floodplains, in the present case the flood-
plain is markedly irregular and the embayment is 
placed in correspondence of the remainder of an 
abandoned (and partially filled) palaeo‐meander 
channel with a sinuous shape (Fig. 5A).

Fig. 6 reports the discharge hydrograph recorded 
at the Bend Bridge gauge station, upstream of Red 
Bluff, and the LandSat images showing different 
stages of the temporal evolution of the chute cut-
off during the period 1977–1980. Near infrared 
band 7 and multispectral images are shown in 
order to emphasise water bodies and vegetation 
patterns. The chute seems to have been triggered 
by a relatively high flood (3000 m3 s−1), which 
occurred in January 1978, and subsequently 
incised by a sequence of other flood events, the 
larger one (of about 3000 m3 s−1) in February 1980.

The 2D finite‐element model is applied to ana-
lyse the hydrodynamic features associated with 
the 1976 configuration, antecedent to the chute 
formation. The numerical grid is made up of about 
30,000 nodes and 55,000 triangular elements, to 
cover a reach of about 13 km close to the bridge 
downstream of Los Molinos. Given the absence of 
reliable in‐channel elevation data, the bathymetry 
within the 1976 meandering channel configura-
tion (Fig. 7A) has been estimated through the lin-
earised morphodynamic model of Frascati & 
Lanzoni (2013). The robustness of the estimated 
bed topography was preliminary tested by apply-
ing the model to the 2001 channel planform geom-
etry and comparing the resulting bed topography 
with the bathymetric survey carried out in 2001 
by the California Department of Water Resources 
(DWR). Fig. 7B shows the comparison of the com-
puted cross section profiles with the available 
data. The overall agreement is reasonably good 
(relative error, scaled by the local flow depth, 
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Fig. 5. Sacramento River (California, USA) about 15 km downstream of Red Bluff (CA). (A) Digital elevation model (DEM) 
from USGS National Elevation Dataset (NED), referring to 1976 (resolution ~  10 m); (B) DEM from the CVFED LiDAR survey, 
provided by the California Department of Water Resources (DWR), referring to 2010 (resolution ~  3 m). The black lines 
denote the channel geometry digitalised by DWR.
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12 Daniele P. Viero et al.

~11%), given also the inability of the model to 
describe the boundary layer region close to the 
banks. In addition, the results of the one‐dimen-
sional hydraulic model of the Sacramento River 
implemented by DWR (‘Sacramento and San 
Joaquin River Basins Comprehensive Study’) were 
used to extract the rating curve to be applied as 
boundary condition at the downstream section of 
the computational domain and to calibrate the 
resistance parameters of the 2D finite‐element 

hydrodynamic model. A set of preliminary simu-
lations, carried out by varying the model parame-
ters within a reasonable range, suggests that the 
global hydrodynamic behaviour described in the 
following is not substantially affected by parame-
ter uncertainties.

Fig. 8 shows the 2D flow field computed for a 
total discharge of 3000 m3 s−1, which is the maxi-
mum discharge (Fig.  6) recorded in the period 
1976–1981 at the Bend Bridge gauge station, 

Fig. 6. (A) Discharge hydrograph of the Sacramento River recorded at USGS gauge station n. 11377100 (Bend Bridge upstream 
of Red Bluff) in the years 1977–1980. Vertical lines refer to the corresponding LandSat images in the panels below (band 7 
in panels B to D, multispectral in panels E to G), which show significant stages of the chute incision.
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Fig. 7. Two‐dimensional channel bed topography in the investigated reach of the Sacramento River, computed through the 
hydro‐morphodynamic model of Frascati & Lanzoni (2013) for the planform configurations observed in 1976 (panel A) and 
2001 (panel B). The bathymetry computed for the 2001 configuration has been compared with the echo‐sounder data col-
lected in the four cross sections marked in panel B. The agreement in the central region excluding the banks (where the 
model loses validity) is reasonably good (mean relative error, scaled by the local flow depth, ~11%). The flow discharge 
that ensures this fit is 270 m3 s−1, about 80% of the mean annual discharge (350 m3 s−1), in accordance with the idea that the 
river topography provided by standard surveys is determined by flood events of moderate intensity, which recur much 
more frequently, rather than by extreme floods (Wolman & Miller, 1960; Lanzoni et al., 2014).
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upstream of Red Bluff (USGS gauge station n. 
11377100). The discharge confined within the 
upstream bend is 2760 m3 s−1, while the remaining 
fraction flows over the floodplain. A discharge of 
340 m3 s−1 flows in correspondence of the embay-
ment located after the bend apex of the upstream 
bend (magenta lines in Fig. 8), preluding the chute 
formation. It can be noted that the narrowing of 
the main channel nearby the bend apex (red 
arrows in Fig.  8) tends to concentrate the water 
flux and to increase the in‐channel flow velocity 
(Fig. 8B and Fig. 9).

