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Summary

Morphodynamic models are essential tools to predict the development of fluvial and tidal
systems in scientific and engineering studies. Thesemodels are increasingly used to optimize
e.g. engineering interventions, flood protection, sand mining and shipping fairway mainte-
nance, and to predict the system evolution under the influence of pressures such as sea level
rise and human interference. However, many existing morphodynamic models predict un-
realistically deep and narrow channels, suggesting a lack of understanding of local sediment
transport dynamics at the scale of bars and channels.

Channel formation is initially the result of the balance of two processes: channel erosion,
and gravity-driven downslope sediment transport on the side slopes of the channel. The
latter is called the transverse bed slope effect, since these side slopes are transverse to the
main flow direction. Furthermore, transverse sediment transport is essential in balancing
secondary flows induced by bars and bends when channel patterns evolve. Secondary flows
in bends are inward-directed near the river bed and therefore drag sediment upslope towards
the inner bend, but this is balanced by sediment traveling downslope due to gravity. When
the riverbed consists of a sediment mixture, sediment is sorted along the slope, since gravity
pulls the heavier grains further downslope and the secondary flow drags the finer grains fur-
ther upslope. These processes show that the transverse bed slope effect strongly determines
the equilibrium channel dimensions and their dynamics. However, themagnitude and direc-
tion of the transverse sediment transport is poorly understood and therefore oversimplified
in morphodynamic models.

Transverse bed slope predictors in morphodynamic models are based on previous stud-
ies that isolated a specific transport mechanism or bed state, and study its separate effect on
the transverse bed slope effect. Consequently, existing transverse slope predictors were val-
idated against a small set of experiments with a limited range in near-bed flow conditions
and sediment sizes, depending on the process that was studied. However, these predictors
are now used to predict large-scale morphology where all sediment transport processes act
in combination. Therefore, the unrealistic channel erosion in morphodynamic models is of-
ten counteracted by artificially increasing the transverse bed slope parameter, which linearly
increases the transverse sediment transport and is therefore an effective calibration parame-
ter. However, previous model studies reported transverse slope parameters up to a hundred
times the default value to get realisticmorphology, meaning an increase of two orders ofmag-
nitude in downslope sediment transport. This raises the question whether the default value
that was based on literature is physically correct, or if other sediment transport processes are
missing in the model.

The objective of this thesis is to experimentally quantify the physical processes that in-
fluence sediment transport on transverse bed slopes for a large range of flow velocities, sec-
ondary flow intensities and sediment sizes to obtain transverse slope parameters for mor-
phological modelling that cover all sediment transport modes and bed state regimes. Addi-
tionally, the cause of the severe incision in morphodynamic models is identified, and why
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there are extremely large differences in transverse slope parameter needed to get realistic
large-scale morphology.

Experiments were conducted in a rotating annular flume, which allows control of sec-
ondary flow intensity separately from the main flow velocity, and therefore varying bend
radii can be simulated. Sediment characteristics were varied in three ways: using 1) uni-
form sediment ranging from fine sand to fine gravel (0.17–4mm), 2) low-density sediment,
and 3) a sediment mixture to quantify sediment sorting processes. In total, 252 experiments
were conducted. To identify possible explanations for the severe incision inmorphodynamic
models and to study the effect on large-scale morphology, five sets of model simulations were
conducted for various scales and environments.

Results with uniform sediment showed that the balance between the transverse slope effect
and secondary flow is not a linear function with sediment mobility, as suggested in previous
literature, but severely depends on several sediment transport processes that act together
(Chapter 2). This balance was grain size-dependent since this determined the mobility of
the sediment, bed state and the dominant mode of sediment transport. Sediment mobility
limited the development of transverse slopes just above the beginning of motion and mainly
influenced the transverse slope by determining the bed state. The balance between secondary
flow and transverse slope differed between experiments with fine and coarse sand, due to
the distinct bedform types that developed (Chapter 3). Coarse sediment (D50 > 0.7 mm)
showed a direct relation between grain size-dependent dune lee-side angle and transverse
slope, since sufficiently high lee-side angles theoretically result in permanent flow separa-
tion that enhances secondary flow in the dune troughs. In experiments with fine sediments
(D50 < 0.7 mm), different bedforms developed, ranging from ripples, dunes with superim-
posed ripples, dunes, to an upper stage plane bed. These bedforms showed no direct interac-
tion with the secondary flow, and lee-side angles mainly depended on bedform type instead
of grain size and bedform dimension.

The experiments with a sediment mixture showed the same balance between secondary
flow intensity and transverse slope as the uniform sediment experiments, which indicates
that there was no feedback between sorting and the magnitude of the slope itself (Chap-
ter 4). To quantify bend sorting, sediment samples were taken over the cross-section of 13
experiments with varying transverse slope. Results showed that all mobile sediment frac-
tions were efficiently sorted along the transverse slope, where the volume change over the
cross-section of specific fractions increases with grain size and magnitude of the slope. Fur-
thermore, bulk samples that were taken over the entire height of a dune showedminor effects
of vertical sorting along the lee side of dunes, since the difference with surface sample were
small. This implies that lateral sorting can bemodelled independently of dunes, which allows
application of the active layer concept in morphodynamic models.

Even though the experimental results showed a new relation between bend flow and trans-
verse sediment transport, resulting transverse slope parameters were still in the same order
of the default values in morphodynamic models in case of the fine sediment experiments, or
even lower for most of the coarse sediment experiments. This implies that the need to artifi-
cially increase the transverse slope parameter in models to counteract severe incision is not
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caused by the oversimplified implementation of the transverse slope effect, but is necessary
to compensate for other model weaknesses.

Model results demonstrated that the rate of channel incisionwith the default slope parame-
ter depends on grid size and the relative amount of sediment in suspension (Chapter 5). With
a physically realistic transverse bed slope effect, the flow seems to prefer flowing through as
few grid cells as possible, which resulted in more incision with a finer grid. The initial re-
sponse determines whether a system tends to incise or goes towards an equilibrium channel
by eroding the banks. The magnitude of the slope parameter that was needed to overcome
grid size-dependent incisionwas determined by the bed load transport rate that was available
for deflection downslope. The transport predictor of Van Rijn makes a distinction between
bedload and suspended load, and therefore the rate of incision depends on the amount of
sediment in suspension. On the other hand, the total load predictor of Engelund-Hansen
overdampened perturbations by predicting a much higher sediment transport rate, which is
all subjected to bed slope effects. These models therefore needed significantly lower trans-
verse slope parameters to balance unrealistic incision.

The large-scale environment that is modelled influences how likely models are to incise
and how sensitive they are to changes in bed slope effect. To model a dynamic system, the
model has to overcome the grid size-dependent incision at the channel scale by increasing
slope effects. Only when this is balanced by downslope sediment transport, the channel can
migrate sideways. Therefore, results showed that channels in models with Van Rijn were
static once they were formed, while channels inmodels with EngelundHansen couldmigrate
and avulse. Furthermore,modelswithVanRijn showedunnaturally sharp angular bends that
clearly followed the rectangular grid. Environments that depend on a large-scale balance
between erosion and deposition, such as estuaries and rivers, need a high slope parameter to
be dynamic, especially when modelled with the transport predictor of Van Rijn. Increasing
the bed slope effect results in longer and wider bars and increased active channel width,
and therefore in weaker braiding and fewer bifurcations. Erosional environments, e.g. tidal
basins, only need increased slope effects when the objective of a model study requires the
channels to migrate. Here, increasing the slope effect will mainly set channel dimensions
but not necessarily the number of channels. Depositional models where lateral dynamics are
initially less important, e.g. delta’s and fans, will show more natural looking bars with default
slope parameters. However, channels that form on the deposits will incise during the model
run and will also show the unnaturally sharp angular bends. It is difficult to use the predictor
of Engelund-Hansen to model depositional environments due to the diffusive nature of this
predictor.

If models are designed to represent existing morphology e.g. for decision making or case
studies, results critically depend on the choice of slope predictor in combination with the
sediment transport predictor. The two different methods to calculate transverse sediment
transport that are implemented in Delft3D, i.e. Ikeda or Koch Flokstra, result in different
sediment transport magnitudes and directions on the same slope, due to the different meth-
ods of calculating the transverse transport vector. This will lead to different local channel dy-
namics, such as bank erosion rates and location of erosion and deposition. On a larger scale,
this will result in different bar dimensions and channel network. Practically, this means that
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when a model is calibrated on morphology but is used to make an estimate of erosion or sed-
iment migration rates, these estimates will depend on the choice of slope predictor. On the
other hand, when models are calibrated to sediment transport rates, morphology and bed
slopes will differ between predictors. These are for example models that focus on the migra-
tion rate of dumped sediment, the sediment distribution at bifurcations, or the rate of bank
erosion. Therefore, whenmodels are calibrated by increasing downslope sediment transport,
either sediment transport magnitude or bed slopes match to measured data, while both are
not possible.

To conclude, results from this thesis show that the balance between secondary flow inten-
sity and the transverse slope is a non-linear relation with sediment mobility, which is grain
size dependent due to differences in bedform morphology. Even though this is in contrast
with the linear relations described in literature, the experimental results are still in the same
order as the default value for the transverse slope parameter inmorphodynamicmodels. The
increase of the transverse slope parameter up to two orders of magnitude that is needed to
obtain realisticmorphology therefore implies an imbalance between the incision and downs-
lope sediment transport in the models due to another cause. The rate of incision depends on
grid size and the suspended sediment transport rate, and future research should focus on
the role of slope effects and diffusion on suspended sediment transport. An arbitrary bed
slope calibration to counteract extreme incision may cause an order of magnitude error in
rate of morphological change, channel depth, the degree of braiding and bar dimensions.
Furthermore, it is impossible to calibrate a model on both sediment transport magnitude
and morphology, which has major implications for calibrated models that are used to make
decisions for e.g. navigation or engineering.

4



Samenvatting
Morfologische modellen zijn essentieel in het voorspellen van de ontwikkeling van rivier-
en getijsystemen. Deze modellen worden in toenemende mate gebruikt voor het optimali-
seren van bijvoorbeeld technische ingrepen, hoogwaterveiligheid, zandwinning en bagger-
strategieën voor de scheepvaart, en om de lange termijn ontwikkeling van het systeem te
voorspellen onder invloed van bijvoorbeeld zeespiegelstijging en menselijke ingrepen. Veel
bestaande morfologische modellen voorspellen echter onrealistisch diepe en smalle geulen,
wat wijst op een gebrek aan inzicht in de dynamiek van geulen en zandbanken.

De vorming van geulen en zandbanken hangt af van de balans tussen twee processen:
erosie van de geul doordat sediment wordt meegenomen door de stroming, en neerwaarts
sedimenttransport aan de zijkant van de geul als gevolg van de erosie. Dit laatste wordt het
dwarshellingseffect genoemd, omdat de hellingen aan de zijkant van de geul dwars op de
stroming staan. Dit sedimenttransport naar het midden van de geul is ook essentieel in het
balanceren van spiraalstroming. Spiraalstroming wordt veroorzaakt door bochten en zand-
banken, die ontstaan wanneer geulpatronen zich ontwikkelen. Als een gevolg van de spiraal-
stroming is de stroming dicht bij de bodem naar binnen gericht en neemt het sediment mee
hellingopwaarts. Dit wordt gecompenseerd door het neerwaartse sedimenttransport door
de zwaartekracht, waardoor er een evenwichtshelling ontstaat richting de binnenbocht. Dit
evenwicht hangt af van de sterkte van de spiraalstroming en de eigenschappen van het sedi-
ment. Wanneer de rivierbedding uit een mengsel bestaat van verschillende korrelgroottes,
wordt het sediment langs de helling uitgesorteerd, omdat de zwaartekracht de zwaardere kor-
rels verder naar beneden trekt en de spiraalstroming de fijnere korrels verder omhoog mee
kan nemen. Door het balanceren van erosie en spiraalstroming, heeft het dwarshellingsef-
fect een grote invloed op de dynamiek van banken en geulen. Echter, de invloed van de
sedimenteigenschappen en de sterkte van de spiraalstroming op de grootte en richting van
het sedimenttransport op dwarshellingen is nog niet systematisch onderzocht, waardoor dit
proces erg is versimpeld in morfologische modellen.

Dwarshellingsvoorspellers in morfologische modellen zijn gebaseerd op eerdere studies
die het effect van een specifiek transportmechanisme of beddingvorm op sedimenttrans-
port op dwarshellingen bestudeerden. Als gevolg werden deze dwarshellingsvoorspellers
gevalideerdmet een kleine reeks experimentenmet een beperkt bereik in stromingscondities
en korrelgrootte, afhankelijk van het proces dat werd bestudeerd. Deze voorspellers worden
nu echter gebruikt voor het voorspellen van grootschaligemorfologie waarbij meerdere sedi-
menttransportprocessen elkaar beïnvloeden. De vorming van onrealistisch diepe geulen in
morfologische modellen wordt daarom vaak tegengegaan door de dwarshellingsparameter
kunstmatig te verhogen, waardoor het sedimenttransport in de dwarsrichting lineair toe-
neemt. Hierdoor is de dwarshellingsparameter een effectieve kalibratieparameter, en wordt
dit schijnbaar willekeurig verhoogd tot honderd keer de standaardwaarde om een realistische
morfologie te krijgen. Dit betekent echter ook een toename van mogelijk twee ordegroottes
in zijwaarts sedimenttransport. Dit roept hierdoor de vraag op of de standaardwaarde die
op de literatuur gebaseerd is niet klopt, of dat er andere processen in het model ontbreken.
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Het doel van dit proefschrift is om processen die sedimenttransport op dwarshellingen
beïnvloeden te kwantificeren voor een groot bereik in stroomsnelheid, spiraalstroming en
korrelgrootte. Door dit grote bereik wordt het mogelijk om dwarshellingsparameters te de-
finiëren voor morfologische modellen die het effect van alle sedimenttransportprocessen
beschrijven, zoals verschillende beddingvormen en sedimenttransportmechanismes. Daar-
naast is het doel om de oorzaak van de extreme insnijding van geulen inmorfologischemod-
ellen te identificeren en te onderzoeken waarom de grootte van de dwarshellingsparameter,
die nodig is om een realistische morfologie te verkrijgen, sterk varieert tussen verschillende
modellen.

Om sedimenttransportprocessen op dwarshellingen te kwantificeren zijn er experimenten
uitgevoerd in een carrousel stroomgoot. Deze stroomgoot maakt het mogelijk om spiraal-
stroming te variëren onafhankelijk van de gemiddelde stroming in de richting van de geul,
waardoor verschillende bochtstralen gesimuleerd kunnen worden. De eigenschappen van
het sediment zijn op drie manieren gevarieerd, door het gebruik van uniform sediment van
fijn zand tot fijn grind (0.17–4mm), lichtgewicht sediment en een sedimentmengsel ombocht-
sortering te kwantificeren. In totaal zijn er 252 experimenten uitgevoerd. Hiernaast zijn er
vijf morfologische modellen opgezet van verschillende systemen en ruimtelijke schalen, ten
eerste om mogelijke verklaringen te identificeren voor de extreme insnijding, en ten tweede
om het effect van het verhogen van de dwarshellingsparameter op de grootschalige morfolo-
gie te bestuderen.

Resultaten van de experimenten met uniform sediment toonden aan dat het evenwicht
tussen het dwarshellingseffect en de spiraalstroming geen lineaire functie is met sediment-
mobiliteit, zoals toegepast in de modellen, maar sterk afhankelijk is van verschillende pro-
cessen die elkaar beïnvloeden, zoals transportmodus en beddingvormen (Hoofdstuk 2). Dit
evenwicht was afhankelijk van de korrelgrootte, omdat dit demobiliteit van het sediment, het
type beddingvorm dat ontstaat en het sedimenttransportmechanisme bepaalt. De mobiliteit
van het sediment beperkte de ontwikkeling van dwarshellingen vlak boven het begin van be-
weging en beïnvloedde daarnaast de dwarshelling bij een hogere mobiliteit door te bepalen
welke beddingvormen ontwikkelden bij een bepaalde stroomsnelheid. Het evenwicht tussen
de dwarshelling en de spiraalstroming verschilden tussen experimentenmet fijn en grof sedi-
ment door de verschillende beddingvormen die ontwikkelden (Hoofdstuk 3). Grof sediment
(D50 > 0.7 mm) liet een directe relatie zien tussen de dwarshelling en de hoek van de lijzijde
van de duinen die aanwezig waren in deze experimenten. Deze hoek was afhankelijk van
de korrelgrootte. De relatie tussen de dwarshelling en de hoek van de lijzijde is mogelijk te
verklaren doordat steile lijzijden zorgen voor permanente loslating van de stroming aan de
duintop, wat de spiraalstroming versterkt in het dal tussen twee duinen. In experimentenmet
fijn sediment (D50 < 0.7mm) kwamen verschillende soorten beddingvormen voor, afhanke-
lijk van de stroomsnelheid, variërend van ribbels, duinen met ribbels, duinen zonder ribbels,
tot een vlakke bodem bij hoge stroomsnelheden. De afmetingen van deze beddingvormen
lieten geen directe relatie zien met de spiraalstroming of de dwarshelling, en de hoeken van
de lijzijden waren afhankelijk van het type beddingvorm in plaats van de korrelgrootte.

De experimenten met een sedimentmengsel lieten hetzelfde evenwicht zien tussen de spi-
raalstroming en de dwarshelling, wat aangeeft dat er geen terugkoppeling was tussen de sor-
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tering en de grootte van de helling (Hoofdstuk 4). Om de sortering te kwantificeren werden
er sedimentmonsters genomen over de dwarsrichting van 13 experimenten met verschil-
lende dwarshellingen, waarna deze monsters werden gezeefd. De resultaten lieten zien dat
alle fracties die mobiel waren efficiënt uitgesorteerd werden langs de dwarshelling. De ver-
andering in het volume van de fracties over de dwarsrichting nam toe met de grootte van de
fractie en met toenemende helling. Daarnaast lieten de monsters die over de gehele hoogte
van de duin waren genomen weinig effect zien van verticale sortering langs de lijzijde van de
duinen, omdat het verschil met oppervlakte monsters klein was. Dit betekent dat bochtsor-
tering los van duinsortering gemodelleerd kan worden, wat gunstig is voor het gebruik van
een actieve laag in morfologische modellen.

Hoewel de resultaten van de experimenten een nieuwe, niet-lineaire, relatie lieten zien
tussen de bochtstroming en de dwarshelling, liggen de resultaten nog steeds rond de stan-
daardwaarde voor de dwarshellingsparameter in morfologische modellen, of zelfs nog lager
voor grof sediment. Dit suggereert dat het verhogen van de dwarshellingsparameter om de
extreme insnijding in modellen tegen te gaan niet veroorzaakt wordt door de simpele imple-
mentatie van dwarshellingseffecten, maar dat dit waarschijnlijk nodig is om te compenseren
voor andere tekortkomingen.

De modelresultaten lieten zien dat de mate van insnijding van de geulen met de standaard
dwarshellingsparameter afhankelijk is van de gridcelgrootte en van de relatieve hoeveelheid
sediment dat wordt getransporteerd in suspensie (Hoofdstuk 5). Met een fysisch realistische
dwarshellingsparameter leidt een fijner grid tot meer insnijding, aangezien dezelfde afvoer
door zo min mogelijk gridcellen wil stromen. De initiële balans tussen insnijding en trans-
port in de dwarsrichting bepaalt of een geul zich gaat insnijden, of dat het naar een evenwicht
gaat door de oevers te eroderen. De grootte van de dwarshellingsparameter die nodig is om
extreme insnijding tegen te gaan, is afhankelijk van de hoeveelheid bodemtransport. De
transportvoorspeller van Van Rijn maakt een onderscheid tussen bodemtransport en trans-
port in suspensie, terwijl er in dit model vanuit gegaan wordt dat alleen bodemtransport
onderhevig is aan dwarshellingseffecten. Hierdoor hangt de mate van insnijding af van de
hoeveelheid sediment in suspensie. De transportvoorspeller van Engelund-Hansen maakt
geen onderscheid en voorspelt tegelijkertijd een grotere hoeveelheid sedimenttransport dan
de transportvoorspeller van Van Rijn. Aangezien hier al het sedimenttransport onderhe-
vig is aan dwarshellingseffecten, hebben modellen met deze transportvoorspeller een lagere
dwarshellingsparameter nodig om de onrealistische insnijding tegen te gaan.

De soort grootschalige morfologie die wordt gemodelleerd beïnvloedt de mate van insnij-
ding en hoe gevoelig deze modellen zijn voor een toename in de dwarshellingsparameter.
Om een dynamisch systeem te modelleren moet het model de grid-afhankelijke insnijding
tegengaan op geul niveau door het dwarshellingseffect te verhogen. De geul kan namelijk
alleen migreren als deze insnijding gebalanceerd is door sedimenttransport naar het midden
van de geul. De modelresultaten lieten hierdoor zien dat geulen in modellen met de trans-
portvoorspeller van Van Rijn niet meer migreerden nadat ze gevormd waren, terwijl geulen
in modellen met de transportvoorspeller van Engelund-Hansen wel konden migreren en af-
splitsen. Hiernaast lieten modellen met Van Rijn onnatuurlijke scherpe en hoekige bochten
zien, die duidelijk het rechthoekige grid volgen. Systemen die op de grote schaal afhankelijk
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zijn van een evenwicht tussen erosie en depositie, zoals rivieren en estuaria, hebben een hoge
dwarshellingsparameter nodig om dynamisch te zijn, vooral wanneer het model gebruik
maakt van de transportvoorspeller van Van Rijn. Verhogen van de dwarshellingsparame-
ter zorgt hier voor langere en bredere zandbanken en een toename in actieve geulbreedte,
en daardoor voor minder geulen en bifurcaties. Modellen van erosieve systemen, zoals een
getijde bekken, hebben alleen een hoger dwarshellingseffect nodig wanneer het doel van het
model is om dynamische geulen te krijgen. De grootte van de dwarshellingsparameter zal
in dit soort modellen vooral de geuldimensies en migratiesnelheid bepalen, en niet zozeer
de hoeveelheid geulen. In systemen waar vooral sediment afgezet wordt en waar laterale dy-
namiek initieel minder belangrijk is, zoals delta’s en puinwaaiers, zullen zandbanken vormen
met meer realistische dimensies met standaard dwarshellingseffecten. Echter, geulen die op
deze afzettingen ontstaan, zullen wel insnijden en zullen ook de onnatuurlijke geuldimensies
en hoekige bochten laten zien. De transportvoorspeller van Engelund-Hansen voorspelt een
erg diffusemorfologie bij deze systemen, door de te grote hoeveelheid sedimenttransport dat
voorspeld wordt.

Wanneer modellen ontworpen zijn om bestaande morfologie na te bootsen, bijvoorbeeld
voor technische ingrepen of baggerstrategieën, zijn de modelresultaten sterk afhankelijk van
de keuze in dwarshellingvoorspeller in combinatiemet de transportvoorspeller (Hoofdstuk 5).
De twee verschillende methodes om sedimenttransport in de dwarsrichting te berekenen in
Delft3D, namelijk de methode van Ikeda of Koch Flokstra, resulteren in verschillende hoe-
veelheden en richtingen van sedimenttransport op dezelfde helling. Dit wordt veroorzaakt
door de verschillendemanier om de transportvector te berekenen en dit leidt tot een verschil
in lokale geuldynamiek, zoals de snelheid van oevererosie en locaties van erosie en deposi-
tie. Op de grotere schaal leidt dit tot verschillende dimensies van banken en geulpatronen.
Dit betekent dat wanneer een model gekalibreerd is op bestaande morfologie, maar gebruikt
wordt om een schatting te maken van de snelheid van erosie of sedimenttransport, deze
schatting afhangt van de keuze in dwarshellingvoorspeller. Aan de andere kant, wanneer
een model gekalibreerd is op de snelheid van sedimenttransport zullen de morfologie en de
lokale dwarshellingen verschillen tussen beide voorspellers. Dit zijn bijvoorbeeld modellen
die focussen op de migratiesnelheid van gestort sediment, de verdeling van sediment over
bifurcaties, of de snelheid van oevererosie. We kunnen hierdoor concluderen dat wanneer
modellen gekalibreerd zijn door de dwarshellingsparameter te verhogen, het onmogelijk is
om zowel sediment transport als morfologie te laten overeenkomen met gemeten data.
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Chapter 1

Introduction

1.1 Problem definition and project aims

Flowing water forms channels that transport sediment from the mountains to the sea, form-
ing rivers, deltas and estuaries (Fig. 1.1). These are dynamic fluvial and coastal landscapes
harbouring a large part of the human population, that depend on rivers for transportation
and as a source of water and food in many direct and indirect ways. Successful management
of these systems requires reliable morphodynamic models, to predict the evolution of the
system under the influence of pressures such as sea level rise and human interference, and to
optimize for example engineering interventions, flood protection, sandmining and shipping
fairwaymaintenance. However, currentmorphodynamicmodels are unreliable to accurately
predict natural dynamics at the scale of bars and channels, due to a lack of understanding of
local sediment transport dynamics. In particular models often predict unrealistically deep
and narrow channels, and in practice all large-scale models need some form of calibration to
converge to a stable morphology. However, this calibration leads to uncertainty in e.g. pre-
dicted sediment transport rates, channel dynamics and time scales of morphological change.
Therefore, there is a need for a better physical understanding of sediment transport patterns
at the channel scale that sets channel dimensions and determines bar and channel patterns.

Channel formation is initially the result of the balance of two processes: channel erosion
and gravity-driven downslope sediment transport on the side slopes of the channel that coun-
teracts this erosion. The formation of channels and bars start with minor perturbations that
attract more flow, which leads to more erosion because sediment transport depends on ve-
locity to a power larger than one. This nonlinearity of sediment transport leads to a positive
feedback: once a shallow channel forms it attracts more flow and the channel deepens fur-
ther. This positive feedback is strongest near the beginning ofmotion, where the nonlinearity
of sediment transport is largest and therefore tends to carve and amplify channels. However,
sediment is pulled down on the side slopes of this channel due to gravity, which counteracts
the incision and is therefore an important feedback on channel formation (e.g. van Bende-
gom, 1947; Hasegawa, 1981; Struiksma et al., 1985; Sekine and Parker, 1992). As a result, the
amount of downslope sediment transport strongly determines equilibrium channel dimen-
sions and their dynamics, such as lateral channel migration.

When channel patterns evolve, downslope sediment transport is also essential in balancing
secondary flows induced by bars and bends. Secondary flows in bends are inward directed
near the river bed and therefore drag sediment upslope, but this is balanced by sediment
traveling downslope due to gravity. The resulting equilibrium slope does not appear instan-
taneously downstream of the bend entry, but the bed adapts asymptotically (Struiksma et al.,
1985). When there is a large amount of downslope sediment transport, the bend will adapt
to an equilibrium slope over a relatively short reach and bars will disappear within a short
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Figure 1.1: a) Fluvial channels and bars in the braided Rakaia River, New-Zealand. b) A meander bend in the
Allier River, France. c) Tidal channels and bars in the estuary atWhitehaven beach, Australia. d) The YukonDelta
in Alaska, US, showing many bifurcations.

distance downstream, whereas smaller amounts of downslope sediment transport allow per-
turbations to propagate further downstream (Crosato and Mosselman, 2009; Kleinhans and
van den Berg, 2011). Hereby, downslope sediment transport controls the adaptation of the
morphology to changes in flow conditions (Struiksma et al., 1985; Johannesson and Parker,
1989).

By both counteracting incision and balancing secondary flow, themagnitude of downslope
sediment transport determines the developed active channel width, orientation of channels,
and the length and migration rates of fluvial and tidal bars (Seminara and Turbino, 2001;
Dissanayake et al., 2009; Schuurman et al., 2013; Van Dijk et al., 2014), and controls the
division of bedload over bifurcations (Kleinhans and van den Berg, 2011)(Fig. 1.1). On a
larger scale, the amount of downslope sediment transport therefore has a major influence
on channel and bar patterns, by determining braiding index(Parker, 1979; Struiksma et al.,
1985; Crosato and Mosselman, 2009) and the stability of river bifurcations and the related
tendency of channels on fans and deltas to avulse (Bolla Pittaluga et al., 2003; Kleinhans et al.,
2008; Sloff and Mosselman, 2012; Bolla Pittaluga et al., 2015).

To accurately describe the interactions between sediment transport and large-scale mor-
phology, it is essential to quantify the direction andmagnitude of downslope sediment trans-
port, but the underlying process is poorly understood and therefore overly simplified in
morphodynamic models. At the same time, current morphodynamic models severely over-
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Figure 1.2: The Upper Yellow River modelled by Schuurman et al. (2016) with the default slope parameter, and
with a slope parameter that is increased with a factor of 5.

predict channel depth and bar height, which means there is something wrong with the bal-
ance between incision and downslope sediment transport. The transverse bed slope parame-
ter, which linearly increases downslope sediment transport, has proven to be an effective cal-
ibration parameter to counteract this unrealistic overdeepening of channels (Fig. 1.2) (Van
Der Wegen and Roelvink, 2008; Schuurman et al., 2013; Schuurman et al., 2016, e.g.). As a
result, the transverse bed slope parameter is seemingly arbitrary increased to obtain realistic
bar and channel patterns, up to two orders of magnitude larger than the default value, mean-
ing an increase of two orders of magnitude in downslope sediment transport. This results
in better-looking morphology, but it is unknown how this large increase in local sediment
transport affects bar and channel dynamics, the distribution of sediment over bifurcations,
and therefore predicted large-scale channel patterns.

The severe incision in current morphodynamic models suggests the default transverse
slope parameter is not realistic and should be better quantified. Even though the physical
process of sediment transport on transverse bed slopes is not yet fully understood, the ex-
tremely large range in slope effects that is applied between different model studies seems
highly unlikely to be realistic. The two main objectives of this thesis are therefore to:
1. Quantify the physical processes that influence sediment transport on transverse bed slopes

to determine realistic ranges of the transverse slope parameter.
2. Identify the cause of the severe incision in morphodynamic models and why there are

extremely large differences in transverse slope parameter needed to counteract this inci-
sion.

These two objectives will be answered through a series of subquestions, which are presented
in section 1.5. In the following sections, the necessary context for these subquestions is pro-
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vided, starting with the processes that influence sediment transport on slopes, followed by
a review on previous transverse slope predictors, and an analysis on uncertainties related to
transverse slope effects in morphodynamic models.

1.2 Sediment transport processes on transverse bed slopes

In a straight river section, the fluid drag on sediment particles is generally directed down-
stream along the river, while gravity pulls the particles in the direction of the slope. As a
result, the particles are dragged along the flow while also traveling downslope, resulting in
a net angle between sediment transport and the main flow direction (Fig. 1.3). This angle
of deflection therefore depends on flow velocity in the downstream direction and sediment
properties that determine the gravity component in the transverse direction (e.g. van Ben-
degom, 1947; Sekine and Parker, 1992; Talmon et al., 1995). In bends, flow patterns near
the bed are modified by secondary flow patterns that alter the direction of the bed shear
stress. As a result, bed shear stress is directed towards the inner bend. This leads to an equi-
librium transverse slope when upslope directed drag force by secondary flow balances the
downslope gravitational force on particles (e.g. Engelund, 1974; Struiksma et al., 1985). In
this section processes that influence this balance between flow and sediment transport on
transverse slopes are discussed.

In nature, sediment is never uniform but exists of a mixture of different grain sizes, which
leads to sorting patterns due to different interactions with the flow. The size and density of
the sediment determine the gravitational pull on the particles, while the drag force of the
flow acts on the surface area. Therefore, on slopes, larger grain sizes are subject to a relatively
larger pull of gravity than of flow shear, while finer particles are more easily dragged along by
the flow, which leads to size-sorting along the slope (Ikeda, 1989). When an upslope-directed
secondary flow is present in river bends, finer sediments are gradually dragged higher up the
point bar by the secondary currents, while coarser sediments are deposited near the outer
bend, which leads to the classic bend sorting pattern (e.g. Parker and Andrews, 1985; Bridge,
2003). This sorting becomes more pronounced when the standard deviation of the supplied
sedimentmixture is larger (Parker andAndrews, 1985). Possibly, sediment sorting influences
the magnitude of the transverse slope and lowers the rate of channel incision, since coarser
grains that are deposited lower on the slope need a higher shear stress to be entrained than
fine sediment (e.g. Ashworth and Ferguson, 1989; Odgaard, 1981).

However, there are other processes that influence the balance between flow and gravity.
Firstly, there are different modes of sediment transport. Just above the threshold of sediment
motion, sediment stays in contact with the bed and is transported by the flow by rolling or
sliding (Bagnold, 1977, e.g.). When flow velocity increases, particles start to hop over the
bed and are only periodically in contact with the bed, which is called saltation (Bridge, 1992,
e.g.). When the flow velocity further increases, sediment is transported in suspension and
loses any contact with the bed (van Rijn, 1984, e.g.). The transition from one transport mode
to another also depends on grain size and density. In theory, when particles are only period-
ically or not in contact with the slope, their movement direction is not constantly affected by
the gravitational pull and therefore they do not always travel downslope (Sekine and Parker,
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Figure 1.3: Sketch of the main processes that influence flow patterns and downslope sediment transport on
slopes transverse to the main flow direction.

1992). Different modes of transport are therefore expected to lead to a different equilibrium
transverse slope.

Secondly, in sand-bed rivers, bedforms ranging in scale from ripples to dunes are major
contributors in determining how sediment is transported downstream and create large-scale
turbulence in the flow (Allen, 1968; Bennett and Best, 1995; McLean et al., 1994; Best, 2005).
The type of bedform that is present depends on flow velocity and sediment characteristics
(Van den Berg and Van Gelder, 1993). At low transport rates, the sediment that is in motion
travels over a flat bed, called the lower plane bed. Then, dunes start to develop in coarse sand
(> 0.7 mm), where dune height will increase with increasing flow velocity and shear stress
until they reach a certain height relative to the water depth (Van Rijn, 1984a; Julien and
Klaassen, 1995). In fine sands first ripples start to form, transitioning into dunes at higher
flow velocity. This transition phase is often characterized by duneswith ripples superimposed
on the dune stoss side (e.g. Guy et al., 1966; Ashley, 1990; Ten Brinke et al., 1999; Venditti
et al., 2005). At very high shear stresses, dunes flatten and upper stage plane beds are created
(Van Rijn, 1984a; Naqshband et al., 2014; Bridge and Best, 1988)

Bedforms cause a strong variation in the flow field and the local streamwise and transverse
slopes along the river bend. Due to their height, dunes may have a larger influence on the
flow than ripples (Bennett and Best, 1995). Flow accelerates over the bedform stoss side and
decelerates at the dune crest where, if the lee side is steep, flow detaches and reattaches fur-
ther downstream and creates a zone of flow separation (e.g. Best, 2005; Lefebvre and Winter,
2016; Kwoll et al., 2017). By flow separation, bedforms generate turbulence and thereby exert
friction on the flow (Best, 2005). Since dunes migrate with the flow downstream and trans-
port sediment, they will influence the amount of transverse sediment transport and influence

15



sorting patterns. Sediment is transported over the dune stoss side and avalanches over the
dune crest at the lee side (Best, 2005). Larger grains are deposited further downslope the lee
side, which leads to vertical sorting over the height of a dune (Kleinhans, 2001; Blom and
Parker, 2004). Because of their influence on flow, local bed morphology, and sorting pat-
terns, dunes could potentially have a large influence on the balance between secondary flow
and transverse sediment transport. However, to what extent and in what way is unknown.
Observations in previous studies were based on a limited amount of experiments (Talmon
et al., 1995; Wiesemann et al., 2006) or a specific field site (Kisling-Moller, 1993; Nanson,
2010), which means that the relations between varying bend radii, flow velocity, grain size
and consequently changing bedform morphology were insufficiently quantitatively under-
stood. Therefore, the influence of bedformmorphology on flow patterns and transverse sedi-
ment transport was never incorporated in derivations of physics-based predictors for trans-
verse downslope sediment transport. Their relative influence is most likely related to their
height compared to the water depth (Talmon et al., 1995), and they could for example en-
hance secondary flow and thereby increase inward directed sediment transport by focusing
flow in dune troughs (Kisling-Moller, 1993; Wiesemann et al., 2006), or increase downslope
sediment transport by avalanching at the lee sides of the dunes (Sieben and Talmon, 2011).

1.3 Past research on predicting transverse sediment transport

The earliest relation between downslope sediment transport and secondary flow is described
by vanBendegom (1947), who assumed a linear relation between the secondary flow intensity
and the transverse slope:

∂zb

∂y
= Btan(δ) = Bun

us
(1.1)

Where ∂zb
∂y = transverse slope, δ = direction of near-bed flow velocity, u = magnitude of the

flow velocity [m/s] in transverse direction (n) and streamwise direction (s) and B = a dimen-
sionless slope factor. The secondary flow intensity is defined as the direction of the flow near
the bed, i.e. the ratio between the magnitude of the normal flow and secondary flow.

Slope factor B relates the secondary flow intensity to the transverse slope, and thereby de-
scribes the equilibrium between upslope directed shear stress and downward directed grav-
ity. Following research focused on determining this slope factor. They either developed a
theoretical model validated with laboratory experiments or field data (e.g. Engelund, 1974;
Koch and Flokstra, 1981; Ikeda, 1984), or based the slope factor on an empirical fit through
experimental data (e.g. Talmon et al., 1995; Wiesemann et al., 2006). Theoretical models
consist of a radial balance of forces acting on a grain moving on a transverse inclined bed.
These forces consist of gravity pulling the particles downslope, a drag force on the particles
in the direction of the bed shear stress, and friction between the particles and the bed (van
Bendegom, 1947; Engelund, 1974; Koch and Flokstra, 1981). The frictional forces can consist
of both dynamic friction between moving particles and the bed, and static friction between
non-moving particles in the bed, which is frequently expressed as the angle of internal fric-
tion or angle of repose (Parker et al., 2003). Since the slope factor is assumed to be a function
of sediment properties and fluid drag, in most studies B is a function of sediment mobility
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(θ) (Talmon et al., 1995). Accordingly, the slope factor is often defined in the generalized
form:

B = αθβ, (1.2)

or when the critical shear stress (θc) is included:

B = αc

(
θ
θc

)β

(1.3)

Where the sediment mobility θ, a dimensionless form of the bed shear stress, reads:

θ =
τ

(ρs − ρ)gD50
(1.4)

where τ = shear stress [N/m2], ρs = specific density of the sediment, g = gravitational accel-
eration [m/s2] and D50 = median grain size [m].

The formulation of the parameters α or αc and β in previous studies depended on the
research objective but were generally a constant. Their magnitude was a result of the exper-
imental conditions in empirical studies and the formulation of the forces on the grains in
theoretical models. All studies focused on a specific process, related to sediment transport
mode (Sekine and Parker, 1992; Parker et al., 2003, e.g) or bed state (Hasegawa, 1981; Ikeda,
1984; Talmon et al., 1995, e.g). Studies that wanted to avoid bedforms and focused on sedi-
ment transport on a lower plane bed included for example a critical sediment mobility and
static friction to account for the beginning of motion (Hasegawa, 1981; Parker et al., 2003).
Existing slope predictors based on an empirical fit through experimental datamainly focused
on the effect of ripples and dunes (Talmon et al., 1995; Wiesemann et al., 2006), and saw a
decrease in downslope sediment transport when dunes are present. They either included
a calibration coefficient to the transverse bed slope predictor to account for the differences
(Koch and Flokstra, 1981; Talmon and Wiesemann, 2006) or proposed a slope factor includ-
ing a ratio between the water depth and the median grain size, to account for bedform height
(Talmon et al., 1995). The dominant transport mode determines the effective gravity acting
on the grains. The predictor of Sekine and Parker (1992) assumes that saltating particles are
less influenced by gravity than rolling and sliding particles because they have less frequent
contact with the bed, with the result that the slope factorB is less dependent on sedimentmo-
bility. When suspension is present, Talmon et al. (1995) found nearly half of the downslope
sediment transport compared to bed-load dominant conditions with equal flow velocities.

A later refinement of this linear relation between the secondary flow intensity and the
transverse slope is the non-linear model of Parker et al. (2003) and the approximation of
this model by Francalanci and Solari (2008), in which the slope factor itself depends on the
transverse slope. They state that linear theoretical models only apply for gentle slopes be-
cause dynamic and static friction are constant in this case and thereby do not depend on the
magnitude of the transverse slope. However, their non-linear relation only holds for lower
stage plane bed configurations, meaning no bedforms, and up to slopes of 14 degrees (Parker
et al., 2003).

It is possible to calculate the transverse bed slope effect frommorphologicalmeasurements
in laboratory flumes. Experimental setup and conditions to validate the theoretical models
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or to obtain an empirical fit depended on the process of interest. Firstly, past experiments
were conducted in either a bended flume to study the equilibrium slope in river bends (e.g.
Struiksma et al., 1985; Ikeda and Nishimura, 1986), or straight flumes initiated with a trans-
versely sloped bed that relaxed to a horizontal bed (e.g. Ikeda and Nishimura, 1986; Talmon
et al., 1995; Talmon and Wiesemann, 2006). Straight flumes have the advantage of reason-
ably isolating the transverse bed slope effect without strong bend flow. However, they have
the disadvantage that the transverse bed slope effect is determined from the initial changes of
the bed slope rather than an equilibrium morphology, and that the bedforms develop at the
same timescale (Talmon and Wiesemann, 2006). In curved flumes and in the annular flume
of Engelund (1975) a morphodynamic equilibrium is possible, which has the advantage of
straightforward measurement of the transverse bed slope. However, this equilibrium de-
pends on secondary flow patterns that need to be quantified and are only valid for one single
bend radius. Secondly, the range of flow conditions and sediment properties corresponded
with the sediment transport mode or bed state of interest. As a result, all experiments re-
ported so far were performed with a limited range in flow conditions and sediment sizes,
with a maximum of 11 unique experiments per study. The transition between bed states and
sediment transportmodeweremostly ignored, and the differences in experimental setup and
assumptions made it impossible to compare the findings of different studies. Consequently,
the need to develop experiments with appropriate conditions for testing certain predictors
led in practice to limited and inconsistent experimental datasets to test and calibrate trans-
verse bed slope relations.