As a consequence, a high momentum current is 
directed against the outer bank, that is impinged 
in the correspondence of the embayment. This 
favours a progressive erosion of the bank material 
and, hence, meander migration, as well as the pro-
gressive downstream extension of a chute (see the 
dashed lines in Figs  5A, 8 and 9). Remarkably, 
considering also the progressive migration of the 
outer channel bank, the direction of the chute 
tends to be aligned with that of the in‐channel 
flow at the bend apex. This behaviour is promoted 
by the sharpness of the considered bend and the 
inertia of the incoming channelised flow, which is 
predominant with respect to the effects exerted by 
the floodplain characteristics (topography, vegeta-
tion, etc.). The palaeo‐meander present on the 
floodplain, rather than driving the overbank flow, 
provides a more erodible portion of soil near to 

the outer channel bank, where the flow shear 
stresses concentrate (Fig. 8C).

The importance of the in‐channel flow inertia is 
supported by the additional simulation carried 
out by neglecting the convective acceleration 
terms in the 2D hydrodynamic model (i.e. the 
terms controlling the transport of momentum to a 
different position, see Appendix A). In the absence 
of these terms, the maximum flow velocity down-
stream of the encroachment is reduced by more 
than 20% (from 2.9 to 2.3 m s−1), the bottom shear 
stress is reduced by 45% (from 90 to 50 Pa, Fig. 8C 
and D) and the discharge through the area where 
the chute is going to develop decreases by 30% 
(from 340 to 240 m3 s−1).

To sum up, the initiation of the 1978 chute cut-
off was due to the concomitant presence of two 
principal factors: i) a concentration of flow veloci-
ties (due to the river narrowing downstream the 
bend apex) directed against the outer bank; and ii) 
the presence of an embayment possibly associated 
with a palaeo‐meander. The river cross‐section 
enlargement caused by the embayment tends to 
reduce the flow velocity at the centre of the main 
channel (Figs 8B and 9A). This reduction, in turn, 
enhances sediment deposition and, consequently, 
favours the formation of a central‐bar (Seminara, 
2006) or a plug‐bar (Eekhout & Hoitink, 2015) and, 
after all, the discharge diversion through the 
 forming chute.

Fig. 9. Sacramento River in 1976. (A) Detailed view of the two‐dimensional (i.e. depth‐averaged) velocity field (shown in 
Fig. 8B). The white solid line denotes the 1981 channel geometry digitalised by DWR. (B) Depth‐averaged velocity for dif-
ferent values of the total discharge at points P1 and P2 (see the black arrows in panel A), located at the edge of the embay-
ment and at the apex of the palaeo‐meander bend, respectively.
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16 Daniele P. Viero et al.

Note that these hydrodynamic features are asso-
ciated with the presence of an embayment with 
size comparable with the local channel width 
(embayment mean width and length being ~  60% 
and ~  140% that of the local channel width), that 
is much larger than the bank embayments gener-
ated by the presence of slump blocks (Hackney 
et  al., 2015) or bank macro‐roughness elements 
(Darby et al., 2010).

Fig. 9B shows that the depth‐averaged velocity 
in two relevant locations along the chute to be 
formed increases monotonically with the river 
discharge. Additional simulations showed that 
the overall hydrodynamic features of the flow 
remain remarkably similar for discharges in the 
range 2000 to 6000 m3 s−1 (i.e. when overbank flow 
occurs), except for a gradual increase of water lev-
els and flow velocity as the discharge grows.