Previous transverse bed slope predictors were not sufficiently tested, and there is therefore
a need for a larger and consistent experimental dataset to obtain parameters for morpholog-
ical modelling that cover all sediment transport modes and bedform regimes. This requires
experiments with a large range in secondary flow intensity, leading to equilibrium transverse
slopes from a nearly flat bed in gently curved channels to a steep transverse slope in tight river
bends. Furthermore, grain size and flow velocity should be systematically varied, from the
beginning of motion, across the ripple-dune transition, and up to a sediment mobility that
results in an upper stage plane bed. In this study, experiments are conducted for a large range
of near-bed flow velocities, secondary flow intensities and grain sizes, resulting in a total of
224 experiments.

1.4 Transverse bed slope effect in morphodynamic models

The severe channel incision in morphodynamic models is best known in the frequently-used
morphological model code Delft3D (van der Wegen and Roelvink, 2012; Schuurman et al.,
2013), but is also an issue in studies with other morphodynamic models, such as Telemac
(Davies and Robins, 2017; Nnafie et al., 2016) and ROMS (Ganju et al., 2009). However,
a quick inventory in typical geomorphology journals showed that only 13 (19%) out of 68
model studies discussed the imbalance between the severe incision and downslope sediment
transport (Fig. 1.4a, Appendix D). The transverse slope parameter was only mentioned in
14 studies (21%), but the majority (41, 60%) ignored, or was unaware of, the importance
of slope effects in their model. In this thesis, the problems that arise with bed slope effects
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in morphodynamic models is illustrated with Delft3D, and therefore in this section the im-
plementation of transverse slope predictors is explained for this specific model. However,
the transverse bed slope predictors in other morphodynamic models are based on the same
studies as mentioned in the previous section (Nnafie et al., 2016; Schuurman et al., 2016).

The uncertainty related to transverse slope effects in morphodynamic models is the result
of four main issues: 1) the simplicity and unknown validity of the transverse slope predictor,
2) the implementation of this slope predictor, 3) the combination with the choice in sedi-
ment transport predictor, and 4) the interaction between horizontal and vertical sorting that
is poorly constrained in morphodynamic models. The first cause of uncertainty, the simplic-
ity and validity, is the result of using transverse slope predictors of previous experimental
studies in the model. Downslope sediment transport is calculated by a transverse slope pre-
dictor that deflects the streamwise sediment transport vector as a result of the local bed slope.
There are several options for transverse slope predictors in Delft3D which are all functions
based on equation 1.2, i.e. a constant multiplied with the magnitude of the local transverse
slope and a power function of sediment mobility. Since this power is a constant, the amount
of downslope sediment transport is linearly related to sedimentmobility throughout amodel
run. Even though this relation and corresponding slope factors were validated in literature
for a specific process and corresponding range in flow conditions and sediment mobility,
morphodynamic models apply these in a wide range of environments and conditions where
all processes act together. Sediment sorting along a transverse slope in models with a sedi-
ment mixture is even more simplified. In this case, a factor is added to the transverse slope
predictor that divides the diameter of the grain size fraction by the median grain size to the
power of a user-defined coefficient. Morphodynamic models thus do not include physics-
based relations for sediment sorting.

Figure1.4: (a)Model studies thatmentioned, discuss or overlooked the severe channel incision and the artificial
increase in slope effect that was necessary to counteract this (see Appendix D for inventory). (b) Studies that
mention the magnitude of the slope effect subdivided by modelled environment and the applied slope effect
value (1=default).
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The second cause of uncertainty is the way this transverse slope predictor is applied to cal-
culate the resulting transport vector since there are different methods with important differ-
ences. The two most commonly used methods are the one by Ikeda (1984) and by Koch and
Flokstra (1981). The method of Ikeda (1984) uses the transverse slope predictor with input
parameter αI to calculate an additional vector in transverse direction based on the magni-
tude of the streamwise vector (Fig. 1.5a). This vector is then added to the vector in stream-
wise direction to determine the resulting direction and magnitude of the transport vector.
In contrast, for the method of Koch and Flokstra (1981) the direction of sediment transport
is corrected for transverse gradients by rotating the transport vector, by using the transverse
slope predictor with input parameter αK to calculate an angle of deflection (Fig. 1.5b). Note
that the way this transverse slope predictor is used in Delft3D means that αK is the inverse
of αI. Another difference between both methods is that Ikeda (1984) uses a critical shear
stress, which is absent in the method of Koch and Flokstra (1981). Equations and method to
compare both slope parameterizations are given in Appendix B.

How the difference between these two methods affects morphology and the rate of change
thereof remains unquantified, but the obvious hypothesis is that this has major implications
for morphology, especially when the transverse slope parameter is increased in morpholog-
ical calibration of models. Specifically, the method of Ikeda (1984) increases the direction
and total magnitude of sediment transport when a transverse slope is present, while for the
method of Koch and Flokstra (1981) only the direction is changed. The default value of αI
is set to 1.5, while the parameter αK is not defined, but should also be 1.5 according to the
study of Koch and Flokstra (1981). By increasing the αI in themethod of Ikeda (1984) by e.g.
a factor of ten, the amount of downslope sediment transport is also increased by a factor of
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Figure 1.5: Two parameterizations for sediment deflection drawn on a transverse bed slope (Ikeda, 1984; Koch
and Flokstra, 1981). Both methods are drawn on a top view of a bed sloping towards the right. Blue dashed
arrows show transport vectors with default values for the slope effect, while red arrows represent transport
vectors when the slope effect is increased to typical values used in currentmodel studies. c+d) examples of the
braided river model of Schuurman et al. (2013) with default (c) and high slope effect (d).
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ten, which increases the total sediment transport significantly (Fig. 1.5). With the method of
Koch and Flokstra (1981) sediment transport is not increased, but here, decreasing the αK to
values reported in literature could easily result in more downslope sediment transport than
streamwise sediment transport.

The third cause of uncertainty relates to the choice in sediment transport predictor. Since
the deflection of the transport vector is directly related to the magnitude of streamwise sedi-
ment transport, the amount of downslope sediment transport is very sensitive to the trans-
port predictor that is used. Most commonly used predictors are the transport predictor of
Meyer-Peter andMüller (1948), Engelund andHansen (1967), or one of the predictors of Van
Rijn (Van Rijn, 1984b; van Rijn, 1993; Van Rijn et al., 2004, e.g). One of the main distinc-
tions between these sediment transport predictors is if they take suspended sediment into
account. The predictors of Van Rijn make a distinction between bed load and suspended
sediment, and only the bed load part is used to calculate downslope sediment transport,
since it is assumed that gravity only acts on sediment in contact with the bed. In contrast,
the predictors of Meyer-Peter and Müller (1948) and Engelund and Hansen (1967) are total
load predictors, and therefore suspended load is treated as bed-load and the bed slope effect
acts on all sediment in transport. Another important distinction is how they relate sediment
transport to flow velocity, which defines the non-linearity of the sediment transport equa-
tion. For example, the predictors of Van Rijn and Meyer-Peter and Müller (1948) relate the
sediment transport rate to the flow velocity to the power of 3, while the predictor of Engelund
and Hansen (1967) relates this to the flow velocity to the power of 5. Therefore, Engelund-
Hansen will predict a larger sediment transport rate at the same flow velocity. However, Van
Rijn includes a critical flow velocity, and therefore the relation between flow velocity and
sediment transport will be more non-linear near the beginning of motion.

The choice of sediment predictor thus directly influences the amount of downslope se-
diment transport, and therefore calibrating slope effects with different transport predictors
lead to different magnitudes of the transverse bed slope parameter. For example, it is known
that models with the predictor of Van Rijn need a higher bed slope parameter to counteract
incision, which is assumed to be because slope effects only act on bedload (van der Wegen
andRoelvink, 2012; Dissanayake et al., 2009; Braat et al., 2017). However, the literature study
reveals that it is likely that the magnitude of the transverse bed slope parameter also depends
on the environment that is modelled (Fig. 1.4b, Appendix D). Here, the environment means
initial and boundary conditions, which determine sediment characteristics, flow conditions,
channel pattern and bar regime. Models of environments with a large-scale balance between
erosion and deposition, such as estuaries and rivers, particularly have the tendency to over-
predict channel depth and braiding index and required very high slope effects up to a factor of
100 (e.g. Van der Wegen and Jaffe, 2014; Schuurman et al., 2018). In contrast, models of sys-
tems with dominant erosion such as a tidal channel network, usually had slope factors lower
than 10 (e.g. Marciano et al., 2005; Dissanayake et al., 2009; Zhou et al., 2014), and deposi-
tional systems such as river deltas all used the default value (e.g. Edmonds and Slingerland,
2007; Leonardi et al., 2013; Caldwell and Edmonds, 2014). However, calibration of these
erosional and depositional models did not necessarily focus on channel depth and bar di-
mensions, but for example on the rate of bank erosion and channel formation. Therefore,
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both erosional and depositional models with default transverse slope parameters commonly
show unrealistically deep channels and sharp angular bends Edmonds and Slingerland, 2009;
Caldwell and Edmonds, 2014; Van der Vegt et al., 2016, e.g.

The fourth cause of uncertainty addressed in this thesis is the interaction between horizon-
tal and vertical sorting that is poorly constrained in morphodynamic models and highly de-
pendent on the thickness of a user-defined active layer. The relative importance of horizontal
and vertical sorting and their characteristic timescales controls the degree of spatial sorting,
which influences the flow by determining the distribution of friction, the sediment transport
rate and maximum scour depth through mobility, and the morphology by downstream fin-
ing and sediment distribution over bifurcations when lateral slopes are present upstream of
a bifurcation (Kleinhans, 2001; Mosselman et al., 1999; Frings, 2008). The active layer con-
cept divides the bed in one active layer and immobile underlayers (Parker et al., 2000; Blom
et al., 2008). Only the active top layer interacts with the flow and determines the amount
of sediment transport, and there is only an exchange of sediment between the underlayers
and the active layer in case of erosion or deposition. Therefore, the active layer determines
the volume of each fraction that is available for sediment transport and consequently lateral
sorting. As a result, spatial sorting and bed level changes are extremely sensitive to the user-
defined thickness of this active layer, which sets the time scale of changes in bed composition.
When the layer is relatively thin, sorting reacts fast to changes in the flow and will result in
better developed sorting patterns. On the other hand, a relatively thick active layer results in
slower adjustments, and therefore sediment sorting acts on the same timescale as morpho-
logical development (Sloff andMosselman, 2007; Kleinhans, 2010). Lateral sorting therefore
depends on the sediment that is available in the top layer of morphodynamic models and is
incorporated in the transverse slope predictor. Vertical sorting by dunes is not included in
the active layer concept. However, the thickness of the layer is often based on characteristic
bedform height to simulate sorting processes on a time scale of multiple dunes migrating
over the river reach (Ribberink, 1987; Armanini et al., 1989). Therefore, to be able to accu-
ratelymodel average lateral sorting, it is necessary to know the relative importance of vertical
sorting on lateral sorting on the time scale that is modelled.

1.5 Specific research questions and thesis outline

The previous sections revealed several research gaps, related to the two main objectives of
this thesis: 1) quantifying the physical processes that influence sediment transport on trans-
verse bed slopes, and 2) identifying the cause of severe incision in morphodynamic models.
These research gaps led to the following subquestions that will be answered in the chapters
of this thesis:

1. What is the relation between transverse slope and secondary flow intensity with varying
grain size and sediment mobility?

Previous studies on sediment transport on transverse slopes focused on a specific transport
mode or bed state, and consequently experiments were performed with a limited range in
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flow conditions and sediment sizes. In Chapter 2, the transverse bed slope effect is experi-
mentally quantified in a rotating annular flume for a large range of near-bed flow conditions
and uniform sediment sizes to obtain parameters for morphological modelling that cover all
sediment transport modes and bed state regimes. This resulted in a total of 224 experiments,
amounting in twenty times more experiments than reported in literature.

2. What is the effect of bedform type and morphology on the relation between secondary flow
and transverse slope?

Bedforms could potentially have a large influence on the balance between secondary flow
and transverse sediment transport, due to their influence on flow, local bedmorphology, and
sorting patterns. In Chapter 3 I focus on the different bedforms that developed in the annular
flume experiments and study the interaction between their morphology and the equilibrium
between secondary flow and transverse bed slope.

3. What is the relation between transverse slope and bend sorting of a sediment mixture, and
what is the relative importance of vertical sorting by dunes on the lateral sorting pattern?

Current morphodynamic models do not include physics-based relations for sediment sort-
ing on transverse slopes. Furthermore, to what extent vertical sorting by bedforms influences
the classic bend sorting pattern is unknown. Therefore, experiments with poorly sorted se-
diment were conducted in the rotating annular flume, in which the transverse slope and
dune dimensions were systematically varied. In Chapter 4, bend sorting is described as an
empirical function of grain size fractions and transverse slope, and the relative influence of
bedforms on these sorting patterns is determined. Additionally, de resulting relation is tested
on published field data.

4. What are possible causes and effects of the imbalance between incision and transverse sedi-
ment transport in morphodynamic models?

Current morphodynamic models severely over-predict channel depth and bar height, which
suggests that there is something wrong with the balance between incision and downslope
sediment transport. To determine the tendency to incise independently of numerics, I de-
veloped an analytical model in Chapter 5 of a river channel cross-section. This analytical
model calculates the balance and imbalance between channel incision and downslope lat-
eral sediment transport on an initially perturbed bed (Appendix C), which is compared to
a simple numerical model of three grid cells wide. the numerical model is run with typical
combinations of sediment transport predictors and slope parameterizations to study differ-
ences in the tendency to incise.

5. What is the effect of different combinations of slope parametrization and sediment transport
predictor on local sediment transport dynamics and on the large-scale morphology of rivers,
estuaries and deltas?

The literature showed a large range in the magnitude of the transverse slope parameters that
was needed to get realistic morphology in large-scale morphodynamic models. The magni-
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tude depended on the environment that was modelled and the sediment transport predictor
that was used. Therefore, in Chapter 5, five sets of numerical morphodynamic simulations
are conducted for different scales and environments, to study the effect of typical combina-
tions of sediment transport predictors and slope parameterizations on local sediment trans-
port, bar and bend dimensions, and large-scale channel patterns. These results are then used
to explain the extremely large differences in transverse slope parameters reported in litera-
ture.

Finally, Chapter 6 summarizes the main findings of this thesis in the context of the litera-
ture and model applications, and discusses specific needs for further research.
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Chapter 2

Sediment transport of fine sand to fine gravel on transverse
bed slopes in rotating annular flume experiments
Large scalemorphology, in particularmeander benddepth, bar dimensions andbifurcation dy-
namics, are greatly affected by the deflection of sediment transport on transverse bed slopes
due to gravity and by secondary flows. Overestimating the transverse bed slope effect in mor-
phodynamicmodels leads to flattening of themorphology, while underestimating leads to un-
realistically steep bars and banks and a higher braiding index downstream. However, existing
transverse bed slope predictors are based on a small set of experiments with a minor range of
flow conditions and sediment sizes, and in practice models are calibrated on measured mor-
phology. The objective of this research is to experimentally quantify the transverse bed slope
effect for a large range of near-bed flow conditions with varying secondary flow intensity, se-
diment sizes (0.17–4 mm), sediment transport mode and bed state to test existing predictors.
We conducted over 200 experiments in a rotating annular flume with counter-rotating floor,
which allows control of the secondary flow intensity separate from the streamwise flow veloc-
ity. Flow velocity vectors were determined with a calibrated analytical model accounting for
rough bed conditions. We isolated separate effects of all important parameters on the trans-
verse slope. Resulting equilibrium transverse slopes show a clear trend with varying sediment
mobilities and secondary flow intensities that deviate from known predictors depending on
Shields number, and strongly depend on bed state and sediment transport mode. Fitted func-
tions are provided for application in morphodynamic modelling.

Published as: Baar, A. W., De Smit, J.C., Uijttewaal, W.S.J., Kleinhans, M.G. (2018), Sediment trans-
port of fine sand to fine gravel on transverse bed slopes in rotating annular flume experiments, Water
Resources Research, 54(1), 19-45, doi: 10.1002/2017WR020604.
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2.1 Introduction

Subaqueous morphology arises from the interaction of flow and sediment transport. Start-
ing from minor perturbations, the nonlinear dependence of sediment transport rate on flow
shear stress at the bed causes growth of bedforms and bars, as deeper channels attract more
flow, causing much more sediment transport, and the reverse for shallower areas. An im-
portant negative feedback on vertical growth is the direct pull by gravity on particles moving
on gently sloping beds. Large-scale morphology in all aqueous environments with movable
bed sediment is greatly affected by this. In particular, the bed slope effect determines wave-
lengths of coastal sandbanks and sandwaves (Hulscher, 1996; Blondeaux and Vittori, 2016),
steepness of surfzone bars formed by gravity waves (Ruessink et al., 2007), length of fluvial
bars and braiding index (Struiksma et al., 1985; Crosato andMosselman, 2009), properties of
tidal bars (Schramkowski et al., 2002; Seminara and Turbino, 2001; Leuven et al., 2016) and
estuarine braiding (van der Wegen and Roelvink, 2012), and stability of river bifurcations
(Bolla Pittaluga et al., 2015).

Here we focus on this transverse bed slope effect in curved channels with unidirectional
flow and uniform sediment. In a straight river section, the fluid drag on sediment particles
is generally directed downstream along the river, while the bed slope, usually the largest in
transverse direction, causes sediment particles to also travel downslope across the channel.
The net effect is an angle between the direction of sediment transport and the mean flow di-
rection. The typical transverse slope that develops here is a balance between the shear stress
in downstream direction and sediment properties that determine the gravity component in
the transverse direction (e.g. van Bendegom, 1947; Sekine and Parker, 1992; Talmon et al.,
1995). This is further modified by secondary flow patterns induced by bars and bends. These
secondary currents alter the direction of the bed shear stress towards the inner bend. This
leads to an equilibrium transverse slope towards the inner bend when the downslope grav-
itational force on particles is balanced by the upslope directed drag force by secondary flow
(Fig. 2.1) (e.g. Engelund, 1974; Struiksma et al., 1985).

The transverse bed slope effect strongly influences bar patterns. Locally, slope effects de-
termine bar height and active channel width (Schuurman et al., 2013). For example, a strong
bed slope effect, i.e. a large deflection of sediment downslope, leads to low and wide bars. On
a larger scale, transverse bed slope effects influence the adaptation of the bed to perturba-
tions in the flow, as secondary currents are balanced by the transverse bed slope effect. The
secondary flow patterns and the corresponding transverse bed slope do not appear instan-
taneously downstream of the bend entry, but adapt asymptotically (Struiksma et al., 1985).
A strong bed slope effect causes the bend to adapt to an equilibrium slope over a relatively
short reach and bars have the tendency to disappear within a short distance downstream,
whereas weaker transverse bed slope effects allow perturbations to propagate further down-
stream (Crosato and Mosselman, 2009; Kleinhans and van den Berg, 2011). This process is
illustrated by van der Wegen and Roelvink (2012) and Schuurman et al. (2013), who tested
the sensitivity of a sandy estuary and of a morphodynamicmodel of a braided sand-bed river
to the transverse bed slope effect. They showed that overestimating this effect leads to flatten-
ing of the morphology, while underestimating leads to unrealistically steep bars and banks
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Figure 2.1: Definition of the main variables that determine the transverse bed slope effect. Grains on a slope
transverse to the main flow direction (us) are deflected downslope due to gravity. When a secondary current
is present, e.g. in bends, the inward and upslope directed shear stress drags particles upslope. In this case the
equilibrium slope that develops ( ∂zb

∂y ) is a balance between the angle of deflection due to gravity (ψ) and the
angle between the local flow velocity vector (⃗u) and the main flow direction (δ) near the bed, which represents
the secondary flow intensity (after Sekine and Parker, 1992; Schuurman, 2015).

and a higher braiding index downstream. An incorrect setting thus has major consequences
for the predicted large-scale morphology, bank protection works and dredging volumes for
fairway maintenance (van der Wegen and Roelvink, 2012; Schuurman et al., 2013).

The stability of bifurcations is also highly sensitive to the bed slope effect. Just upstream
of the bifurcation, a transverse slope also develops as a result of a bed level difference be-
tween the distributaries, which develops when one of the branches aggradates while the other
erodes. The distribution of sediment over the branches is influenced by the direction of sedi-
ment transport on this transverse slope, which affects the further development of the bifur-
cation (Bolla Pittaluga et al., 2003; Kleinhans et al., 2008; Sloff and Mosselman, 2012; Bolla
Pittaluga et al., 2015). Whether a bifurcation is stable depends on whether the sediment
transport capacity difference between the downstream branches is balanced by sediment
transport in downslope direction feeding into the deeper channel. The societal relevance
is that bifurcations divide water, sediment and thus flood risk over fluvial plains and deltas.

The literature reports starkly different magnitudes of the bed slope effect. Previous stud-
ies isolated a specific transport mechanism or bed state and study its separate effect on the
transverse bed slope effect. Consequently, the resulting predictors are based on a small set of
experiments, with a maximum of 11 unique experiments (Talmon et al., 1995) and a minor
range of flow conditions and sediment sizes depending on the process that is studied (e.g.
Struiksma et al., 1985; Ikeda and Nishimura, 1986; Talmon and Wiesemann, 2006). How-
ever, these predictors are now used in numerical morphodynamic modelling where all pro-
cesses act in combination. As a result, current models often over-predict channel depth and
bar height, so that the transverse bed slope parameters in current models in practice need to
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be calibrated on measured morphology. This means that the most important results of mor-
phological models depend critically on a poorly quantified parameter representing a poorly
understood combination of processes. Unfortunately, calibrating morphology on bed slope
parameters also compensates for other model weaknesses such as poorly parameterized or
absent processes, e.g. bank erosion, bedform effects on sediment transport and flow resis-
tance. To some degree, calibration parameters account for the effect of sediment mobility
and transport mode (rolling or saltating bed load to sheet flow), presence of bedforms of dif-
ferent types (ripples and dunes) with strong subgrid variations in transverse and streamwise
slopes, and transverse sediment sorting effects, such as the classic bend sorting (Wiesemann
et al., 2006; Sekine and Parker, 1992). To test whether poor model behavior and the need
for calibration beyond expected parameter ranges is caused by poor bed slope predictors or
other model issues, we urgently need a comprehensive set of data for a large range of sedi-
ment mobility and grain size, covering all sediment transport modes and bed state regimes.
The key problem is the scarcity of experimental data covering all these processes to test and
calibrate process specific transverse bed slope relations.

The objective of this research is to experimentally quantify the transverse bed slope ef-
fect for a large range of near-bed flow conditions and sediment sizes to obtain parameters
for morphological modelling that cover all sediment transport modes and bed state regimes.
We conducted experiments with a set of sediments in a rotating annular flume, which allows
control of the secondary flow intensity independently from the streamwise flow velocity.
Therefore, all important parameters could be isolated and their separate effect on the trans-
verse slope can be determined. Below we first review transverse bed slope predictors and
their limitations, followed by a description of our experimental set-up, data reduction of the
224 experiments conducted in fine sand to fine gravel, and finally discuss the results and draw
conclusions.

2.2 Existing transverse slope predictors

An inclination of the bed in streamwise as well as transverse direction affects the magnitude
of sediment transport, and additionally a transverse slope causes a deviation of the direction
of the transport vector from the applied bed shear stress (Parker et al., 2003; Francalanci et
al., 2009). Furthermore, an inclined bed lowers the critical shear stress for the beginning of
motion compared to a horizontal bed (Fernandez Luque andVan Beek, 1976; Seminara et al.,
2002). In this paper, we will focus on the effect of transverse slopes because these typically
are orders of magnitude larger than average streamwise slopes.

The simplest relation used in literature for the change in sediment transport direction
due to slope effects in transverse direction was formulated for river bends by van Bendegom
(1947) as:

tan(ψ) = tan(δ)− 1
B
∂zb

∂y
(2.1)

where ψ = direction of sediment transport, δ = direction of near-bed flow velocity, affected
the intensity of the secondary current, and B = a dimensionless slope factor. See Figure 2.1
for definition of parameters. This equation shows that the secondary flow intensity, which is
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directed upslope in curved channel sections, counteracts slope effects. Consequently, when
equilibrium is attained in an infinitely long bend of constant curvature because net transverse
sediment transport is zero, this equation reduces to a balance:

∂zb

∂y
= Btan(δ) = Bun

us
(2.2)

where u = magnitude of the flow velocity [m/s] in transverse direction (n) and streamwise
direction (s). A later refinement of this linear relation between the secondary flow intensity
and the transverse slope is the non-linear model of Parker et al. (2003), in which the slope
factor itself depends on the transverse slope. Francalanci and Solari (2008) approximated
the non-linear equation of Parker et al. (2003) with polynomial functions of the local trans-
verse bed slope, which was tested experimentally together with the linear model of Parker
et al. (2003) by Francalanci et al. (2009). Results suggested that linear transverse bed slope
predictors lead to an underestimation of lateral sediment transport.

Current transverse bed slope predictors are either based on theoretical model studies val-
idated with laboratory experiments or field data (e.g. Engelund, 1974; Koch and Flokstra,
1981; Ikeda, 1984), or are based on an empirical fit through experimental data (e.g. Talmon
et al., 1995; Wiesemann et al., 2006). Important differences between these studies relate to
the factors included in the bed slope factor B. Theoretical models follow the reasoning of
van Bendegom (1947), and base the slope factor on the radial balance of forces acting on a
grain moving on a transverse inclined bed. These forces consist of gravity pulling the par-
ticles downslope, a drag force on the particles in the direction of the bed shear stress, and
friction between the particles and the bed (van Bendegom, 1947; Engelund, 1974; Koch and
Flokstra, 1981). The frictional forces can consist of both dynamic friction between moving
particles and the bed, and static friction between non-moving particles in the bed, which is
frequently expressed as the angle of internal friction or angle of repose (Parker et al., 2003).

Table 2.1 lists variations of the slope factor B. The variations broadly fall into four cate-
gories. Firstly, since the slope factor is assumed to be a function of sediment properties and
fluid drag, in most studies B is a function of sediment mobility (θ) (Talmon et al., 1995).
Accordingly, the slope factor is often defined in the generalized form:

B = αθβ, (2.3)

or when the critical shear stress (θc) is included:

B = αc

(
θ
θc

)β

(2.4)

Where the sediment mobility θ, a dimensionless form of the bed shear stress, reads:

θ =
τ

(ρs − ρ)gD50
(2.5)

where τ = shear stress [N/m2], ρs = specific density of the sediment, g = gravitational accel-
eration [m/s2] and D50 = median grain size [m]. Table 2.1 shows that β varies between 0 and
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1, but is usually 0.5 based on the relation between shear stress and flow velocity. Henceforth,
the ratio of sediment mobility θ and critical sediment mobility θc will be referred to as rela-
tive sediment mobility. Several studies include a critical sediment mobility for the beginning
of motion (e.g. Ikeda and Nishimura, 1986; Talmon and Wiesemann, 2006; Francalanci et
al., 2009), which according to Odgaard (1981) is necessary to relate the transverse slope to
bed surface characteristics, instead of only bed load properties. Parker et al. (2003) included
a ratio between the critical sediment mobility for the cessation of sediment transport and
for the beginning of motion (λ), which is generally below 1. Similar differences in formu-
lation of relative and excess sediment mobility exist between sediment transport predictors,
which implies that transverse bed slope relations should be formulated consistently with the
sediment transport relation that is used.

Secondly, the dominant mode of transport determines the effective gravity acting on the
grains. Sekine and Parker (1992) discuss that previous theoretical relations are only valid for
rolling or sliding transport, since particles are assumed to be continuously in contact with
the bed. Therefore, they propose a transverse slope predictor that is based on a stochastic
model of saltating particles, resulting in a β of 0.25. However, their resulting relation has a
number of simplifications and is still only valid for small transverse slopes and a low sediment
mobility, since the number of saltating particles needs to be low to avoid particle collision.
When suspension is present, Talmon et al. (1995) found a slope effect that is two times larger
than under bed-load dominant conditions with equal flow velocities. However, in current
models suspended load is not influenced by bed slope effects (Talmon et al., 1995; van der
Wegen and Roelvink, 2012), or, alternatively, suspended load is treated as bed-load when a
total load sediment transport predictor is used as in van der Wegen and Roelvink (2012) and
Schuurman et al. (2013).

Thirdly, most studies only include a dynamic friction coefficient (μd) to balance the fluid
drag force (Talmon and Wiesemann, 2006; Ikeda and Nishimura, 1986), and thereby ignore
the effects of a lower threshold of sediment motion due to a transverse slope, which de-
pends on static friction (μs) (Fernandez Luque and Van Beek, 1976; Seminara et al., 2002).
Engelund (1974) even assumes a slope effect that only depends on dynamic friction and is
therefore independent of flow conditions and sediment size. Consequently, he concludes this
predictor is only valid for small sediment transport rates. Only the predictor of Hasegawa
(1981) includes static friction directly, while the predictor of Francalanci et al. (2009) takes
the friction angle into account indirectly since their experiments used for calibration were
designed with steel particles with a high friction angle. The values of these friction coeffi-
cients are based on experimental findings. In the predictors of Ikeda (1984) and Ikeda and
Nishimura (1986) the dynamic friction depends on a ratio of lift to drag coefficient (γ), which
is also a constant. In general, linear theoretical models only apply for gentle slopes, because
dynamic and static friction are constant and thereby do not depend on the magnitude of the
transverse slope (Sekine andParker, 1992; Parker et al., 2003). For higher slopes, the dynamic
friction changes due to the increase in slope, and thus the equation should be non-linear.
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Table 2.1: Transverse slope predictors and the experimental conditions for which they were determined. c.p. = study specific calibration parameter, of which the range is
determined when validating the predictor with experiments.

author B α/αc β flume runs D50 θ transport mode bed state c.p.
nr [mm] (range)

independent of sedimentmobility

Engelund (1974) μd 0.51 0 bended 2 0.3 0.28, 0.40 bedload dunes μd
Engelund (1975) μd 0.47 0 annular 2 3 (ρ = 1400) 0.25,0.75 bedload lower plane bed μd

dependent on sedimentmobility

Koch and Flokstra (1981) 3
2 θfb 1.5 1 bended 3 0.21, 0.78 0.67, 0.34 - ripples fb(∼ 1)

Struiksma et al. (1985) fsθ 1 1 bended 6 0.3-0.78 0.16-0.52 bedload dunes fs(0.4-1.5)
Talmon et al. (1995) 9(D50

H )0.3
√

θ 1.7 0.5 straight 11 0.09-0.78 0.1-0.8 bedload, suspended dunes, ripples -
Wiesemann et al. (2006) ripples:

√
θ 1 0.5 straight 3 0.25,0.96 0.16-0.5 bedload, suspended dunes, ripples -

dunes: 0.9 0.9 0

including critical sedimentmobility

Hasegawa (1981)
√

μsμdθ
θc

0.67 0.5 straight 9 0.425 0.05-0.3 - lower plane bed -

Ikeda (1984) μd
1+γμd

√
θ
θc

0.31 0.5 straight 2 0.18, 0.42 0.23, 0.10 - dunes -

Ikeda and Nishimura (1986) fshμd
1+γμd

√
θ
θc

0.19 0.5 bended 1 0.15 0.3 suspended ripples fsh(∼ 0.59)
Sekine and Parker (1992) 1.33( θ

θc
)0.25 1.33 0.25 straight 11 0.425, 1.3 <0.2 bedload (saltation) lower plane bed -

Parker et al. (2003) 1
λ

√
θ
θc

1.43 0.5 straight 5 1.5-3.3 low bedload (saltation) - -

Talmon and Wiesemann (2006) μd
fb

√
θ
θc

0.27 0.5 straight 6 0.09-0.96 0.1-0.9 bedload, suspended dunes, ripples fb (1-1.06)

non-linear relation

Francalanci et al. (2009) αψ(
θ
θc
)
βψ αψ(

∂zb
∂y ) βψ(

∂zb
∂y ) straight 5 3 (ρ = 7850) 0.03-0.12 bedload (saltation) lower-stage plane bed bψ, dψ, hψ,mψ
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Fourthly, validation of the theoretical models with experimental data with varying bed
states and particle properties lead to the need for several calibration parameters and the ad-
justment of the dynamic friction coefficient. Predictors based on forces acting on the grains
have grain-related calibration factors to ensure an agreement with themodel, namely a shape
factor of the grains (fs) (Struiksma et al., 1985) and a sheltering coefficient (fsh) (Ikeda and
Nishimura, 1986). Bed state was ignored in the theoretical models. Therefore, in several
experimental studies either flow conditions were chosen such that bedforms were avoided
(Hasegawa, 1981; Engelund, 1975), or the presence of bedforms caused a calibration parame-
ter for the transverse bed slope predictor (Koch and Flokstra, 1981; Talmon andWiesemann,
2006).

Dunes in particular may have large effects that are incompletely understood. In particular,
the local bed streamwise and transverse slopes vary strongly along a dune as do the flow field
and flow turbulence intensity, none of which is incorporated in derivations of physics-based
predictors for transverse bed slope effect. In fact, bedforms occur in almost none of the cur-
rent morphodynamic models meaning that their effects on flow and sediment transport is
somehow calibrated into parameters for flow resistance, sediment transport and predictors
for slope effects. Existing predictors based on an empirical fit through experimental data
mainly focused on the effect of different bed states, which in the case of Wiesemann et al.
(2006) lead to a different trend for a bed with ripples or with dunes, since they observed that
downslope sediment transport decreased when dunes were present and became independent
of sediment mobility. In contrast, Sieben and Talmon (2011) used artificial dunes to show
that the slope effect is enhanced when oblique dunes are present, due to avalanching at the
lee sides of the dunes. Talmon et al. (1995) manually prepared dunes based on earlier ex-
periments, since the development of natural dunes required the same time as the duration
of their bed leveling experiments. They conclude that the scale of bedforms has a signifi-
cant influence on the slope factor, and this value is twice as small in the experimental setting
with relatively high bedforms compared to natural rivers, but this conclusion may have been
affected by the initial condition. They therefore proposed a slope factor including a ratio
between the water depth and the median grain size, to account for bedform height.

Another cause for variations in B may be the type of experimental facility used to collect
calibration data (see Table 2.1). To validate the theoretical models or to obtain an empirical
fit, past experiments were conducted in either a bended flume (e.g. Struiksma et al., 1985;
Ikeda and Nishimura, 1986) or an annular flume (Engelund, 1975), or straight flumes initi-
atedwith a transversely sloped bed that relaxed to a horizontal bed (e.g. Ikeda andNishimura,
1986; Talmon et al., 1995; Talmon and Wiesemann, 2006). Straight flumes have the advan-
tage of reasonably isolating the transverse bed slope effect without strong bend flow, but have
the disadvantage that the transverse bed slope effect is determined from the initial changes
of the disequilibrium bed slope rather than an equilibrium morphology, and that the bed
state, e.g. dunes, develops at the same timescale (Talmon and Wiesemann, 2006). In curved
flumes and in the annular flume of Engelund (1975) a morphodynamic equilibrium is possi-
ble, which has the advantage of straightforward measurement of the transverse bed slope but
the disadvantage that this result depends on secondary flow patterns that need to be quan-
tified and are only valid for one single bend radius. An annular flume additionally has the
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advantage that it avoids boundary effects and the flow does not have to adapt to changes in
channel curvature, and therefore the transverse slope that develops in the flume is in equi-
librium with the established flow conditions along the entire flume. This requires that the
flow conditions are well known. To study the effect of different bend radii, a rotating annular
flume was used in the current research, in which the intensity of the secondary flow can be
controlled and varied by counter-rotating the floor and side walls of the flume (Booij, 2003).
Thereby, the effect of the secondary flow can be isolated by simulating infinite bends with
various bend radii. This concept will be explained in more detail in the next section.

Theneed to develop experiments with appropriate conditions for testing certain predictors
led in practice to limited experimental datasets. In the case of validation of a theoretical
model, the conditions were chosen such that they fit the model assumptions, for instance
absence of bedforms. As a result, all experiments reported so far were performed with a
limited range in flow conditions and sediment sizes depending on the studied process, with
a maximum of 11 unique experimental settings (Table 2.1). As a side effect, the effects of
varying bed states and sediment transport modes on slope effects were mostly ignored in
past studies. Consequently, the amount of data to test and calibrate transverse bed slope
relations is too scarce and inconsistent.

Estimates of the magnitude of the transverse slope factors α or αc and β in Equation 2.3
are given in Table 2.1, based on reported theoretical and calibration parameters by the cor-
responding studies. The range of α varies between 0.47 and 1.7, and is comparable with
the range of αc, which varies between 0.19 and 1.43. These ranges comprise constant values
typically used in morphodynamic models, and consequently transverse slope factors are lin-
early related to sediment mobility throughout a model run. Even though the magnitudes of
the transverse slope factors were validated for a specific process and corresponding range in
flow conditions and sediment mobility, current morphodynamic models apply these values
in a wide range of environments and conditions. We illustrate the problems that arise in
applications here with the implementation of bed slope effects in the state-of-the-art mor-
phodynamic model Delft3D. Typically, a predictor based on either Koch and Flokstra (1981)
or Ikeda (1984) is used to calculate bed load transport on transverse slopes, with the main
difference that in the predictor of Ikeda (1984) a critical shear stress is used, which is absent
in the predictor of Koch and Flokstra (1981). However, the resulting transport vector is cal-
culated in different ways for these predictors. Firstly, the magnitude of sediment transport is
predicted, based on a situation of a flat bed with a single grain size. Secondly, for Koch and
Flokstra (1981) the direction of sediment transport is corrected for transverse gradients by
rotating the transport vector:

tan(ψ) = 1
αθβ

∂zb

∂y
(2.6)

On the other hand, for Ikeda (1984) an additional transport vector is calculated perpendic-
ular to the flow direction (van Rijn, 1993; van der Wegen and Roelvink, 2012):

qn = qs
1
αc

√
θc

θ
∂zb

∂y
(2.7)
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where q = sediment transport load [m2/s]. α, β and αc are user defined adjustable parame-
ters. Here the default value of α in Delft3D is set to 1.5, which is directly taken from Koch
and Flokstra (1981). βk is set to 0.5, which differs from the value of 1 proposed by Koch
and Flokstra (1981), but is equivalent to most other predictors (Table 2.1). Schuurman et al.
(2013) varied α between 0.35 and 1.5 and eventually used a value of 0.7. Based on the exper-
iments of Ikeda (1984) in a straight flume, van Rijn (1993) concluded αc should be around
0.67, which is thus the default value for the second bed slope option inDelft3D.Details on the
default values for both α and αc, and how compare them are given in Appendix B. However,
in practice both slope factors are reduced to one or two orders of magnitude smaller than the
default values in the calibration to measured morphology, to correct for the tendency of the
model to overdeepen channels and exaggerate bar length (e.g. van der Wegen and Roelvink,
2012; Schuurman et al., 2013), and the absence of physics-based bank erosion (e.g. Grenfell,
2012; Schuurman et al., 2013). For example, the modelled braided sand-bed river of Schu-
urman et al. (2013) showed an increase of more than 60 percent in channel depth and an
increase in braiding index from 2.4 to 3.5 after 25 months when using his optimal value of
0.7 for α compared to a model run with the lower value of 0.35. They therefore concluded
that the model results are very sensitive to a change in this parameter value. The study of van
derWegen and Roelvink (2012) compared twomodel runs based on an existingmorphology
of a sandy estuary with an αc of 0.1 and 0.2, which showed an increase of 8 percent in channel
depth and a higher braiding index than the morphology when using the higher value despite
the fact that this is still significantly lower than the default value of 0.67. This sensitivity of
predicted long-term morphology to the transverse bed slope parameters, even when a mea-
sured bathymetry is used for calibration, illustrates the need for a better understanding of
the transverse bed slope effect.