The energy of the flood, as it interacts with the 
variable floodplain topography, is reflected in the 
variability of the free‐surface slope (Figs 8A and 10). 
Importantly, the upstream and downstream ends of 
the future chute almost coincide with a local maxi-
mum and minimum of the overbank flow free‐sur-
face elevation, respectively. This confirms that local 
differences in the shape of the floodwater surface 
probably control the location of a chute and deter-
mine how a chute progressively advances 
(Constantine et al., 2010).

In addition to the inertia and direction of the 
in‐channel flow and the topographic controls of 
the overbank flow, the temporal sequence of flood 
events can have a fundamental role in determin-
ing chute inception. As depicted in Figs  5B 
(dashed line) and 11B to G, another chute cutoff 
occurred in the period January–March 1995. After 

the cutoff experienced in 1978, the river bend 
upstream of the chute progressively elongated and 
increased its curvature due to outer bank erosion. 
The discharges recorded at Bend Bridge gauge sta-
tion (Fig. 11A), upstream of Red Bluff (USGS sta-
tion n.  11377100) and a close inspection of 
satellite images (Fig.  11B to G) suggest that this 
second chute cutoff was triggered by a first flood 
(peak discharge of 2670 m3 s−1) which occurred in 
January 1995 and developed completely during a 
second flood (peak discharge of 3030 m3 s−1) which 
occurred in March 1995. This seems to confirm 
the fact that the occurrence of subsequent floods 
(i.e. discharge variability) plays a major role in 
chute formation (McGowen & Garner, 1970). As 
reported in Constantine et al. (2010), the forma-
tion of this second cutoff was preceded by the ero-
sion of an embayment just downstream of the 
upstream bend apex (Fig. 11E). Similarly to 1978, 
the chute was initially curved (Fig.  11 F), but 
eventually developed as a straight channel aligned 
with the direction of the incoming in‐channel 
flow (Fig. 11G). The LandSat images reported in 
Figs 6 and 11 then suggest a remarkably similar 
behaviour of the 1978 and 1995 chute cutoffs.

Cecina River

The Cecina River is a single‐tread gravel bed river 
in central Italy, with a catchment of about 900 km2 
and a total length of about 80 km. The flow regime 
is highly ephemeral, with flash flood flows 
induced mainly by intense cloudbursts (Bartholdy 
& Billi, 2002). Bed material exhibits a general, 
though irregular, downstream decrease in terms of 
median diameter, D50 (Billi & Paris, 1992). At the 
study reach (Fig.  12), which is located approxi-
mately 55 km from the source and 25 km from the 
outlet, D50 ranges between 15 and 30 mm, the bed 
elevation ranges between 34 and 38 m above sea‐
level and the mean slope is about 1.85 · 10−3 
(Fig. 13). In the considered reach, the Cecina River 
exhibited a remarkable increase of sinuosity start-
ing from the 1990s (Bartholdy & Billi, 2002). 
During the 1950s and 1960s, a deficit in sediment 
supply due to change in land use in the upstream 
part of the basin was exacerbated by extensive 
mining of bed material, which was ultimately for-
bidden in 1978. The reduction in sediment supply 
and the consequent increase in mean channel 
slope led to a relatively straight, deep channel 
with alternate bars. After 1978, a consistent sedi-
ment load supply re‐established due to the ceas-
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ing of mining and to bank erosion associated with 
channel widening (Rinaldi et  al., 2008; Luppi 
et  al., 2009; Nardi & Rinaldi, 2010; Rinaldi & 
Nardi, 2013).

Two consecutive meanders developed in the 
recent years (Fig. 12) due to pronounced bank ero-
sion processes (Nardi et al., 2013). The rapidity of 
the outer bank erosion, in particular at the first 
bend, led to the formation of a poorly developed 
(in term of surface elevation) point bar at the inner 

bank (Luppi et  al., 2009). Moreover, vegetation 
had not enough time to completely cover and thus 
to protect, the newly formed inner point bar 
(Fig.  12, panel F). The analysis of aerial images 
(Fig.  12) and of the DEM derived from a LiDAR 
survey (Fig. 13), suggests that the flow was unable 
to remove from the channel bed the whole mate-
rial eroded from the outer bank, thus leading to a 
relatively shallow and narrow river cross section. 
The inside of the upstream bend is characterised 