2.3 Methods

2.3.1 Experimental methodology

We conducted experiments in a rotating annular flume (Fig. 2.2) which allows control of the
secondary flow intensity independently from the streamwise flow velocity. Rotation of the
flume lid drives the flow by applying a shear stress on top of the water column. This not
only generates streamwise flow, but also causes a secondary circulation to develop due to the
curvature of the flume. The centrifugal force generated by rotating the lid causes water to be
pushed outwards at the top of the water column which creates a pressure gradient from the
outer to the inner bend. This pressure gradient drives the secondary flow and thereby creates
an inward-directed bed shear stress near the bed, which corresponds with the development
of secondary flow patterns in natural river bends. However, in a rotating annular flume the
secondary flow can be counteracted by rotating the floor of the flume plus attached sidewalls
in opposite direction. By counter-rotating the floor, an outward-directed centrifugal force is
added on the flow low in the water column, which decreases the pressure difference over the
water column at the outer bend, and thereby decreases the secondary flow and the inward-
directed bed shear stress (Booij, 1994; Booij, 2003). Both the lid and floor of the flume can
rotate over a continuous range of angular velocities in both directions. By controlling lid

36



Figure 2.2: Experimental setup. a) The dimensions of the rotating annular flume. Floor and sidewalls are at-
tached; lid rotates independently. b) Schematic drawing of the measurement set-up (top view). The morpho-
logical development during the experiments was captured with a camera attached to the inside of the flume
(C1) and a static camera at the outside of the flume (C2). Bed elevation was measured in still flow with an
echosounder (E) along ten transects (dashed lines). Flow velocities were measured separately with a Vectrino-
II, whichwas installed at the channel centerline. c) Ten transects weremeasured along the circumference of the
flume, each 2.34 cm apart in transverse direction, starting at 4.5 cm from the walls of the flume.

and floor angular velocities, the streamwise flow velocity as well as the secondary flow can
be isolated and thus the ratio between these parameters can be varied as well. Changing
this ratio alters the direction of the flow velocity vector near the bed, which determines the
secondary flow intensity and corresponds to different bend radii in nature. Most studies until
now (e.g. Booij, 1994; Yang et al., 2015) sought the ratio of lid and floor rotation at which the
centrifugal force of the floor rotation balances the centrifugal force of the lid rotation, with
the result that the secondary flow is minimalized and the flume can be used as an infinite
straight river reach. Booij (1994) reports an optimal ratio of about 1.8, independent of the
magnitude of the lid and floor rotation. Additionally, he measured a uniform streamwise
shear stress across the width of the flume at this ratio. Here we employ the possibility to not
only minimalize secondary flow, but also to control the secondary flow magnitude, without
which no large transverse bed slope would develop.

Rotation of the flume floor also adds an outward-directed centrifugal force on the sedi-
ment, which effectively results in a rotation of the gravity vector. This can be expressed as a
slope towards the outer bend related to this effective direction of gravity (tan(η)):

tan(η) =
ω2

f r
g

(2.8)

where ωf = angular velocity of the flume floor [rad/s] and r = radius of the flume [m]. How-
ever, with the current experimental settings this results in maximum slopes of 0.01 m/m,
which is insignificant compared to the much steeper (up to 0.5 m/m) equilibrium transverse
slopes in themorphodynamic experiments. Therefore, we will ignore the effect of centrifugal
forces on the sediment in the remainder of this paper.
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To determine near-bed streamwise and normal flow velocity without intrusive measure-
ment techniques in flows with suspended sediment, analytical relations were derived as a
function of the rotation rates of flume lid and floor. For verification and calibration we ran
186 experiments for basic flow measurements in the center of the channel over flat bed con-
ditions. More sophisticated numerical flow modelling representing details of this 3D-flow is
outside the scope of this paper.

We conducted 224 morphodynamic experiments for several sediments ranging from fine
sand to fine gravel, including low-density walnut grains, and the technically largest possible
range of sediment mobilities and secondary flow intensities. We ran each experiment until
morphological equilibrium, meaning that neither transverse slope nor bedform dimensions
changed appreciably. With the resulting average transverse bed slope and the estimate of
the near-bed normal and streamwise flow velocity, the slope factor B of each experiment
could be determined (Eq. 2.2). Slope factors of all experiments were then used to find a
general relation between slope factor and sedimentmobility for the entire experimental range
(Eqs. 2.3, 2.4), and compared to the values for α, αc and β found in literature for specific
ranges of sediment mobility. Below we detail methods of flow measurement and modelling,
sediment properties, experimental conditions and measurement of morphology.

2.3.2 Measurement and analytical approximation of flow conditions in the annular
flume

Flow velocities in streamwise and transverse direction were measured with a Vectrino-II, an
acoustic Doppler velocitymeter, at the center of the flume during twominutes. TheVectrino-
II collects 16 data points in vertical direction in a range of 3 cm, with the most accurate mea-
surement in the middle of this range. We chose to measure 0.5 - 3.5 cm above the bed, since
in this range the highest normal flow velocities were recorded and furthermore, the objective
is to study the effect of near-bed flow characteristics on sediment transport. Flow velocity
measurements were done separately from the slope experiments and only on a flat bed, since
it was not possible to measure near the bed when bedforms were present. In total, 186 flow
velocitymeasurementswere conducted under systematically varied angular velocities of both
the lid and the floor, and above flat sediment beds without bedforms with median grain sizes
of 0.26 mm and 1 mm. Angular velocities of the lid ranged from 0.16 to 0.90 rad/s, which
corresponds with tangential velocities at the centerline between 0.30 and 1.67 m/s, and floor
rotation was varied between 0 and -0.42 rad/s (0.78 m/s). Henceforth, lid and floor rota-
tion will be expressed in tangential velocity at the centerline. The range in rotation velocity
was restricted by the measurement range of the Vectrino-II, which gave large scatter at high
angular velocities and when saltation or suspension concentration was too high. Measured
flow velocities were reduced to a median streamwise and normal flow velocity, to be able to
relate them to measured transverse slopes in the morphodynamic experiments. Vectrino-II
data were then filtered by removing data points with a correlation less than 80 percent, taking
the median of the timeseries per elevation and using the maximum value. This method of
determining the average flow velocity produced significant scatter for unclear reasons, espe-
cially in normal flow velocities, and it was therefore not possible to fit a clear trend through
the data to extrapolate for higher angular velocities. Therefore, a simple analytical model was
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developed to predict streamwise and normal flow velocities at any combination of angular
velocities.

Our analytical flow model is based on the assumption that shear stresses and centrifugal
forces caused by lid and floor rotation, which drive the flow in the annular flume, are bal-
anced by frictional forces of the lid and the walls of the flume. The trend in streamwise flow
velocity is based on the model of Booij (1994), who found a reasonable agreement with flow
velocity measurements in the same annular flume, but with a smooth bed without sediment.
He assumed that shear stresses should cancel around the axis of rotation and therefore used
the average value of the absolute tangential velocity (U) of the lid (l) and floor (f) at the center
of the flume, multiplied with the ratio in surface area of the lid and flume. This ratio accounts
for the larger surface area of the floor and sidewalls that apply shear to the water, and there-
fore have a larger influence on the average flow velocity than the lid. For the dimensions of
the flume in this study, this ratio would be 0.78. However, in the current model this ratio
is represented by a factor As1 and is calibrated on measured data to account for unknown
effects of three dimensional flow patterns on the non-linearity of the velocity profile. Fur-
thermore, due to the sediment bed, in the current experiments the floor has a higher friction
coefficient than during themeasurements of Booij (1994), and therefore only a fraction of the
floor velocity is transferred to the flow. This fraction is indicated with a second calibration
parameter As2, which is absent in the model of Booij (1994). The resulting approximation
for the streamwise flow velocity is:

us = As1
Ul + As2|Uf|

2
(2.9)

The trend in normal flow velocity is determined using a model of a cross-section of the
flume. Here, it is assumed that the centrifugal force generated by the lid affects the top half
of the water column, while floor rotation influences the bottom half. Since the pressure dif-
ference between the top half and the bottom half of the water column at the outer bend drives
the secondary flow, the difference in lid and floor centrifugal acceleration is used as driving
centrifugal force. This force is balanced by friction exerted along the lid, side walls and sedi-
ment bed. The resulting approximation of the normal flow velocity is as follows:

un =
An1HW(Ul − An2|Uf|)
r(cw(W + H) + cbW)

(2.10)

where H = water depth [m], W= width of the flume [m] and c = friction coefficient for
the walls and lid (w), and the bed (b). An1 and An2 are calibration factors, accounting for
non-linearity of the velocity profile and the relatively larger influence of floor rotation on the
average flow velocity due to a larger cross-sectional surface, respectively. The full derivation
is given in Appendix A. When the ratio of lid to floor rotation is equal to An2, secondary flow
is minimal and an infinite straight river section can be simulated. Booij (1994) stated this
ratio is around 1.8 for the dimensions of the flume used in the current experiments.

Since only lid and floor tangential velocities are included in these equations as character-
istic flow velocities for parts of the cross-section, the magnitude of the resulting streamwise
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and normal flow velocity are only a coarse approximation. Therefore, the measured flow ve-
locities are used to calibrate the magnitude of the predicted flow velocities, while the trend of
the analytical flowmodel is considered to correctly represent that of themeasured flow veloc-
ities. We consider this the most parsimonious method as lid and floor tangential velocities
and grain size are the only variables.

2.3.3 Experimental conditions and data collection

The annular flume used for the experiments described here has a radius of 1.85 m at the
centerline and a rectangular cross-section with a width of 0.30 m and an adjustable height
up to 0.47 m (Fig. 2.2a). In our experiments, the lid is fixed at a height of 0.36 m above
the flume floor. Each experiment started with a uniform horizontal sediment bed with a
thickness of 0.15 m, resulting in an average water depth of 0.21 m. Lid rotation can be varied
over a continuous range up to 3.7 m/s. For safety reasons an angular floor velocity of 1.2 m/s
was not exceeded.

Sediment size, floor rotation and lid rotation were systematically varied in order to iso-
late the effect of a large range of near-bed flow conditions and sediment mobilities on the
transverse slope, covering all sediment transport modes and bed state regimes. In Table
2.2 the range in sediment characteristics, sediment mobility and secondary flow intensity
is summarized, together with the number of experiments per sediment type. Values for all
experiments are given as supporting information. The parameter space covered by the ex-
periments was designed and determined using the bedform stability diagram of Van den
Berg and Van Gelder (1993), which plots sediment mobility against non-dimensional grain
sizes, and distinguishes bed state stability fields of no motion, ripples, dunes and upper-stage
plane bed (USPB). Grain sizes have been normalized as described by Van Rijn (1984b) to re-
move the effect of fluid viscosity and density. We assume that lower-stage plane bed occurs
around the beginning of motion as observed in some bed slope experiments. We chose uni-
form sediments with median grain sizes of 0.17, 0.26, 0.37, 1.0, 2.0 and 4.0 mm and a density
of 2650 kg/m3, to ensure a transition from both hydraulic smooth to hydraulic rough con-
ditions and across the ripple-dune threshold. Additionally, we used low-density granular
walnut shell with a density of 1300 kg/m3 and a median grain size of 1.55 mm to test the
effect of centrifugal forces generated by the flume floor. Henceforth we collectively name the
sands < 0.5 mm fine sand and the coarser sediments coarse sand and fine gravel.

Morphological developmentwas registered using time-lapse photography and echosound-
ing. Photographs were taken on both the inside and outside of the flume with a constant
time interval, ranging from 5 to 300 seconds depending on the expected duration of the ex-
periment. The camera on the outside was not attached to the flume and thus captured the
development of the entire flume when floor rotation was added, while the camera at the in-
side was attached to the floor, consequently registering the development of a fixed segment
(Fig. 2.2b). The experiment was ended when the transverse bed slope and the bedforms were
in equilibrium with the flow conditions. This took of the order of an hour for the high mo-
bility experiments to a few days for the lowest mobility experiments. Experiments where
dune troughs touched the solid flume floor were excluded. Afterwards, the morphology was
measured in still flow with an echosounder over ten transects in streamwise direction, each
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Table 2.2: Range in sediment characteristics, sedimentmobility and secondary flow intensity of each sediment
type, summing to a total of 224 experiments.

ρ D50 D10 D90 nr runs θ tan δ = un
us

kg/m3 [mm] [mm] [mm] [−] [−] [−]
2650 0.17 0.12 0.21 34 0.02-1.59 -0.24-0.19
2650 0.26 0.19 0.33 23 0.03-1.16 -0.04-0.17
2650 0.37 0.23 0.63 30 0.02-0.90 -0.11-0.16
2650 1.0 0.85 1.16 45 0.02-0.41 -0.10-0.13
2650 2.0 1.7 2.5 31 0.02-0.29 -0.03-0.11
2650 4.0 3.15 5.6 37 0.04-0.19 -0.02-0.08
1300 1.55 1.25 1.66 24 0.02-0.31 0.01-0.11

2.34 cm apart in transverse direction (Fig. 2.2c). To allow filtering for sonic noise, the effec-
tive spacing of echosounder recordings was between the 1.2 mm and 1.4 mm in streamwise
direction, depending on the circumference of the measured transect. The footprint of the
echosounder is about 2 cm at average bed level.

Data were gradient-filtered for outliers and gridded for presentation, but the full dataset
was used for data reduction of resulting morphologies to one transverse slope value per ex-
periment in the following steps. For each transect the median bed level over the entire flume
length was determined. A linear trend was fitted by least-squares through eight of the ten
data points across the flume to obtain the average transverse slope, excluding the two tran-
sects near the flume wall. Average transverse slopes of all experiments are reported in the
online supplement. Additionally, the 16 − 84 and 5 − 95 percentiles of the bedlevels along
the transects were determined to represent spatial variation including bedforms along the
flume. These values are used for analysis in combination with modelled flow velocity.

2.4 Results

In this section, we first evaluate the trend in flow velocity at specific ratios of lid and floor an-
gular velocities, and then describe the trends in the spatially averaged transverse bed slopes.
Finally, we seek relations between near-bed flow conditions, sediment mobility and average
equilibrium transverse bed slope.

2.4.1 Flow velocity and bed state at specific angular velocities

Thebest fit of the analytical flow velocitymodel on themeasured flow velocities was obtained
with calibration parameters As1 = 0.65 and As2 = 0.5 for streamwise flow velocities, and
An1 = 0.025 andAn2 = 2.5 for normal flow velocities. Results show that streamwise velocities
increase both with increasing lid rotation (Fig. 2.3b) and with increasing counter-rotation
of the floor (Fig. 2.3d), due to the larger difference between absolute lid and floor angular
velocities. The linear relation of Equation 2.9 shows a reasonable similarity with the data
(Fig. 2.3f) and an As1 of 0.65 is similar to the 0.78 obtained by Booij (1994) and lower as
expected because of higher bed friction.

Normal flow velocities increase when lid rotation is increased and can be described with
a linear relation for a given floor rotation (Fig. 2.3a). When lid rotation is constant and the
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Figure 2.3: Measured (scatter) and predicted flow velocities (lines) for a range of lid and floor angular velocities
used in the experiments. a, b) Variation in normal and streamwise flowvelocitywith lid rotation, where separate
lines and colors indicate a constant floor rotation. c, d) Variation in normal and streamwise flow velocity with
increasing counter-rotation of the floor, where separate lines and colors indicate a constant lid rotation. e)
Predicted against measured normal flow velocities for a range in lid to floor rotation ratios (color scale). Flow is
either directed towards the inner bend (positive values) or towards the outer bend (negative values). R2 = 0.78.
f ) Predicted against measured streamwise flow velocities, R2 = 0.90. Dashed lines indicate deviation of a factor
of 2.

counter-rotation of the floor increases, normal flow velocities generally decrease as mod-
elled (Fig. 2.3c). Our data show that the ratio of lid to floor angular velocity for which the
secondary flow intensity is minimal and reverses towards the outer wall is about 2.5 (An2),
where Booij (1994) found a ratio around 1.8. Our ratio is higher due to the added roughness
of the sediment bed. When floor rotation is increased even further, and this ratio therefore
further decreases, the centrifugal force created by the floor rotation is dominant and as a
result, secondary flow reverses and the normal flow velocity is directed towards the outer

42



bend near the bed. However, when the flow velocity vector changes direction from the inner
bend towards the outer bend the data deviates from the model, since the data shows a sharp
transition in normal flow velocities. Furthermore, the data also deviates from the model for
low counter-rotation rates, where a local increase is observed before flow velocities decrease.
As a result, the modelled linear trends look similar to the measured data except for the initial
increase in velocity and the sharp transition when normal flow velocities change direction.
Consequently, normal flow velocities are underpredicted for low ratios of lid to floor rota-
tion where secondary flow reverses towards the outer bend, and overpredicted for low floor
rotation, i.e. high ratios of lid to floor rotation (Fig. 2.3e). This will be considered in later in-
terpretations of bed slope data. Since negative normal flow velocities do not occur in natural
river bends, the morphodynamic experiments with a flow velocity vector directed towards
the outer bend will not be taken into account when determining the trend in transverse slope
parameters.

The parameter space covered by the morphodynamic experiments contains a large range
in secondary flow intensity (Fig. 2.3) and sediment mobility for each grain size, and there-
fore covers most bedform stability fields (Fig. 2.4). Figure 2.5 shows examples of the typical
bedform morphologies in the experiments. With fine sand we obtained bed states ranging
from a lower-stage plane bed, across the ripple-dune threshold, to an upper-stage plane bed
(USPB). In the experiments with coarse sand and fine gravel, including the experiments with
low-density sediment, dunes developed and USPB was not reached. Observed beginning of
sediment motion occurred at Shields numbers around the Shields curve for the beginning
of sediment motion (Soulsby and Whitehouse, 1997; Kleinhans et al., 2017). The transition
from ripples to dunes in the fine sand experiments is characterized by dunes with super-
imposed ripples (e.g. Ashley, 1990; Ten Brinke et al., 1999; Venditti et al., 2005). The lines
separating the ripple and dune fields therefore indicate a transition zone rather than a hard
threshold (Kleinhans et al., 2017).

2.4.2 Equilibriummorphologies

During the experiments a transverse slope developed towards either the inner wall or the
outer wall. When flow conditions favored bedforms, they started to develop immediately at
the start of each experiment (Fig. 2.5). Dune height developed at the same rate as the trans-
verse slope, but dune length neededmore time to attain equilibrium because of dune splitting
and merging processes. In the absence of dunes, on plane bed or with ripples, the transverse
slope was fairly uniform along the flume. When dunes were present, the equilibrium trans-
verse slope was largest in the dune trough but almost horizontal on the dune crest (Fig. 2.5a).
Furthermore, dune crests were aligned obliquely to the streamwise flow direction.

When sediment mobility was low, the transverse slope did not develop over the entire
width. Since flow velocities are lower at the inner bend than at the outer bend, the inner
part of the flume was still below the threshold of sediment motion. This effect was most
clearly observed in the experiments with relatively coarse sediment, but was also present
at the experiments with finer sediment. Thus, sediment mobility has a large effect on the
average transverse slope near the threshold for motion. The effect of the glass walls of the
flume on the morphology was limited to about 2 cm from the walls, while the outer bed level
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Figure 2.4: Parameter space covered by the experiments plotted in the bedform stability diagram of Van den
Berg andVanGelder (1993), with stability fields of lower-stageplanebed (LSPB), ripples, dunes andupper-stage
plane bed (USPB) indicated. The thick black line indicates the Shields curve for the beginning of sediment mo-
tion of Soulsby and Whitehouse (1997). a) Observed bed states in the experiments (symbols). b) Experimental
range in secondary flow intensity (color scale) calculated from lid and floor rotation. For the experiments with
coarse sand and fine gravel, sediment mobilities were limited by the maximum angular velocity of the lid.

measurements start at 4.5 cm from the wall. However, to make sure we did not include any
wall effects, the two measurement transects near the walls were excluded from analyses.

Figure 2.6 illustrates the morphology of several experiments with different grain sizes, se-
diment mobilities and secondary flow intensities, as well as the corresponding quantile bed
levels in transverse direction. When lid rotation increased without floor rotation, the average
transverse slope did not increase significantly from low to high mobility (Fig. 2.6a,b). How-
ever, bedforms increased in height with increasing lid rotation and therefore the variation in
bedlevels increased.

On the other hand, when the inward-directed secondary flow decreased through increas-
ing floor rotationwhilst sedimentmobility (θ) was kept constant, the average transverse slope
depended strongly on secondary flow intensity (Fig. 2.6c,d). When the secondary flow inten-
sity became negative, and thus normal flow velocities near the bed were directed outwards, a
steep slope developed towards the outer wall of the flume. As observed in the flow direction
data, this transition from a slope towards the inner bend to a slope towards the outer bend
was rather sudden, so that gentle slopes towards the outer bend are uncommon in our data.
In addition, bedforms also decreased in height with decreasing secondary flow intensity and
increased again when secondary flow was directed towards the outer wall, even though av-
erage sediment mobility remained the same. Furthermore, the orientation of dunes crests
varied with changing secondary flow intensity.

Figure 2.6e,f isolates the effect of changing mobility whilst keeping secondary flow inten-
sity constant. The average transverse slope hardly changes with sediment mobility once the
sediment is mobile over the entire flumewidth. However, bed level variation, i.e. the area be-
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Figure 2.5: Examples of typical equilibrium bed states. a) Dunes developed during experiments with coarse
sand and fine gravel, b) and with low-density sediment. c) With fine sands the entire range of bed states from
lower-stage plane bed, across the ripple-dune threshold, to upper-stage plane bedwere obtainedwith increas-
ing sediment mobility.

tween the 5 and 95 bed elevation percentiles, varied strongly with mobility in fine sediment,
which is the result of bed state transitions. With increasing sediment mobility, bedforms de-
veloped from ripples to dunes with superimposed ripples, plane dunes, and low-angle dunes
without brinkpoints on the transition to USPB. As a result, the variation in bed levels in-
creased when dunes developed and decreased again when sediment mobility increased to-
wards USPB. In coarse sand on the other hand, variation in bed levels merely increased due
to an increase in dune height. Dunes did not flatten as only intermediate sediment mobility
was reached.
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Figure 2.6: Example maps of bed elevation above the flume floor (color scale) on streamwise and normal co-
ordinates, and data reduction to bed elevation percentiles across the flume. Flow is to the left; the inner bend
is towards negative normal coordinates and only a semicircle of the bed is shown. Experiments are grouped
to illustrate trends with grain sizes, lid rotation, secondary flow intensity or sediment mobility with other fac-
tors kept constant. The average transverse bed slopes used in the remainder of this paper were calculated by
linear regression on the median bedlevels across the flume, excluding the outermost transects. Experiments
where dune troughs touched the solid flume floor were excluded. Left page shows fine sediments and right
page shows coarse sediments with similar behaviors. a, d) Experiments with increasing lid rotation with static
floor. b, e) Experiments with decreasing secondary flow intensity, while sediment mobility remains constant.
c,f ) Experiments with increasing sediment mobility and constant secondary flow intensity.
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2.4.3 Effect of isolated parameters on average transverse slope

The above examples suggest relations of sedimentmobility and secondary flow intensity with
average transverse slope. Here we combine transverse bed slope, modelled secondary flow
intensity and sediment mobility of all experiments to explore the trends, and calculate slope
factor B (Eq. 2.2) for the experiments with secondary flow directed towards the inner bend..

Sediment mobility varied from just above the threshold of sediment motion up to 1.59 for
the finest sand (Fig. 2.7a). Despite this large range, no clear trend in average slope against
sediment mobility is discernable, as a large variation in transverse slopes occur at various
ranges of sediment mobility. However, when sediment mobility approaches the beginning
of motion, transverse slopes reduce. At the other extreme end of the possible slope range,
transverse slopes never increased above 0.5 m/m, or about 29◦, which is about the angle of
repose of loose granular sediment.

On the other hand, transverse slope against secondary flow intensity shows a clearer trend.
Slopes increase with secondary flow intensity, i.e. when the normal flow velocity component
increases relative to the streamwise velocity (Fig. 2.7b). However, there is still considerable
scatter. The data, color-coded with sediment mobility in Figure 2.7b, suggest relatively lower
increase in bed slope with secondary flow intensity with increasing sediment mobility. Fur-
thermore, the restriction on transverse slope at relatively low sediment mobility is visible by
the average slopes just above zero regardless of the secondary flow intensity. This shows there
is no simple similarity collapse for transverse bed slope as a function of secondary flow and
sediment mobility.

For the experiments with fine sand, the bed slope factorB increasesmonotonously with in-
creasing relative sediment mobility up to a relative sediment mobility of about 6 (Fig. 2.8A).
This means that, given a constant secondary flow intensity, transverse slopes steepen with
sediment mobility. For relative sediment mobilities higher than 6, the slope factor reaches
a constant value for a given secondary flow intensity, suggesting independence of sediment

Figure 2.7: Average transverse bed slopes of all experiments. a) Transverse slope against relative sediment
mobility. Color scale indicates secondary flow intensity and direction. b) Transverse slope against secondary
flow intensity. Color scale indicates sediment mobility.
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mobility. For the coarse sediments, the slope factor first increases rapidly with increasing
sediment mobility, but then abruptly decreases (Fig. 2.8B). This local maximum is more
pronounced for lower secondary flow intensities and coarser sediment. Above a relative
sediment mobility of about 4, the slope factor appears independent of sediment mobility.
However, for relatively low secondary flow intensities, the slope factor of a few experiments
continues to decrease at relatively high sediment mobility.

The different trends of fine and coarse sediments and the existence of a localmaximumbed
slope factor B at intermediate sediment mobility suggests a relation with bed state. Various
bed states were observed which appeared to influence the average transverse slope signifi-
cantly, especially when dunes were present (Fig. 2.5a). For experiments with almost equal

Figure 2.8: Trends in slope factor (Eq. 2.4) against relative sediment mobility of all experiments with transverse
slopes towards the inner bend. a) Slope factor of the experimentswith fine sands. Color bar indicates secondary
flow intensity. b) Slope factor of the experiments with coarse sands and fine gravel, including the low-density
sediment. Color bar indicates secondary flow intensity. c) Observed sediment transport mode of all experi-
ments. Color indicates grain size. d) Dune dimensions of the experiments with coarse sand and fine gravel.
Colorbar indicates dune height to length ratio (Δ/Λ).
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Figure 2.9: Trend in slope factor (B) against relative sediment mobility for experiments with low-density sedi-
ment, compared with experiments with normal sediment with median grain sizes of a) 1 mm and b) 2 mm

secondary flow intensities, transverse slope increased withmobility when ripples are present,
but upon dunes initiation the transverse slope hardly increased (Fig. 2.8a). However, similar
trendswere observed for experiments with coarse sediment and only dunes (Fig. 2.8b). Here,
the localmaximum in slope factor seems to coincidewith lowdune height to length ratio (Fig.
2.8d), as well as the transition from rolling sediment transport to saltation (Fig. 2.8c). We
attempted normalization by a number of bedform dimensions and bedform-related friction
parameterizations but none resulted in a similarity collapse of the data of fine and coarse
sediment.

Experiments with low-density sediment followed the same trend in bed slope factorBwith
changing relative sedimentmobility, indicating that sediment density has no first-order effect
on equilibrium slopes. This is confirmed by the observation that the magnitude of the slope
factor of the low-density experiments corresponds best with the experiments with a median
grain size of 2 mm (Fig. 2.9b), rather than the experiments with a median grain size of 1 mm
(Fig. 2.9a) which have corresponding non-dimensional grain sizes (Fig. 2.4), since grain sizes
are normalized with relative density (Van Rijn, 1984b).

2.5 Discussion

Wefirst discuss the relation between the transverse bed slope and the secondary flow intensity
and the sediment mobility (expressed as Shields number) observed in the experiments, and
then compare the observed trends with predictors found in literature and comment on the
implications for morphodynamic modelling.
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2.5.1 Influenceof secondaryflow intensityandsedimentmobilityon transverse slope

Average transverse bed slope shows a relation with secondary flow intensity and proportion-
ality factor B, as Equation 2.2 by van Bendegom (1947) suggests. However, there are two
slope-limiting conditions not included in this relation. The first limit is the maximum angle
that can be reached under the influence of gravity. Here this is slightly lower than the typical
value for the angle of repose due to dilatancy of the sediment during transport (Kleinhans
et al., 2011). The morphology was measured in still flow, while during the experiments this
maximumslope could have been higher under stronger secondary flows driving the sediment
upwards. Secondly, the transverse slope cannot fully develop whenwidth-averaged sediment
mobility is close to the threshold of sediment motion and below it in the inner bend. Hence,
the cross-sectionally averaged transverse slope remains low when sediment mobility is low,
regardless of secondary flow intensity (Figure 2.7).

The limiting role of sediment mobility is also visible in Figure 2.8. Below a relative sedi-
ment mobility of 6, the slope factor B of fine sands depends on relative sediment mobility.
For coarse sand and fine gravel this dependence is visible up to a relative sediment mobil-
ity of 3. The proportionality factor B is lower than unity at small sediment mobilities, with
lowest values of around 0.2 for fine sediments and 0.1 for coarse sediments, and rapidly in-
creases above 1 for larger sediment mobilities. For coarse sediments, this increase in slope
factor is even more pronounced, especially for experiments with relatively weak secondary
flow and low transverse bed slopes. The nonlinearity of the relation between sediment mo-
bility and slope factor suggests other processes covarying with sediment mobility also affect
the proportionality of transverse slope to secondary flow intensity. We found that including
the critical Shields number led to a better similarity collapse of trends in average slope of
experiments with different grain sizes under the same conditions, which makes sense as the
different sediments have different critical Shields numbers and therefore a different offset
(Fig. 2.10).

Furthermore, Figure 2.8 shows that the magnitude of the slope factor varies with different
secondary flow intensities, suggesting the transverse slope is not linearly related to the sec-
ondary flow intensity with constant sediment mobility (Eq. 2.2). However, low secondary
flow intensities were underpredicted by the analytical flow model (Fig. 2.3), so it remains
unclear whether this trend is significant.

2.5.2 Influence of bedforms and sediment transport mode

The scatter in the data described above suggests that other processes are important. Here we
discuss four processes: sediment transport mode, modified turbulence over the ripple-dune
transition, the net effect of avalanching at dune slipfaces migrating on a transverse bed slope,
and flow steering in the troughs of oblique dunes.

Firstly, the dominant mode of sediment transport changed with increasing sediment mo-
bility (Bridge, 1992; Bennett et al., 1998). The transition from rolling bed load towards
saltating particles coincides with the local maximum in transverse slope observed during
the experiments with coarse sand and fine gravel (Fig. 2.8c). For fine sands there is no lo-
cal maximum, but instead the slope factor gradually increases with increasing mobility until
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Figure 2.10: Average transverse bed slopes of experiments with only lid-rotation against (a) absolute sediment
mobility, (b) relative sedimentmobility and (c) excess sedimentmobility for all grain sizes (colorscale). The best
similarity collapse is attained for relative sediment mobility.

suspension of sediment is present. Here, the slope factor is constant, which means that in
this range transverse slopes are independent of sediment mobility and increase linearly with
increasing secondary flow intensity (Fig. 2.8a). However, this transition to a constant slope
factor is not clearly related to the transition from dominant bed load transport to suspended
transport and therefore it remains unclear if this is a causal relation.

Secondly, bedforms were prominent in many experiments. When the bed state of the fine
sand experiments transitions from ripples to dunes at higher sediment mobilities, the in-
crease in average slopes decreases and as a result the slope factor reaches a constant value
(Fig. 2.8a). Compared to the ripple regime, this means a relative increase in downslope se-
diment transport with increasing sediment mobility that linearly depends on dune height.
Sieben and Talmon (2011) found that the increase in downslope sediment transport on lee
sides of dunes resulted in lower transverse slopes, which is caused by the fact that avalanch-
ing on the dune slip face is in downward direction rather than perpendicular to the bed or
in the direction of dune migration. In our experiments, long dunes, and thus fewer dunes,
were observed at intermediate sediment mobilities, where also the maximum slope factor
was observed during experiments with coarse sediments (Fig. 2.8d).
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Thirdly, in the case of fine sands, the independence of sediment mobility when dunes are
present could be explained by a change in turbulence as ripples transition to dunes (e.g.
Bennett et al., 1998), which would affect flow through the friction, and sediment trans-
port through the near-bed turbulence. This agrees with the observations of Wiesemann et
al. (2006), who found that transverse bed slopes become independent of sediment mobil-
ity when dunes start to develop, although they observed a decrease in downslope sediment
transport. However, our comprehensive dataset shows a similar independence of transverse
slope on higher sediment mobility for coarse sediment where ripples cannot form, so the
ripple-dune transition in itself cannot be the explanation.

Fourthly, Dietrich and Smith (1984) and Kisling-Moller (1993) qualitatively observed that
the near-bed transverse flow is affected by the presence of oblique dunes in curved flow. In the
annular flume, slope was largest in the dune trough and almost horizontal on the dune crest,
so that the maximum slope in the dune trough was about two times larger than the average
slope. These large variations in transverse slopes along the flume show that average values for
flow velocities and slopes are not necessarily representative, and possibly cause unexplained
scatter in our trends. Dunesmust have had a substantial influence on flowpatterns because of
their large height relative to water depth. As a result, transverse flow may have lined up with,
and concentrated in the troughs of oblique dunes. Indeed, differences in the obliquity of dune
crests were observed between experiments, which could have been an effect of secondary
flow and this flow concentration, or the cause of enhanced secondary flow. Alternatively, the
obliquity was the result of the secondary flow affected by bedforms. The above discussion
shows a potentially large influence of dunes on secondary flow patterns. Also, the transverse
bed slope strongly depended on the position on the dunes. Future analysis of flow velocity
patterns over large dunes is needed to unravel which of the above hypotheses reallymatter for
the transverse bed slopes in the experiments, and how such trends hold for full-scale natural
systems with lower dunes relative to water depth.

2.5.3 Comparison with existing bed slope predictors

Published predictors were derived for one sediment transport mode or bed state to study
its separate effect on the transverse bed slope effect, and were calibrated and verified with
experiments within a specific range in flow conditions and sediment mobility to isolate this
mode or bed state. The predictors are therefore only valid for the parameter space of these ex-
perimental conditions, which are indicated in Table 2.1. For example, the predictor of Ikeda
(1984) that is used inDelft3D is only valid formedian grain sizes around 0.15mm and a sedi-
mentmobility between 0.10 and 0.23. All predictors include slope factors which are based on
a linear relation with slope, i.e. a constant α or αc, and a power function of sediment mobil-
ity, which means that friction parameters and calibration parameters are constant. However,
our objective is to obtain parameters that cover all sediment transport modes and bed states,
so that this relation can be used in large-scale and long-term modelling where all processes
act in concert. The current results show a non-linear relation for the slope factor when plot-
ted as a function of relative sediment mobility (Fig. 2.8) as they cover the limiting effect of
low sediment mobility, the effect of the angle of repose and effects of different bed states
and sediment transport mode due to experiments with grain sizes varying between 0.17 and
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4 mm and sediment mobility between 0.018 and 1.59. Consequently, the trend of the slope
factor with sediment mobility from this study is more complex than that of the existing pre-
dictors, with an α or αc and β that are not constant. Based on current results, the slope factor
should thus be described with a different function than Equation 2.4 to adequately describe
the non-linear dependence on sediment mobility. However, to be able to compare the slope
parameters of existing predictors to the experimental results, a preliminary fit of the slope
factor over relative sediment mobility is plotted in Figure 2.11 with constant values for αc
and β per median grain size:

B = 25D0.37
50

(
θ − θc

θc

)0.2

(2.11)

In view of our understanding of the sediment transport process reflected in transport pre-
dictors, it is necessary to include a critical shear stress, especially when different sediment
sizes are considered. Additionally, it is necessary to start at a relative sediment mobility of 0,
to start with a flat bed at the beginning of motion. Consequently, the resulting formulation
of relative sediment mobility is the same as the mobility parameter in the sediment transport
predictor of Van Rijn (1984b). Furthermore, the fit is grain size dependent due to signifi-
cant differences in the magnitude of the slope factor. To further account for the difference

Figure2.11: Empirical fits to experimentally determined slope factors as a functionof relative sedimentmobility
and grain size. The fitted functions have a similar shape as existing relations found in literature (Eqs 2.11, 2.12).

54



between fine sediment and coarse sediment, a different function is plotted for experiments
with coarse sediment and a relative sediment mobility lower than 2.5:

B = 50D0.37
50

(
θ − θc

θc

)
(2.12)

which empirically covers the abrupt transition observed in the data but is as yet unsatisfactory
for modelling purposes where sudden transitions and thresholds may cause instability.

This fit indicates αc varies between 1 (0.17 mm) and 1.34 (0.37 mm) for fine sand, and
between 1.94 (1 mm) and 3.24 (4 mm) for coarse sand and fine gravel with relatively higher
sediment mobility. However, this fit does not describe the independence from sediment mo-
bility of the slope factor, which is reached at a lower sediment mobility for coarse sands and
fine gravel than for fine sands. For a relative sediment mobility lower than 2.5 and coarse
sediment, αc varies between 3.9 (1 mm) and 6.5 (4 mm) and β is equal to 1, representing the
sharp increase in slope factor at low sediment mobility. Compared to literature the predic-
tors based on a power function of Shields number all underestimate the slope factor signifi-
cantly and thus overestimate the downslope sediment transport and therefore lead to flatter
slopes than we observed (Fig. 2.12c). Predictors that include a critical sediment mobility
more adequately describe the amount of downslope sediment transport for fine sands, but
still overestimate slope effects for coarse sand and fine gravel (Fig. 2.12c). The predictors of
Engelund (1974) and Engelund (1975) are independent of sediment mobility and therefore
cannot be valid for low Shields numbers. The value of 0.2 for β is lower than in literature,
resulting in a lower increase in slope factor with increasing sediment mobility.

We can now examine the trends in our data in view of the assumptions behind the process-
specific predictors (Table 2.1). Firstly, in literature several predictors are specified for low
sediment mobility and a plain bed configuration, with either bed load transport (Engelund,
1975; Hasegawa, 1981) or saltation (Sekine and Parker, 1992; Parker et al., 2003; Francalanci
et al., 2009). In the current experiments, no plain bed was observed above the threshold of
sediment motion, but we can compare these predictors with the trend in our data for ex-
periments with bedload transport and saltation below a sediment mobility of 0.2, which is
the maximum sediment mobility for which the predictor of Sekine and Parker (1992) is val-
idated. Hasegawa (1981) defined a predictor based on both dynamic and static friction for
bedload transport of fine sediment, with an αc that is comparable to our fine sediment data
in this range (Fig. 2.12d). Parker et al. (2003) defined a predictor for coarse sediment based
on a ratio between the critical sediment mobility for the cessation of sediment transport and
for the beginning of motion, which is generally below unity and results in a slope factor that
is comparable to our coarse sediment data around the transition to saltation. Therefore, we
can conclude that for low sediment mobility the influence of transverse slopes on the begin-
ning and cessation of motion mainly determines the equilibrium slope. However, the strong
observed increase in slope factor with increasing sediment mobility for coarse sediment is
not explained by existing predictors for low sediment mobility.

The predictor of Sekine and Parker (1992) assumes that saltating particles are less influ-
enced by gravity than rolling and sliding particles because they have less frequent contact
with the bed, with the result that the slope effect is less dependent on sediment mobility.
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Consequently, due to a β of 0.25, this predictor most accurately describes the trend in the
current data for relative sedimentmobilities higher than 4, for both fine sand and coarse sand
and fine gravel. In this range, all coarse sand and fine gravel experiments showed saltation for
which the predictor of Sekine and Parker (1992) was developed (Fig. 2.8). At lower sediment
mobilities, sediment mobility has a larger influence on slope effects, as described above, and
here the predictor deviates from the data.

Figure 2.12: Comparisons of experimentally determined slope factors and predictors found in literature for
sedimentmobility ranging between the beginning of sedimentmotion and upper-stage plane bed. The exper-
imental data is reduced to slope factor percentiles for small intervals of (relative) sedimentmobility, split in two
grain size classes with distinct behaviors. The fitted functions based on the experimental data (Eqs 2.11, 2.12)
are also shown. a,b) Experimental data compared with generic predictors (Eqs 2.3,2.4) with typical parameter
values as used in morphological modelling based on either sediment mobility (a) or relative sediment mobility
(b). c,d) Experimental data compared with specific existing predictors (Table 2.1), based on either sediment
mobility (c) or relative sediment mobility (d). The condition range for which an existing predictor is valid is
indicated with a solid line, while outside this range the predictor is plotted with a dotted line. The non-linear
predictor of Francalanci and Solari (2008) is plotted for transverse slopes of 0.3 (upper line), 12 (middle line) and
25 degrees (lowest line). Theoretical transition zones to saltation as defined by Bridge (1992) and to suspension
as defined by Van Rijn (1984a) are also indicated by vertical dashed lines.
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Ikeda (1984) and Ikeda and Nishimura (1986) have a similar predictor, based on the bal-
ance between friction and drag force. The only difference between these two predictors is
the addition of a sheltering coefficient by Ikeda and Nishimura (1986) that improves the fit
with their experimental data. The resulting difference in αc can thus be explained by the dif-
ference in experimental settings which were used to validate the theoretical model. Namely,
the model of Ikeda and Nishimura (1986) is validated with conditions that favored ripples,
while during the experiments of Ikeda (1984) dunes formed. Although these predictors devi-
ate significantly from our slope parameters, this confirms that bed state can have a significant
effect on the slope factor, as is observed in the current experimental data set and described
in the previous section.

The difference in slope factor due to bedforms is also observed in the study of Talmon et
al. (1995) and the empirical study of Talmon and Wiesemann (2006) who added a specific
bedform calibration parameter to account for this. Talmon et al. (1995) showed that the
difference between slope factors in natural rivers are in the order of two lower than slope
factors in experiments with dunes, due to the relatively high bedforms compared to the water
depth. Therefore, they used a slope factor based on the bedform height predictor of van Rijn
(1984) to account for the increased bed friction. van Rijn (1984) predicts bedform height
to depend on relative sediment mobility and a ratio between median grain size and water
depth:

(
D50
H

)0.3
. Interestingly, our trend in slope factor also depends on a median grain size

to the power of about 0.4 (Eq. 2.11, 2.12). In Figure 2.13, dune height as observed in the
experiments with a median grain size of 4 mm and 0.17 mm is compared with dune height
as predicted by van Rijn (1984). The predicted dune height for coarse sediment agrees with
the observed dune heigth. The magnitude of the predicted dune height for fine sediment
does not correspond with the data, but the increase in dune height with increasing relative
sediment mobility is visible, as is the maximum around a relative mobility of 10 and the
decrease when dunes are flattened towards an upper stage plane bed. This, together with the
conclusion that bed state has a significant influence on the slope factor, confirms the use of
an αc that depends on the median grain size to account for bedform friction.