Fig. 11. (A) Discharge hydrograph of the Sacramento River recorded at USGS gauge station n. 11377100 (Bend Bridge 
upstream of Red Bluff) in the years 1994–1995. Vertical lines refer to the corresponding LandSat images in the panels below 
(RGB in panels B to D, multispectral in panels E to G), which show significant stages of the chute incision.
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Fig.  12. Cecina River (Tuscany, Italy). Historical aerial images showing the recent evolution of the main channel. For 
 comparison purposes, the red lines denote the channel banks of the 2013 configuration.
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by a bed topography degrading slowly toward the 
river and a sparse vegetation cover (Figs 13 and 
14), which determines the presence of preferential 
pathways for overbank flow. During flood events, 
the incoming flow can then freely expand over the 
areas inside of the bend, reducing the mean veloc-
ity of the in‐channel streamflow, its erosive power 
and sediment transport capacity as well.

It was in this context that, approximately 
between 2011 and 2013, the elongated meander 
bend shown in Fig. 12 F underwent a chute cutoff 
(Fig. 12, panel G). The mechanism that led to the 
formation of the chute can be ascribed to the 
flashy character of flood events, which caused the 
rapid erosion of the outer bank of the bend but an 
insufficient removal of the material fallen down 
in the channel bed.

The hydrodynamic conditions responsible for 
the chute cutoff have been assessed by applying 
the 2D finite‐element model to the 2008 (Fig. 13) 
and 2010 (Fig. 14) configurations. The topography 
of this latter configuration, shown in Fig. 14, was 
reconstructed on the basis of a DEM obtained from 
a 2008 LiDAR survey and of an aerial image taken 
in 2010 (Fig. 12, panel F) in order to update the 
channelised path within the main channel. As a 
first approximation, bottom elevations of the por-
tion of point‐bar formed after 2008 were assigned 
assuming the same mean slope of the 2008 point‐
bar, while the channel bed bathymetry was 
assigned in analogy with that referring to 2008. 
Additional simulations, carried out by changing 

the elevations of the channel bed and the point‐
bar within a reasonable extent (±0.5 m), suggest 
minor changes of the overall hydrodynamic 
behaviour described below and referring to the 
pre‐chute 2010 configuration depicted in Fig. 12G.

The numerical grid used in the hydraulic com-
putations is made up of about 26,000 nodes and 
51,000 triangular elements and covers a reach 
long about 4 km (from 1 km upstream to 3 km 
downstream the chute cutoff). Since the 
 topographical survey used to build the DEM was 
conducted during a low‐flow period, most of the 
channel bed was actually covered by DEM data. 
The hydro‐morphodynamic model of Frascati & 
Lanzoni (2013) was then used to estimate the 
bathymetry only in the few channelised portions 
of the river where no data were available.

Uniform flow condition were prescribed at the 
downstream section of the modelled river reach. 
Preliminary tests showed that the distance 
between the area interested by the cutoff and the 
downstream boundary section of the computa-
tional domain is large enough to rule out the 
uncertainties related to the adopted downstream 
boundary condition. The resistance parameters of 
the hydrodynamic finite‐element model were 
chosen on the basis of granulometric and morpho-
logical characteristics of the considered reach 
(Nardi et al., 2013). Although measured data are 
not available for a calibration of the model, a sys-
tematic set of simulations carried out to evaluate 
the sensitivity to changes in parameters, such as 

Fig. 13. Cecina River. Digital Terrain Model (resolution of 1 × 1 m) derived by a LiDAR survey (data source: ‘Ministero 
dell’Ambiente e della tutela del Territorio e del Mare – Rilievi Lidar’, courtesy of the Tuscany Region). The survey refers to 
year 2008.
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friction, indicates that the overall hydraulic 
description provided by the model is quite robust.

The total discharge has been varied in the range 
between 5 and 600 m3 s−1 (Nardi et al., 2013). The 
simulated flow field turns out to change drasti-
cally with increasing discharge (Fig.  15), mostly 
in terms of velocity pattern in the downstream 
part of the considered bend and on the inner 

point‐bar. The most interesting and not obvious 
feature is that, contrarily to the Sacramento River 
case study (Fig.  9B), the flow velocity does not 
increase monotonically with the total discharge. 
This behaviour emerges clearly from Fig.  16, 
showing the modulus of the depth‐averaged veloc-
ity in two points, P1 and P2, placed inside the 
area to be cut by the chute (see Fig. 15B). The flow 

Fig. 14. Cecina River. Bottom elevation of the numerical grid, reconstructed from the LiDAR survey (2008), the 2010 aerial 
image (shaded in background) and the model of Frascati & Lanzoni (2013).