2.5.4 Implications for morphodynamic modelling

Pending a more complete process explanation and better transverse bed slope relation, we
here briefly interpret what the implications of our findings are for large-scale morphology
and for morphodynamic modelling. At lower sediment mobility slope effects are relatively
high, resulting in smoother morphologies than expected from existing relations, while at
environments with larger sediment mobilities slope effects have less influence, which is re-
flected in a higher slope factor and will result in steeper transverse slopes in otherwise the
same conditions and in the absence of processes not studied here, such as lateral diffusion
of suspended sediment. For coarse sediments, slope effects are the smallest at intermediate
sediment mobility and here slopes are even steeper than at high sediment mobility under the
same secondary flow conditions. This will result in for example a higher braiding index than
expected from existing relations. Furthermore, current results suggest a change in sediment
mobility has a larger effect at lower mobilities, compared with relatively high mobilities were
the slope factor is almost constant with increasing sediment mobility. This effect is therefore
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Figure 2.13: Comparison between the dune height observed in the experiments with a median grain size of
4 mm and 0.17 mm (scatter) and the dune height as predicted by van Rijn (1984) (lines). Solid lines represent
the predictor for relative sedimentmobility in the range of the experiments, while dashed lines show thewhole
trend of the dune height predictor from lower stage plane bed to upper stage plane bed.

especially important in areas with low sediment mobility where a significant difference in se-
diment mobility over time or space occurs, e.g. near channel banks and shoal margins. How
exactly a nonlinear bed slope relation changes this local morphology remains to be studied
by modelling.

The objective of this study was to obtain a general relation that is valid for all systems
where various sediment transport processes and bed states can occur together, instead of
the process-specific predictors subject to model operator choice. This relation is therefore
more suitable for application in a morphodynamic model like Delft3D that is used across a
wide range of environments and conditions in science and in engineering practice. As long
as current morphodynamic models do not include a transverse slope relation that describes
the non-linearity with sediment mobility and the dependence on grain size as found in our
dataset, it is therefore tentatively advised to adjust input parameters αc and β to the system
that is modelled. This is a simplification in that changes in mobility away from channels and
up bars are ignored. Equations 2.11 and 2.12 can be used as guidelines when determining
these input parameters. In general, for systems with low sediment mobilities and grain sizes
larger than 0.8 mm, where only dunes are expected to occur, β should be 1 and αc around
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5. For systems with higher sediment mobilities, a β of 0.2 and an αc around 2.5 is advised.
For fine sediments and all systems, αc is lower, around 1. A calibration range of a factor 2 is
acceptable to account for the uncertainty of the influence of relatively high bedforms in flume
experiments. Appendix B describes the input parameters for Delft3D in more detail, and a
guideline to switch between the twomethods for sediment transport deflection on transverse
slopes.

Surprisingly, themagnitude of experimentally determined slope factors is similar or higher
than slope factors in predictors used in Delft3D, which alsomeans the parameter αc is higher
than the default value of 0.67 for most sediment mobilities and only lower than 0.33 near
the beginning of motion (Fig. 2.12b). Likewise, the α is always higher than a value of 1.5
(Fig. 2.12a). This is at odds with the need to increase the slope effects by decreasing α or αc in
model calibration on measured bathymetry (e.g. van der Wegen and Roelvink, 2012). Under
all assumptions made in our work, this leads to the conclusion that the tendency of models
to overdeepen channels is not a direct result of the shortcomings of current transverse bed
slope predictors. Rather, it suggests that such calibration is necessary to compensate for other,
hitherto unidentified model weaknesses such as issues with numerical schemes or missing
processes.

Past work hints at a combination of processes and parameters that affect bed slopes in-
directly (e.g. Kleinhans et al., 2008). Firstly, the prediction of flow resistance can be im-
proved, including the effect of bedforms. In Delft3D, a constant Nikuradse roughness coef-
ficient results in steeper gradients between river banks and channels, while a uniform Chezy
roughness implies a changing Nikuradse roughness coefficient with water depth and results
in shallower channels and smoother morphology in general (Schuurman et al., 2013). Sec-
ondly, sediment transport predictors have different degrees of nonlinearity due to different
power functions and different choices of including the threshold for motion. Thirdly, the
choice in sediment transport predictor determines if suspended sediment is taken into ac-
count. van der Wegen and Roelvink (2012) decreased the αc by an order of magnitude for
the Van Rijn sediment transport predictor which includes suspended sediment, compared
to the total-load Engelund-Hansen predictor which was entirely treated as bed-load in their
model. Fourthly, current morphodynamic model simulations generally use only one sedi-
ment fraction, while Dastgheib and Roelvink (2010) shows that using multiple fractions in
long-term model simulations leads to channel depth reduction, as would a larger bed slope
effect, because of bed armouring effects. Finally, lower values for α or αc, and thus more
downslope sediment transport, may be necessary to compensate for subgrid bank erosion
processes that usually are not incorporated in the numerical models (Grenfell, 2012; Schu-
urman et al., 2013).

2.6 Conclusions

We experimentally tested the effect of a large range in secondary flow intensity and sedi-
ment mobility on equilibrium transverse slopes using a rotating annular flume, covering all
sediment transport modes and bed states for a wide range of secondary flow intensity.
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The resulting trend in slope effect deviates from typical power relations with Shields num-
ber and is grain size dependent. An increase in secondary flow intensity resulted in an in-
crease in transverse slope until the angle of repose of loose granular sediment was reached.
On the other hand, when secondary flows were minimal, the average transverse slope was
also minimal. Sediment mobility limited the development of transverse slopes just above
the beginning of motion and influenced slope effects by affecting sediment transport mode
and bed state. Downslope sediment transport increased when ripples transitioned to dunes
in fine sands, and with coarse sand and fine gravel slope effects were minimal when dune
height-to-length ratios were low. The presence of dunes had a large influence on flow pat-
terns because of their large height relative to water depth and possibly enhanced secondary
flow. Future analysis of flow velocity patterns over large dunes is needed to unravel the exact
effect of dunes on transverse bed slope effects and to translate the current results to natural
systems.

Downslope sediment transport is significantly lower than in existing transverse slope pre-
dictors, especially for coarse sand and fine gravel. Furthermore, the change in slope effect
with increasing sediment mobility is higher at low sediment mobility, but significantly lower
at higher sediment mobility. Eventually, slope effects become independent of sediment mo-
bility, which is not yet taken into account in current models. The lower downslope sediment
transport is in contrast with the tendency to increase slope effects in morphodynamic mod-
elling to compensate for overdeepening of channels. This suggest calibrating the slope effects
in current practice is necessary to compensate for other model weaknesses, such as rough-
ness, the choice of sediment transport predictor or the absence of bank erosion.
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Chapter 3

Influence of grain size-dependent bedformmorphology on
flow and transverse slope in river bends
Bedforms transport sediment and influence near-bed flow by modulating the near-bed shear
stress distribution. Dunes can create a zone of permanent flow separation which causes an in-
crease in friction, depending on relative height and lee-side angle. However, while the interac-
tion between bedform morphology and flow is relatively well known in straight river reaches,
research on the influence of bedforms on the interaction between sediment dynamics and flow
in river bends is limited and only qualitatively described. Recent research suggested that dif-
ferent bedforms led to a magnitude of difference in sediment transport on slopes towards the
inner bend. The objective of this study is to unravel the difference in interactionbetweendiffer-
ent bedform types and the balance between secondary flowand transverse sediment transport
in curved channels. To this end, we use experimental data from 142 experiments in a rotating
annular flume, with a large range in grain size, streamwise and transverse flow velocity. This re-
sulted in bedforms ranging from a lower-stage plane bed, across the ripple-dune transition, to
an upper-stage plane bed, and transverse slopes from a nearly flat bed to the angle-of-repose.
Results show that dunes in coarse sediment steepen the transverse slope by enhancing sec-
ondary flow in dune troughs, controlled by grain size-dependent lee-side angles. Bedforms in
fine sediment did not show an interaction with the equilibrium between transverse slope and
secondary flow, and lee-side angles depended on bedform type. These findings imply that fric-
tion and transverse slope in river bends depend on grain size controlled bedformmorphology.

Based on: Baar, A. W., Cisneros, J. (2018), Influence of grain size-dependent bedform morphology on
flow and transverse sediment transport in river bends. Submitted to: Journal of Geophysical Research:
Earth Surface.
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3.1 Introduction

In sand-bed rivers, bedforms ranging in scale from ripples to dunes and larger bar-forms
are major contributors in determining how sediment is transported downstream and creat-
ing large-scale turbulence in the flow (Allen, 1968; Bennett and Best, 1995; McLean et al.,
1994; Best, 2005). Turbulence is generated via eddy shedding in the shear layer between free
flow and recirculating flow where flow separates at the bedform crest and reattaches down-
stream (Best, 2005). Consequently, these bedforms have a direct relation with water depth
through exerting friction on the flow (Allen, 1968). Furthermore, bedforms cause hydraulic
heterogeneity within rivers, thus creating areas of local deposition and erosion that influence
riverbank erosion by producing areas of aggradation and degradation in channels (Ashworth
et al., 2000; Hickin, 1974).

In coarse sand (> 0.7mm), dunes will develop, where dune height and length will increase
with increasing flow velocity and shear stress until they reach a certain height relative to the
water depth (Van Rijn, 1984a; Julien and Klaassen, 1995). At very high shear stresses, dunes
become washed out and upper stage plane beds are created (Van Rijn, 1984a; Naqshband et
al., 2014; Bridge andBest, 1988). In fine sands (< 0.7mm) and low shear stresses, first ripples
start to form then these bedforms transition into dunes at higher shear stress. This transition
from ripples to dunes is depicted in phase space diagrams as being a sharp transition, whereas
often ripples and dunes will coexist in this transition (Van den Berg and Van Gelder, 1993;
Guy et al., 1966). Flow accelerates over the bedform stoss side and decelerates at the crest
where, if the lee side is steep, flowdetaches and reattaches further downstream and creates the
zone of flow separation (Best, 2005). Thus, the major features of flow over an asymmetrical
bedform include flow separation, a shear layer dividing the free stream flow and recirculating
flow above the zone of flow separation, and turbulent eddy shedding in the form of Kelvin-
Helmholtz vortices within the shear layer (Best, 2005). Whereas both ripples and dunes
undergo flow separation, the turbulent eddies produced in the shear layer of ripples are of
lowermagnitude and less frequent, and the turbulent eddies advected off ripple crests diffuse
well below the water surface (Bennett and Best, 1995). Due to the largermagnitude turbulent
eddies and larger flow separation zone, dunes may have a larger influence on the flow than
ripples – this is reflected in the field where dunes have been proposed to break down channel-
scale secondary flow cells in a large river when the dune height was large compared to flow
depth (Parsons et al., 2005).

Previous studies have linked lee-side angle to the strength and length of these flow separa-
tion zones and have shown that permanent flow separation is absent in dunes with lee-side
angles less than 10 degrees (Best and Kostaschuk, 2002; Best, 2005; Motamedi et al., 2012;
Motamedi et al., 2014; Lefebvre and Winter, 2016; Kwoll et al., 2017). Specifically, Lefebvre
and Winter (2016) showed with numerical modelling that permanent flow separation zones
start to develop and grow in size between 11 and 18 degrees depending on relative bedform
height and aspect ratio, i.e. the ratio between height and length, and these zones are fully
developed at lee-side angles higher than 24 degrees. Therefore, bedform dimensions have
a large influence on flow dynamics near the bed, and thus on the shear stress distribution
that can potentially influence near-bed sediment transport. However, in current flow rough-
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ness predictors for dunes in river channels, known morphologic parameters such as height
and wavelength are commonly used whereas dune lee-side angle is often assumed as a steep,
straight line connecting the dune crest and trough (i.e. simple, triangular dunes) (Einstein,
1950; Nelson and Smith, 1989; Van Rijn, 1984a; Vanoni and Hwang, 1967).

Many studies have focused on 2D bedforms in straight river channels (Best, 2005), while
research on the influence of bedforms on the interaction between sediment dynamics and
flow in river bends is limited, even though this has implications for flow patterns through
the bend, fairway depth, and bank erosion. In river bends, transverse downslope sediment
transport on the point bar is balanced by secondary flows dragging the sediment upslope,
and this equilibrium determines the transverse slope towards the inner bank (e.g. Engelund,
1974; Struiksma et al., 1985). Dunes are expected to influence this balance depending on
their relative height compared to the water depth (Talmon et al., 1995) since they cause a
strong variation in the local streamwise and transverse slopes, flow field and flow turbulence
intensity along the river bend. However, how dunes influence the transverse slope is under
debate since they could either enhance secondary flow and thereby increase the transverse
slope by focusing flow in dune troughs (Kisling-Moller, 1993; Wiesemann et al., 2006), or
increase transverse downslope sediment transport by avalanching at the lee sides of the dunes
and thereby lower the slope (Sieben and Talmon, 2011). Furthermore, the aspect ratio of
dunes is observed to increase in a tight bend (Nanson, 2010)which implies there is a feedback
between flow conditions and bedform characteristics. Observations in previous studies were
based on limited experiments (Talmon et al., 1995; Wiesemann et al., 2006) or a specific field
site (Kisling-Moller, 1993; Nanson, 2010), which means that the relation between varying
bend radii, flow velocity, grain size and consequently changing bedform morphology was
never quantitatively understood. Therefore, the influence of bedform morphology on flow
patterns and transverse sediment transport was never incorporated in derivations of physics-
based predictors for transverse downslope sediment transport.

A recent comprehensive set of experiments (Baar et al., 2018) ranging from fine sand to
fine gravel near the beginning of sediment motion up to sheet flow (upper-stage plane bed)
showed a significant difference in equilibrium transverse slope in river bends between coarse
and fine sediment under the same flow conditions, which is likely to be caused by a differ-
ence in bedform type. More specifically, experiments with grain sizes larger than 0.7 mm
showed higher equilibrium transverse slopes than experiments with finer sediment. These
results indicate that different bedform types potentially have a significant effect on transverse
downslope sediment transport and/or secondary flow patterns. However, it is unclear what
bedform characteristics cause the difference in transverse sediment transport between coarse
and fine sediments, and how this will change when a bedform transitions from one type to
another. It is hypothesized herein that dunes interact with the secondary flow patterns in
the bend, and thereby influence the equilibrium transverse slope that develops, while a rip-
pled bed does not influence the interaction between secondary flow and transverse sediment
transport.

The main objective of this paper is therefore to unravel the interaction between bedform
characteristics, secondary flow, and sediment transport on transverse slopes. To this end, we
analyzed bedform characteristics of 142 experiments in a rotating annular flume with a wide
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range of flow velocities in the subcritical regime, secondary flow intensities, and sediment
sizes around the transition between sand and gravel systems. We used a new method that
analyses dune lee sides across the width of the channel along transect lines, but also notes
that the maximum slope will not always dip in the direction parallel to the transect line.
In this way, lee side slopes are measured as the maximum sloping surface on the lee side
and not along a line that may be oblique to the dune crest. Ultimately, the aim is to describe
the difference inmagnitude of transverse downslope sediment transport between bends with
different bedform states, and to explore implications for roughness compared to straight river
reaches.

3.2 Methods

3.2.1 Experiments in a rotating annular flume

Experiments were conducted by Baar et al. (2018) in a rotating annular flume, which repre-
sents an infinite river bend and therefore has the advantage that flow and sediment transport
do not have to adapt to inflow and outflow, resulting in a morphology that is in equilib-
rium with the flow conditions. Furthermore, the rotating annular flume allows control of
secondary flow intensity separately from the main flow velocity, by the possibility to control
the centrifugal forces on the water by separately rotating both the lid and the floor of the
flume. Lid rotation drives the streamwise flow by applying shear on top of the water column
and generates a centrifugal force that creates a pressure gradient from the outer to the inner
bend which drives secondary flow. Counter rotation of the floor of the flume adds an ad-
ditional outward directed centrifugal force on the lower half of the water column, thereby
decreasing the near-bed secondary flow that is inward directed. In this way, different bend
radii can be simulated independent of the main flow velocity, and thus the characteristics of
bedforms can be isolated from the transverse slope and secondary flow intensity. Baar et al.
(2018) derived an analytical model based on flow velocity measurements with a Vectrino-
II, an acoustic Doppler velocity meter. This analytical model describes near-bed streamwise
and normal flow velocity as a function of lid and floor rotation and flume dimensions, which
will be used in this paper to characterize shear stress, sediment mobility and secondary flow
intensity. Secondary flow intensity is defined as the magnitude of streamwise flow velocity
[m/s] divided by the inward-directed normal flow velocity [m/s]. Sediment mobility θ, a
dimensionless form of the bed shear stress, is defined as:

θ =
τ

(ρs − ρ)gD50
(3.1)

where τ = shear stress [N/m2], ρs = specific density of the sediment, g = gravitational accel-
eration [m/s2] and D50 = median grain size [m].

In total, 142 experiments were conducted with sediments with a median grain size of 0.17,
0.26, 0.37, 1.0, 2.0 and 4.0 mm and a density of 2650 kg/m3, to ensure a transition from both
hydraulic smooth to hydraulic rough conditions and across the ripple-dune transition de-
fined in previous literature (Van den Berg and Van Gelder, 1993; Southard and Boguchwal,
1990). Henceforthwe name the sandswithmedian grain sizes smaller than 0.7mm fine sand,
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Figure 3.1: Parameter space as observed in the experiments (symbols) plotted in the bedform stability diagram
of Van den Berg and Van Gelder (1993), with stability fields of lower stage plane bed (LSPB), ripples, dunes and
upper stage plane bed (USPB) indicated. The thick black line indicates the Shields curve for the beginning of
sediment motion of Soulsby and Whitehouse (1997). Symbols indicate the observed bed states in the experi-
ments.

and the coarser sediments coarse sand (0.7 − 2 mm) and fine gravel (> 2 mm). Sediment
mobilities ranged from the threshold of motion up to 1.59 for the finest sand, covering all
sediment transport modes and bed states in the subcritical regime. Each experimental con-
dition is plotted in the Shields diagram in Figure 3.1 to illustrate the experimental range. The
transverse slope was varied by changing the lid to floor rotation ratio, resulting in secondary
flow intensities from 0 (a straight river reach), to 0.15, where 1 would mean the normal flow
velocity is equal to the streamwise flow velocity.

All experiments started with a flat bed, and with a water depth of 0.21 m. Experiments
were rununtil both the transverse bed slope and the bedformdimensionswere in equilibrium
with the flow conditions. We assumed this equilibrium was reached when transverse slope,
bedform wavelength and height were stable over time. This was assumed to be the case when
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there was no change in bedform morphology, bed level, and number of bedforms present
along the length of the channel for at least one hour. Morphology was observed during the
experiments with time-lapse photography through the sidewall windows and observed by
eye to be consistent within the channel by oblique viewpoints through the sidewall windows.
After the experiment ended, the bedform morphology was measured by an echosounder
in static flow over ten transects in the streamwise direction spaced 2.34 cm apart. These
transects were then converted from a curvilinear grid to a rectilinear grid and interpolated
in the cross-stream direction betweenmeasured transects where the cell resolutionwas equal
in the x and y directions. Thus, a pseudo-bathymetric map was created of the flume bed to
be used in the bedform analysis method detailed below.

3.2.2 Bedform analyses and data reduction

The digital elevation models from the flume experiments were used as input for the bedform
analysis tool of Cisneros et al. (In prep). This analysis tool identifies all bedforms along longi-
tudinal transects (Fig. 3.2b) and determines their height and lee-side angle. lee-side angle is
determined as the mean angle for all grid cells that are located in a lee side, by calculating the
angle between the maximum bed level differences with neighboring cells, and choosing only
cells whose dip directions are within the boundaries of a user-defined looking angle centered
around the average flow direction. This is therefore different than the classic method to only
calculate lee-side angles along one transect in the longitudinal direction, since it takes three-
dimensionality of a lee side into account by measuring the steepest sloping lee side in each
transect even if the dip of the lee side is oblique to the transect line. As a result, the output of
the bedform analysis tool is a large data set with the height and wavelength of all bedforms
encountered along all transects of the digital elevation model, and the lee-side angles of each
bedform identified.

Figure 3.2: (a) Example map of bed elevation above the flume floor (color scale) of an experiment with dunes
(Fig. 3.3a.). (b) Longitudinal profile (b - b”) along the horizontal black line in (a). (c) Transverse profile (c - c”)
along the vertical black line in (a).
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Since the objective of the present study is to compare characteristic bedform dimensions
and lee-side angles to the average transverse slope and secondary flow intensity, all these data
points needed to be reduced to one characteristic value of each experiment. First, the dataset
was filtered for angles that were caused by the transverse slopes instead of dune lee-side an-
gles by comparing the slope distributions of the transverse slope and the slope distribution of
the dune lee sides. Then, for each experiment themost abundant combination of dune height
and lee-side angle was determined by identifying hotspots in a 2D histogram (Fig. 3.4), and
these values were selected as the characteristic height and angle for that experiment. Two ex-
periments resulted in unrealistic results, with lee-side angles higher than the angle of repose,
which was caused by a bad interpolation between the echosounder transects to a bathymetric
map resulting in very high slopes along the edges of the bathymetric map that were impos-
sible to filter out. These results were ignored in further analyses. Furthermore, the results
of the experiments with no bottom rotation were also excluded, since the analytical model
that calculates flow velocities (and thus the sediment mobility) was less accurate and did not
match the flow velocity measurements via the Vectrino-II in these conditions (Baar et al.,
2018).

To compare the characteristic dune dimensions and lee-side angle with the corresponding
transverse slope and secondary flow intensity, the slope factor (B) as defined in Baar et al.
(2018) is used to define the balance between downslope transverse sediment transport under
the influence of gravity and the upslope sediment transport by secondary flow:

∂zb

∂y
= Bun

us
(3.2)

where ∂zb
∂y = the transverse slope [m/m], u = magnitude of the flow velocity [m/s] in trans-

verse direction (n) and streamwise direction (s). Consequently, by comparing the trend in
slope factor with changing sediment mobility, the effect of varying bedform dimensions on
transverse sediment transport under the same flow conditions can be compared. The condi-
tions of all experiments and resulting slope and characteristic bedform dimensions are given
as supporting information.

3.3 Results

3.3.1 General bedformmorphology

In experiments with coarse sand and fine gravel, bedforms developed (Fig. 3.2, Fig. 3.3a)
ranging from very low and long sheets of sediment in the lower stage plane bed regime to
high dunes that occupied a large portion of the water depth. In experiments with fine sands,
bedforms developed ranging from ripples to dunes, and an upper stage plane bed at very
high sediment mobilities (Fig. 3.3b). When dunes were present in the fine sediment, with
increasing sediment mobility first ripples were present on both the stoss and the lee side of
the dune (Fig. 3.3c). Then, dunes developed with ripples only on the stoss side and with a
relatively low dune height compared to ripple height. Last, dunes increased in height and
were significantly larger than the ripples on the stoss side. Histograms of all lee-side angles
and corresponding bedform height show that an experiment with ripples had very consistent
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Figure 3.3: Examples of the different bedform types in coarse (a) and fine (b) sediment. (c) Three different
types of dunes with superimposed ripples. Dunes had either ripples on stoss and lee side, or only on the stoss
side. A dune is ripple dominated when dunes are relatively low compared to ripple height, and as a result
ripples influence the lee-side angle. When dunes are relatively high compared to ripple height, ripples have no
significant influence on the lee side, and the experiment is therefore dune dominated.

Figure 3.4: Examples of histograms with bedform height [cm] against lee-side angle [degrees] for experiments
with three different types of bedforms. Note the bedforms scales for ripples are∼ 1

40 flowdepthwhereas dunes
range between 1

6 −
1
2 flow depth. The scales of bedforms are distinctly different and thus represent flume scale

equivalents of respective bedform types. The color indicates the percentage of the data where darker colors
mean more abundant combinations of dune height and lee-side angle. Note: bedform height axis changes
between plots.
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lee-side angles and bedform height over the entire flume (Fig. 3.4). Experiments with dunes
show more scatter, but there is still clearly a characteristic lee-side angle and bedform height.
In contrast, dunes with superimposed ripples can have multiple hotspots. In experiments
with ripples or a plane bed (USPB and LSPB), the transverse slope was uniform along the
flume. In experiments with dunes, the transverse slope was steep in dune troughs (Fig. 3.2c),
and nearly horizontal on dune crests. Furthermore, most dune crests were aligned obliquely
to themain flowdirection (Fig. 3.2a), varying between 1 and 89 degrees, where zero is defined
as perpendicular to the flow. An oblique dune crest led to lee sides that were directed towards
the inner bend. The orientation of the dune crests showed no relation with secondary flow
velocity or transverse slope (Fig. 3.5a).

Different bedform types were previously identified as the reason for different trends in
equilibrium transverse slope between experiments with the coarser and finer sediments un-
der the same flow conditions (Baar et al., 2018). Figure 3.6 shows the trend in slope factor,
i.e. the equilibrium between transverse slope and secondary flow, with increasing sediment
mobility for all bedform types. Here, we observed a peak in slope factor at intermediate sedi-
ment mobility, which coincides with relatively low and long sheets of sediment in the lower
stage plane bed regime, while fine-sand experiments with ripples show low slope factors at
the same mobility. To understand the influence of grain size and the difference in transverse
sediment transport between different bedform types, we first investigate the bedform char-
acteristics and their effect on the equilibrium slope of the experiments with coarse sands and
fine sands separately.

Figure 3.5: Average transverse slope (dz/dy) against secondary flow intensity (un/us) for all experiments with
dunes, where the orientation of the lines represents the median crest orientation in the experiment. Color
indicates grain size.
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Figure 3.6: Slope factor (B) of all experiments against relative sediment mobility (θ/θc). The slope factor is
defined as the average transverse slope divided by the secondary flow intensity. Symbols represents bedform
type and colors represent bedform aspect ratio.

Figure 3.7: lee-side angle against bedform aspect ratio (Δ/λ) for (a) all experiments with coarse sediment and
(b) all experimentswith fine sediment. Colors represent grain size and symbols indicate bedform type. The lines
represent a linear interpolation through all data of the same grain size to show whether trends differ (coarse
sediment) or align (fine sediment).
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3.3.2 Coarse sediment

Dune dimensions in coarse sand and fine gravel show increasing lee-side angles with increas-
ing aspect ratios for grain sizes of 1 mm and 2 mm, where aspect ratio is defined as bedform
height divided by bedform length (Fig. 3.7a). However, dunes with 2 mm size grains have
higher lee-side angles than those with 1 mm size grains with the same aspect ratio. In con-
trast, the experiments with 4 mm size grains generated dunes with low aspect ratios, notably
dune lengthswere a hundred times longer than their height and have no relationwith lee-side
angle. These dunes behavemore like sheets of sediment than dunes and appear to be more in
the stability space of a lower stage plane bed (Leeder, 1980). These bedforms with very low
aspect ratios are the cause of the peak in slope factors at intermediate sediment mobilities as
seen in Fig. 3.6, and since they occupy a space in the stability diagram outside of the interest
in this paper, bedforms with aspect ratios lower than 0.01 are ignored in further analyses.

The increase in transverse slope with increasing secondary flow intensity also differs with
grain size, since the experiments with a median grain size of 2 mm show larger transverse
slope than the experiments with 1 mm at the same secondary flow intensity (Fig. 3.8a).
Furthermore, Figure 3.8c shows that lee-side angles are more dependent on the transverse
slope than on average secondary flow since high lee-side angles only occur at high transverse
slopes, but at a larger range of secondary flow intensity. As a result, higher lee-side angles in
coarse sediment are related to higher slope factors, meaning that there is less sediment trans-
port downslope in the transverse direction than in experiments with lower lee-side angles
(Fig. 3.9a). This trend is independent of sediment mobility since high lee-side angles occur
at any sediment mobility.

3.3.3 Fine sediment

The trend in lee-side angle against bedform aspect ratio in the experiments with fine sands is
independent of grain size (Fig. 3.7b), unlike the experiments with coarse sand and fine gravel.
However, in these experiments, this relation shows a different behavior for different bedform
types. Experiments with ripples or dunes follow the same trend as the coarser sediments and
show an increase in lee-side angle with an increasing aspect ratio. Dunes with superim-
posed ripples show three different types of behavior. Firstly, dunes with ripples on stoss and
lee side have a low aspect ratio and low lee angle due to the ripples that are also present at
that lee side. Secondly, dunes with ripples only on the stoss side and with a relatively low
dune height compared to ripple height show a constant aspect ratio, but the existence of the
superimposed ripples steepen the lee side. Dunes with ripples only on the stoss side with
a relatively large dune height show the same trend as the experiments with dunes without
superimposed ripples. Dunes that were observed not to have a brinkpoint (Fig 3.3b) show a
low aspect ratio, since the dunes are flattened at high sediment mobility, but can still show
relatively steep lee-side angles, which are remnants of dunes. Experiments with an upper
stage plane bed did not show a bedform length and thus a relationship of aspect ratio cannot
be made with this data.

The increase in transverse slope with increasing secondary flow is linear and is indepen-
dent of grain size because the curves overlap (Fig. 3.8b). Moreover, the difference in bed form
types seems to have no effect on this trend, which is underlined by the experiments with an
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Figure 3.8: Average transverse slope (dz/dy) against characteristic secondary flow intensity (un/us). Panels
on the left show experiments with coarse sediment and an aspect ratio higher than 0.01. Panels on the right
represent all experiments with fine sediments. Colors either represent grain size (a,b), or lee-side angle (c,d).

upper stage plane bed that follow the same trend. In further analyses, the experiments with
an upper stage plane bed are left out for the same reasons as the lower plane bed in the coarse
sediment experiments. Fig. 3.8d shows that lee-side angles seem independent or only weakly
dependent on slope or secondary flow. As a result, dunes and dunes without a brinkpoint
show the same equilibrium between transverse slope and secondary flow, independent of
lee-side angle and sediment mobility (Fig. 3.9b). Dunes with superimposed ripples show a
larger variation in slope factor, but this is also unrelated to lee-side angle.

3.4 Discussion

3.4.1 Feedback between bedformmorphology and equilibrium transverse slope

The experiments showed that there is a distinct difference in interaction between bedforms,
bend flow and equilibrium transverse slope between experiments with fine sand and with
coarse sand and fine gravel. Experiments with coarse sediment showed that an increase in
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Figure 3.9: Slope factor (B) against relative sediment mobility (θ/θc), for (a) experiments with coarse sediment
and a characteristic aspect ratio higher than 0.01, and (b) experiments with fine sediment, excluding experi-
ments with an upper stage plane bed. The slope factor is defined as the transverse slope divided by the sec-
ondary flow intensity. Colors represent lee-side angles.

median grain size resulted in an increase in lee-side angle for dunes with equal aspect ra-
tios (Fig. 3.7a). Transverse slopes were steeper in experiments with increased lee-side angles
(Fig. 3.8c), which we assume is the result of the enhancement of secondary flow in the dune
troughs. Recirculating flow within the zone of flow separation was steered towards the in-
ner bend (see Movie S1 in supporting information for an example), as was also qualitatively
observed by Kisling-Moller (1993). Steeper lee-side angles will result in stronger intensity
and larger size flow separation zones (Lefebvre and Winter, 2016), and this thereby controls
the enhancement of secondary flow in the dune troughs. Therefore, transverse slopes were
higher with increasing grain size for experiments with equal average secondary flow inten-
sity, and consequently resulted in higher slope factors. Furthermore, lee-side angles were
independent of sediment mobility, since the same trend was observed at any sediment mo-
bility (Fig. 3.9). Finally, previous literature suggested that the orientation of a bedform crest
is expected to influence flow patterns (e.g. Dietrich and Smith, 1984; Kisling-Moller, 1993;
Hasbo, 1995; Parsons et al., 2005), but crest orientation showed no relation with secondary
flow, transverse slope or bedform morphology in the experiments, but instead is likely to
depend on interactions between bedforms within the experiment by local increases in crest-
to-crest distance via dune kinematics (Reesink et al., 2018).

In experiments with fine sediment, there was no feedback between bedform morphology
and the equilibrium between secondary flow and transverse slope, since this equilibrium
shows a linear relation independent of bedform characteristics or grain size (Fig. 3.8b,d). In
contrast to the coarse sediment experiments, lee-side angle was independent of grain size,
but depended on the presence and interaction of different bedform scales (Fig. 3.7b). For
dunes, ripples, and relatively large dunes with ripples only on the stoss side, lee-side angle
showed the same increase with increase in aspect ratio as in the experiments with coarse se-
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diment. Relatively small dunes with ripples did not follow this trend due to the influence of
these superimposed ripples. In this case, the dunes and ripples co-exist and have feedbacks
in their effects towards each other. Ripples are present and migrate within the boundary
layer of the larger dune (Smith and McLean, 1977). However, the ripples also have their own
flow dynamics and have a faster migration than the larger dune (Raudkivi and Witte, 1990;
Venditti et al., 2005), and thus can modify the morphology of the larger dunes (Allen and
Collinson, 1974). As a result, relatively small dunes with ripples only on the stoss side were
observed to show a cyclic behavior in steepening lee-side angle similar to previous work of
Reesink and Bridge (2007). First, ripples locally build up the dune near the crest and steep-
ened the lee side. Then, when the lee side passed the angle of repose, sediment of the ripple
avalanched down the lee of the dune, before the next ripple started steepening the lee again
(see Movie S3 in the supporting information). This cyclic, and process-based behavior is
captured in Figure 3.4: ’dunes with ripples’ as there are multiple ’hotspots’ in this 2D his-
togram plot which likely represent dunes at different stages of this cycle at this snapshot in
time. When ripples were also present on the lee side, i.e. at lower sediment mobility, they
lowered the lee-side angle and bedform height. In this case, the ripples are the dominant
bedform and have a much faster celerity than the larger bedform. In contrast, when ripples
are relatively low compared to dune height, they barely interact and therefore the trend in
increase in lee-side angles with increasing bedform aspect ratio show the same trend as nor-
mal dunes. Interestingly, we note these multi-scale bedforms were stable over time, rather
than transitional, as this data was taken at least one hour after equilibrium was reached.

It is unknown howmedian grain size influences the lee-side angle in coarse sediments, and
possible explanations could relate to saltation lengths, sediment porosity or the angularity of
the sediment. Theoretically, saltation length increases with smaller grain sizes (Bridge, 1992),
and therefore grains could travel a longer distance over the dune crest, resulting in lower lee-
side angles - this is known as sediment bypassing (Reesink et al., 2018). However, differences
in saltation length were not measured, and existing saltation length predictors only depend
on grain size and sediment mobility, therefore it is impossible to establish a causal relation
with lee-side angle in the current experiments. Furthermore, sediment porosity, which was
presumably higher for the coarser sediments and could therefore dissipate energy by water
flowing through grains (hyporheic flow) is reported by Blois et al. (2014) to cause a decrease
in pressure difference in the lee of gravel dunes, which prevents lee side scour just above the
entrainment threshold. As a result, gravel dunes are low, two-dimensional, and have an irreg-
ular wavelength at initial formation, which could therefore also explain the formation of the
very low and long sheets we observed at low sedimentmobility during the 4mm experiments
(Dinehart, 1992; Carling, 1999). Another explanation could be differences in angularity of
the sediment, which influences the angle of repose, although the angle of repose for sand is
around 30 degrees (Coulomb friction theory) and angularity is thought to increase this angle
due to interlocking of grains (Carrigy, 1970).

3.4.2 Implications for friction and sediment transport in natural river bends

From the coarse sediment experiments in the rotating annular flume, it follows that lee-side
angle is the main bedform characteristic that influences the flow and consequently trans-
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verse slope in river bends. In straight river reaches, previous studies related lee-side angle to
form drag, since lee-side angles determine the strength of flow separation behind the bed-
form crest (Lefebvre andWinter, 2016; Kwoll et al., 2017). According to Lefebvre andWinter
(2016), permanent flow separation starts to develop for angles between 11 and 18 degrees,
which in general also summarizes the current experiments, since experiments with lee-side
angles higher than 11 degrees showed higher slope factors and thus steeper transverse slopes
(Fig. 3.10). In bends, friction is already increased compared to straight sections due to the
secondary flow and curvature-induced increase in turbulence (Leopold, 1960; Blanckaert
and de Vriend, 2003). Rivers with coarse sand will most likely experience an additional in-
crease in friction due to the interaction between lee-side angle, flow and transverse slope.
However, lee-side angles also steepened in fine sands when dunes are present which coin-
cided with steeper transverse slopes, meaning roughness is expected to increase in all bends
with dunes compared to straight reaches.

These findings furthermore have implications for sediment transport in natural river bends.
In the case of coarse sand, the coarser the sediment, the more interaction there is between
the dunes and the flow because of steeper lee-side angles associated with coarse sediment.
This will result in steeper slopes towards the inner bend compared to bends with fine sand,
and therefore more erosion in the outer bend. On the other hand, bedforms in fine sands

Figure 3.10: Slope factor (B) against relative sediment mobility (θ/θc) for both coarse and fine sediment exper-
iments, where the color indicates the range of lee-side angles [degrees]. Theoretically, permanent flow separa-
tion starts to develop between 11 and 18 degrees(e.g. Lefebvre and Winter, 2016).
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showed no direct interaction with the flow and show less steep transverse slopes for inter-
mediate sediment mobilities. Bedforms are very mobile and occupy the entire river width
and only locally influence flow dynamics near the bed. The predictor of Talmon et al. (1995)
for the deflection of sediment transport on transverse slope includes relative dune height,
but this should be extended by a distinction between fine and coarse sediment as a first step
to account for the different bedforms as the morphology of these bedforms could exhibit
different flow behavior.

In the current experiments, bedforms are relatively large compared to the water depth
(up to 1

2 of the water depth) and dunes in natural rivers. Talmon et al. (1995) showed that
the equilibrium between downslope sediment transport and secondary flow is twice as large
in experiments than natural rivers, due to the relatively high bedforms. Furthermore, re-
cent work has observed that dunes with lee sides less than 15 degrees (low angle dunes) are
common in natural large rivers (e.g. Roden, 1998; Kostaschuk and Villard, 1996). As flow
separation is only permanent for lee sides greater than 10 degrees and not fully developed
until lee-side angle is greater than 24 degrees (Lefebvre and Winter, 2016), the possible lack
of flow separation in low angle dunes may not create the same enhancement of bend flow
as in the experiments. These differences in height and possible lee-side angles imply the
relative influence by bedforms on the flow and sediment transport in natural rivers could
also be significantly lower than in experiments. However, it is unclear if lee-side angles are
also generally lower in bends as these field observations were analyzed for straight reaches
(Kostaschuk and Villard, 1996; Lefebvre and Winter, 2016; Roden, 1998). An interesting
study would be to compare the effect of bends on natural dune morphology similar to the
current analysis. Furthermore, the experimental dune height ranged from 1

20 to 1
2 of the wa-

ter depth, yet the same increase in transverse slope with increasing lee-side angle is observed
for any dune height. This suggests the trend would also hold for natural river bends.

3.5 Conclusions

We experimentally determined the interaction between bedform morphology, secondary
flow and transverse slope in a rotating annular flume, using a large range in near-bed flow
conditions and covering all bed states. We found there is a significant difference in inter-
action between flow conditions and bedforms in fine and coarse sand, due to the different
bedform types that develop. Coarse sediment (D50 > 0.7 mm) showed a direct relation be-
tween grain size-dependent dune lee-side angle and transverse slope, since sufficiently high
lee-side angles theoretically result in permanent flow separation that enhances secondary
flow in the dune troughs. In experiments with fine sediments (D50 < 0.7 mm), different
bedforms developed, ranging from ripples, dunes with superimposed ripples, dunes, to an
upper stage plane bed. These bedforms showed no direct interaction with the secondary
flow, and lee-side angles mainly depended on bedform type instead of grain size and bed-
form aspect ratio. As a result, transverse slopes in fine sediment did not depend on bedform
morphology but rather the presence and interactions between bedform scales, in contrast to
the coarse sediment experiments. These findings imply that form roughness will increase in
bends with dunes in coarse sand compared to straight river reaches. Furthermore, in rivers
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with coarse sand this will result in steeper transverse slopes and more erosion in the outer
bend, due to the interaction with the bend flow. Future work should focus on studying the ef-
fect of bends on natural river dunemorphology, specifically focusing on dune lee-side angles.
Furthermore, for modelling purposes, predictors for the deflection of sediment transport on
transverse slopes should be grain size dependent.
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Chapter 4

Interaction between lateral sorting in river bends and
vertical sorting in dunes
Sediment is sorted in river bends under the influence of gravity that pulls the heavier grains
downslope and secondary flow that drags the finer grains upslope. Furthermore, when dunes
arepresent, sediment is also sortedverticallybygrain sizedependentdepositionat thedune lee
side. However, sorting functions in morphodynamic models are poorly defined, as relation to
transverse slope and the interaction between lateral and vertical sorting is not yet understood
for lackof dataunder controlled conditions. Theobjectiveof this study is togainunderstanding
of the interaction between lateral and vertical sorting in river bends. To this end, we conducted
experiments with a sediment mixture in a rotating annular flume in which secondary flow in-
tensity can be controlled separately from themain flowvelocity, and therefore transverse slope
towards the inner bend and dune dimensions can be systematically varied. We sampled along
cross-sections at the surface of dune troughs and dune crests, and over the entire depth at the
location of dune crests (bulk samples), which allowed us to compare the relative contribution
of vertical sorting by dunes to lateral sorting by the transverse slope. The data show that lateral
sorting is always the dominant mechanism, and bulk samples showed minor effects of verti-
cal mixing by dunes as long as all grain size fractions are mobile. We fitted an empirical bend
sorting model that redistributes the available sediment fractions over the cross-section as a
function of transverse slope. Comparison with field data showed that the model accurately re-
produces spatially-averaged trends in bend sorting in single-thread channels. The implication
for numerical modelling is that bend sorting mechanisms can be modelled independently of
dunes, allowing application of the active layer concept.

Based on: Baar, A. W., Weisscher, S. A. H., Kleinhans, M.G. (2018), Interaction between lateral sorting
in river bends and vertical sorting in dunes, Submitted to: Sedimentology
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4.1 Introduction

Sediment sorting patterns in curved river channels arise from grain size-dependent inter-
actions between sediment transport processes and local secondary flow patterns. The mor-
phology of river bends is mainly the result of helical flow that is directed inward near the
bed and drags sediment upslope on the point bar, which is balanced by the transverse bed
slope effect deflecting grains downslope towards the outer bend under the influence of grav-
ity (e.g. Engelund, 1974; Struiksma et al., 1985). Here, the imbalance between flow drag,
depending on particle surface area, and gravity, depending on particle volume and density,
leads to size-sorting. Finer particles are gradually dragged higher up the point bar by the sec-
ondary currents, while coarser grains are pulled further down by gravity and are deposited
near the outer bend (e.g. Parker and Andrews, 1985; Bridge, 2003). This is the same sorting
pattern as observed in inclined heterolithic strata (IHS) in meander channel belt deposits
(Thomas et al., 1987). These sorting patterns are important for a range of processes. For ex-
ample, grain size differences influence the flow by determining the distribution of friction,
the sediment transport rate and maximum scour depth through mobility, and the morphol-
ogy by determining the distribution of sediment over bifurcations when lateral slopes are
present upstream of a bifurcation (Kleinhans, 2001; Mosselman et al., 1999; Frings, 2008).
While quite relevant for river bends with shipping fairways and in river bifurcations with
a bend just upstream (Frings, 2008), most current morphodynamic models do not include
physics-based relations for sediment sorting.

Sediment is actively sorted during transport, both laterally and vertically. Lateral sorting
results from differences in interaction between shear stress and gravity on different grain
sizes. During transport, shear stress exerts drag as a function of the exposed surface area of
particles, while gravity acts on particle weight as a function of volume and density. Therefore,
larger grain sizes are subject to a relatively larger pull of gravity than of flow shear, while finer
particles are more easily dragged along by the flow (Ikeda, 1989). Given an upslope-directed
flow component forced by channel curvature, this leads to the classic bend sorting pattern
with fine sediment in the inner bend and coarse sediment in the outer bend. This sorting
becomes more pronounced when the standard deviation of the supplied sediment mixture
is larger (Parker and Andrews, 1985). Active vertical sorting is the result of dunes that mix
the sediment vertically, by grain size dependent deposition of particles that are transported
over the lee side (Kleinhans, 2001; Blom and Parker, 2004). Coarser particles are deposited
further downslope the lee side, which results in upward fining and possibly in the formation
of coarse bed layers beneath dunes when not all fractions are mobile (Kleinhans et al., 2007;
Frings, 2008). The degree of vertical sorting depends mainly on the standard deviation of
the sediment mixture (Blom and Parker, 2004; Kleinhans, 2005). Therefore, it is expected
that larger bedforms at higher flow velocities have relatively larger influence on bend sort-
ing. Additionally, large bedforms possibly influence secondary flow patterns through their
troughs (Dietrich and Smith, 1984; Kisling-Moller, 1993), which would influence the lateral
sediment distribution.

Several analytical and empirical relationships to describe lateral bend sorting exist. An-
alytical solutions focus on lateral forces on individual sediment particles for active sorting
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during transport (Bridge and Jarvis, 1982; Parker and Andrews, 1985; Ikeda, 1989) or on
differences in critical shear stress of individual grains (Odgaard, 1981). However, these equa-
tions were never directly incorporated in morphodynamic models. Ikeda et al. (1987) and
Yen and Lee (1995) conducted few experiments with a coarsely skewed mixture and devel-
oped an empirical relation that describes the change inmedian grain size over a cross-section
along the bend radius, instead of considering grain size distributions. However, these exper-
iments were conducted in a flume with a fixed curvature, and therefore the effect of changing
transverse slope was not directly quantified. Furthermore, both their experiments ignored
the effect of bedforms and suffered from hiding exposure effects due to the large skewness
of the sediment mixture. Moreover, these relations describe the effect of transverse slopes
on sediment sorting, but it is unknown how sorting influences the magnitude of the slope
itself. In conclusion, these analytical and empirical relations are not yet suitable to include
in spatial models.

Horizontal and vertical sorting and their interaction are poorly constrained inmorphody-
namic models. However, their relative importance and characteristic timescales determine
both the degree of sorting and the degree of morphological change. Horizontal sorting on
the large scale is approached with the active layer concept (Parker et al., 2000; Blom et al.,
2008), which divides the bed in one active layer and immobile underlayers. Only the active
top layer interacts with the flow and determines the amount of sediment transport, and there
is only an exchange of sediment between the underlayers and the active layer in case of ero-
sion or deposition. Therefore, the active layer determines the volume of each fraction that
is available for sediment transport and consequently lateral sorting. As a result, spatial sort-
ing and bed level changes are extremely sensitive to the user-defined thickness of this active
layer, which sets the timescale of changes in bed composition. When the layer is relatively
thin, sorting reacts fast to changes in the flow and will result in better developed sorting pat-
terns. On the other hand, a relatively thick active layer results in slower adjustments, and
therefore sediment sorting acts on the same time scale as morphological development (Sloff
and Mosselman, 2007; Kleinhans, 2010).

Lateral sorting therefore depends on the sediment that is available in the top layer of mor-
phodynamicmodels, and is incorporated in the transverse slope predictor. This predictor ad-
justs the direction of sediment transport of specific grain sizes based on the bed slope. How-
ever, sediment deflection on slopes in general is poorly defined in morphodynamic models
(e.g. van der Wegen and Roelvink, 2012; Schuurman et al., 2013; Baar et al., 2018) and grain
sorting due to lateral gradients is even more simplified. Vertical sorting by dunes is not in-
cluded in the active layer concept. However, the thickness of the layer is often based on
characteristic bedform height to simulate sorting processes on a time scale of multiple dunes
migrating over the river reach. Therefore, to be able to accurately model average lateral sort-
ing, it is necessary to know the relative importance of vertical sorting on lateral sorting on
the time scale that is modelled.

The objective of this study is to experimentally determine this relative importance of lateral
sorting in river bends and vertical sorting by dunes. To this end, we conducted experiments
with poorly sorted sediment in a rotating annular flume, in which the transverse slope and
dune dimensions can be systematically varied (Baar et al., 2018). As a result, we describe
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bend sorting as an empirical function of grain size fractions and transverse slope, and we de-
termine the relative influence of bedforms on these sorting patterns. Additionally, we analyze
the feedback of sediment sorting on the transverse slope, by comparing transverse slopes to
experimental results with uniform sediment in the same flume. Finally, we compared the
resulting bend sorting model with published field data.

4.2 Methods

4.2.1 Experimental set-up and data collection

We conducted experiments in a rotating annular flume (Fig 4.1a), which allows control of
secondary flow intensity separately from the main flow velocity (Booij, 2003; Baar et al.,
2018). Both the lid and the floor of the flume can rotate separately over a continuous range
of rotation velocities in both directions. Rotation of the lid of the flume drives the stream-
wise flow by applying shear on top of the water column, and drives the secondary flow by
generating an outward directed centrifugal force. This centrifugal force causes a pressure
difference between the inner and outer bend, which results in an inward directed bed shear
stress near the bed, similar to the flow field observed in natural river bends. Rotation of the
floor and attached side-walls of the flume adds an additional outward directed centrifugal
force near the bed, resulting in a decrease of the pressure difference and thereby a decrease
in secondary flow intensity. By varying the rotation velocities of the lid and the floor of the
flume, and the ratio between them, the streamwise and normal flow velocity can be isolated
and controlled (Fig 4.1a). As a result, different bend radii can be simulated from straight
river reaches to very sharp bends, and as a result the transverse slope that develops towards
the inner bend can be controlled. Baar et al. (2018) derived an analytical model based on
flow velocity measurements describing near-bed streamwise and normal flow velocity as a
function of lid and floor rotation and flume dimensions. Furthermore, they describe the re-
lation between secondary flow intensity, i.e. the ratio between streamwise and normal flow
velocity, and the transverse slope that develops.

Since the objective of this study is to determine the relative influence of transverse slope
and dune dimensions on bend sorting, a series of 28 experiments were conducted with slopes
varying between 0 and 0.38 m/m, and sediment mobility varying between θ = 0.025−0.63,
which determines the dune dimensions (van Rijn, 1984). Here, sediment mobility, i.e. the
nondimensional shear stress, is defined as:

θ =
τ

(ρs − ρ)gD50
(4.1)

where τ = shear stress [N/m2], ρs = specific density of the sediment, g = gravitational acceler-
ation [m/s2] and D50 = median grain size [m]. Both sediment mobility and transverse slope
were varied by systematically changing the ratio of lid and flume rotation, which determines
the magnitude of streamwise and transverse slope. These ratios were based on the results of
Baar et al. (2018). Different combinations of sediment mobility and transverse slope were
used, to study their separate effect on bend sorting. The sediment mixture was chosen such
that dunes dominated and ripples were rare and that all sediment fractions were mobile over
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Figure 4.1: Experimental setup. a) The dimensions of the rotating annular flume. The lid rotates indepen-
dently from the floor and attached side walls. b) Schematic drawing of the flow vectors and rotation directions.
The floor and attached side walls rotate in the opposite direction of the lid, which allows control of the cen-
trifugal forces in the flume and thereby the magnitude of the normal flow velocity. c) Schematic top view of
the measurement set up, with transects of the echosounder, which measured bed elevation in still water, and
the sampling locations of the bulk samples and surface samples on top of the dune crest. d) Ten echosounder
transectsweremeasured, each 2.33 cmapart in transverse direction, starting at 4.5 cm from thewalls. e) Five se-
diment sampleswere taken along a cross-section, with their centers 6.5 cm apart, starting at 2 cm from thewall.
4x5 Samples were taken both at the surface of a dune crest and at the surface of a dune trough, and 5 samples
over the entire height of the dune (bulk samples). This resulted in a total of 45 samples per experiment.

a wide range of average mobilities, to avoid selective transport, hiding exposure effects and
bed armouring. This resulted in a sediment mixture with a median grain size of 0.78 mm
and a standard deviation of 0.73 mm.

Experiments started with a flat and a well-mixed sediment bed, and with a water depth
of 0.21 m. Experiments were run until both the transverse bed slope and the bedform di-
mensions were in equilibrium with the flow conditions. We assumed this equilibrium was
reached when transverse slope, bedform length and height were stable over time. Gener-
ally, an experiment ran for two to three days. After the experiment ended, the equilibrium
morphology was registered by an echosounder in still flow over ten transects in streamwise
direction (Fig. 4.1c,d). The bedlevels along each transect were reduced to amedian bed level,
and the average transverse slope was obtained by fitting a linear trend through these values.
To determine if sediment sorting also influences the average transverse slope compared to
bends with uniform sediment, the average transverse slopes were compared to experiments
with an uniform grain size of 1mm in the same flume (Baar et al., 2018). In order to compare
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equilibrium transverse slopes, the average transverse slope of each experiment was divided
by the characteristic secondary flow intensity and plotted against sediment mobility. This
ratio represents the transverse slope effect (B).

After slowly draining the water, 13 of the 28 experiments were sampled. Samples were
taken at the surface of four dune troughs and dune crests, and over the entire depth at the
location of dune crests (Fig. 4.1c), which allowed us to compare the relative contribution of
dunes to observed bend sorting. At these locations, five samples were taken over the cross-
section, with the center of the samples 6.5 cm apart (Fig. 4.1e). As a result, for each experi-
ment there were four samples that were taken at the same relative location at a cross-section
and along a dune. These samples were combined to one sample, to get an average value per
experiment. The grain size distribution of each sediment sample was determined by sieving
in 15 size fractions between 0.16 mm and 3.96 mm . The volume of each sediment fraction
was used as input for the bend sorting model.

4.2.2 Development of bend sorting model

The bend sorting model described in this study is consistent with the dune lee face sorting
model of Blom and Parker (2004), which redistributes the available volume of a sediment
fraction that is transported over the dune crest over the lee side of that dune, as a function
of sediment mobility. As a result, their model describes vertical sorting by bedforms with
conservation of mass by size fraction, which is a critical requirement for application in nu-
merical modelling. Our sorting function for lateral sorting redistributes the available volume
of a sediment fraction over the cross-section as a function of transverse slope. The imper-
fectly sorted sediment in the cross-section could then be vertically sorted by the dune sorting
model but that is beyond the scope of this paper. The bend sortingmodel predicts the volume
(F) of a specific sediment fraction (i) at a certain location (r) along a transverse slope, rela-
tive to the volume of that sediment fraction that is available along the cross-section, which is
defined as the reference volume (Fi,ref). We assume that the logarithm of the relative fraction
increases or decreases linearly over the cross-section:

Log
(

Fi

Fi,ref

)
= δiRrel + γi (4.2)

A schematic representation of the model is visible in figure 4.2.
The reference volume depicts the volume of a sediment fraction that would theoretically be

present at each location if the sediment was well-mixed over the cross-section. This volume
is therefore defined as the sum of the volume fractions over the cross-section, divided by the
number of samples (N) along that cross-section:

Fi,ref =

∑N
R Fi

N
(4.3)
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Figure 4.2: Schematic representation of the bend sorting model (Eq. 4.2). a) Theoretical change in relative
volume over the cross-section of fractions that are coarser and finer than the median grain size. The volume
of coarser sediment increases toward the outer bend due to the pull of gravity, while finer sediment will be
transported towards the inner bend by the secondary flow. δ and γ represent the parameters in equations 4.2.
b) An increase in transverse slope will causemore pronounced sorting and therefore a larger change in volume
of these fractions (δ) over the cross-section, and a larger offset at the channel centerline (γ). The relation of the
parameters δ and γ with transverse slope is visible in panel c and d (Eq. 4.5, 4.6).

Rrel is the relative location along the cross-section, which is used to make the location
non-dimensional and relative to the center of the cross-section:

Rrel =
R − Rmean

W
(4.4)

where Rmean is the radius at the centerline of the channel, and W is the width of the cross-
section. The width should be measured from the lowest point at the outer bend to the water
line at the inner bend, since we assume all sediment fractions present along the cross-section
are mobile and available for sorting. Since the location is relative to the center of the flume,
thismeans that when sediment is perfectly linearly sorted over the cross-section of the flume,
the volume of a sediment fraction at the centerline is equal to the initial sediment mixture.

The parameter δi in Eq. 4.2 determines the change in relative volume over the cross-
section, while γi denotes the relative volume at the centerline (Fig. 4.2a,b). These parameters
depend on slope and grain size, since coarser fractions will be deposited downslope, result-
ing in an increase in relative volume towards the outer bend and thus a positive δi, while
finer fractions are mainly deposited at the inner bend, and therefore will have a negative δi.
A larger slope is expected to result in a larger change in volume of a certain fraction over the
cross-section, which results in a larger absolute magnitude of δi (Fig. 4.2c). When γi is zero,
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the volume of a sediment fraction at the centerline is equal to the initial sediment mixture
and the sorting is perfectly linear over the cross-section. However, when sorting is more dis-
tinct, the offset at the channel centerline is higher and γi is will be lower than 0. This offset
will therefore also depend on grain size fraction and transverse slope (Fig. 4.2d). A constraint
for the model is that when the transverse slope is equal to zero, i.e in a straight river section,
fractions are equally distributed over the cross-section, and thus δi and γi are equal to zero.
The resulting definitions are as follows:

δi = ai
∂z
∂y

(4.5)

γi = bi
∂z
∂y

(4.6)

where:
ai = c1

ψrel
σ

(4.7)

bi = c2
(ψrel

σ

)2
(4.8)

where σ is the standard deviation of the initial mixture, defined as:

σ =

√√√√ N∑
i

ψ2
i,relFi,ref (4.9)

Ψrel is the relative grain size in the Ψ scale, defined as:

ψi,rel = ψi − ψmean (4.10)

Which relates to grain size as follows:

ψi,rel =
2 log

(
Di

Dmean

)
(4.11)

where D = grain size in mm. In this study, the mean grain size is determined by:

ψmean =

N∑
i

ψiFi,ref (4.12)

where n = the number of sediment fractions. The relative grain size is divided by the standard
deviation to be able to use the sorting function for different sediment mixtures. The Ψ scale
is used so that sediment fractions that are finer than the median grain size are negative, and
coarser sediment fractions are positive.

The resulting equation for relative volume per sediment fraction at a location along the
cross-section then reads:

Fi

Fi,ref
∑N

i Fi
= exp

{[
c1

ψi,rel

σ
Rrel − c2

(ψi,rel

σ

)2]
∂z
∂y

}
(4.13)

where the parameters c1 and c2 are constants that determine the change in volume fraction
over the cross-section and offset at the channel centerline, which will be determined with
the experimental data. The relative volume of each grain size fraction is divided by the total
volume of all fractions, to make sure the sum of all fractions is 1.
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4.2.3 Field data

To study natural deviations in the sorting patterns compared to the experimental data, the
model is tested against scarce field data that is available in literature. Grain size distributions
from three previous studies are used, with different median grain sizes, channel dimensions,
and transverse slopes (Table. 4.1).

Firstly, Bridge and Jarvis (1976) studied the flow and sedimentation in the small mean-
dering river South Esk during a discharge peak, from bankfull conditions to low water. They
sampled along several cross-sections along the bend, but here we focus on the cross-section
at the bend apex, tominimalize possible effects of flow adaptation on sediment transport pro-
cesses. Here, the transverse slope was 0.1 m/m. During high water dunes were present over
the entire cross-section, while during falling discharge these dunes disappeared and ripples
started to form near the inner bend and expanded towards the pool at the outer bend.

Secondly, data from a gently curved reachwith a transverse slope of 0.06m/m in the gravel
bed river Severn, as described by Hey (1991), is used to test the bend sorting model with
larger grain sizes (Table. 4.1). They sampled the bed load transport four times during two
months, to study the shear stress distribution over the cross-section with varying discharge.
At one occasion, all fractions were mobile over almost the entire cross-section, in contrast
to the other three measurement campaigns when only the silt to fine gravel fractions were in
transport, and only at the center of the channel. We compared the bend sorting model to all
measurement campaigns.

Thirdly, the model was tested on data from the lower Rhine river, a gravel-sand bed river
with protected banks, at the bend where the river bifurcates into the Waal river and the Pan-
nerdensch Kanaal. This data was obtained by Guijters et al. (2001), who took samples along
a total of 15 cross-sections in all three rivers (also see Kleinhans, 2001). For this study we
use the grain size data of the first 40 cm of the bed, along the cross-section just upstream
of the bifurcation and along the first cross-section of the Pannerdensch Kanaal just after the
bifurcation. This case is extremely relevant for morphodynamic modelling, since this bend
upstream of the bifurcation determines the sediment size distribution over the bifurcates.
The Waal river is located at the inner bend and therefore receives a larger volume of the finer
fractions, while the Pannerdensch Kanaal is located at the outer bend and receives a larger
volume of the coarser sediment. However, the bend radius of the upstream bend is relatively
large, and therefore transverse slopes are relatively low. The transect in the Rhine has a trans-
verse slope of 0.01 m/m, while the transect just downstream of the bifurcation has a slope of
0.035 m/m.

Table 4.1: Characteristics of field sites and measured sediment distributions found in literature.

D50 [mm] σ [mm] W [m] ∂z/∂y [m/m]
South Esk 1.36 2.89 7.5 0.1
Severn 63.40 1.88 10 0.05
Rhine 2.25 3.67 280 0.01

Pannerdensch Kanaal 3.67 3.54 70 0.035
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4.3 Results

In this section, we first describe the development of the morphology and evaluate the degree
of sorting over the cross-section at equilibrium conditions for varying transverse slope and
dune height. Then, we use the resulting trend in grain size fractions to calibrate the bend
sorting model, and finally compare this model to the field data described in literature.

4.3.1 Observations in the experiments

After the start of experiments developing transverse bed slopes, the outer bend eroded and
this eroded sediment was transported by sediment lobes towards the inner bend under the
influence of secondary flow. These lobes of sediment extended laterally as they moved to-
wards the inner bend and thereby gradually transformed into dunes. Experiments were run
until the dune dimensions were in equilibrium with the flow conditions, which was reached
faster in experiments with relatively high sediment mobility. For experiments with low se-
diment mobility and relatively weak secondary flow, dunes did not expand over the entire
cross-section, and instead ripples formed near the inner bend, since here sediment mobility
was below the ripple-dune transition (Fig. 4.3b). Dune height increased with increasing se-
diment mobility, but showed a smaller increase with transverse slopes lower than about 0.1
(Fig. 4.4a).

While these bedforms were forming, a transverse slope developed towards the inner bend,
and sorting becamemore pronounced. Mainly finer sediment was transported in the lobes of
sediment over the dune towards the inner bend by the secondary flow (Fig. 4.3a). Relatively
coarse sediment rolled downslope under the influence of gravity, and the coarsest fractions
remained in the dune troughs. At the end of most experiments a clear sorting pattern could
be observed with fine sediments in the inner bend and coarse sediment at the outer bend
(Fig. 4.3b). Average transverse slopes showed the same trend with increasing sediment mo-
bility as uniform sediment experiments (Fig. 4.4b).

These sorting patterns caused by transverse slopes and dunes were quantified by the sieve
data. The bulk samples taken over the entire depth of the dune show that median grain size
is about equal or slightly lower than the original mixture at the channel centerline, and in-
creases rapidly towards the outer bend for transverse slopes larger than 0.15 m/m, while for
lower transverse slopes this increase seems more gradual (Fig. 4.5a). A more gradual de-
crease in median grain size is observed towards the inner bend, and this is less dependent
on average transverse slope. Increasing bedform height with equal transverse slopes had no
significant effect on the sorting patterns, since the trend in median grain size does not differ
significantly (Fig. 4.5b,c,d). However, dunes mainly affected both the D10 and D90, which
showed a larger variation over the cross-section with varying bed forms heights. Neverthe-
less, lateral sorting by slope effects is clearly the dominant mechanism, as the general trend
related to the transverse slope is always visible.
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Figure 4.3: Examples of equilibriummorphology and sorting patterns of experiments visible on photomosaics
with a) high transverse slope, and b) low transverse slope in combinationwith low sedimentmobility. c) Frontal
view on a dune crest and slipface, where coarse sediment is located in the outer bend (right) and fine sediment
in the inner bend (left).

Figure 4.4: a) Average dune height (Δ) of all experiments against relative sediment mobility (θ/θc), including
the variation in dune height in each experiment. Color scale indicates average transverse slope. b) Slope factor
B (transverse slope / secondary flow intensity) against relative sediment mobility, for the experiments in this
study with a sediment mixture and experiments with uniform sediment with comparable grain size from Baar
et al. (2018).
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Figure4.5: Bulk sedimentdistributionofD10 ,D50 ,D90 over theentire cross-sectionof theflume forbulk samples
in experiments with varying transverse slope and dune height. Black lines indicate values from the original
mixture at the beginning of the experiment. Radius is relative to the center of the flume (0).

Surface samples in dune troughs and on dune crests show in general the same trend in
sorting with increasing transverse slope (Fig. 4.6, 4.7). However, samples in dune troughs
show the same sharp increase in median grain size towards the outer bend for all transverse
slope magnitudes, and also the trend in D10 and D90 shows a more distinct sorting for low
transverse slopes than in the bulk samples. Furthermore, for both trough and crest samples,
sorting is even less dependent on dune height with increasing transverse slope, since also
the D10 and D90 show the same trend for experiments with the same transverse slopes but
different dune height.

Thevariation inD10 andD90 between experiments is caused by small deviations in themost
extreme fractions that alter the trend over the cross-section, and also the sharp increase in
median grain size towards the outer bend is the results of a couple of coarse grains that are
more likely to end up in the outer bend. This shows that the only way to describe and predict
bend sorting is by using grain size fractions instead of percentiles.

4.3.2 Testing of bend sorting model on experimental data

Thesieving data of the bulk samples were used to calibrate the bend sortingmodel. Figure 4.8
shows four examples of the relative volumes of the sieved fractions over the cross-section
and the fitted linear function through these volumes to determine coefficient δi, which is the
slope of the fitted function, and γi, which is the offset at the center of the channel (Eg. 4.2).
For fractions coarser than the median grain size, relative volumes increase towards the outer
bend, resulting in positive values for δi. On the other hand, fractions finer than the median
grain size show a decrease in relative volume towards the outer bend, corresponding to neg-
ative values for δi. Furthermore, the offset of the relative volume of all sediment fractions
is always negative, but this offset also increases, i.e. becomes more negative, towards the
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Figure 4.6: Dune trough distribution ofD10 ,D50 ,D90 over the cross-section of the flume for surface samples in
dune troughs in experiments with varying transverse slope and dune height. Black lines indicate values from
the original mixture at the beginning of the experiment. Radius is relative to the center of the flume (0).

Figure 4.7: Dune crest distribution of D10 , D50 , D90 over the cross-section of the flume for surface samples at
dune crests in experiments with varying transverse slope and dune height. Black lines indicate values from the
original mixture at the beginning of the experiment. Radius is relative to the center of the flume (0).

finer and coarser fractions. These trends increase with increasing slope, while the effect of
sediment mobility is not significant.

The change of δ with increasing transverse slope for specific fractions is characterized by
the variable ai (Eq 4.5), and the change of γ by bi (Eq 4.6). These variables are plotted in
figure 4.9 for each grain size fraction, together with their values for the samples that were
taken in the dune trough and on the dune crest. For the bulk samples, coefficients c1 and
c2 (Eq. 4.13) can be determined by fitting a function through the trend in ai and bi against
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Figure 4.8: Four examples of measured relative volume of grain size fractions (scatter) over the cross-section
and the fitted linear function trough these volumes (lines) to determine coefficient δi , which is the slope of the
fitted function, and γi , which is the offset at the center of the channel (Eg. 4.2).

grain size fraction according to Equations 4.7 and 4.8, which are input for the bend sorting
model (Eq 4.13). These fitted functions result in a c1 of 5.5 and a c2 of−0.5. Both the coarsest
and finest sediment fractions show a slight deviation from the bend sortingmodel. However,
these fractions have a much smaller total volume than the fractions near the median grain
size, as showed by the sediment distribution of the initial mixture (Fig. 4.9). Furthermore,
using more complex functions to describe these trends did not result in a more accurate
prediction of the resulting sediment volumes.

For trough and crest samples, the curves show a slightly different behavior. For ai the
trend is steeper towards the coarser fractions and more constant towards the finer fractions.
This means that the volume change over the cross-section with increasing transverse slope is
larger for coarser grains, and thus sorting is more pronounced, while the volume change of
finer sediment over the cross-section does not change significantly for increasing slope. The
more pronounced sorting of coarser grains is also visible in the curve of bi, which is steeper
towards the coarser fraction, which means that the offset is increasingly larger at the center
of the flume. Again, the offset of sediment volumes of the finer fractions are less influenced
by increase in slope.
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Figure 4.9: Change in parameters ai (Eq 4.5) and bi (Eq 4.6) with increasing relative grain size fraction (ψ/σ), for
bulk and surface samples (scatter) and the trend described by the bend sorting model (dashed lines). ai repre-
sents the change in volume change over the cross-section with increasing transverse slope, while bi represents
the change in offset at the channel centerline with increasing transverse slope. The grain size distribution on
top shows the relative amount of grain size fractions present in the initial mixture.

Figure 4.10: Comparison between measured (scatter) and predicted (lines) relative grain size fractions (color
scale) over the cross-section of the flume, for four examples of experiments with varying transverse slope and
sediment mobility.
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Figure 4.11: Predicted against measured volumes of all grain size fractions from all bulk samples. Color scales
show the average transverse slope or sedimentmobility of the experiment duringwhich the sample was taken,
grain size fraction, and the cross-sectional location of the sample.

The bend sorting model, with the coefficient c1 and c2 included according to the experi-
mental data, predicts the measured volumes well (Fig 4.10, 4.11), with a R2 of 0.85. However,
for low sediment mobilities, predicted relative volumes can be significantly higher thanmea-
sured, especially in combination with high slopes. Furthermore, the model underpredicts
low volumes of fine sediment.

4.4 Discussion

4.4.1 Interaction between lateral and vertical sorting

The experimental data showed that lateral sorting strongly increases with transverse slope.
However, the average transverse slope shows the same trend with secondary flow and sedi-
ment mobility as the experiments with uniform sediment, showing that the transverse bed
slope effect is unaffected by transverse sorting in experiments where all fractions are mobile.
The sharp increase inmedian grain size andD90 towards the outer bend, especially for slopes
steeper than 0.15 m/m, and the more gradual decrease towards the inner bend shows the
larger tendency of coarser grains to travel downslope due to gravity than the finer sediment
upslope due to secondary flow. This difference is more enhanced for steeper slopes. Qual-
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itatively, the experimental observations are in agreement with Parker and Andrews (1985),
who observed the locus of sediment coarser than the median grain size to be at the channel
centerline at the bend apex.

The difference between bulk samples and surface samples tells us the relative importance
of lateral sorting by the transverse slope and vertical sorting by dunes. Bulk samples show
a sorting pattern averaged over a longer time, since this pattern is the result of multiple
dunes passing, and thereby filter out local or temporal variations. Surface samples show
local trends that depend on the location on the dunes. Dunes were as efficiently vertically
sorted as found in Kleinhans (2005) and determined the availability of sediment fractions in
the surface samples. In dune troughs, secondary flow was enhanced and as a result trans-
verse slopes were steeper than the average slope, and sorting was more efficient than in the
bulk samples (Fig. 4.9). In contrast, finer fractions showed a smaller change with increasing
slope at the surface, possibly due to lateral mixing by suspension. The bulk samples therefore
showed that vertical sorting by dunes dampens lateral sorting of the coarsest fractions and
slightly enhances sorting of the finest fraction. However, the overall trend of dependency on
transverse slope between bulk and surface samples is similar, and the influence of vertical
mixing was not sufficient to depend on dune height or sediment mobility. Therefore, the
relative influence of vertical sorting by bedforms on lateral bend sorting is relatively low, and
the bend sorting model is calibrated on the bulk samples collected from the experiments.

4.4.2 Application of the empirical bend sorting model to field data

Comparison of the bend sorting model with field data shows that the bend sorting model
generally works on other data as well, since it redistributes all sediment that is available over
the cross-section. The trend in volume change over the cross-sections of specific fractions
is similar to that of the experiments. Nevertheless, deviations from the model are observed.
In general, figure 4.15 shows that the model can overestimate lower relative volumes. This
overestimation is larger than with the experimental data. Other deviations can be explained
by differences in field and experimental conditions.

Firstly, the bend sorting model redistributes available sediment assuming all fractions are
mobile, while this was not the case when discharge was lower in the gravel bed river Severn
(Fig. 4.12), and at the inner bend at the lowest discharge in the river South Esk (Fig. 4.13).
When only the finer fractions were in transport, the volume of fine sediment fractions at
the inner bend is considerably larger than the bend sorting model predicts. The measured
volumes of the coarser fractions at the outer bend did not change compared to when all
fractions were mobile, but since the model redistributes the fractions that are present, it now
underestimates these volumes.

Secondly, in case of the Severn and the South Esk surface sampleswere taken, and therefore
show interaction with bedforms and present flow conditions. Just like the surface samples in
the experiments, data from the South Esk shows relatively more fine sediment in the inner
bend and a larger amount of coarser sediment at the outer bend when all fractions were
mobile. The data of the Severn show a slight deviation when all fractions were in transport
because of a bar that was located in the middle of the cross-section.
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Figure 4.12: Comparison between measured (scatter) and predicted (lines) relative grain size fractions (color
scale) over the cross-section of the river Severn (Hey, 1991), at different flow conditions.

Figure 4.13: Comparison between measured (scatter) and predicted (lines) relative grain size fractions (color
scale) over the cross-section of the river South Esk (Bridge and Jarvis, 1976), during falling discharge.

Figure 4.14: Comparison between measured (scatter) and predicted (lines) relative grain size fractions (color
scale) over the cross-section of the Rhine and Pannerdensch Kanaal. The transect of the Rhine is just upstream
of a bifurcation, while the transect at the Pannerdensch Kanaal is the first after the bifurcation.
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Figure 4.15: Predicted against measured volumes of all grain size fractions from fielddata found in literature.
Color indicates the river that was sampled.

Thirdly, sorting patterns of the Rhine river seem to be more pronounced in the data com-
pared to themodel (Fig. 4.14). Furthermore, the river Rhine is heavilymanaged, whichmight
influence local sediment characteristics near the banks. Grain size samples from the Rhine
river just upstream of the bifurcation into the Waal river and the Pannerdensch Kanaal show
that sorting is gradual over the cross-section in the first 40 cm of the bed, since there is only a
mild transverse slope. Nevertheless, the volume of coarse sediment fractions is indeed larger
in the Pannerdensch Kanaal, which is the bifurcation originating in the outer bend of the
Rhine river.

4.4.3 Static sorting

The bend sorting model redistributes available sediment assuming all fractions are mobile,
but as the field data shows this is not always valid. When not all fractions are mobile, static
sorting can occur due to differences in critical sediment mobility, since larger particles are
less mobile than finer grains and need higher shear stresses to be entrained (e.g. Odgaard,
1981; Ashworth and Ferguson, 1989). This can lead to vertical sorting by armouring of the
bed when selective entrainment removes all fines from the bed and supply is limited (e.g.
Powell, 1998; Kleinhans, 2001), and also hiding exposure effects become important when
coarser grains shelter finer particles from the flow (e.g. Wilcock and Crowe, 2003). When
coarser fractions are immobile, lateral sorting is hampered. However, static sorting is most
prominent in gravel-bed rivers with wide sediment distributions, and therefore selective en-
trainment presumably has less influence on sorting patterns than active sorting during trans-
port (e.g. Hoey and Ferguson, 1994).
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Differences in critical sediment mobility and resulting static sorting will have an influence
on the transverse slope and consequently on bedmorphology. In case all fractions aremobile,
the river bend responds to changes in shear stress by adjusting the bed level, and in this
case the transverse slope. In case of selective entrainment, the river will adjust to a gradient
in shear stress by adjusting the sorting pattern before it can adjust bed level (Dietrich and
Whiting, 1989). This will thereby result in a different bed slope thanwhen all fractions would
bemobile, and influences the dynamics of river bars and the amount of bed and bank erosion
(Ikeda, 1989). Due to both differences in sorting patterns and bed morphology, our bend
model that only describes active sorting is less applicable in model cases where sorting due
to selective entrainment plays an important role. Rather, the empirical model best represents
the end member case of fully mobile sediment mixtures in infinite bends.

The effect of size selective entrainment was almost absent in the experiments due to the
choice in sediment mixture. However, comparison between measurements and the bend
sorting model showed that sorting was less pronounced with low sediment mobility, espe-
cially in combination with steep transverse slopes, which indicates that sediment was not
mobile enough to fully develop the sorting pattern. However, this effect was only minor,
and the two experiments for which this was the case did not influence the trend in the bend
sorting model.

4.4.4 Implications for modelling bend sorting

The relatively simple bend sorting model can be used for multiple applications, since it can
be included in any model that already predicts transverse slope and flow conditions. For ex-
ample, it can be an addition to analytical models that predict bifurcation dynamics based on
upstream transverse slope (Bolla Pittaluga et al., 2003; Kleinhans et al., 2008). Furthermore,
an existing transverse slope predictor based on bend radius can be used to predict the slope
of lateral accretion surfaces in a point bar, after which the bend sorting model can predict
grain size distribution along this surface (van de Lageweg et al., 2014). The current model
predicts lateral sorting along the transverse slope at the bend apex, but this pattern can have
a large influence on morphology by different trajectories of the different grain sizes through
the bend and towards bends downstream (Parker and Andrews, 1985). The current bend
sorting model could therefore be a starting point to predict spatial distribution of sediment
fractions along the bend, and thereby improve predictions of sediment transport, bed level
elevations and point bar connectivity models by predicting the dimensions and spatial dis-
tribution of stratigraphic units (Willis and Tang, 2010).

The relatively low influence of vertical sorting on the trend in lateral sorting has impor-
tant implications for morphodynamic models with the active layer concept. These findings
show that over a longer time period, i.e. longer than the migration of a few dunes, the effect
of vertical sorting can be ignored. This shows that the use of the active layer is still valid
when modelling lateral sorting, which should make it easier to model sediment transport
processes realistically. However, before lateral sorting can be described accurately, a more
physics-based predictor needs to be implemented to calculate the deflection of the available
grain size fractions in the active layer as a function of transverse slope (Sloff and Mosselman,
2012). In model scenarios where the active layer concept is not sufficient, e.g. when the ob-
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jective is to look at smaller scale processes at a shorter time scale, recent studies suggested
to replace the active layer by a continuous bed distribution, and to include the entire parti-
cle size distribution (Powell, 1998; Parker et al., 2000; Blom et al., 2008; Frings, 2008). In
this case, the fraction-based lateral sorting function of this study can be a useful addition
to the already existing formulations for streamwise (Parker et al., 2000) and vertical sorting
Blom and Parker (2004). However, these more advanced continuous sorting models have
not yet been applied in 2D horizontal modelling because of its mathematical and numerical
complexity (Chavarrías et al., 2018).

4.5 Conclusion

We experimentally determined the trend in lateral sorting of grain size fractions as a func-
tion of transverse slope, and described the relative influence of vertical mixing by dunes.
We found that all sediment fractions that are mobile are efficiently sorted along the trans-
verse slope, where the volume change over the cross-section of specific fractions increases
with grain size and magnitude of the slope. There was no feedback between sorting and the
magnitude of the slope itself.

Bulk samples that were taken over the entire height of a dune showed minor effects of ver-
tical sorting along the lee side of dunes, since the difference with surface sample were small.
Only the coarsest fractions were more evenly distributed over the cross-section as a result of
dune migration, while sorting of the extremely fine fractions was enhanced. Therefore, lat-
eral sorting can be modelled independently of dunes, which allows application of the active
layer concept in morphodynamic models.

We developed a bend sorting model that redistributes the available sediment over the
cross-section as a function of transverse slope and grain size fraction. This model is cali-
brated with the bulk samples, which show an average trend over a longer time period, in-
stead of local trends that depend on interactions with bedforms and present flow conditions.
Comparison with field data showed that the model is only valid when all grain size fractions
that are sampled are mobile under the present flow conditions, and therefore the model is
less applicable in rivers with wide sediment distributions. The resulting bend sorting model
can be used in any analytical model that predicts the transverse slope, and is a reference for
morphodynamicmodels that predict sediment sorting patterns ofmobile sediment in bends.
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Chapter 5

Critical dependence ofmorphologicalmodels of fluvial and
tidal systems on empirical downslope sediment transport
Morphodynamic models are essential tools to predict the development of fluvial and tidal sys-
tems in scientific and engineering studies, and are increasingly used for decision making re-
garding climate changemitigation, flood control, navigation and engineeringworks. However,
many existing morphodynamic models predict unrealistically high channel incision, which is
masked by increased numerical diffusion or gravity-driven downslope sediment transport up
to twoordersofmagnitude toohigh. Herewe showthat sucharbitrary calibrationsdramatically
change local sediment dynamics, bar and channel patterns, and rate of morphological change.
For five different models bracketing a range of scales and environments, we found that it is im-
possible to calibrate amodel on both sediment transportmagnitude andmorphology. Present
calibration practice may cause an order magnitude error in channel depth, bed slopes and bar
dimensions. We show how model design can be optimized for different applications. This has
major implications formodel interpretation and applications and suggests a critical knowledge
gap.

Based on: Baar, A. W., Boechat Albernaz, M., Van Dijk, W.M., Kleinhans, M.G. (2018), Slip-sliding
away: critical dependence ofmorphologicalmodels of fluvial and tidal systems on empirical downslope
sediment transport. To be submitted to: Nature Communications
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5.1 Introduction

River valleys, coastal plains and deltas are changeable landscapes with a large part of the hu-
man population that will be at risk from climate change effects and sealevel rise. Adaptation
requires a systems approach (Brown et al., 2014, e.g.) with combinations of hard engineer-
ing measures and sediment attrition (Smajgl et al., 2015). Reliable forecasting of effects of
combined measures requires morphodynamic models for rivers, estuaries, deltas and coasts.
Morphodynamic models are therefore widely used tools to study and forecast the develop-
ment of these landscapes. However, model results depend on the balance between chan-
nel incision due to the nonlinearity of sediment transport, and processes counteracting this
deepening. In practice, all large-scale models need some form of calibration to converge to
a stable morphology, for example by tuning roughness coefficients, grain size distributions,
and increasing the transverse bed slope parameter which determines the sediment trans-
ported on channel side-slopes. The latter has proven to be most effective, since the bed slope
parameter linearly increases downslope sediment transport and thereby directly affects chan-
nel depth and braiding index, and therefore has the largest effect on large-scale morphology
(Schuurman et al., 2013).