Fig. 15. Cecina River. Model results in terms of depth‐averaged velocity for a total water discharge of 40 m3 s−1 (A) and 
200 m3 s−1 (B), respectively. The white dashed lines denote the location of the chute occurred between 2010 and 2013.
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velocity initially increases as the inside of the 
bend is flooded and suddenly drops as the dis-
charge exceeds approximately 100 m3 s−1 (see 
Fig.  16). This rapid decrease is mainly due to 
backwater effects and to the spreading of stream-
flow throughout the point bar deposits inside of 
the bend (Fig. 15).

The mechanism that with great probability led 
to the chute incision in the Cecina River is not 
related to the intensity of the upstream discharge. 
Indeed, the in‐channel flow is almost tangent to 
the point bar contained in the meander loop and 
the maximum flow velocities are not attained for 
the larger discharges (Fig.  16). Hence, the over-
bank flow is essentially controlled by the gradient 
advantage dictated by the point bar topography 
(see, the third type of formative mechanism 
depicted in Fig.  3). In particular, the gradient 
advantage is ensured by preferential paths on the 
point‐bar deposits and the relatively shallow and 
narrow (and little conveying) channel section. 
The incision of a chute thus occurs for flow rates 
large enough to flood the point bar deposits, but 
relatively small if compared with the major floods 
of the Cecina River.

The analysis of the discharge time series, pro-
vided by the Hydrological Service of Tuscany 
Region (www.sir.toscana.it) for the Ponte di 
Monterufoli gauging section, located a few kilo-
metres downstream of the study reach, shows that 
the two major floods in the period 2010–2013 
were characterised by maximum discharges of 
about 220 and 170 m3 s−1, respectively. Such val-
ues are significantly less than the floods which 

occurred just before (6th January 2010, peak dis-
charge ~  340 m3 s−1) and after (21st October 2013, 
peak discharge ~  540 m3 s−1) this 3‐year period.

DISCUSSION

Hydrodynamic considerations and the numerical 
analyses highlight that the energy of the flow 
through the floodplain is in general due to two 
distinct, but strictly related, factors: the inertia 
and direction of the upstream in‐channel flow; 
and the gradient of hydraulic head between the 
upstream and downstream ends of paths through 
the floodplain, denoted as gradient advantage. 
The first factor dominates when the flow, coming 
from an upstream relatively narrow bend, 
impinges against the bank of the meander under-
going a cutoff, first causing the incision of an 
embayment and then the progressive cut of the 
chute through the floodplain. When the second 
factor dominates, the chute forms either by pro-
gressive enlargement of existing swales (or 
sloughs) through the point/scroll bar deposits, or 
by headward incision of a gully. Headward ero-
sion of a chute can also occur from its downstream 
end in the presence of an overland flow ensuring 
a large enough free‐surface drop when the water 
re‐enters into the channel.

Accordingly, with the aim of defining a physics‐
based framework for the inception of chute cut-
offs, the different mechanisms of chute formation 
can be grouped in two macro‐groups. The first 
includes chute incisions driven by overbank flow 
occurring downstream of the bend apex of a rela-
tively narrow meander bend, as in the case study 
of the Sacramento River, where direction and iner-
tia of the streamflow has been observed to drive 
the erosion process. The second macro‐group 
 concerns chute incisions driven by the gradient 
advantage of a preferential path through the area 
inside of the bend, owing to the presence of poorly 
developed point bar deposits and insufficient 
removal of previously eroded material from the 
channel bed (as in the case of the Cecina River). 
Existing preferential pathways can be also due to 
the ridge‐and‐swale sequence typical of scroll‐pat-
terned bar surfaces, as well as to topographic 
depressions related to older, not yet filled, mean-
der paths (as in the case of the Chixoy River, Fig. 4).