The problem is that models require artificially and seemingly arbitrarily slope factors up
to a 100 times higher (van der Wegen and Roelvink, 2012; Schuurman et al., 2013; Braat
et al., 2017) than physically correct (Baar et al., 2018) to prevent unrealistic channel incision
and to obtain realistic bar and channel patterns. A recent comprehensive set of experiments
showed that a physically realistic value for the slope parameter is in the order of 1 and a re-
alistic calibration range is within a factor of two (Baar et al., 2018). This calibration range is
therefore much smaller than needed in recent model studies. Increasing the transverse slope
effect bymore than an order of magnitude to compensate for these weaknesses, raises doubts
about the physical validity and predictive power of these models. The need to apply unreal-
istically intense bed slope effects implies a flaw in the balance between the non-linearity of
sediment transport that carves out channels, and downslope sediment transport. This begs
the question whether these models converge to a balance between erosion and deposition for
the right reasons, whether the dynamics due to sediment motion can be correct at the same
time, and what aspects of the forecasts on timescales of a century are most unreliable.

Part of the uncertainty is due to different parameterizations for the deflection of sediment
transport on transverse slopes. The two most commonly used methods, by Ikeda (1984)(IK)
and by Koch and Flokstra (1981)(KF), calculate the downslope sediment transport vector
differently (Fig. 5.1). For KF the streamwise transport vector is rotated as a function of the
transverse bed surface gradient, while for IK the normal transverse transport vector is en-
hanced before combination with the streamwise transport vector. As a result, the method
of IK not only changes the direction, but also increases the flux of sediment transport. How
this affects morphology and the rate of change thereof remains unquantified.

The severe channel incision is best known for sensitive codes such as Delft3D (van derWe-
gen and Roelvink, 2012; Schuurman et al., 2013), but is also an issue in studies with other
morphodynamic models. For example, the estuary model of Ganju et al. (2009) was mod-
elled with the Regional Ocean Modeling System (ROMS) in combination with the Commu-
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Figure 5.1: Two parameterizations for sediment deflection drawn on a transverse bed slope (Ikeda, 1984; Koch
and Flokstra, 1981). Both methods are drawn on a top view of a bed sloping towards the right. Blue dashed
arrows show transport vectors with default values for the slope effect, while red arrows represent transport
vectors when the slope effect is increased to typical values used in current model studies. See Appendix B for
detailed calculation method. c+d) examples for default and high slope effect.

Figure5.2: (a)Model studies thatmentioned, discuss or overlooked the severe channel incision and the artificial
increase in slope effect that was necessary to counteract this (see online supplement for inventory). (b) Studies
that mention the magnitude of the slope effect subdivided by modelled environment and the applied slope
effect value (1=default).

nity Sediment Transport Modeling System (CSTMS), and needed the bed to be coarsened
to reduce unimpeded erosion in deeper channels. Furthermore, a tidal channel (Davies and
Robins, 2017) modelled in Telemac with the sediment transport predictor of Van Rijn et al.
(2004) (VR) needed a coarse sediment underlayer to prevent unrealistic bed erosion. On the
other hand, Telemac in combinationwith the predictor of Engelund andHansen (1967) (EH)
showed extreme morphological diffusion (Nnafie et al., 2016), showing the sensitivity of the
chosen combination of sediment transport predictor and downslope sediment transport pa-
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rameterization. Regardless, a quick inventory in typical geomorphology journals showed
that only 13 (19%) out of 68 model studies discussed the imbalance between severe incision
and downslope sediment transport (Fig. 5.2,online supplement).

Additionally, the review suggested sensitivity to incision depends on the environmental
settings. Here, environment means initial and boundary conditions, which determine se-
diment characteristics, flow conditions, channel pattern and bar regime. Models of envi-
ronments with a large-scale balance between erosion and deposition, such as estuaries and
rivers, particularly have the tendency to overpredict channel depth and braiding index and
required very high slope effects up to a factor of 100 (Van der Wegen and Jaffe, 2014; Schuur-
man et al., 2018, e.g.). In contrast, models of systems with dominant erosion such as a tidal
channel network, usually had slope factors lower than 10 (Marciano et al., 2005; Dissanayake
et al., 2009; Zhou et al., 2014, e.g.), and depositional systems such as river deltas all used the
default value (Edmonds and Slingerland, 2007; Leonardi et al., 2013; Caldwell and Edmonds,
2014, e.g.) (Fig. 5.2,online supplement) . However, this emphasis on channel depth and bar
dimensions masks effects of downslope sediment flux on the rate of bank erosion, channel
formation and migration in erosional models, while default transverse slope parameters in
both erosional and depositional models commonly show unrealistically deep channels and
sharp angular bends (Edmonds and Slingerland, 2009; Caldwell and Edmonds, 2014; Van
der Vegt et al., 2016, e.g.).

Here we conduct five sets of numerical morphodynamic simulations for different scales
and environments to quantify the effects of increased downslope sediment transport onmor-
phology (Fig 5.3). The objective is firstly to identify possible causes of the imbalance between
incision and transverse sediment transport on the channel scale for typical combinations of
sediment transport and slope parameterizations. Secondly, we quantify the effects on local
sediment transport rates and on large-scale morphology. Finally, we will discuss sensitivity
to environment, and consequently give recommendations for an appropriate design of mod-
els depending on research objectives of future studies given the present limitations and un-
certainties. Results demonstrate that arbitrary bed slope calibration to obtain better-looking
morphologymay cause an order ofmagnitude error in rate ofmorphological change, channel
depth, degree of braiding and bar dimensions. Furthermore, we found that it is impossible
to calibrate a model on both sediment transport magnitude and morphology.

5.2 Results

5.2.1 Effects of combinations of slope parameterization and sediment transport
predictor

All five models (Fig. 5.3) generally showed deep incision and oversteepened morphology
with physically correct slope effects, leading to deep and narrow channels, a higher number
of channels and shorter bars than typically observed in nature. Increasing the bed slope effect
resulted in wider and shallower channels, longer bars, a smaller braiding index, and fewer
bifurcations and a greater similarity to natural systems, although a very high slope effect
caused overly subdued relief (Fig. 5.4, 5.5). However, different combinations of sediment
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Figure 5.4: Morphology of 12 delta model runs after 1000 years for combinations of slope effect and sediment
transport predictors. Maps on the horizontal axis have an equal slope effect, with slope effect increasing down-
wards. The αI is the input parameter of the method of Ikeda (1984), while the αK is the input parameter of
the method of Koch and Flokstra (1981). The models in the first two columns were run with the VR sediment
transport predictor, while the models in the last two columns were run with the EH predictor. The average se-
diment transport rates plotted in Figure 5.8 were computed for all model runs over a cross-section at 20 km,
represented by the white line in the bottom right panel.

transport predictor and method to calculate downslope sediment transport lead to starkly
contrasting morphologies. To quantify the difference in effect of both slope options on se-
diment transport processes and morphology, the parameter that determines the magnitude
of the transverse slope effect was systematically increased. Henceforth, the term slope effect
refers to the magnitude of this parameter, which is the αI in the method of Ikeda and the αK
in the method of Koch and Flokstra (Appendix B). Note that the parameter αK is roughly
the inverse of αI. To be able to compare the differences between both options, the values for
these parameters were not simply proportionately varied, but determined by requiring equal
sediment transport in the transverse direction as explained in Appendix B.

The cumulative slope distributions (Fig. 5.6) show that a higher slope factor causes a smoother
and more subdued morphology, and shows one to two orders of magnitude variation be-
tween slope and transport combinations for parameter ranges between physically correct
and typically used in the literature. The braided river model showed a wider range in the dis-
tribution of slopes with increasing slope effect and changing slope and sediment transport
predictor than the delta model, since the latter is less confined and more dynamic. Mod-
els with the parameterization of KF, which merely rotates the transport vector, had steeper
slopes and deeper channels than models with the parameterization of IK. Models with the
VR sediment transport predictor also had much steeper slopes and deeper channels than
with EH. The most worrying conclusion is that the braided river model with αK of 0.7 (slope

108



Engelund-Hansen (1967)

Van Rijn (2004)

Flow direction

αI = 14

αI = 3

αI = 1

αI = 7

αI = 25

αI = 14

αI = 7

αK = 0.35

αK = 0.2

αK = 5

αK = 1.5

αK = 0.7

αK = 0.35

αK = 0.7

αI = 25 αK = 0.2

αI = 100 αK = 0.05

10           20           30           40           50           60           70  
[km]                        

10           20           30           40           50           60           70  
[km]                        

10           20           30           40           50           60           70  
[km]                        

10           20           30           40           50           60           70  
[km]                        

-10              -5               0               5               10
[m]                        

Figure 5.5: Morphology of 18 braided river model runs for all combinations of slope effect and sediment trans-
port predictors. Models on the horizontal axis have equal slope effect, which increases downwards for each
transport predictor. The αI is the input parameter of the method of Ikeda (1984), while the αK is the input
parameter of the method of Koch and Flokstra (1981), both with defaults of order 1.

effect = 7) has similar morphology as with αI of 1 (slope effect = 1) (Fig. 5.6b), but has seven
times larger transverse sediment fluxes, since the slope effect is seven times larger. The conse-
quence could be that the time scale of morphological adaptation differs considerably, which
has consequences for management and dredging.

5.2.2 Sediment transport at the channel scale

Here we examine the effect of varying slope effect and sediment transport predictor on sedi-
ment transport processes across scales for different environments (Fig 5.3). Firstly, we study
differences in sediment transport processes at the channel scale, then we explain the effect
on bifurcation and bar dynamics of using different slope options, and lastly we quantify the
change in dynamics in calibrated large-scale models.

We designed a very simple numerical model scenario of three grid cells wide that can also
be solved analytically to study the magnitude and direction of sediment transport. This pre-
vents formation of complex patterns so that channel and bar formation are fundamentally
the result of the balance of two processes: channel erosion and gravity-driven sediment mo-
tion towards the channels. In particular we are interested whether a perturbation grows or
decays. Growing means channel erosion that is the result of the nonlinear dependence of
the sediment transport rate on flow shear stress at the bed, since sediment transport is en-
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Figure 5.6: Cumulative slope distributions of (a) the delta model runs, (b) the braided river model runs, and
c) the Western Scheldt model runs. Solid lines are results with IK and dashed lines are results with KF. Colors
indicate equal transverse sediment transportmagnitudes and the same sediment transport predictor. Theblack
dashed line in the Western Scheldt plot represents a measured bathymetry used as input.
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hanced in deeper channels that attract more flow. This positive feedback is strongest near
the beginning of motion, where the non-linearity of sediment transport is largest and there-
fore tends to deepen channels, albeit at a low rate. The most important negative feedback on
channel formation is sediment transport deflection on the side slopes towards the center of
the channel under the influence of gravity (van Bendegom, 1947; Sekine and Parker, 1992;
Talmon et al., 1995), which is thus a crucial feedback in forming equilibrium channels. How-
ever, numerical diffusion in the flow model would have a similar effect. To determine the
tendency to incise independently of numerics, we use an analytical model of a river chan-
nel cross-section. This calculates the balance and imbalance between channel incision and
downslope lateral sediment transport on an initially perturbed bed (Appendix C), which we
compared to the simple numerical model of three grid cells wide. Channel width was varied
between 21 and 210 m. In addition to the sediment transport predictors of Van Rijn et al.
(2004)(VR04) and Engelund and Hansen (1967)(EH), we also ran the numerical model with
a general total-load sediment transport predictor, in which the non-linearity of sediment
transport and the addition of a critical sediment mobility was specified (Appendix B). This
allowed us to determine whether imbalances are related to sediment transport nonlinearity
or to the implementation of a specific transport predictor in the model. For VR, we only take
the bed load part into account in the analytical model.

The analytical model at the channel scale tells us when incision is theoretically balanced by
downslope sediment transport. In general agreement with bar theory, wider and shallower
channels tend more to incise, so that larger bed slope effects are needed to prevent growth
of channels. We plotted a combined dimensionless parameter that collapses the marginal
curves above which growth commences. This parameter is the width-to-depth ratio of the
channel multiplied with the bed slope effect, which we will therefore call the channelization
factor. The analytical model identifies the equilibrium channelization factor, which means
that perturbations in numerical models plotted below this line should theoretically decay,
while models plotted above the line should have growing perturbations (Fig. 5.7). With the
default value for the slope effect (αI = 1.5), the VRmodels corresponded reasonably well with
the analytical model, since the transition from a dampened system towards a channel where
the perturbation grows is around the theoretical equilibrium line (Fig. 5.7a). There was no
effect of the depth of the initial perturbation in the numerical model. However, with in-
creased slope effect, the numerical models significantly deviated from the analytical model.
Here, the numerical model with wider channels required a disproportionately larger slope
effect to dampen the initial perturbation (more than 30 times higher than the default factor
as opposed to 4 times the default in the analytical model). On the other hand, the initial
perturbation in models with the models with the EH predictor immediately decayed (Fig.
5.7b), until the channel has a width-to-depth ratio around 36, which is more than 15 times
higher than the theoretical model. This behavior was very similar to that of the models with
the general predictor (Fig. 5.7c,d). Even when sediment transport is related to flow velocity
to the power of 10, perturbations did not start to grow at a lower width-to-depth-ratio, while
this was expected based on the analytical model. The two slope parameterizations differed
only slightly and removing the critical sediment mobility from the generic transport predic-
tor had no effect on equilibriummorphology. These results demonstrate a stronger tendency
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Figure 5.7: Comparison between the behavior of the analytical model (lines) and the numerical channel (sym-
bols) with (a) the VR sediment transport predictor, (b) the EH sediment transport predictor, (c) the general trans-
port predictor with the IK slope parameterization, and (d) the general transport predictor with the KF slope
parameterization. The analyticalmodel predicts thewidth-to-depth ratio (W/h) for a certain non-linearity of se-
diment transport (power k on shear stress) at which incision and downslope sediment transport are in balance
(Appendix C). The channelization factor (W/h

√
θ/β) is plotted against the relative depth of the initial pertur-

bation (Δh/h). The perturbation in the numerical models either grows (open symbol), or decays (filled symbol).
Colors represent non-linearity of the sediment transport predictor and symbols represent themagnitude of the
slope effect based on the IK slope parameterization, or in case of the general transport predictor the absence
of a critical sediment mobility.
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to incise in the numerical model with VR than expected from theory, and a weaker tendency
to incise in numerical models with EH.

5.2.3 Slope effect-dependent sediment transport

The rate of morphological change depends on sediment transport magnitude, which finds
applications in fairways kept out of equilibrium by dredging. To test whether different slope
parameterizations have similar transport rates and can have similarmorphologies at the same
time, we compared results of several combinations of parameterizations at a cross-section in
the laterally unconfined river reach of the delta model (Fig. 5.8). The delta model is similar
to that of Geleynse et al. (2010), with a 20 km long river that deposits its sediment in a 10 by
10 km basin. The river can freely migrate and forms its own topographic forcing by incising
and forming meander bends.

Streamwise sediment transport rates were independent of transverse components for the
first 100 years, after which more complex morphology developed and channel dimensions
began to depend on the magnitude of the transverse slope effect. Models with the EH pre-
dictor had an order of magnitude higher sediment transport rates in streamwise and lateral
direction than with the VR predictor. When morphology developed, the magnitude of sedi-
ment transport of models with corresponding slope effect and the same sediment transport
predictor were similar, except for the model with the KF method and a very low slope effect.
Here, a braided river developed when combined with the EH sediment transport predic-
tor (top-right panel in Fig. 5.4), resulting in multiple channels that transport sediment and
therefore average sediment transport rates were impractical to compare with the other mod-
els. Transverse sediment transport rates of models with equal slope effect were also similar
in general, and when it deviated, it could be explained by different trends in streamwise sedi-

Figure 5.8: Total sediment transport over a transect at km 20 in the river part of the delta model, integrated
over the active channel width. (a) Streamwise and transverse sediment transport over time for all models with
the VR sediment transport predictor, and (b) for all themodel runs with the EH predictor. Note different vertical
scales. Solid lines represent model runs with the IK method to calculate downslope sediment transport, while
the dashed lines represent themodelswith the KFmethod. Lineswith the same colors represent corresponding
slope effects and sediment transport predictors.
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ment transport magnitude. Models with a higher slope effect had a higher average transverse
sediment transport rate at the start of the model run, resulting in channel widening and de-
velopment of gentle sloping morphology. This eventually resulted in lower transport rates
than models with a lower slope effect with steeper slopes and deeper channels.

While sediment transport rates are equal for models with equal slope effect but different
slope parametrizations, models with the slope parameterization of KF showed steeper bed
slopes and a larger number of avulsions downstream at the delta (Fig. 5.4, 5.6. These results
demonstrate that even though it is possible to calibrate models on sediment transport mag-
nitude with different slope parametrizations, bed slopes and morphology will differ. Addi-
tionally, an order of magnitude difference in sediment transport rates results from predictor
choice.

5.2.4 Slope effect-dependent bar and channel pattern properties

Having established that combinations of slope and transport parameterizations result in dif-
ferent morphological patterns and sediment transport magnitudes, we now quantify effects
on critical elements of fluvio-deltaic patterns in erosive, balanced and sedimentary environ-
ments: bars and the degree of braiding. Here, the delta in the delta model is a perfect de-
positional environment. The braided river model represents a Brahmaputra-sized braided
sand-bed river with a 3.2 km wide and 80 km long braidplain where erosion and deposition
are on average in balance, and is exactly the same as the model of Schuurman et al. (2013).
The tidal basin model consists of a channel network that is incised by the tidal motion, and
therefore this model represents an erosional environment.

Downslope sediment transport is essential in balancing helical flows in curved channel
sections. In nature, secondary currents alter the direction of the bed shear stress towards
the inner bend, which leads to a balance between the upslope directed drag force by the sec-
ondary flow and the downslope sediment transport under influence of gravity (Engelund,
1974; Struiksma et al., 1985). By balancing secondary flows, downslope sediment transport
controls the adaptation of the morphology to changes in flow conditions (Struiksma et al.,
1985; Crosato and Mosselman, 2009; Kleinhans and van den Berg, 2011). Therefore, by both
counteracting incision and balancing secondary flow, the magnitude of downslope sediment
transport determines the developed active channel width, orientation of channels, and the
length andmigration rates of fluvial and tidal bars (Seminara andTurbino, 2001; Dissanayake
et al., 2009; Schuurman et al., 2013; Van Dijk et al., 2014), and controls the division of bed-
load over bifurcates (Kleinhans and van den Berg, 2011). On the larger scale, the amount of
downslope sediment transport therefore has a major influence on channel and bar patterns,
by determining braiding index (Parker, 1979; Struiksma et al., 1985; Crosato and Mossel-
man, 2009) and the stability of river bifurcations and related tendency of channels on fans
and deltas to avulse (Bolla Pittaluga et al., 2003; Kleinhans et al., 2008; Sloff and Mosselman,
2012; Bolla Pittaluga et al., 2015).

Braided river models with KF had a larger braiding index and shorter bars than the mod-
els with IK with the lowest slope effect, and the braiding index decreased with increasing
the slope effect for both sediment transport predictors (Fig. 5.9b). Models with the EH
sediment transport predictor showed braiding indices that were lower than predicted with
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Figure 5.9: a) Number of channels at the delta front in the delta models, and the number of channels in the
tidal basin models, against increasing slope effect. b) Braiding index with increasing slope effect in the braided
river model, with the semi-analytical predictor for braiding index from Crosato andMosselman (2009) in corre-
sponding colors for comparison. c) The 95% depth of all tidal channels in the tidal basin models against slope
effect. d) Mean bar length in the braiding river model when increasing the slope effect, including the predic-
tor of Struiksma and othersStruiksma et al., 1985 for wave lengths of bars. Braiding index and bar length are
computed according to the methods described in Schuurman et al. (2013). The method of determining the
number of channels in the tidal basin models is explained in Section 5.4.4. Slope effect is given as the αI for IK
and transformed for KF.

the braiding index predictor of Crosato and Mosselman (2009), especially at a lower slope
effect. However, models with the KF slope parameterization had braiding indices that were
only slightly lower with a higher slope effect than the braiding index predictor, and generally
showed the same trend in decreasing braiding index with increasing slope effect. Models
with the VR sediment transport predictor theoretically should have lower braiding indices
due to the lower non-linearity of sediment transport, but in these models many deep and
narrow channels developed separated by long bars (Fig 5.5). Only with downslope sediment
transport that was almost a hundred times larger than with the default value, realistically
shaped bar patterns developed, but the braiding index was still too high.
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In general, bar length in the braided river model increased with increasing slope effect
in models with the EH sediment transport predictor, but for the models with the IK slope
parameterization bar length showed a local decrease with an intermediate slope effect (Fig.
5.9d). For strong slope effects, a subduedmorphology is visible with short andwide bars. Bar
length also decreased slightly in the model with the KF slope method and with the largest
amount of downslope sediment transport. Predicted bar length by Struiksma et al. (1985) is
in the same range as the models, but show a much more stable bar length with an increase
in slope effect. As a result, bars in the braided river model are theoretically longer when the
slope effect is weak, and shorter when the slope effect is strong. Models with theVR predictor
showed a decreasing bar length with increasing slope effect, since here cross bar channels
started to dissect the unnaturally long bars separating the deep channels, or started show
realistically shaped bar patterns in the case of the model with the IK slope parameterization.
The bar length predictor predicts increasing bar lengths with increasing slope effect, which is
therefore not comparable with bar lengths in the braided river models with the VR predictor.

The number of avulsions in the delta models is larger for runs with the KF bed slope pre-
dictor compared to runs with the IK parameterization, even though sediment transport rates
were equal for models with an equal downslope sediment transport. Models with VR had a
larger number of avulsions compared to models with the EH predictor with equal slope ef-
fect (Fig. 5.9a). In contrast, the tidal basin model shows that the number of channels is not
significantly affected by increasing downslope sediment transport in an erosive environment
(Fig. 5.9a). Furthermore, the amount of incised channels was also similar between models
with different slope parameterizations. The magnitude of the bed slope effect did have an in-
fluence on channel dimensions, since in general channels became shallower with increasing
downslope sediment transport (Fig. 5.9c). However, models with theVR transport predictor
and IK slope predictor needed a much larger slope effect to counteract severe incision than
models with the EH transport predictor, and in combination with the KF parameterization
there is no significant effect of increasing the slope parameter on channel depth.

5.2.5 Slopeeffect-dependeddynamics in thecalibratedmodelof theWesternScheldt

The fifth set of models is a detailed case study of the topographically forced Western Scheldt
estuary in the Netherlands, to test the sensitivity of a calibrated model with two different
slope parameterizations in comparison withmeasured bathymetry. This topographic forcing
is typical for many natural and engineered systems and is important because it limits free
bar and pattern formation, rendering models less sensitive in large-scale pattern to chosen
parameterizations. Here, we focused on differences in local sediment transport dynamics in
twomodel runs with different slope predictors that showed the same large-scale morphology
in view of the need to predict sediment transport rates for fairway maintenance dredging.
After 10 years ofmorphological development, thesemodels reproduced the cumulative slope
distributions that were closest to the actual morphology of theWestern Scheldt that was used
as input (Fig. 5.6c). The models had a strong slope effect, namely an αI of 30 and an αK of
0.05, which again shows that a higher than physical slope effect is needed when calibrating
the Western Scheldt model on existing morphology.
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Figure 5.10: (a) Total amount of sediment transported on specific bed slopes for both Western Scheldt models
with different slope parameterizations, at the beginning and at the end of the model run. (b) The difference in
sediment transport between both slope parameterizations on specific bed slopes. (c) relative distributions of
bed slopes in bothWestern Scheldtmodels. (d) Difference in direction of sediment transport between themod-
els with different slope parameterizations. This distribution shows the relative abundance of these differences
for all grid cells in the model.

While large-scale morphology is similar between both models after ten years (Fig. 5.6d),
the dynamics differ in local sediment transport. The model with the IK method has higher
bed load transport rates on steeper slopes, while the model with the KF method has higher
transport rates on lower slopes (Fig. 5.10). Furthermore, there is a significant difference in
direction of the transport vectors in more than half of all grid cells in the model (Fig. 5.10d),
which is independent of slope. These differences in direction and magnitude imply locally
channels can be orientated differently and location and speed of bank erosion will differ. For
fairway maintenance dredging this means that predicted time scales can significantly differ
when models are calibrated with a different slope parametrization on the same measured
morphology.

5.2.6 Effect of grid size on incision

Finally, grid size is systematically varied for the tidal basin model and braided river model,
to study if the overdeepening of channels is a numerical diffusion issue. For the braided river
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Figure 5.11: Tendency to incise quantified as 95% depth against size of the grid cells of (a) the braided river
model modelled with the EH transport predictor in combination with a horizontal eddy diffusivity (d) of 1 or
10, and (b) of the tidal basin model with the VR04 transport predictor compared with the model with the EH
predictor and default slope effect (αI = 1.5).

model with the EH transport predictor, channel depth in the model with the KF method
decreased with increasing grid cell width (Fig. 5.11a), while the model with the IK method
with the same slope effect (αI = 3) did not show a significant decrease. However, the model
with the default value for the IK method (αI = 1.5), and therefore with an even lower slope
effect, did show a decrease in channel depth. In these braided rivermodels also the horizontal
eddy diffusivity was changed from 10 to 1, and this resulted in slightly different distributions
of channel depth, but did not have the same amount of influence as increasing grid size or
changing slope effect. Increasing grid cell width in the erosional tidal basinmodel resulted in
less incision with increasing grid size for all models with the VR transport predictor, except
with a very high slope effect (αI=100) (Fig. 5.11b). In contrast, channel depth in the model
with the EH transport predictor and default slope effect does not show a trend with grid size.

5.3 Discussion

The emerging explanation for unrealistic channel incision and high braiding index common
inmorphologicalmodels is twofold. Firstly, the sediment transport predictor sets the balance
between transverse sediment transport and channel incision, which explains why the choice
of sediment transport predictor has a major influence on large-scale morphology. Simple
transport predictors such as EH and the general predictor overdampen perturbations due to
the high sediment transport rate and because slope effects act on all sediment transport. On
the other hand, VR initially predicts the correct balance between incision and downslope
transport in accordance with the analytical model. However, once incision commences, it
needs much higher slope effects to counteract incision than in theory. This can be explained
by the distinction of suspended and bedload transport, since bed slope effects only act on
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bedload. Consequently, the tendency to incise depends on grain size and sediment mobil-
ity (Dastgheib and Roelvink, 2010; Nicholas, 2013; Schuurman et al., 2013). Several studies
commented on the uncertainty of how slope effects act on suspended sediment and how the
vertical distribution in the water column affects this (Talmon et al., 1995; Schuttelaars and
De Swart, 1999; Walstra et al., 2007), and concluded that the parameterization of transverse
sediment transport is therefore complicated in sand-bed rivers. Secondly, the amount of
incision is highly depended on grid size, suggesting strong resolution and numerical diffu-
sion effects. When a channel incises, the channel will attract more flow and will experience
a positive feedback. The flow seems to prefer flowing through as few grid cells as possible,
and when grid cell width is smaller this means that there is more discharge flowing through a
smaller area, which therefore results inmore incision. The initial responsewill determine this
positive feedback and dependency on grid size, and therefore especially models with weak
slope effects experienced a more extreme deviation in channel depth, braiding index and
bar length. With a sufficiently high slope effect this grid size-dependent incision is coun-
teracted (Fig. 5.11), which thus depends on transport predictor, slope parametization and
sediment mobility as described above. Numerical diffusion is also the reason why the model
of Nnafie et al. (2016) experienced extreme subduedmorphology, and on the other handwhy
the model of Dam et al. (2016) showed realistic bed slopes even though the model did not
include any slope effects, since all sediment was assumed to be transported in suspension.

The methods of Ikeda (1984) and Koch and Flokstra (1981) to calculate downslope sedi-
ment transport indeed cause different sediment transport magnitudes and directions, even
though the amount of downslope sediment transport are equal, due to the different methods
of calculating the deflection of the transport vector. This affects the timescale of morpho-
logical adaptation, sediment division at bifurcations and frequency of avulsion (Kleinhans
and van den Berg, 2011), meander migration rates (Van Dijk et al., 2014) and braid plain
reworking.

Pending further investigations into sediment transport parameterizations and numerical
effects, we here develop recommendations for model setup depending on environment and
research objectives to help avoid inadvertent artifacts due to arbitrary choices. Our recom-
mendations based on the results of this study are summarized in figure 5.12. Firstly, the en-
vironment determines the sensitivity of the morphodynamic model to changes in bed slope
effect. Environments that depend on a balance between erosion and deposition, e.g. estu-
aries and dynamic rivers, are the most sensitive, and therefore we will discuss these first.
In balanced systems, the characteristic adaptation length of the bed to the flow conditions
(Struiksma et al., 1985) increases with slope effect, resulting in longer and wider bars and
increasing active channel width, which therefore can result in weaker braiding and fewer
bifurcations. Secondly, the objective of the model study should determine the choice of se-
diment transport predictor. The total load EH predictor is much more sensitive to an in-
crease in slope effect and needs much lower slope effects to counteract incision, due to its
tendency to overdampen perturbations. Even though theoretically sediment transport rates
are too high, this predictor will therefore lead to more realistically shaped bars and channel
networks in systems were the balance between incision and downslope sediment transport
is essential. However, if the objective is to have sediment transport magnitude and morpho-
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logical adaptation right, the VR transport predictor works better. Furthermore it makes the
distinction between bed load and suspended load which is important for example in tidal
environments with waves, varying flow directions, or mud. A downside is that models with
the VR transport predictor need extremely high slope effects to balance incision since slope
effects only act on the bed load, as shown by the results from the channel model. As a result,
the morphology was unnaturally shaped with extremely high braiding index and bar length.
Thirdly, the method to calculate transverse sediment transport should be considered. As
was observed with the braided river models with the EH transport predictor, the dramatic
increase of total sediment transport when slope effects were increased with the IK method
had a very different effect on bar shapes compared to a larger rotation of the transport vec-
tor with the method of KF. This increase in sediment transport results in a more subdued
morphology with a lower braiding index than predicted, and wide and relatively short bars
since a larger part of the sediment is deflected transversely. TheKFmethod does not increase
the total sediment transport, and braiding index therefore showed more similarity with the
braiding index predictor of Crosato and Mosselman (2009). Practically, it is only advisable
to combine the VR predictor with the IK slope method and an extremely high slope effect,
which in the braided river model resulted in a significant decrease in braiding index and
more realistically shaped bars. The KF method only rotates the transport vector and does
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Figure 5.12: Relative performance for each combination of transport predictor and slopemethod in models of
different environments. Relative performance is divided in four categories, such that the choice of predictors
can be made depending on the research objective.
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not increase total sediment transport, and thereby cannot balance severe incision by the VR
transport predictor, so that it results in unnatural bar and channel patterns.

Erosional and depositional models show different behavior with both sediment transport
predictors. Models with the EH transport predictor are too diffusive to model channel net-
works realistically, and in case of depositional models it is also difficult to get realistic chan-
nel dimensions and bed slopes. On the other hand, models with the VR transport predictor
show a more realistic channel network and sediment transport magnitudes. However, also
these models show steeper bed slopes due to the imbalance between incision and downslope
sediment transport. This is exacerbated with increasing sediment mobility and decreasing
sediment size which also leads to more suspension (Nicholas, 2013; Schuurman et al., 2013).
This is the reason that models with a relatively large amount of suspended sediment and de-
fault slope effects show unrealistically sharp bends with up to 90 degree angles, since there
is less downslope sediment transport to counteract secondary flow. These sharp bend are
for example visible in many depositional model results like the delta model of Van der Vegt
et al. (2016), who studied the effect of decreasing the ratio between bed load and suspended
load, and the delta model of Edmonds and Slingerland (2009) and Caldwell and Edmonds
(2014), who studied the effect of different grain sizes. In depositional and erosional models
the difference in effect of both slope options on large-scale morphology is smaller than in en-
vironments that depend on the balance when increasing slope effect. At the delta deposit, the
number of channels and the bifurcation angles decrease, but at a similar rate for both slope
options. However, in the erosive tidal basinmodel the number of channels is not determined
by the magnitude and direction of downslope sediment transport, but seems to be related to
the dimensions of the basin. Nevertheless, the slope effect does determine channel dimen-
sions, and again models with the KF parameterization show deeper and narrower channels.
Altogether, it seems that when the slope effect is increased with an order of magnitude or
even larger, the extreme increase in sediment transport with the IK parameterization will
have the largest impact on large-scale morphology.

All these observations have major implications for models that are used for management
decisions about, for example, navigation and engineering, as the direction and time scales
of sediment transport are heavily dependent on the choices made for downslope sediment
transport in combination with the choice of sediment transport predictor. When these mod-
els are calibrated on morphology, different methods to calculate downslope sediment trans-
port will lead to locally deviating transportmagnitudes and direction, which therefore affects
the time scale of for example fairway maintenance dredging and the migration rate and di-
rection of dumped sediment, and different channel migration rates and locations of bank
erosion. For example, calibrating the Western Scheldt model with different methods to cal-
culate slope effects resulted in differences in local sediment dynamics, even though models
had the same large-scale morphology and cumulative slope distributions. However, when
a model is calibrated to sediment transport time scales, meaning streamwise and transverse
sediment transport rates are similar tomeasured values, morphology and bed slopes will dif-
fer between different methods. We can therefore conclude that when models are calibrated
by increasing downslope sediment transport, either sediment transport magnitude or bed
slopes match to measured data, while both is not possible. Furthermore, it is highly neces-
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sary to further research the effect of numerical diffusion and grid size on incision, and the
parameterization of transverse sediment transport on suspended sediment transport.

5.4 Methods

The morphodynamic modelling package DELFT3D FLOW2D3D version 6.02.13.7658 was
used in all models in this study. For all models, the depth-averaged version with parameter-
ization of secondary flow was used. In this chapter, we describe the set-up of each model in
detail. in Table 5.1 the physical and numerical parameters of interest are summarized for all
five models.

5.4.1 Channel model

We set up a simple river channel in Delft3D for comparison to the analytical model to study
the tendency to incise due to imbalance between incision and downslope sediment transport
(Appendix C. This river channel has 3 grid cells across the channel, and two additional outer
cells with a bed level that is 7 meters higher than the inner three cells to avoid boundary
effects. Thismeans that these outer two cells are above thewater level and do not interact with
the channel. As a result, the active channel has the same cross-section as the analytical model
(Fig. C.1). The discharge is equally partitioned over the three grid cells as three upstream
boundary conditions.

The default model run has a channel with a length of 10 km, a slope of 0.5 m/km, a Chezy
coefficient of 40

√
m/s, a ratio between discharge Q and channel width W of Q/W=12.5

m2/s, and a grain size of 0.5 mm, which is all equal to the default analytical model. As a
result, the average water depth is 5.8 m. The IK method is used for slope effect, with an αI of
1.5. To be able to compare the model behavior to the analytical model results, we varied the
channel width between 21 and 210 m, the bed level difference of the middle grid cell and the
surrounding cells between 0.01 and 3 m, and the αI between 1.5 and 50. Furthermore, we
either used the VR sediment transport predictor, which relates the transport rate to the flow
velocity to the power of 3 (k=3) at higher mobility, or the EH predictor, where the transport
rate is related to the flow velocity to the power of 5 (k=5). To test if the model results depend
on the varied parameters or on the implementation of the specific transport predictor, we

Table 5.1: Overview of the default physical and numerical parameters of interest for all five Delft3D models
used in this study.

model channel braided river river delta tidal basin Western Scheldt
environment river river river tides estuary

with tides
grain size [mm] 0.5 0.2 0.25 0.125 0.2
roughness coefficient C=40 ks=0.15 C=50 C=50 n=0.022

-0.028
time step [min] 0.1 0.1 0.5 0.5 0.25
morphodynamic run time [yr] 0.33 2 1000 200 10
MorFac 1 25 200 200 20
grid size LxW [m] 7x7 to 200x80 100x50 50x50 250x120

67x67 120x50
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run the same models with the general transport predictor in combination with both the IK
and KF slope parameterization, with and without the critical shear stress, and varied the
non-linearity between 3 and 10. The models were run for two months, after which either
the perturbation caused larger bed level differences and 1 grid cell wide bars to form, or the
perturbation decayed and the three grid cells showed the same bed level.

5.4.2 Braided river

The braided river model was inspired by the Jamuna river and is the same model that is used
and described in detail in the study of Schuurman et al. (2013). The model consists of a
3.2 km wide and 80 km long braidplain, with a slope of 0.093 mm/m. The total discharge
was 40000 m3/s, partitioned over 20 cells at the upstream boundary, with an initial water
depth of 5 m. The initial bed and the discharge were slightly perturbated to stimulate bar
development. The bed level of the upstream grid cells differed by 1 cm, and the partitioning
of the discharge between the upstream grid cells varied sinusoidally through time over the
cross-section, with an amplitude of 200 m3/s and a period of 2.28 days. In this study, the
model was run for 2 years at the morphodynamic time scale.

5.4.3 River delta model

The river delta model was inspired by the Old Rhine river mouth at Leiden, The Nether-
lands, from the mid-late Holocene (Geleynse et al., 2010). It consists of a 20 km long river
that flows into the coastal domain delimited as a 10 km by 10 km sloping bed, where the
sediment is deposited and a delta is formed. Initially, the river is a 7 m deep channel with a
width of 0.5 km for the first 15 km from the upstream boundary, after which it exponentially
expands over the last 5 km towards a width of 3 km at the river mouth. The sea has a depth
around 4 meters at the river mouth, increasing towards the end of the model domain. The
upstream boundary consists of a constant discharge of 1750 m3/s and at the downstream
water level boundary a M2 tide is prescribed with an amplitude of 0.7 m. The model is run
for 5 years at the hydrological time scale with a morphological scale factor of 200, resulting
in a morphological run time of 1000 years.

5.4.4 Tidal basin model

The tidal basinmodel consists of a coastal domain of 7 by 3 km and a tidal basin of 7 by 5 km,
connected by a 1 km wide inlet. The water depth at the basin is initially 1 m, and the coastal
domain slopes up to 15 meters depth. A 0.75 m amplitude M2 tide is prescribed at the north
and south coastal boundary with a phase difference in order to create an alongshore tidal
current. The initially flat tidal basin, evolves with incisions due to the tidal induced currents,
promoting a rich channel network. The model is run for 12 months at the hydrological time
scale with a morphological scale factor of 200, resulting in a morphological run time of 200
years. Figure 5.13 shows two bathymetries of model runs with the default slope parameter
in the IK method ((αI = 1.5), and with an αI of 25. A characteristic number of channels is
determined at a fixed distance from the inlet of 2.5 km.
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Figure 5.13: Bathymetries of the tidal inlet model with the IKmethod in combination with an αI of 1.5 (default)
and 25, and their corresponding binary image, where channels are black and the surrounding area is white.

5.4.5 Western Scheldt estuary

The Western Scheldt estuary model is based on the NeVla-Delft3D schematization of the
Scheldt estuary, which includes the upstream Flemish branches of the estuary, the West-
ern Scheldt and part of the North Sea. The NeVla-Delft3D model is a schematization from
the fluid-flow behavior of the Simona simulation used by Rijkswaterstaat (the Netherlands)
combined with the Delft3D component for sediment transport and morphodynamics. The
NeVlamodel is a state-of-the-art numerical model that has been optimized for hydrodynam-
ics (Maximova et al., 2009b; Vroom et al., 2015) and morphology (Grasmeijer et al., 2013;
Schrijvershof and Vroom, 2016) and is applied by the Dutch and Belgian government.

Here, we used a nested model of the NeVla-Delft3D schematization focusing on the West-
ern Scheldt partly for reducing the computational time, which is also used by Van Dijk et al.
(subm). The model boundaries include the Western Scheldt from the mouth at Vlissingen
to the Belgian border, in which the seaward boundary includes a water level fluctuation due
to tides and the landward boundary a current. For simplification the boundaries consist of
a repeating spring-neap tidal cycles. Sediment fraction was uniform with a median grain
size of 200 μm. The roughness field in the model is defined in Manning n and is variable
over the model domain, which was 0.022 s·m−1/3 for the eastern part, and 0.027 s·m−1/3

for the western partMaximova et al., 2009b; Maximova et al., 2009a; Maximova et al., 2009c;
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Vroom et al., 2015; Van Dijk et al., subm. The bed consisted of erodible and non-erodible
layersGruijters et al., 2004; Dam and Bliek, 2013, and therefore sediment thickness varies
within the Western Scheldt model, which reduces the morphological changes but not the
transverse bed slopes. To reduce computational time the wind direction and magnitude as
well as salinity were excluded because of they have no effect on the transverse bed slope. We
applied a morphological factor of 20, to reduce computational time and evaluated the model
runs after 10 years of morphological changes.