In both the macro‐groups, the occurrence of 
overbank flow is needed in order for a chute to 
form but the total discharge plays quite a different 

Fig. 16. Cecina River. Depth‐averaged velocity for different 
values of the total discharge at points P1 and P2 (see the 
black arrows in Fig. 15), located where the chute is going 
to form.
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role in the two cases. The difference can be appre-
ciated from Fig. 17, which reports the free‐surface 
gradient (panel A) and the fraction of discharge 
(panel B) conveyed through the portion of flood-
plain to be cut by the chute, as a function of the 
total discharge. In the case of the Sacramento 
River, the free‐surface gradient (Fig.  17A, solid 
lines) shows a general increase with the discharge 
up to a maximum. The in‐channel flow is directed 
against the upstream section of the chute to be 
formed and convective acceleration enforces a 
rise in the free‐surface elevation at the outer bank, 
downstream of the bend apex, where the  formation 

of an embayment precedes the chute incision. 
Contrarily, in the Cecina River, the increasing of 
discharge leads to a marked, monotonic decrease 
of the free‐surface gradient through the flood-
plain. The incoming channel flow is not directed 
toward the inside of the bend and backwater 
effects reduce the free‐surface gradient also for 
moderate discharges. The solid lines in Fig. 17B 
show that the ratio of overbank flow to the total 
discharge is sensibly larger in the Cecina River 
than in the Sacramento River. This is due to the 
shallowness of the channel and to the relatively 
small height of the point‐bar in the Cecina River, 
such that overbank flow starts for small discharges 
(~10 m3 s−1).

Interestingly, convective accelerations are 
shown to play a different role in the two rivers. 
Neglecting convective accelerations (see dashed 
lines in Fig. 17) generally leads to a slight increase 
in the free‐surface gradient across the chute to be 
formed in the Cecina River, while a significant 
reduction occurs in the Sacramento River 
(Fig.  17A). As a consequence, when convective 
accelerations are neglected, in the Sacramento 
River the overbank flow occurs for significantly 
larger values of the total discharge (~1,900 m3 s−1 
instead of ~1,500 m3 s−1) and, in general, overbank 
flow discharge is lower. On the contrary, the 
 discharge partitioning in the Cecina River is negli-
gibly affected by convective accelerations.

The two case studies discussed above can be 
considered as end members and, hence, they show 
a clear prevalence of one of the two mechanisms 
that in general tend to coexist together. Possibly, 
the present analysis can be used to infer the 
 possible tendency of river reach to develop a 
 particular type of chute cutoff on the basis of 
hydrodynamic indicators such as the monotonic 
(Fig. 9B) or non‐monotonic (Fig. 16B) dependence 
of the velocity on the point bar to be cut, as well as 
of the free‐surface gradient (Fig. 17A).

It is worth noting that, in rivers where the regu-
lar and mild shape of meanders prevent the in‐
channel streamflow to impinge directly against 
the outer bank at some location downstream of the 
bend apex, the incision of chutes can be forced 
only by the gradient advantage associated with an 
overland flow (macro‐group 2) and not by the 
inertia of the upstream in‐channel flow. 
Accordingly, it can be conjectured that chutes 
assume pathways different from that of point/
scroll bar swales, sloughs or abandoned palaeo‐
meanders only for quite sharp meander bends in 

Fig. 17. (A) Free surface gradient (difference in free‐surface 
elevation divided by the linear distance) between the 
upstream (P3) and downstream (P4) ends of the chute to be 
formed. The locations of the chute ends are those reported 
in Fig. 9 for the Sacramento River and in Fig. 15 for the 
Cecina River. (B) Overbank flow through the inside of the 
meander loop as a fraction of the total discharge. The total 
discharge, Q, is scaled with a reference value, Qref, equal to 
6000 and 600 m3 s−1 for the Sacramento and the Cecina 
Rivers, respectively. The dashed lines refer to numerical 
simulations in which the convective accelerations have 
been neglected.
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which a localised narrowing of the cross section 
enhances a concentration of the shear stresses 
and, contemporaneously, directs markedly the 
flow towards the inside of the downstream mean-
der loop.

According to the above considerations, chute 
cutoffs of both macro‐groups can be detected in 
the reach of the Allier River depicted in Fig.  1. 
Magenta circles denote chute channels mainly 
forced by the inertia and direction of the in‐chan-
nel flow, while blue circles locates the chute cut-
offs possibly controlled by gradient advantage. On 
the other hand, in the case of the Strickland River 
reach depicted in Fig.  2, chutes are generally 
almost perpendicular to the in‐channel flow direc-
tion (i.e. tangent to the point bar included in the 
meander loop) and tend to follow swale patterns 
across the scroll bars, independently of the 
 gradient advantage associated with other short 
paths through the floodplain. Indeed, in this 
reach, many locations (red rectangles in Fig. 2) are 
probably characterised by values of the gradient 
advantage higher than those where chute cutoffs 
actually occurred, but the possible presence of 
relatively high natural levees (Aalto et al., 2008) 
and the absence of any preferential floodplain 
path prevent the formation of chute cutoffs there. 
This behaviour is possibly linked also to the flow 
regime, which is far more uniform in the Strickland 
River than those of temperate rivers of similar size 
(Aalto et al., 2008).

In conclusion, the floodplain topography plays 
a major role in controlling not only the patterns of 
meander migration (e.g. Bogoni et  al., 2017) but 
also the occurrence of chute cutoffs. In the case 
studies analysed here, it was observed that 
 overbank flow can trigger chutes in the corre-
spondence of topographic lows due to the typical 
ridge and swale sequence characterising scroll 
bars, possibly reinforced by the presence of a 
 vegetation cover, or being the remainder of pal-
aeo‐meanders. Scroll patterned point bars are typ-
ical of medium‐energy non‐cohesive floodplains 
(Nanson & Croke, 1992) and consist of heterolithic 
stratification of interbedded sand and mud depos-
its with lateral accretion surfaces. On the other 
hand, palaeo‐meander cutoffs can form up to the 
75% of channel reaches within a floodplain 
(David et  al., 2017); they are lower in elevation 
and probably different in terms of stratigraphy, 
with respect to the surrounding floodplain. Hence, 
they are preferential pathways for overbank flow 
and prone to erosion given the presence of less 

consolidated sediment deposits with respect to 
the adjacent floodplain.

In addition, the hydrodynamic flow field within 
the main channel can play a crucial role in the 
occurrence of chute cutoffs. The application of 
the  hydro‐morphodynamic model developed by 
Frascati & Lanzoni (2013) to different rivers (Lopez 
Dubon et  al., 2016) indicates that a significant 
concentration of flow velocity and bottom shear 
stresses is always found in the main channel 
towards the bank where the upstream section of a 
chute is going to be incised. The analysis of the 
chute initiation in the Sacramento River confirms 
that convective acceleration of the in‐channel 
flow crucially affects also the magnitude and the 
direction of velocities over the floodplain near to 
the location where the chute incision is going to 
occur. It can then be argued that the inertia and 
direction of the in‐channel flow, possibly 
enhanced by a localised narrowing of the river 
and not only the water surface gradient of the 
overbank flow (Constantine et  al., 2010), are 
important factors controlling chute formation.

Clearly, a multiplicity of other factors concur to 
determine chute cutoff inception and progression 
and complicate the overall picture discussed 
above. The fluctuations in intensity and type of 
sediment transport within the river are responsi-
ble for adjustments of the bed topography and of 
the channel width which, in turn, strongly affect 
the in‐channel flow. The height of the banks con-
trols occurrence and intensity of overbank flow. 
Vegetation encroachments and sedimentary het-
erogeneities throughout the floodplain entail spa-
tial variability in bank resistance to erosion 
(Konsoer et al., 2016) and can drive preferentially 
the overbank flow, eventually determining where 
a chute forms. This complexity and multiplicity 
of controlling factors is exemplified by the 
Sacramento River itself, for which other reaches 
can be found where no chute incisions are 
observed despite the in‐channel flow downstream 
of bend apexes shows values of the near bank 
velocity and of the shear stresses similar or even 
greater than those considered in the present study.