We assessed the effect of sediment transport, and the transverse bed slope predictor and
its calibration parameter αI or αK on the sediment transport and morphodynamics within
the Western Scheldt model.
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Chapter 6

Improving large-scalemorphodynamicmodels starts at small-
scale bed slope effects: a discussion

6.1 Introduction

The two main objectives of this thesis were 1) to quantify the physical processes that in-
fluence sediment transport on transverse bed slopes, and 2) to identify the cause of the se-
vere incision in morphodynamic models and why there are extremely large differences in
transverse slope parameter needed to counteract this incision. Firstly, the influence of bend
flow, sediment characteristics and bedforms on the equilibrium between secondary flow and
transverse sediment transport were quantified with experiments in a rotating annular flume
(Chapter 2, 3, 4). Secondly, long-term numerical simulations bracketing a range of scales
and environments were conducted (Chapter 5).

The general findings are illustrated in Figure 6.1, which shows the trend in slope factor (B)
with increasing sediment mobility for the experimental results, and illustrates the range in
typical values for the transverse slope parameter used in current model studies. The slope
factor represents the equilibrium between transverse slope and secondary flow intensity, and
is defined as:

∂zb

∂y
= Bun

us
(6.1)

Where ∂zb
∂y = average transverse slope, u = average magnitude of the near-bed flow velocity

[m/s] in transverse direction (n) and streamwise direction (s). The secondary flow intensity
for each experiment is defined as the direction of the flow near the bed, i.e. the ratio between
the magnitude of the normal flow and secondary flow.

This thesis has shown that the balance between secondary flow intensity and transverse
slope is a non-linear relation with sediment mobility (Chapter 2), which is grain size depen-
dent due to differences in bedform morphology (Chapter 3, Fig. 6.1a,b). This is in contrast
with the linear relations described in previous literature (e.g. Ikeda, 1984; Hasegawa, 1981;
Sekine and Parker, 1992) that are implemented in morphodynamic models. Furthermore,
sediment sorting is quantified as a function of transverse slope, but sorting had no effect on
the average transverse slope (Chapter 4). Even though the experimental results show a new
relation with sediment mobility, the resulting transverse slope parameter is in the same or-
der as default values in morphodynamic models (α 1) which was based on literature (Ikeda,
1984; Koch and Flokstra, 1981). The increase of the transverse slope parameter up to two or-
ders of magnitude that is needed to obtain realistic morphology is therefore well outside the
range of the experimental findings, and implies an imbalance between incision and downs-
lope sediment transport in the models due to another cause. The tendency of models to
incise depends on the suspended sediment transport rate and on grid size, and arbitrary bed
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Figure 6.1: Trend in slope factor (B, Eq. 6.1) against relative sediment mobility (θ/θc) for all experiments de-
scribed in this thesis (scatter). a and b show examples of an experiment with ripples (a) and with dunes (b).
This experimental data is comparedwith the generic predictor of van Bendegom (1947) with typical parameter
values as used in morphological modelling (lines).

slope calibration to counteract this incision may cause an order of magnitude error in rate of
morphological change, channel depth, degree of braiding and bar dimensions (Chapter 5).

In order to seek the explanation for the sensitivity of large-scale morphology to local se-
diment transport direction and magnitude, in this chapter I first focus on the imbalance
between transverse sediment transport and incision, by discussing both the new non-linear
relation with sediment mobility that was found in the experiments and the cause of extreme
incision in morphodynamic models. Then, I examine the effect of this imbalance on channel
dynamics and consequently on the larger scale morphology, analyze the role of environment
and discuss the implications for calibrating large-scale models for decision making. I end
with recommendations for further research to improve both the unrealistic incision in mor-
phodynamic models and the relation of transverse sediment transport.

6.2 Transverse slope effect: a non-linear relation with sediment mobility

This thesis shows that the balance between the transverse slope effect and secondary flow
is not linearly related to a power function of sediment mobility, as suggested in previous
literature, but severely depends on several sediment transport processes that act together
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(Chapter 2). This means that with increasing sediment mobility, the transverse slope will
not be proportionally increased, due to a different interaction between bed state or sediment
transport mode with the flow conditions. In this section, the influence of these sediment
transport processes on the equilibrium between secondary flow and transverse slope is dis-
cussed, thereby explaining the non-linear relation with increasing sediment mobility. This
new-found relation is limited by gravity in two ways. Firstly, there is a minimum shear stress
needed to entrain sediment, i.e. the threshold of sediment motion, since the transverse slope
cannot fully develop when not all sediment is in motion over the channel cross-section. Sec-
ondly, gravity sets the maximum angle that can be reached, leading to a transverse slope that
is equal to the angle of repose.

The equilibrium between secondary flow and transverse slope with increasing sediment
mobility is grain-size dependent, since this determines the mobility of the sediment, bed
state (Van den Berg and Van Gelder, 1993) and the dominant mode of sediment transport
(Bridge, 1992; Bennett et al., 1998). Firstly, to accurately describe the trends in average slope
of experiments with different grain sizes under the same conditions it is necessary to include
a critical sediment mobility, as the different grain sizes have different critical sediment mo-
bilities and therefore a different offset. This is assuming the sediment is uniform, or sorted
out spatially. The poorly sorted sediment mixture in this thesis was chosen such that it was
unimodal and all sediment fractions were mobile over a wide range of sediment mobilities
to avoid size selective transport. This means that in this case the critical bed-shear stress did
not vary much with size fraction, and the D50 is an accurate representation of the sediment
mixture (Kleinhans and van Rijn, 2002).

Secondly, the bed state is the cause of a difference in equilibrium slope at low and inter-
mediate sediment mobility between grain sizes larger and smaller than 0.7 mm (Chapter 3).
Dunes in coarse sediment showed a direct relation between transverse slope and grain size
dependent dune lee side angle, as sufficiently high lee side angles likely resulted in flow sep-
aration (e.g. Lefebvre and Winter, 2016) that enhanced secondary flow in the dune troughs.
As a result, transverse slopes were steeper than in the experiments with fine sediment with
the same streamwise and secondary flow (Fig. 6.1). In experiments with fine sediments, dif-
ferent bed states developed, ranging from ripples, dunes with superimposed ripples, dunes,
to an upper stage plane bed. These bedforms showed no direct interactionwith the secondary
flow, and lee side angles mainly depended on bedform morphology instead of grain size.

Thirdly, grain size determines the dominant mode of transport. The mode of transport
theoretically influences the transverse slope by determining the effective gravity acting on
the grains, since saltating or suspended particles have less contact with the bed than rolling
or sliding grains (Sekine and Parker, 1992). Saltating grains would be dragged further along
with the flow, resulting in a smaller angle of deflection, while suspended particles do not
interact with the slope at all. However, both the transition from rolling bed load towards
saltating particles and from saltation to suspension show no clear relation with changes in
the trend of transverse slope with increasing sediment mobility. Experiments with coarse
sand (1 and 2 mm) did show a decrease in transverse slope at the transition to saltation, but
experimentswith fine gravel (4mm) already showed saltation atmuch lower sedimentmobil-
ity and in combination with higher transverse slopes. This observation is counter-intuitive,
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since larger grain sizes theoretically need a higher sediment mobility to loose contact with
the bed (Bridge, 1992). Around the transition to suspension in the experiments with fine
sediment, the equilibrium between transverse slope and secondary flow intensity became
independent of sediment mobility and could reflect the smaller influence of gravity. How-
ever, transverse slopes in the experiments with coarser sediment were in the same order of
magnitude at high sediment mobilities and also suggested to go towards a constant trend.

Sediment transportmode has an effect on the transverse slope due to the change in contact
with the bed, and thus how far the flow can drag along the grains before they are deflected
downslope. In morphodynamic models, the bed load effect does not act on the suspended
sediment load, which is why models with a large suspended sediment fraction need higher
transverse slope parameters to increase downslope sediment transport to counteract severe
incision (van der Wegen and Roelvink, 2012; Dissanayake et al., 2009; Braat et al., 2017).
Further research is needed into the relation between sediment transport on transverse slopes
and the relative amount of suspended sediment. Furthermore, sediment transport mode
possibly controls transverse slope effects indirectly by influencing bedform dimensions and
vice versa. For example, it is not yet explainedwhy dune lee side angles are lower with smaller
grain sizes, which could be related to a longer travel distance over the dune crest, since salta-
tion length theoretically increases with smaller grain sizes (Bridge, 1992). Additionally, bed-
form lee side angles could also explain the observation that fine gravel experiments showed
saltation at low sediment mobility. Chapter 3 showed that these experiments were charac-
terized by long bed load sheets with steep lee sides, that theoretically should have permanent
flow separation (e.g Best, 2005; Lefebvre and Winter, 2016). During the experiments, grains
detached at the bedform crest and followed the recirculating flow above the zone of flow
separation. These experiments were therefore classified as experiments with saltation, but
actually say more about the presence of flow separation.

The new, process dependent, relation between bend flow and transverse sediment trans-
port that was found in the experiments is expected to have a significant effect on modelled
local bed slopes, channel and bar dimensions, and consequently on channel patterns. At low
and intermediate sediment mobility, experiments with coarse sediments (> 0.7 mm) show
up to six times steeper transverse slopes than the experiments with fine sediments, which
show the same slope parameter as the default value in morphodynamic models (Fig. 2.12b).
The model study in Chapter 5 shows that this will result in narrower and deeper channels,
shorter bars, and a larger braiding index (Fig. 5.9). Furthermore, at high sediment mobilities
the slope effect is constant with increasing sediment mobility for all sediment sizes, which
means that a change in sedimentmobility has a larger effect at lowermobilities. This is there-
fore especially important in areas with low sediment mobility where a significant difference
in sediment mobility over time or space occurs, e.g. near channel banks and shoal mar-
gins. How exactly a nonlinear bed slope relation changes the local morphology remains to
be studied.

Even though the experimental results show a new relation between bend flow and trans-
verse sediment transport, resulting transverse slope parameters are still in the same order of
the default values in morphodynamic models in case of the fine sediment experiments, or
even lower for most of the coarse sediment experiments (Fig. 6.1). This implies that the need
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to artificially increase the transverse slope parameter in models to counteract severe inci-
sion is not caused by the oversimplified implementation of the transverse slope effect. Fur-
thermore, experiments with a sediment mixture showed that bend sorting had no influence
on the magnitude of the transverse slope when all sediment fractions were mobile, which
means that the use of a uniform grain size in models can also not explain the overdeepening
of channels of all modelled environments. Therefore, the use of coarser sediment fractions in
morphodynamic models might be effective to counteract incision (e.g. Davies and Robins,
2017; Dastgheib and Roelvink, 2010) but is not physically realistic and likely hampers the
dynamics of the system.

Since the experimental results show that the new-found relation of the slope parameter
lies around the default value in morphodynamic models, this new relation will not solve the
imbalance between incision and transverse sediment transport in morphodynamic models.
This suggest that calibration by arbitrary increasing the transverse slope parameter up to two
orders of magnitude is necessary to compensate for other model weaknesses. The question
is what weaknesses, such as issues with numerical schemes or missing processes, could lead
to unrealistic incision. The next section will therefore focus on identifying these processes
that affect the balance between incision and transverse slope effect.

6.3 Imbalance between incision and transverse slope effect in
morphodynamic models

The extreme incision in morphodynamic models is the result of an imbalance at the channel
scale between the non-linearity of sediment transport that carves out channels and trans-
verse sediment transport, and depends on grid size and the relative amount of sediment in
suspension (Chapter 5). With the default transverse slope parameter, the flow seems to prefer
flowing through as few grid cells as possible, and when grid cell width is smaller this means
that there is more discharge flowing through a smaller area, which therefore results in more
incision. This initial response determines whether a system tends to incise or goes towards
an equilibrium channel by eroding the banks. The transition from grid size-depended inci-
sion to a more dynamic system is determined by the transverse sediment transport rate and
can therefore be reached by increasing the transverse slope parameter (Fig. 5.11).

The magnitude of slope parameter that is needed to overcome grid size-dependent in-
cision is determined by the bed load transport rate that is initially available for deflection
downslope. This transport rate is calculated by the sediment transport predictor, which de-
termines both the sediment transport rate and the ratio of bed load versus suspended load.
The sediment transport predictor of Engelund-Hansen that relates sediment transport rate
to flow velocity to the power of 5, has a higher sediment transport rate than the predictor
of Van Rijn, which relates sediment transport rate to flow velocity to the power of 3. The
predictor of Van Rijn furthermore makes a distinction between bedload and suspend load,
and assumes the bed slope effect only acts on the bedload part. As a result, the predictor
of Engelund-Hansen will deflect more sediment downslope than the predictor of Van Rijn
at the same flow velocity, which will therefore need a lower slope parameter to counteract
incision.
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However, to understand which predictor behaves more naturally, it is necessary to com-
pare these predictors to the theoretical equilibrium between incision and downslope sedi-
ment transport. In nature, the width-to-depth ratio determines if a perturbation grows or
decays (Struiksma et al., 1985). Wider and shallower channels tend more to incise, so that
larger bed slope effects are needed to prevent growth of channels, and this equilibrium deter-
mines the development of bars and sets the braiding index (Struiksma et al., 1985; Crosato
and Mosselman, 2009). The transition between decay and growth of a perturbation is there-
fore a function between width-to-depth ratio and the transverse sediment flux, and was ana-
lytically described in Chapter 5 and Appendix C.Morphodynamicmodels with the sediment
transport predictor of Van Rijn predict this transition reasonably well on the channel scale
with default transverse slope values. However, once perturbations start to grow and channels
start to incise the numerical models significantly deviate from the analytical model. Here,
the numerical model with wider channels required a disproportionately larger slope effect to
dampen the initial perturbation where the analytical model predicted this to occur. An ex-
tremely high slope effect is needed to generate enough downslope sediment transport from
the bed load transport vector to counteract the disproportionately larger grid size-dependent
incision. Since the transverse sediment transport rate depends on how much sediment is in
suspension, the magnitude of the slope parameter that is needed to balance incision depends
on grain size and sediment mobility, which was also observed by Dastgheib and Roelvink
(2010) and Schuurman et al. (2013). From these results, it follows that even though the pre-
dictor of Van Rijn predicts the most realistic sediment transport rate, the absence of slope
effects acting on suspended sediment transport leads to severely unrealistic model results.
This again highlights the need for further research into the relation between sediment trans-
port on transverse slopes and the relative amount of suspended sediment.

On the other hand, the predictor of Engelund-Hansen overdampens perturbations due
to the high sediment transport rate, and therefore needs width-to-depth ratios that are sig-
nificantly larger than the theoretical values for perturbations to grow. On the larger scale,
this for example leads to a subdued morphology in depositional environments like the delta
model in Chapter 5. This means that even though the predictor of Engelund-Hansen needs
significantly lower slope parameters to counteract grid size-dependent incision due to the
high bedload transport rates and therefore results in better-looking large-scale morphology,
it does not necessarily predict the right bar and channel stability.

6.4 Transverse slope effect controls channel dynamics

The environment that is modelled controls the growth or decay of perturbations at the chan-
nel scale. Here, environment means the initial and boundary conditions, which determine
sediment characteristics, flow conditions, channel pattern and bar regime. The environment
therefore influences how likely models are to incise and how sensitive they are to changes
in bed slope effect (Chapter 5). Environments with a large-scale balance between erosion
and deposition, such as estuaries and rivers, particularly have the tendency to overpredict
channel depth and braiding index and require very high slope effects to overcome the se-
vere incision. With increasing slope effect, the characteristic adaptation length of the bed to
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Figure 6.2: Development of the bathymetry of a cross-section at the river and at the delta over time in the
delta model (for model setup, see Chapter ’5), for different combinations of sediment transport predictor and
magnitude of the slope parameter with the method of Ikeda (1984).

the flow conditions increases (Struiksma et al., 1985), resulting in longer and wider bars and
increasing active channel width, which therefore can result in weaker braiding and fewer
bifurcations. In contrast, depositional models like the delta model in Chapter 5 will show
more natural looking bars with default slope parameters, although channels that form on
the deposits will incise during the model run and can show unnaturally sharp angular bends
that clearly follow the rectangular grid, as observed in model results by e.g. Edmonds and
Slingerland (2009), Caldwell and Edmonds (2014), and Van der Vegt et al. (2016). Models of
systems with dominant erosion, such as the tidal basin model, also show large incision and
unnaturally shaped bends, but here increasing the transverse slope parameter will set these
channel dimensions but not necessarily the number of channels (Fig. 5.9). These differences
between environments can be explained by differences in lateral dynamics.

To model a dynamic system, the model has to overcome extreme incision at the channel
scale by increasing slope effects. Only when this is balanced by downslope sediment trans-
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Figure 6.3: Difference in morphology between the tidal basin model (for model setup, see Chapter ’5) with
either the sediment transport predictor of Van Rijn or Engelund-Hansen. The lower two panels show the loca-
tions of the channel centers over time at the cross-section that is indicated with the black circle in the upper
two DEMs. The slope parameter is constant and modelled with the method of Ikeda (1984).

port, the channel can migrate sideways. Large-scale morphology critically depends on these
local lateral dynamics, which is illustrated in Figure 6.2 and 6.3. The deltamodel described in
Chapter 5 initially exists of only a straight channel, before it starts transporting sediment and
depositing it in the sea basin. However, over time, the river in the models with the transport
predictor of Van Rijn stays within that initial channel without moving sideways, and only
at a high slope parameter it starts to erode the initial banks (Fig. 6.2). In contrast, models
with the sediment transport predictor of Engelund-Hansen are immediately much more dy-
namic. This illustrates the effect of the difference in slope effect needed to balance incision at
the channel scale between both transport predictors. On the other hand, the delta is a depo-
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sitional environment and depends on sedimentation instead of the non-linear incision, and
therefore initially does not have to erode banks. As a result, depositional models with the
sediment transport of Engelund-Hansen show a subdued morphology due to the large sedi-
ment transport rates, which is enhanced with increasing slope effects. However, the channels
on the delta show similar dynamic behavior as in the river part of the model, since they in-
cised in the deposited material. Once channels start to form in the models with Van Rijn,
their location seems to be fixed due to the transverse sediment transport rate that is too low,
while channels on the delta in models with Engelund-Hansen show lateral movement and
regular avulsions. Channels in the erosive tidal basinmodel showed the same behavior: once
a channel was formed in models with Van Rijn it was fixed to that location, while channels
in models with Engelund-Hansen were still able to migrate (Fig. 6.3). Grid size-dependent
incision and the resulting lack of channel migration also explains the angular bends that are
observed in many models with the transport predictor of Van Rijn. The channels follow the
grid configuration which is rectangular in this study, and therefore it is expected that models
with an irregular shaped grid will show other bend shapes, but this does not mean that the
problem of grid size-dependent incision and lack of channel migration is solved in this case.

The magnitude of the transverse slope parameter therefore depends on if a model needs to
be laterally dynamic or not, and thus if it has to overcome the grid size-dependent incision.
Therefore, the difference in slope factor that is used in dynamic, erosional or depositional
systems in previous model studies is also explained by the research objective, next to flow
conditions and the choice in sediment transport predictor. In models of a dynamic environ-
ment this is always the case, and that is why the literature study in Chapter 5 revealed that
many models of these environments used high slope parameters. In case of erosional mod-
els, in some studies bank erosion was calibrated and therefore slope effects were increased,
while the majority of the models presumably only focused on the network characteristics
and therefore saw no need to increase slope effect. The default slope parameter was used in
all depositional models in the literature review, most likely since morphology already looks
rather realistic and increasing the slope effect would quickly lead to a diffuse morphology,
even though channels on the delta incise and often show unnatural bends.

6.5 Recommendations for further research

Results from this thesis demonstrate the necessity for further research into the balance be-
tween incision and transverse sediment transport, since current morphodynamic models
predict unrealistically high channel incision which is masked by increased downslope sedi-
ment transport up to two orders of magnitude too high. Future research should focus on:
1. Slope effects on suspended sediment transport. In morphodynamics models, the bed slope

effect does not act on the suspend load, which causes more extreme incision with in-
creasing sediment mobility and decreasing sediment size, resulting in static large-scale
morphology with e.g long and thin bars and unrealistically sharp bends with up to 90
degree angles (Edmonds and Slingerland, 2009; Caldwell and Edmonds, 2014; Van der
Vegt et al., 2016)(Chapter 5). However, the experimental results in this thesis suggest
that slope effects still act on the suspended load, but in lesser extent and independent of
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sediment mobility. Furthermore, several studies commented on the uncertainty of how
slope effects act on suspended sediment and how the vertical distribution in the water
column affects this (Talmon et al., 1995; Schuttelaars and De Swart, 1999; Walstra et al.,
2007). Other studies suggest that horizontal eddy diffusivity is the main process that re-
distributes suspended sediment in numericalmodels (Hibma et al., 2003; VanDerWegen
and Roelvink, 2008), and this is the reason why the model of (Dam et al., 2016) showed
realistic bed slopes even though all sediment was assumed to be transported in suspen-
sion. However, this could also be contributed to numerical diffusion instead of physical
processes. Therefore, it is advised to further study the role of slope effects and diffusion
of suspended sediment transport by modelling and experiments.

2. Grid size dependent incision. With the default transverse slope parameter, the flow seems
to prefer flowing through as few grid cells as possible, resulting in extreme incision of
channels that are only one grid cell wide. This implies strong resolution and numerical
diffusion effects. In current model studies this grid size-dependent incision is counter-
acted by increasing the slope parameter. As showed in this thesis, the transverse slope pa-
rameter that is needed to balance this extreme incision depends on the sediment transport
predictor and environment, and can result in differences up to two orders of magnitude
in the transverse sediment transport rate. When this issue is solved, large-morphology
is expected to become less dependent on choices by the modeller, and will show more
realistic sediment transport vectors.

3. Implementing and testing improved transverse bed slope relations. The non-linear and
grain size-dependent relation of the transverse slope effect with the power function of
sediment mobility that was found in the experiments is expected to have a significant
effect on modelled local bed slopes, channel and bar dimensions, and consequently on
channel patterns (Chapter 2). The experimental results suggest a different behavior be-
tween systems with fine and coarse sediment. Furthermore, a change in sediment mobil-
ity has a larger effect at lower mobilities, compared with relatively high mobilities were
the slope effect is constant with increasing sediment mobility. This is therefore especially
important in areas with low sediment mobility where a significant difference in sediment
mobility over time or space occurs, e.g. near channel banks and shoal margins. How
exactly a nonlinear bed slope relation changes local morphology remains to be studied
by modelling. Additionally, experiments with a sediment mixture showed limited effect
of vertical sorting by bedforms on lateral sorting on transverse slopes, which justifies the
use of the active layer when modelling lateral sorting over a longer time period (Chap-
ter 4). However, before lateral sorting can be described accurately, a more physics based
predictor needs to be implemented to calculate the deflection of the available grain size
fractions in the active layer as a function of transverse slope (Sloff andMosselman, 2012),
which could be based on the new bend sorting model described in this thesis.

4. Quantifying dune characteristics and their influence on slope effects. Dunes in coarse grained
sediment had a significant effect on the transverse bed slope effect, since their presence
resulted in steeper average transverse slopes (Chapter 2). These steeper transverse slopes
showed a relation with grain size-dependent lee side angle, since steep lee side angles
result in permanent flow separation (e.g. Best, 2005; Lefebvre and Winter, 2016) and it
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was assumed that this enhances secondary flow in the dune troughs (Chapter 3). How-
ever, still some questions remain. Firstly, it is unknown how grain size sets the lee side
angle. Possible explanations could relate to saltation lengths, angularity of the grains,
or the sediment porosity. To study the influence of saltation more detailed experiments
are needed, while the influence of porosity could for example be studied by adding fines
to the coarse sediment that fill up the pores and therefore results in less hyporheic flow
(Blois et al., 2014). Secondly, dunes in experiments are relatively large compared to the
water depth (up to 1

2 of the water depth) and compared to dunes in natural rivers (Tal-
mon et al., 1995), and additionally recent work has observed that dunes with lee sides less
than 15 degrees (low angle dunes) are common in natural large rivers (e.g. Roden, 1998;
Kostaschuk and Villard, 1996). These differences in height and possible lee side angles
implies the relative influence by bedforms on the flow and sediment transport in natu-
ral rivers could also be significantly lower than in experiments, since the possible lack of
flow separation in low angle dunes may not be creating the same enhancement of bend
flow as in the experiments. However, it is unclear if lee side angles are also generally
lower in bends as these field observations were done in straight reaches. An interest-
ing study would be to compare the effect of bends on natural dune morphology similar
to the current analysis. Furthermore, describing relations for dune characteristics and
their effect on sediment transport in bends could help the parametrization of friction in
morphodynamic models. Finally, the orientation of a bedform crest is expected to influ-
ence flow patterns (e.g. Dietrich and Smith, 1984; Kisling-Moller, 1993; Hasbo, 1995),
but showed no relation with secondary flow, transverse slope or bedform morphology in
the experiments, but instead seemed to depend on interactions between bedforms within
the experiment. Previous literature describes the interaction between bedforms and how
dune three-dimensionality depends on the morphology of the dune upstream (e.g. Par-
sons et al., 2005; Reesink et al., 2018), and it would be interesting to likewise study the
development and interaction of dunes in bends.

5. Linking local sediment transport vectors to local flow velocities. The experimental trend
in slope effect with sediment mobility still showed a significant amount of scatter that
could not be explained by averaged values for flow conditions, transverse slope and bed-
form characteristics. Although the new dataset on transverse bed slopes is a major ad-
vance in identifying important sediment transport processes compared to previous scarce
datasets, the ultimate aim should be to describe the local deviation of the transport vec-
tor, instead of cross-sectionally averaged values. However, in that case detailed local flow
velocities and sediment transport measurements are needed. Future studies could there-
fore focus on methods to track individual grains on slopes and characterize local flow
conditions. This can for example be used to quantify the effect of local slopes caused
by bedforms, and the difference between the angle of deflection of rolling and saltating
grains. However, another uncertainty is how deflection of individual grains is related
to avalanching of multiple grains all at once, which depends on static and dynamic fric-
tion. For lower slopes static and dynamic friction are assumed to be constant (Sekine and
Parker, 1992; Parker et al., 2003), but for higher transverse slopes the dynamic friction
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changes and thus depends on the magnitude of the slope. However, how it changes is still
under debate (Parker et al., 2003).

6. Applying the bend sorting model in existing analytical models. The relatively simple bend
sortingmodel that was developed in Chapter 4 can be used in anymodel that already pre-
dicts transverse slope and flow conditions, such as analytical models that predict bifurca-
tion dynamics based on upstream transverse slope (Bolla Pittaluga et al., 2003; Kleinhans
et al., 2008), and models that predict grain size distribution along lateral accretion sur-
faces in a point bar (van de Lageweg et al., 2014). The bend sorting model predicts lateral
sorting along the transverse slope at the bend apex, but this pattern can have a large in-
fluence on morphology by different trajectories of the different grain sizes through the
bend and towards bends downstream (Parker and Andrews, 1985). The current bend
sorting model could therefore be a starting point to predict spatial distribution along the
bend, and thereby improve predictions of sediment transport, bed level elevations and
point bar connectivity models by predicting the dimensions and spatial distribution of
stratigraphic units (Willis and Tang, 2010).

7. Modelling bend flow in a rotating annular flume. The rotating annular flume that is used
in all experimental studies in this thesis has proven to be effective to determine the bal-
ance between transverse sediment transport and bend flow, since it allows control of the
secondary flow intensity separate from the main flow and therefore is able to simulate
varying bend radii. However, flow velocities could only be measured at one location near
a flat bed and Vectrino measurements showed a significant amount of scatter. Therefore,
an analytical model was developed to determine the right trend in near bed flow veloc-
ities with changing lid and floor rotation (Appendix A). This analytical model predicts
one characteristic value of transverse and streamwise flow velocity for each experiment,
while in reality flow patterns are complex and 3D, especially near the ratio of lid and floor
rotation that results in minimal secondary flow intensity (Booij, 1994; Booij, 2003). As a
result, low secondary flow intensities were underpredicted by the analytical flow model
(Fig. 2.3), and this model also deviated for experiments with no floor rotation. Therefore,
although the analytical model provides a good estimation of characteristic flow velocities
to compare to flume average values, if more detailed flow characteristics are needed in
future experiment in the rotating annular flume, flow patterns should be modelled with
a CFD model with various lid to floor rotation ratios. Furthermore, this model can then
also be used to study the effect of bedform dimensions on the flow patterns.

6.6 Implications for calibration practices of large-scale morphodynamic
models

The results in this thesis show that the local balance between channel incision and downslope
sediment transport has a large effect on sediment transport, bar and channel dynamics, and
consequently large-scale morphology. Therefore, modelled morphology heavily depends on
the combination of sediment transport predictor and slope parametrization. Pending further
investigations into sediment transport parameterizations and numerical effects, the choice of
sediment transport predictor and slope parametrization in future studies should depend on
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the environment that ismodelled and the research objective, instead of arbitrary choices. The
recommendations described below are therefore not a solution, but a way to limit unintended
artifacts until the real problems are solved.

As showed in previous sections, the sediment transport predictor determines the tendency
to incise and therefore the increase in transverse slope parameter that is needed to counteract
this incision in order to get a dynamic system. The slope parametrization determines local
direction of sediment transport and thereby themagnitude of downslope sediment transport.
The method of Ikeda (1984) increases the total sediment transport by calculating an addi-
tional transverse transport vector, while the method of Koch and Flokstra (1981) only causes
a larger rotation of the transport vector. When incision is high, increasing the slope parame-
ter with the method of Ikeda (1984) is therefore most effective, since by increasing the slope
parameter more sediment will become available for counteracting incision. The method of
Koch and Flokstra (1981) is less effective, since by only rotating the vector the amount of
sediment that is available to balance incision is limited to the streamwise sediment transport
rate.

This difference between slope parameterizations in direction and magnitude of the trans-
port vector significantly influences the development of morphology across scales. The larger
magnitude of the total transport vector in models with the slope predictor of Ikeda (1984)
results in wider and shallower channels. The larger rotation of the transport vector in mod-
els with the slope predictor of Koch and Flokstra (1981) results in a different distribution of
sediment over bifurcates and a shorter adaptation length to changes in flow conditions, influ-
encing bifurcation dynamics and bar dimensions. Since the methods of Koch and Flokstra
(1981) and Ikeda (1984) distribute sediment differently, this also modifies channel curvature
and therefore the orientation of channels at bends and bifurcations. This orientation affects
locations of bank erosion, migration rate, and chute cutoff processes (Van Dijk et al., 2014).
On the larger scale, this alters the timescale of morphological adaptation and the frequency
of avulsion (Kleinhans and van den Berg, 2011), and therefore has a large influence on the
development of channel patterns.

Practically, thismeans that the choice of sediment transport predictor and slope parametriza-
tion in morphodynamic model studies depends on if the objective is related to sediment
transport processes or to channel and bar patterns (Fig. 6.4). Furthermore, morphodynamic
models can be used for different purposes, for example as a tool to study the effect of ini-
tial and boundary conditions on behavior of large-scale idealized systems, or for manage-
ment decisions about e.g. navigation and engineering. In case of the former, the predictor of
Engelund-Hansenwill lead tomore realistically shaped bars and channel networks in systems
were lateral dynamics are essential, since it needs much lower slope effects to counteract the
severe incision than Van Rijn. However, sediment transport rates are too high which over-
dampens perturbations. Therefore, if the objective is to have realistic sediment transport
rates and morphological adaptation, the predictor of Van Rijn works better. Furthermore,
since this predictor makes a distinction between bed load and suspended load, it is the only
option in environments were suspended sediment is essential, for example in tidal environ-
ments with waves, varying flow directions, or mud. In depositional environments where
lateral dynamics are initially less important, the use of the predictor of Engelund-Hansen is
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difficult due to the diffusive nature of this predictor. This predictor should only be used if
the channels that eventually form have to be dynamic.

The choice of slope parametrization depends on the sediment transport predictor. Inmod-
els with Engelund-Hansen, the best option is in general the method of Koch and Flokstra
(1981), since this resulted in the most realistically shaped bars and braiding index (Fig. 5.9)
(Struiksma et al., 1985; Crosato and Mosselman, 2009). The slope parameterization of Ikeda
(1984) will lead to even more subdued morphology, since the increase in sediment transport
with increasing slope parameter will further overdampen perturbations. In models with Van
Rijn on the other hand, it is advisable to use themethod of Ikeda (1984), since this is often the
only way to counteract the higher incision rate. However, it should be noted that any model
with slope parameters higher than αI = 5 in case of the method of Ikeda (1984) or lower
than αK = 0.5 for the method of Koch and Flokstra (1981) for certain do not produce real-
istic sediment transport rates and direction, according to the range in experimental results
(Fig. 6.1).

In case models are designed to represent existing morphology for e.g. decision making or
case studies, the effect of slope parametrization might seem less obvious due to often smaller
or constrained model domains and shorter run time. However, results still critically depend
on the choice of slope predictor in combination with the sediment transport predictor, since
this determines local direction and magnitude of sediment transport. When the model is
calibrated on bed slopes or the shape of morphological features, different slope parametriza-
tions will lead to a different magnitude and direction of the transport vector on the same
slope (Fig. 5.10), and therefore leads to different local channel dynamics, such as bank ero-
sion rates and location of erosion and deposition. This difference will increase over time,
as local bed slopes begin to deviate. This means that when a model is calibrated on mor-

Dynamic equilibrium / erosional

Sediment transport 

Depositional

αI αK αI αKαI αK αI αK

Morphology
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Sediment transport Channel dynamics

VR EH

Bed slopesSediment transport Bar/bend shape Network 

Figure 6.4: Adaptation of Figure 5.12. Relative performance for each combination of transport predictor and
slopemethod inmodels of either environmentswhere bank erosion is necessary, or depositional environments.
Relative performance is divided in four categories, such that the choice of predictors can be made depending
on the research objective.
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phology but used to make an estimate of time scales of erosion or sediment migration, these
estimates will depend on the choice of slope parametrization. This is for example the case
in models of existing estuaries that are used for dredging and dumping strategies, like the
model of the Western Scheldt in Chapter 5. When the objective is to determine time scales
of erosion or sediment migration, it is better to calibrate the model on for example migra-
tion rates of channels instead of bed levels. On the other hand, when models are calibrated
to sediment transport time scales, morphology and bed slopes will differ between different
methods. These are for example models that focus on the migration rate of dumped sedi-
ment, the sediment distribution at bifurcations, or the rate of bank erosion. Therefore, when
models are calibrated by increasing downslope sediment transport, either sediment transport
magnitude or bed slopes match to measured data, while both is not possible.
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Appendix A

Analytical estimation of near-bed flow velocities in the
rotating annular flume
The rotating annular flume that is used in all experimental studies in this thesis has proven
to be effective to determine the balance between transverse sediment transport and bend
flow, since it allows control of the secondary flow intensity separate from the main flow and
therefore is able to simulate varying bend radii. Chapter 2 describes hownear-bed streamwise
and normal flow velocities were determinedwith an analyticalmodel that was calibratedwith
flow velocity measurements. Here, we describe the derivation of this analytical model that is
a function of the rotation rates of flume lid and floor

The analytical flow model is based on the assumption that shear stresses and centrifugal
forces caused by lid and floor rotation, which drive the flow in the annular flume, are bal-
anced by frictional forces of the lid and the walls of the flume. The trend in streamwise flow
velocity is based on the model of Booij (1994), who found a reasonable agreement with flow
velocity measurements in the same annular flume, but with a smooth bed without sediment.
He assumed that shear stresses should cancel around the axis of rotation and therefore used
the average value of the absolute tangential velocity (U) of the lid (l) and floor (f) at the center
of the flume, multiplied with the ratio in surface area of the lid and flume. This ratio accounts
for the larger surface area of the floor and sidewalls that apply shear to the water, and there-
fore have a larger influence on the average flow velocity than the lid. For the dimensions of
the flume in this study, this ratio would be 0.78. However, in the current model this ratio
is represented by a factor As1 and is calibrated on measured data to account for unknown
effects of three dimensional flow patterns on the non-linearity of the velocity profile. Fur-
thermore, due to the sediment bed, in the current experiments the floor has a higher friction
coefficient than during themeasurements of Booij (1994), and therefore only a fraction of the
floor velocity is transferred to the flow. This fraction is indicated with a second calibration
parameter As2, which is absent in the model of Booij (1994). The resulting approximation
for the streamwise flow velocity is:

us = As1
Ul + As2|Uf|

2
(A.1)

In this flume, the best fit of the analytical flow velocitymodel onmeasured flow velocities was
obtained with calibration parameters As1 = 0.65 and As2 = 0.5 (Chapter 2). An As1 of 0.65
is thus similar to the 0.78 obtained by Booij (1994), but lower because of higher bed friction.

The trend in normal flow velocity is determined using a model of a cross-section of the
flume. The centrifugal force generated by the lid forces water towards the outer bend, which
creates a pressure difference that drives the secondary flow and creates an inward-directed
bed shear stress. Counter-rotation of the floor adds an outward-directed centrifugal force
on the flow low in the water column, which decreases the pressure difference over the water
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column at the outer bend, and thereby decreases the secondary flow and the inward-directed
bed shear stress. Therefore, the net-centrifugal force (Fc) is determined by the difference
between these two centrifugal forces. We assume that the lid rotation influences the top half
of the water column (H/2) and the floor rotation affects the bottom half:

Fc = ρH
2

W
U2

l
r

− ρH
2

W
U2

f

r
(A.2)

This force is balanced by friction exerted along the lid, side walls and sediment bed:

ρH
2

W
U2

l − U2
f

r
= τ′w + τ′b + τ′l (A.3)

where τ′ = shear stress per unit of downstream length [N/m] exerted on the walls (w), bed
(b) and lid (l) respectively.

We consider a cross-section of unit lengthwhere the friction depends on ameasure of both
the magnitude of the streamwise flow velocity and the normal flow velocity. Shear stress for
any boundary section i is therefore defined as:

τ′i = ρciLiunus (A.4)

where L = that part of the hydraulic radius on which the shear stress component is exerted
[m] and ci = friction coefficient. As a simple estimate of the characteristic streamwise flow
velocity, the average of the lid and floor angular velocity was used as described by Equa-
tion A.1. After inserting the definitions of the shear stress and the streamwise flow velocity
into Equation A.3, un can be isolated:

un =
HW

r(cw(W + H) + cbW)

U2
l − U2

f

(Ul + |Uf|)
(A.5)

where:
U2

l − U2
f

(Ul + |Uf|)
=

(Ul − |Uf|)(Ul + |Uf|)
(Ul + |Uf|)

= Ul − |Uf| (A.6)

The friction coefficient for the rough surface of the bed (cb) is defined as:

cb =
8[

5.75log
(

12rh
ks

)]2 (A.7)

where rh = hydraulic radius [m] and ks = Nikuradse roughness height [m]. For the flow
measurements we assumed ks = 2.5D. For both the smooth lid and glass walls, smooth wall
friction is assumed:

cw =
8

[5.75log( 12rhu∗
3.3ν )]2

(A.8)

where u∗ = shear velocity [m/s] and ν = viscosity [m2/s].
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Finally, this results in:

un =
An1HW(Ul − An2|Uf|)
r(cw(W + H) + cbW)

(A.9)

where An1 and An2 are calibration factors, accounting for non-linearity of the velocity pro-
file and the relatively larger influence of floor rotation on the average flow velocity due to a
larger cross-sectional surface, respectively. In this study, the best fit with flow velocity mea-
surements was obtained with An1 = 0.025 and An2 = 2.5. When the ratio of lid to floor
rotation is equal to An2, secondary flow is minimal and an infinite straight river section can
be simulated. The ratio of 2.5 found in this study is higher than the 1.8 found by Booij (1994)
due to the added roughness of the sediment bed.
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Appendix B

Sediment transport and slope effect in Delft3D
In this thesis the problems that arise with bed slope effects in morphodynamic models is il-
lustrated with Delft3D. In this section it is explained how the transverse bed slope effect is
implemented in Delft3D, and how the two main paramterizations can be compared. How-
ever, to understand the implementation of the bed slope effect and how it interacts with the
sediment transport predictor, we first explain the calculation of streamwise sediment trans-
port. In this thesis, the focus is on the difference between the Van Rijn and Engelund-Hansen
sediment transport predictor and their influence on the balance of incision and downslope
sediment transport. Furthermore, in Chapter 5 the results were briefly compared with a
general sediment transport predictor, where the non-linearity of sediment transport and the
addition of a critical shear stress can be specified by the user. Henceforth, we refer to the
predictor of Van Rijn as VR, and to the predictor of Engelund-Hansen as EH.

VR makes a distinction between bed load and suspended load transport, by imposing a
reference height, belowwhich sediment transport is treated as bed load and everything above
this height is treated as suspended load. Gravity only acts on the bed load, which is calculated
as follows:

qb = 0.5ρsd50D−0.3
∗

( τ
ρ

)0.5 τ − τcr

τcr
(B.1)

where qb = bed load sediment transport rate per meter width [m2/s], ρs = sediment density
[kg/m3], ρw = water density [kg/m3], D50 = median grain size [m], D∗ = dimensionless par-
ticle size, τ = shear stress [N/m2], ρ = density [kg/m3], τcr = critical shear stress based on the
Shields criterion [N/m2]. As a result, the sediment transport rate is related to flow velocity
to the power of 3, which determines the non-linearity of the sediment transport predictor.
However, since this predictor also includes a critical flow velocity, the relation between flow
velocity and sediment transport will be more non-linear near the beginning of motion.

EH is a total load predictor (qt), and unlike VR, it does not include a critical velocity or
critical shear stress:

qt =
0.005αu5

√gC3 ρs−ρw
ρw

D50
(B.2)

where α = a calibration coefficient in the order of 1. Here, the sediment transport rate is
related to flow velocity to the power of 5.