CONCLUSIONS

The numerical analyses carried out in the pre-
sent study, which concentrated on the hydrody-
namic forcing responsible for the chutes’ 
initiation, allowed to distinguish between 
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hydraulically driven and topographically driven 
chute cutoffs. In the first case, the incision on 
the floodplain is determined by the flow field 
within the main channel, upstream of the chute 
to be formed; in the second case, the incision is 
determined by the  gradient advantage and the 
flow field over the floodplain. In hydraulically 
dominated cutoffs, the main stream is usually 
directed toward the outer bank due to pro-
nounced channel curvature, thus significantly 
increasing the water‐level against the outer bank 
and promoting the formation of embayments as 
precursors of chute incisions. This mechanism 
is fostered by hydrodynamic conditions (e.g. 
backwater effects) and by sediment dynamics 
(e.g. deposition and formation of plug‐bars or 
central‐bars within the main channel). In topo-
graphically driven chute cutoffs, a major role is 
played by the gradient advantage of flow paths 
through the floodplain with respect to the main 
channel and to the presence of ridge and swale 
topography or palaeo‐channels.

In any case, the presence of preferential path-
ways on the floodplain has a great influence on 
the formation of chutes. This implies that, to accu-
rately model chute cutoff inception, the actual 
configuration of the floodplain has to be accounted 
for and the flow field within the main channel 
and over the adjacent areas have to be solved 
jointly. Clearly, the presence of several controlling 
factors, interplaying and competing together, 
greatly increases the complexity of the problem. 
Heterogeneity of the floodplain associated with 
sediment sorting and preserved sedimentary land-
forms, as well as vegetation encroachment, may 
act either to enhance or to inhibit the occurrence 
of chute cutoffs.

Reliable predictions of chute cutoffs can be 
achieved by accurately modelling both the hydro-
dynamic flow field and the bed evolution within 
the main channel and over the floodplain. The 
flow field within the main channel, in fact, can 
significantly affect the overland flow on the flood-
plain. In addition, the possible formation of plug‐
bars and central‐bars within the main channel can 
play a major role in bifurcation dynamics and, 
thus, in controlling the incision of chutes. 
Floodplain heterogeneity can also have an impor-
tant impact on cutoff occurrence. The knowledge 
gathered from this modelling approach may be 
used not only to assess local behaviours but also 
to develop a general, physics‐based statistical 
framework to be inserted in long‐term meander 
evolution models.
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APPENDIX A BASIC EQUATIONS

The two‐dimensional equations that govern the 
conservation of water momentum in free surface 
flows are the shallow water equations, also known 
as de Saint Venant equations. These equations, in 
order to be solved, must be coupled to the mass 
conservation of water (continuity equation) and, 
in the presence of a movable sediment bed, to the 
sediment balance equation (Exner equation).

The shallow water equations describe the depth‐
averaged flow field in free‐surface water bodies 
where the longitudinal ux and transverse uy com-
ponents of the mean (i.e., turbulence‐averaged) 
velocity components are one order of magnitude 
higher than the vertical component uz. This occurs 
when the spatial horizontal scales characterising 
the longitudinal and transverse flow variations are 
much larger than the flow depth. These assump-
tions are typical of long waves on shallow waters 
occurring, for example, during flood propagation 
in rivers and tidal propagation in estuaries, deltas, 
lagoons and near shore waters.

Under the shallow water assumption, the longi-
tudinal and transverse momentum equations read 
(Vreugdenhil, 1994):
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where D is the local flow depth, Ux and Uy are the 
components of the depth averaged mean velocity, 
H is the water surface elevation with respect to a 
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horizontal plane, τbx and τby are the components of 
the bed shear stress, g denotes gravity, ρ is the 
water density and the terms on the right hand 
side represent the residual dispersive stresses 
arising from the averaging of nonlinear accelera-
tion terms.

On the other hand, the two‐dimensional conti-
nuity equation takes the form
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It is the immediate to observe that the first three 
terms on the left hand side of equations (A1) and 
(A2), with the help of the continuity equation 
(A3), can be written as:
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This alternative form points out that the accel-
eration components dUx/dt and dUy/dt are given 
by the sum of local (or temporal) accelerations 
(e.g, ∂Ux/∂t) due to the variation in time on the 
velocity at a given point and of the so called 
 convective accelerations (e.g., Ux ∂Ux/∂x) due to 
the transport of momentum to a different position 
(Batchelor, 1967).

Finally, the two‐dimensional version of the 
Exner sediment balance equation reads (Seminara, 
1998):
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where η is the bed elevation with respect to an 
horizontal reference plane, p is the sediment bed 
porosity, C is the depth‐averaged sediment con-
centration and qsx, qsy are the components of the 
vector sediment flux per unit width, including 
bedload and suspended load.
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