The general sediment transport predictor in Delft3D is based on the predictor of Meyer-
Peter MuellerMeyer-Peter and Müller, 1948:

qt = αD50

√
ρs − ρw

ρw
gD50θb(θ − θc)

c (B.3)

where b and c are user definedparameters, which determine the non-linearity of the sediment
transport predictor and the addition of a critical sediment mobility. The sediment mobility
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θ, a dimensionless form of the bed shear stress, reads:

θ =
u2

C2 ρs−ρw
ρw

D50
(B.4)

When the magnitude of the bed load or total load sediment transport is calculated parallel
to the flow velocity, the direction and magnitude of the transport vector is adjusted for bed
slopes. For transverse slopes, the two commonly used parameterizations are the predictor
of Koch and Flokstra (KF)Koch and Flokstra, 1981 (ISlope = 3) and Ikeda (IK)Ikeda, 1984
(ISlope = 2). The main difference between both options is in the calculation of the trans-
port vector (Fig. 5.1). For KF the direction of sediment transport is corrected for transverse
gradients by rotating the transport vector based on the user-defined factors αK and βK:

tan(ψ) = 1
αKθβK

∂zb

∂y
(B.5)

For IK an additional transport vector is calculated perpendicular to the flow direction,
based on the input parameter αI:

qn = qsαI

√
θc

θ
∂zb

∂y
(B.6)

where q = sediment transport load [m2/s] in the streamwise (s) or transverse (n) direction,
and ∂zb

∂y = transverse slope [m/m].
As a result, the IK method increases the direction and total magnitude of sediment trans-

port when a transverse slope is present, while for KF only the direction is changed. An-
other difference is that the IK method uses a critical shear stress, which is absent in the KF
method. The default value of αI in Delft3D is set to 1.5, while the parameter αK is not defined
in the model, but should be 1.5 according to Koch and FlokstraKoch and Flokstra, 1981. The
method of calculating the sediment transport vector in both slope options therefore has ma-
jor implications for calibrating models with the transverse slope parameter. By increasing
the αI in the IK method by a factor of ten for example, the amount of downslope sediment
transport is also increased by a factor of ten, which increases the total sediment transport
significantly (Fig. 5.1). With the KF method sediment transport is not increased, but here,
decreasing the αK to values reported in literature could easily result in more downslope se-
diment transport than streamwise sediment transport.

It is possible to compare the effect on resulting morphology of using different slope pre-
dictors by requiring either the magnitude or the direction of transverse sediment transport
to be equal. When assuming an equal magnitude, the method of KF needs to be corrected
for a given slope and sediment mobility. Using Equation B.5 and Equation B.6 with a βK of
0.5 it follows that:

αI =

αK

√
θc +

θc

α2
Kθ

(
dz
dy

)2
−1

(B.7)
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Figure B.1: Relation between αI and αK , the input parameters of the two main options to calculate sediment
transport on transverse bed slopes in the morphodynamic model Delft3D, when assuming equal downslope
sediment transport (Eq B.7). Colored lines indicate combinations of transverse slope and sediment mobility,
with a critical sediment mobility of 0.04. Gray lines indicate values for the αI and αK used in the delta model
(Fig. 5.4).

The resulting relation between αI and αK is plotted in Fig. B.1 for four combinations of
transverse slope and sediment mobility. When assuming equal direction of sediment trans-
port, it follows that:

αI =
(
αK

√
θc

)−1
(B.8)

which is shown as the linear solution in Figure B.1.
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Appendix C

Theoretical balance between incision and transverse
sediment transport

Tohelp identify the cause of the overdeepening of channels in numericalmodels, we compare
the balance between incision and transverse sediment transport in a straight river channel
in Delft3D with an analytical model of a channel cross-section with the same characteristics
(Chapter 5). The analytical model consists of three grid cells in cross-section, with an initial
bed level difference between the middle cell and the surrounding cells, representing a distur-
bance that either decays or grows by incising further (Fig. C.1). The aim of this model is to
find the equilibrium width-to-depth ratio at which incision is equal to transverse sediment
transport, and how this ratio depends on flow conditions, sediment transport processes, and
size of the disturbance.

Themodel first calculates upstreamflowcharacteristics and corresponding sediment trans-
port rate based on the input parameters, which are a constant Chezy coefficient for friction
(C), channel slope (S), grain size (D50), the non-linearity of the sediment transport predic-
tor (k), and a height difference (dh). We assume a constant specific discharge such that the

Figure C.1: Concept of the analytical model. The cross-section is three grid cells wide with a bed level differ-
ence between the middle grid cell and the surrounding cells as an initial perturbation. The numerical channel
is also based on this concept. a) Definition of the flow velocity and transport vectors, channel width (W), initial
channel depth (hi), bed level difference (dh), and transverse slope (dz/dy). b) The perturbation decays when
transverse sediment transport is larger than the difference between incoming and outgoing sediment trans-
port. The middle grid cell will accrete, while the surrounding cells will erode till the average bed level. c) The
perturbation grows when transverse sediment transport is smaller than the difference between incoming and
outgoing sediment transport. The middle grid cell will incise further, while the surrounding cells will accrete.
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relation between channel width and discharge Q [m3/s] is linear:

Q = aW (C.1)

The upstream flow velocity (ui) and water depth (hi) are calculated by iteration, using the
following equations for flow velocity:

ui = C
√

hiS (C.2)

ui =
a
hi

(C.3)

The upstream sediment transport rate (qi) is based on the same general sediment transport
predictor as in Delft3D:

qi = αD50

√
ρs − ρw

ρw
gD50θ

k
2
i (C.4)

Then, flowcharacteristics and sediment transport fluxes are calculated for the cross-section
under consideration, based on the height difference between the middle grid cell (h2) and
the outer two grid cells (h1, h3) (Fig. C.1a). It is assumed that the average water depth at the
cross-section is equal to the initial water depth, which leads to:

h1 = h3 = hi − 0.5dh (C.5)

h2 = hi + dh (C.6)

The sediment transport rate for each cell is calculated with Equations 2.5, C.2 and C.4, but
with the specific water depths. The sediment transport rate towards themiddle cell as a result
of the transverse slope (qn) is based on the method of IkedaIkeda, 1984:

qn = q1
β√
θ
1.5dh

W
3

(C.7)

where β = transverse slope parameter, which is based on αI fromEquation 2.7. The transverse
slope is defined as the height difference between two cells divided by the width of one grid
cell, which is the same method as in Delft3D.

A balance between incision and downslope sediment transport is assumed when the dif-
ference between the upstream sediment transport and the sediment transport rate for the
middle grid cell is equal to the total downslope sediment transport:

2qn = q2 − qi (C.8)

When the transverse sediment flux is larger, there is sedimentation and the perturbation will
likely decay (Fig. C.1b), while when the transverse sediment flux is smaller, the grid cell is
incised and the perturbationwill grow (Fig. C.1c). Using Equations 2.5, C.2 andC.4 it follows
that:

Weq =
hk/2
1

hk/2
2 − hk/2

i

9βdh√
θ

(C.9)
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where Weq = width of the channel when incision is equal to the transverse sediment trans-
port. The equilibrium width-to-depth ratio is now a function of the size of the disturbance,
sediment mobility and the non-linearity of sediment transport. All other parameters influ-
ence this equilibrium by changing the sediment mobility. In further analyses we first assume
a constant channel slope of 0.5 mm/m, a Chezy coefficient of 40

√
m/s, a ratio between

channel width and discharge of 12.5, and a grain size of 0.5 mm.
With increasing sediment mobility, the equilibrium width-to-depth ratio decreases expo-

nentially (Fig. C.2), which means that at higher sediment mobility a channel is more likely to
incise. A higher non-linearity of the transport predictor causes a higher sediment transport
rate, and therefore results in more incision and a lower equilibrium width-to-depth ratio
at any sediment mobility. Increasing the transverse slope parameter has the opposite ef-
fect, since more sediment is transported downslope which counteracts incision. Increasing
the depth of the initial perturbation also decreases the equilibrium width (Fig. C.2), since
deeper channels attract more flow and therefore need more downslope sediment transport
to counteract this. However, this influence is less than changing the bed slope effect or the
non-linearity.

To be able to show the effects of height of the perturbation and the other parameters that
influence sediment mobility, the width-to-depth ratio is multiplied by the square root of the
sediment mobility divided by the slope parameter, which is the ratio that describes the slopes
of the graphs in Figure C.2. We call the resulting parameter the channelization factor, since
it describes the balance between the tendency to enhance perturbations determined by the
width-to-depth ratio, and the bed slope effect that counteracts incision. This balance thereby
controls the formation of channels. As a result, Figure C.3a shows how models with varying
slope effect and sediment mobility collapse when plotting this factor against height of the
perturbation. Again, a higher non-linearity of sediment transport results in a growth of the
perturbation at lower width-to-depth ratios. Higher Chezy values, and thus lower friction,
also results in a growth of the perturbation at lower width-to-depth ratios when increasing
the depth of the perturbation, but less dramatically. However, negative perturbations, i.e.
when the middle grid cell is higher than the surrounding cells, need higher width-to-depth
ratios for the perturbation to grow. Increasing the channel slope or decreasing the ratio be-
tween discharge and channel width shows the same trend.
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Figure C.2: The trend in equilibrium width-to-depth ratios with increasing sediment mobility, for three differ-
ent depths of the initial perturbation (dh), resulting from the analytical model. Colors indicate the non-linearity
of sediment transport (k). Solid lines indicate default slope effect (αI = 1.5), dashed lines indicate an increased
slope effect (αI = 10). Width-to-depth ratios to the left of these lines will result in a decay of the initial pertur-
bation, while ratios towards the right will result in a growth.

Figure C.3: Channelization factor resulting from the analytical model, plotted against the depth of the initial
perturbation. Width-to-depth ratios lower than these lineswill result in a decay of the initial perturbation, while
higher ratios will result in a growth.
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Appendix D

Slope effect in previous morphodynamic model studies
Table D.1 shows the results of the literature study described in Chapter 5. For each study, the
morphodynamic model and the magnitude of the slope factor that is used is indicated, and
whether this study mentions or discusses the effect on morphology of the slope parameter
(yes = 1, no = 0). The environment that is modelled can be erosional (1), depending on
a large-scale balance between erosion and deposition (2), or depositional (3). Models are
included in this literature studywhen they either have an upstream river boundary (1), a river
boundary as well as a downstream tidal boundary (2), or only a tidal boundary (3). Lastly,
it is noted whether the model considers suspension (1) or treats all sediment transport as
bedload (0).
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Table D.1: Results of the literature study described in Chapter 5.

paper model slope effect mention? discuss? environment boundary suspension?
(1/0) (1/0) e/b/d (1/2/3) r,r+t,t (1/2/3) (1/0)

Yuill et al. (2016a) Delft3D 1,5 0 0 1 1 1
Asahi et al. (2013) Nays2D 1,5 0 0 1 1 0
Van Der Wegen and Roelvink (2008) Delft3D 1,5 1 1 1 2 0
Tran et al. (2012) Delft3D 1,5 0 0 1 3 1
Tuan et al. (2008) MOGEC 2 1 0 1 1 1
Dissanayake et al. (2009) Delft3D 5 1 1 1 3 0
Marciano et al. (2005) Delft3D 5 1 0 1 3 0
Zhou et al. (2014) Delft3D 1,5 1 1 1 3 0
Schuurman et al. (2013) Delft3D 15 1 1 2 1 0
Oorschot et al. (2016) Delft3D 15 1 0 2 1 0
Caldwell and Edmonds (2014) Delft3D 1,5 1 0 3 1 1
Matsubara and Howard (2014) Delft3D 4,4 1 0 1 1 1
Schuurman and Kleinhans (2015) Delft3D 7 1 0 2 1 0
Stecca et al. (2017) Delft3D 1,43 1 0 1 1 0
Williams et al. (2016) Delft3D 1,5 1 1 1 1 0
Edmonds and Slingerland (2008) Delft3D 1,5 1 1 3 1 1
Schuurman et al. (2016) Delft3D/ 6 1 0 2 1 0

Nays2D
Jiménez-Robles et al. (2016) Delft3D 1,5 0 0 3 1 1
Nicholas et al. (2013) Delft3D 25 1 1 2 1 1
Xie et al. (2009) Delft3D 1,5 0 0 1 1 1
van der Wegen and Roelvink (2012) Delft3D 10 1 1 2 2 0
Nnafie et al. (2018) Delft3D 2 1 0 1 2 0
Leonardi et al. (2013) Delft3D 1,5 1 1 3 2 1
Van der Wegen and Jaffe (2014) Delft3D 100 1 0 2 2 1
van Dijk et al. (2018) Delft3D 30 1 0 2 2 1
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Nienhuis et al. (2016) Delft3D 1,5 0 0 3 1 1
Kleinhans et al. (2010) Delft3D 1,5 0 0 3 1 1
Edmonds and Slingerland (2007) Delft3D 1,5 1 0 3 1 1
Van Dijk et al. (2014) Delft3D 7 1 1 1 1 0
Schuurman et al. (2018) Delft3D 25 1 1 2 1 0
Van Maren et al. (2009) Delft3D - 0 0 2 1 1
Vargas-Luna et al. (2018) Delft3D - 0 0 2 1 0
Liedermann et al. (2018) iSed - 0 0 2 1 1
Martínez-Fernández et al. (2018) Delft3D - 0 0 2 1 0
Mariotti et al. (2013) Delft3D - 0 0 3 1 1
Canestrelli et al. (2014) Delft3D - 0 0 3 1 1
Yuill et al. (2016b) Delft3D - 0 0 3 1 1
Rousseau et al. (2017) Telemac - 0 0 1 1 0
Norman et al. (2017) Nays2D - 0 0 1 1 1
French (2010) Telemac - 0 0 2 2 1
French (2003) Telemac - 0 0 2 2 1
Son and Hsu (2011) Delft3D - 0 0 1 2 1
Xie et al. (2017) Delft3D - 0 0 2 2 1
Van Der Wegen et al. (2011) Delft3D - 0 0 2 2 1
Ralston and Geyer (2017) ROMS - 0 0 3 2 1

+CSTMS
Ganju et al. (2009) ROMS - 0 0 2 2 1

+CSTMS
Luan et al. (2017) Delft3D - 0 0 2 2 1
Davies and Robins (2017) Telemac - 0 0 2 2 1
Hibma et al. (2004) Delft3D - 0 0 2 2 1
Guo et al. (2015) Delft3D - 0 0 2 2 0
Mariotti and Canestrelli (2017) Delft3D - 0 0 1 3 1
Schwarz et al. (2014) Delft3D - 0 0 1 3 1
Horstman et al. (2015) Delft3D - 0 0 1 3 1
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Dissanayake et al. (2012) Delft3D - 0 0 1 3 1
Hu et al. (2018) Delft3D - 0 0 1 3 1
Rossi et al. (2016) Delft3D 1,5 0 0 3 1 1
Hajek and Edmonds (2014) Delft3D 1,5 0 0 3 1 1
Geleynse et al. (2010) Delft3D 1,5 0 0 3 1 0
Van de Lageweg and Feldman (2018) Delft3D 1,5 0 0 3 2 0
Hibma et al. (2003) Delft3D 1 1 0 2 2 0
Lotsari et al. (2014) TUFLOW 2 1 0 2 1 1
Braat et al. (2017) Delft3D 25 1 1 2 2 0
Van der Vegt et al. (2016) Delft3D 1,5 0 0 3 1 1
Edmonds and Slingerland (2009) Delft3D 1,5 0 0 3 1 1
Temmerman et al. (2007) Delft3D 1,5 0 0 1 3 1
Ridderinkhof et al. (2014) Delft3D 20 1 0 1 3 1
Van Leeuwen et al. (2003) Delft3D 1,5 0 0 1 3 0
Sanyal (2017) Delft3D 1,5 0 0 1 1 0
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Appendix E

Experimental data: uniform sediment

Table E.1: Median grain size (D50), angular velocity (ω) of the lid (l) and floor (f ), transverse slope (dz/dy), av-
erage flow velocity (u) in streamwise (s) and normal (n) direction, sediment mobility (θ), characteristic dune
height (Δ), length (λ), and lee side angle (◦) of all 269 morphodynamic experiments in the rotating annular
flume with uniform sediment (ρs = 2650 kg/m3).

exp. D50 ωl ωf dz/dy us un θ Δ λ lee
[mm] [rad/s] [rad/s] [m/m] [m/s] [m/s] [-] [m] [m] [◦]

1 0,17 0,598 0,000 0,411 0,360 0,063 0,128 0,060 1,330 18,6
2 0,17 0,503 0,000 0,330 0,302 0,052 0,090 0,008 0,360 6,3
3 0,17 0,503 -0,628 -0,425 0,491 -0,119 0,238 0,169 2,150 26,1
4 0,17 0,503 -0,314 -0,476 0,397 -0,031 0,155 0,013 0,770 36,5
5 0,17 0,503 -0,209 -0,094 0,365 -0,002 0,132 0,006 0,000 6,4
6 0,17 0,503 -0,157 0,019 0,349 0,012 0,120 0,007 0,310 7,0
7 0,17 0,503 -0,126 0,102 0,340 0,020 0,114 0,005 0,380 7,4
8 0,17 0,503 0,209 0,217 0,239 0,100 0,056 0,003 0,000 5,0
9 0,17 0,503 0,126 0,168 0,264 0,082 0,069 0,005 0,340 4,9

10 0,17 0,393 0,000 0,308 0,236 0,040 0,055 0,007 0,320 9,8
11 0,17 0,314 0,000 0,088 0,189 0,031 0,035 0,005 0,315 9,4
12 0,17 0,314 -0,314 -0,455 0,283 -0,050 0,079 0,025 0,855 32,1
13 0,17 0,314 -0,209 -0,274 0,252 -0,022 0,063 0,007 0,320 9,6
14 0,17 0,314 -0,126 0,009 0,227 0,000 0,051 0,005 0,000 8,3
15 0,17 0,251 0,000 0,000 0,151 0,024 0,023 0,000 0,000 1,1
16 0,17 1,795 0,000 0,409 1,079 0,207 1,150 0,005 2,210 36,9
17 0,17 1,795 -0,628 0,083 1,268 0,026 1,587 0,001 0,000 1,3
18 0,17 1,795 -0,314 0,306 1,174 0,118 1,360 0,001 0,000 10,5
19 0,17 1,795 -0,209 0,369 1,142 0,148 1,288 0,002 0,000 2,9
20 0,17 1,795 -0,157 0,365 1,127 0,163 1,252 0,003 2,370 11,0
21 0,17 1,795 -0,126 0,367 1,117 0,171 1,231 0,002 2,360 13,8
22 0,17 1,795 0,628 0,402 0,890 0,375 0,782 0,076 0,885 20,0
23 0,17 0,209 -0,126 0,006 0,164 -0,010 0,026 0,002 0,000 4,6
24 0,17 1,396 0,000 0,411 0,840 0,158 0,695 0,058 2,830 15,3
25 0,17 1,142 0,000 0,369 0,687 0,127 0,466 0,136 1,840 29,0
26 0,17 1,142 -0,628 -0,124 0,876 -0,049 0,757 0,001 0,000 4,1
27 0,17 1,142 -0,314 0,217 0,781 0,040 0,602 0,003 2,840 5,4
28 0,17 1,142 -0,209 0,279 0,750 0,070 0,555 0,068 2,190 12,3
29 0,17 1,142 -0,157 0,333 0,734 0,084 0,532 0,024 2,360 7,7
30 0,17 1,142 -0,126 0,335 0,725 0,093 0,518 0,046 1,870 17,8
31 0,17 1,142 0,628 0,449 0,498 0,281 0,245 0,038 0,470 20,8
32 0,17 1,142 0,314 0,438 0,592 0,209 0,346 0,084 0,595 28,3
33 0,17 1,142 0,209 0,533 0,624 0,182 0,384 0,146 1,360 28,6
34 0,17 1,142 0,157 0,470 0,640 0,169 0,404 0,049 1,630 36,4

159



35 0,17 1,142 0,126 0,532 0,649 0,160 0,416 0,087 2,250 16,2
36 0,17 0,898 0,000 0,352 0,540 0,098 0,287 0,117 2,030 21,6
37 0,17 0,739 0,000 0,345 0,444 0,079 0,195 0,007 1,430 9,4
38 0,17 0,739 -0,628 -0,303 0,633 -0,094 0,396 0,021 5,900 15,5
39 0,17 0,739 -0,314 -0,110 0,539 -0,005 0,287 0,004 0,000 8,2
40 0,17 0,739 -0,209 0,227 0,507 0,024 0,254 0,054 2,295 13,4
41 0,17 0,739 -0,157 0,271 0,492 0,038 0,239 0,097 2,340 17,7
42 0,17 0,739 -0,126 0,325 0,482 0,046 0,229 0,023 2,270 33,7
43 0,17 0,739 0,209 0,517 0,381 0,131 0,144 0,020 0,720 26,6
44 0,17 0,739 0,157 0,483 0,397 0,119 0,156 0,029 0,850 35,3
45 0,17 0,739 0,126 0,472 0,407 0,111 0,163 0,039 0,840 24,0
46 0,26 0,503 0,000 0,273 0,302 0,048 0,066 0,007 0,280 9,4
47 0,26 0,503 -0,209 -0,236 0,365 -0,002 0,096 0,009 0,000 13,5
48 0,26 0,503 -0,157 -0,010 0,349 0,011 0,088 0,006 0,000 6,7
49 0,26 0,503 -0,126 0,033 0,340 0,019 0,083 0,005 0,340 5,7
50 0,26 0,503 0,126 0,257 0,264 0,077 0,050 0,008 0,230 23,0
51 0,26 0,393 0,000 0,096 0,236 0,037 0,040 0,004 0,000 5,9
52 0,26 0,393 -0,209 -0,353 0,299 -0,013 0,065 0,012 0,280 11,1
53 0,26 0,393 -0,126 0,011 0,274 0,008 0,054 0,005 0,000 6,9
54 0,26 0,314 0,000 0,042 0,189 0,029 0,026 0,003 0,000 8,6
55 0,26 1,795 -0,628 0,108 1,268 0,024 1,161 0,001 0,000 1,4
56 0,26 1,795 -0,314 0,278 1,174 0,109 0,994 0,026 2,425 8,7
57 0,26 1,795 -0,209 0,236 1,142 0,137 0,942 NaN 3,935 NaN
58 0,26 1,142 0,000 NaN 0,687 0,118 0,340 0,127 1,660 25,4
59 0,26 1,142 -0,314 -0,279 0,781 0,038 0,440 0,197 2,310 30,4
60 0,26 1,142 -0,209 0,189 0,750 0,065 0,406 0,074 2,110 14,0
61 0,26 1,142 -0,157 0,298 0,734 0,078 0,389 0,089 1,950 17,0
62 0,26 1,142 -0,126 0,352 0,725 0,086 0,379 0,101 2,020 19,9
63 0,26 1,142 0,314 0,379 0,592 0,194 0,253 0,084 0,705 24,5
64 0,26 1,142 0,157 0,437 0,640 0,157 0,295 0,116 0,690 36,3
65 0,26 0,898 0,000 0,430 0,540 0,091 0,210 0,096 1,400 22,5
66 0,26 0,739 0,000 0,289 0,444 0,074 0,143 NaN 1,490 NaN
67 0,26 0,739 -0,314 -0,414 0,539 -0,005 0,210 0,040 0,705 12,7
68 0,26 0,739 -0,209 0,059 0,507 0,022 0,186 0,018 0,910 8,7
69 0,26 0,739 -0,157 0,142 0,492 0,035 0,174 0,054 1,290 16,7
70 0,26 0,739 -0,126 0,203 0,482 0,043 0,168 0,028 2,110 15,3
71 0,26 0,739 0,157 0,404 0,397 0,111 0,114 0,016 0,490 25,5
72 0,26 0,739 0,126 0,396 0,407 0,103 0,119 0,014 0,360 13,4
73 0,26 0,661 0,000 0,400 0,398 0,065 0,114 0,031 1,100 22,0
74 0,37 0,598 0,000 0,305 0,360 0,055 0,072 0,018 0,625 21,0
75 0,37 0,503 0,000 0,259 0,302 0,045 0,051 0,006 0,350 7,3
76 0,37 0,503 -0,314 -0,367 0,397 -0,027 0,088 0,084 1,100 23,0
77 0,37 0,503 -0,209 -0,123 0,365 -0,002 0,075 0,010 0,300 8,6
78 0,37 0,503 -0,157 -0,007 0,349 0,010 0,068 0,005 0,270 7,0
79 0,37 0,503 -0,126 0,037 0,340 0,017 0,065 0,006 0,340 7,6
80 0,37 0,503 0,209 0,106 0,239 0,088 0,032 0,003 0,210 5,0
81 0,37 0,503 0,157 0,356 0,255 0,078 0,036 0,007 0,220 10,8
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82 0,37 0,503 0,126 0,252 0,264 0,072 0,039 0,006 0,240 9,3
83 0,37 0,393 0,000 0,169 0,236 0,035 0,031 0,006 0,260 9,4
84 0,37 0,393 -0,314 -0,393 0,331 -0,037 0,061 0,057 0,650 20,5
85 0,37 0,393 -0,209 -0,243 0,299 -0,012 0,050 0,009 0,305 10,1
86 0,37 0,393 -0,157 -0,045 0,283 0,000 0,045 0,005 0,220 7,1
87 0,37 0,393 -0,126 -0,045 0,274 0,007 0,042 0,006 0,225 8,6
88 0,37 0,314 0,000 0,063 0,189 0,027 0,020 0,005 0,235 9,3
89 0,37 0,314 -0,126 0,004 0,227 0,000 0,029 0,004 0,000 5,6
90 0,37 1,795 -0,628 0,112 1,268 0,023 0,899 0,000 0,000 1,2
91 0,37 1,795 -0,314 0,249 1,174 0,101 0,771 0,078 2,480 16,6
92 0,37 1,795 -0,209 0,199 1,142 0,127 0,730 0,076 2,700 17,1
93 0,37 1,795 -0,157 0,277 1,127 0,140 0,710 0,158 2,035 16,2
94 0,37 1,795 -0,126 0,338 1,117 0,148 0,698 0,096 2,020 17,7
95 0,37 1,795 0,628 0,303 0,890 0,325 0,443 0,099 0,630 25,4
96 0,37 1,142 -0,628 -0,281 0,876 -0,043 0,429 NaN 0,000 NaN
97 0,37 1,142 -0,314 -0,016 0,781 0,035 0,341 0,069 2,200 16,0
98 0,37 1,142 -0,209 0,244 0,750 0,060 0,314 0,113 2,155 17,5
99 0,37 1,142 -0,157 0,285 0,734 0,073 0,301 0,108 2,420 17,5

100 0,37 1,142 -0,126 0,298 0,725 0,080 0,294 0,141 2,360 20,8
101 0,37 1,142 0,209 0,352 0,624 0,158 0,218 0,139 0,790 26,8
102 0,37 1,142 0,157 0,386 0,640 0,146 0,229 0,153 0,850 26,0
103 0,37 1,142 0,126 0,447 0,649 0,139 0,236 0,154 0,875 26,3
104 0,37 0,898 0,000 0,385 0,540 0,085 0,163 0,115 1,060 26,4
105 0,37 0,739 0,000 0,372 0,444 0,069 0,110 0,041 1,300 21,1
106 0,37 0,739 -0,314 -0,464 0,539 -0,004 0,162 0,063 1,010 22,7
107 0,37 0,739 -0,209 0,094 0,507 0,021 0,144 0,061 0,830 19,3
108 0,37 0,739 -0,157 0,201 0,492 0,033 0,135 0,031 0,910 12,7
109 0,37 0,739 -0,126 0,252 0,482 0,040 0,130 0,046 1,510 15,2
110 0,37 0,739 0,157 0,423 0,397 0,104 0,088 0,023 0,450 14,6
111 0,37 0,739 0,126 0,422 0,407 0,097 0,092 0,022 0,530 16,8
112 0,37 0,661 0,000 0,371 0,398 0,061 0,088 0,033 0,980 25,9
113 1,00 0,598 0,000 0,373 0,360 0,044 0,036 0,017 1,270 27,0
114 1,00 0,598 -0,314 -0,343 0,454 -0,014 0,058 NaN 0,770 NaN
115 1,00 0,598 -0,209 0,056 0,423 0,006 0,050 0,016 0,850 3,9
116 1,00 0,598 -0,157 0,170 0,407 0,015 0,046 0,008 0,700 8,0
117 1,00 0,598 -0,126 0,173 0,398 0,021 0,044 0,018 0,810 6,4
118 1,00 0,598 0,126 0,172 0,322 0,066 0,029 0,021 0,920 10,4
119 1,00 0,546 0,000 0,253 0,329 0,040 0,030 0,017 1,645 12,0
120 1,00 0,503 0,000 0,153 0,302 0,036 0,026 NaN 0,860 NaN
121 1,00 0,503 -0,314 -0,367 0,397 -0,021 0,044 0,059 0,705 15,6
122 1,00 0,503 -0,209 0,033 0,365 -0,002 0,037 0,007 0,925 2,7
123 1,00 0,503 -0,157 0,217 0,349 0,008 0,034 0,006 1,480 8,2
124 1,00 0,503 -0,126 0,215 0,340 0,014 0,032 0,008 2,395 5,4
125 1,00 0,503 0,126 0,000 0,264 0,058 0,020 NaN 0,000 NaN
126 1,00 0,465 0,000 0,043 0,280 0,034 0,022 0,005 0,500 2,2
127 1,00 0,465 -0,126 0,190 0,318 0,011 0,028 0,016 1,680 20,1
128 1,00 1,795 0,000 0,455 1,079 0,140 0,327 0,090 1,180 17,9
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129 1,00 1,795 -0,419 -0,245 1,205 0,059 0,408 0,135 1,140 12,8
130 1,00 1,795 -0,314 0,153 1,174 0,079 0,387 0,048 1,870 12,9
131 1,00 1,795 -0,251 0,152 1,155 0,092 0,374 0,037 1,245 9,0
132 1,00 1,396 0,000 0,388 0,840 0,108 0,198 0,057 0,850 16,3
133 1,00 1,396 -0,628 -0,384 1,028 -0,014 0,297 NaN 0,695 NaN
134 1,00 1,396 -0,419 -0,348 0,965 0,027 0,262 NaN 0,780 NaN
135 1,00 1,396 -0,314 -0,051 0,934 0,048 0,245 0,060 0,710 11,0
136 1,00 1,396 -0,209 0,132 0,902 0,068 0,229 0,044 0,590 15,8
137 1,00 1,396 -0,157 0,169 0,887 0,078 0,221 0,030 0,730 6,5
138 1,00 1,396 -0,126 0,244 0,877 0,084 0,216 0,030 0,720 17,2
139 1,00 1,396 0,157 0,451 0,792 0,137 0,176 NaN 0,630 NaN
140 1,00 1,396 0,126 0,394 0,802 0,131 0,180 NaN 0,670 NaN
141 1,00 1,142 0,000 0,354 0,687 0,087 0,132 0,027 0,905 14,1
142 1,00 1,142 -0,628 -0,436 0,876 -0,033 0,215 0,088 0,645 30,9
143 1,00 1,142 -0,314 -0,108 0,781 0,028 0,171 0,054 0,550 15,0
144 1,00 1,142 -0,251 0,014 0,762 0,040 0,163 0,023 0,550 5,5
145 1,00 1,142 -0,209 0,087 0,750 0,048 0,158 0,030 0,555 10,3
146 1,00 1,142 -0,157 0,179 0,734 0,058 0,151 0,047 0,670 9,6
147 1,00 1,142 -0,126 0,197 0,725 0,063 0,147 0,032 0,630 11,8
148 1,00 1,142 0,628 0,192 0,498 0,197 0,070 0,025 0,410 12,0
149 1,00 1,142 0,314 0,297 0,592 0,144 0,099 0,032 0,365 11,2
150 1,00 1,142 0,209 0,295 0,624 0,125 0,109 0,032 0,340 14,6
151 1,00 1,142 0,157 0,312 0,640 0,116 0,115 0,024 0,460 21,1
152 1,00 1,142 0,126 0,335 0,649 0,110 0,118 0,027 0,515 25,2
153 1,00 0,967 0,000 0,307 0,581 0,073 0,095 0,044 0,750 14,4
154 1,00 0,967 -0,314 -0,252 0,676 0,014 0,128 0,042 0,560 12,3
155 1,00 0,967 -0,251 0,022 0,657 0,026 0,121 0,038 0,590 7,4
156 1,00 0,967 -0,209 0,082 0,644 0,034 0,116 0,019 0,630 7,1
157 1,00 0,967 -0,157 0,142 0,628 0,044 0,111 0,022 0,570 7,0
158 1,00 0,967 -0,126 0,178 0,619 0,050 0,108 0,025 0,590 13,0
159 1,00 0,967 0,314 0,308 0,487 0,129 0,067 0,047 0,480 23,8
160 1,00 0,967 0,209 0,265 0,518 0,111 0,075 0,034 0,370 15,6
161 1,00 0,967 0,157 0,257 0,534 0,101 0,080 0,031 0,360 18,7
162 1,00 0,967 0,126 0,281 0,543 0,096 0,083 0,024 0,340 16,3
163 1,00 0,838 0,000 0,263 0,504 0,063 0,071 0,031 0,750 14,1
164 1,00 0,739 0,000 0,285 0,444 0,055 0,055 0,025 1,380 13,3
165 1,00 0,739 -0,628 -0,376 0,633 -0,064 0,113 0,070 0,595 27,1
166 1,00 0,739 -0,251 -0,014 0,520 0,008 0,076 0,026 0,505 5,8
167 1,00 0,739 -0,209 0,051 0,507 0,016 0,072 0,015 0,480 4,4
168 1,00 0,739 -0,157 0,124 0,492 0,026 0,068 0,016 0,600 9,2
169 1,00 0,739 -0,126 0,153 0,482 0,032 0,065 0,020 0,605 7,6
170 1,00 0,739 0,157 0,148 0,397 0,083 0,044 0,058 0,815 15,2
171 1,00 0,739 0,126 0,169 0,407 0,077 0,046 0,032 0,770 22,1
172 1,00 0,661 0,000 0,483 0,398 0,049 0,044 0,075 1,335 14,7
173 2,00 0,628 0,000 0,000 0,378 0,038 0,026 NaN NaN NaN
174 2,00 0,546 0,000 0,000 0,329 0,032 0,019 NaN NaN NaN
175 2,00 1,795 0,000 0,324 1,079 0,113 0,209 0,152 1,580 21,5
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176 2,00 1,795 -0,628 -0,411 1,268 0,014 0,288 0,056 0,855 28,4
177 2,00 1,795 -0,314 0,185 1,174 0,064 0,247 0,035 0,990 12,2
178 2,00 1,795 -0,209 0,282 1,142 0,080 0,234 0,070 1,190 18,3
179 2,00 1,795 -0,157 0,329 1,127 0,088 0,227 0,098 1,485 20,5
180 2,00 1,795 -0,126 0,363 1,117 0,093 0,224 0,090 1,420 21,2
181 2,00 1,795 0,628 0,281 0,890 0,208 0,142 0,040 0,450 16,8
182 2,00 1,795 0,314 0,412 0,985 0,161 0,174 0,035 0,550 20,1
183 2,00 1,795 0,209 0,393 1,016 0,145 0,185 0,103 0,880 24,0
184 2,00 1,795 0,126 0,380 1,042 0,132 0,194 0,111 1,075 24,7
185 2,00 1,396 0,000 0,406 0,840 0,087 0,126 0,110 1,510 24,9
186 2,00 1,396 -0,628 -0,488 1,028 -0,011 0,189 0,061 0,720 23,5
187 2,00 1,396 -0,314 0,119 0,934 0,038 0,156 0,025 0,635 11,8
188 2,00 1,396 -0,209 0,245 0,902 0,055 0,146 0,038 0,890 16,6
189 2,00 1,396 -0,157 0,282 0,887 0,063 0,141 0,050 0,920 16,5
190 2,00 1,396 -0,126 0,337 0,877 0,068 0,138 0,052 1,135 21,1
191 2,00 1,142 0,000 0,370 0,687 0,070 0,085 0,078 1,270 22,1
192 2,00 1,142 -0,628 -0,455 0,876 -0,027 0,137 0,021 0,485 39,1
193 2,00 1,142 -0,314 0,106 0,781 0,022 0,109 0,025 0,765 10,9
194 2,00 1,142 -0,209 0,221 0,750 0,038 0,101 0,025 0,760 14,7
195 2,00 1,142 -0,157 0,284 0,734 0,046 0,097 0,038 0,985 12,8
196 2,00 1,142 -0,126 0,308 0,725 0,051 0,094 0,079 1,050 17,9
197 2,00 1,142 0,314 0,343 0,592 0,117 0,063 0,046 0,970 16,0
198 2,00 1,142 0,209 0,308 0,624 0,102 0,070 0,075 0,855 20,0
199 2,00 1,142 0,157 0,401 0,640 0,094 0,073 0,048 0,640 17,3
200 2,00 1,142 0,126 0,395 0,649 0,089 0,075 0,043 0,780 21,9
201 2,00 0,811 0,000 0,212 0,487 0,049 0,043 0,015 1,505 5,9
202 2,00 0,898 0,000 0,340 0,540 0,055 0,052 0,039 1,275 17,3
203 2,00 0,898 -0,314 0,052 0,634 0,007 0,072 0,025 0,795 11,6
204 2,00 0,898 -0,209 0,231 0,603 0,023 0,065 0,035 0,940 12,8
205 2,00 0,898 -0,157 0,308 0,587 0,031 0,062 0,066 1,320 17,9
206 2,00 0,898 -0,126 0,299 0,577 0,036 0,060 0,041 1,825 16,2
207 2,00 0,898 0,209 0,198 0,477 0,085 0,041 0,014 0,550 10,6
208 2,00 0,898 0,157 0,261 0,492 0,078 0,043 0,023 1,215 16,8
209 2,00 0,898 0,126 0,294 0,502 0,073 0,045 0,019 1,570 12,7
210 2,00 0,739 0,000 0,119 0,444 0,045 0,035 0,003 0,000 2,6
211 2,00 0,739 -0,314 0,092 0,539 -0,003 0,052 0,026 1,185 9,1
212 2,00 0,739 -0,209 0,201 0,507 0,013 0,046 0,014 2,225 8,5
213 2,00 0,739 -0,157 0,225 0,492 0,021 0,043 0,100 2,215 19,7
214 2,00 0,739 -0,126 0,222 0,482 0,026 0,042 0,103 2,470 21,2
215 2,00 0,739 0,126 0,000 0,407 0,063 0,030 NaN NaN NaN
216 4,00 1,964 0,419 0,397 1,055 0,144 0,132 0,036 1,090 18,2
217 4,00 1,795 0,000 0,458 1,079 0,086 0,138 0,085 1,300 20,0
218 4,00 1,795 -0,628 -0,460 1,268 0,011 0,190 0,078 1,100 13,5
219 4,00 1,795 -0,519 -0,009 1,235 0,024 0,180 0,014 1,140 6,2
220 4,00 1,795 -0,499 0,043 1,229 0,026 0,179 0,025 1,210 4,0
221 4,00 1,795 -0,314 0,245 1,174 0,049 0,163 0,010 1,510 4,2
222 4,00 1,795 -0,200 0,379 1,140 0,062 0,154 0,015 2,200 15,1
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223 4,00 1,795 -0,157 0,462 1,127 0,067 0,150 0,018 1,595 15,9
224 4,00 1,795 -0,126 0,325 1,117 0,071 0,148 0,111 2,180 14,7
225 4,00 1,676 0,419 -0,060 0,881 0,129 0,092 0,057 1,170 14,1
226 4,00 1,396 0,000 0,202 0,840 0,066 0,083 0,028 1,615 12,5
227 4,00 1,396 -0,628 -0,439 1,028 -0,008 0,125 0,134 1,700 9,5
228 4,00 1,396 -0,419 0,165 0,965 0,017 0,110 0,005 1,295 8,4
229 4,00 1,396 -0,314 0,265 0,934 0,029 0,103 0,006 1,400 3,6
230 4,00 1,396 -0,209 0,317 0,902 0,042 0,096 0,006 2,215 11,1
231 4,00 1,396 -0,157 0,341 0,887 0,048 0,093 0,009 1,450 13,6
232 4,00 1,396 -0,121 0,415 0,876 0,052 0,091 0,011 1,575 16,6
233 4,00 1,396 0,286 0,016 0,754 0,099 0,067 0,009 0,860 9,5
234 4,00 1,396 0,190 0,012 0,782 0,089 0,072 0,022 0,920 6,6
235 4,00 1,396 0,143 0,092 0,797 0,083 0,075 0,033 0,900 21,2
236 4,00 1,396 0,114 0,041 0,805 0,080 0,077 0,066 0,870 13,6
237 4,00 1,571 0,000 0,332 0,944 0,075 0,105 0,030 1,480 22,4
238 4,00 1,571 -0,628 -0,316 1,133 0,000 0,152 0,060 1,550 9,6
239 4,00 1,571 -0,419 0,194 1,070 0,025 0,135 0,008 1,295 13,4
240 4,00 1,571 -0,314 0,343 1,039 0,038 0,128 0,010 1,775 14,8
241 4,00 1,571 -0,209 0,360 1,007 0,050 0,120 0,011 1,965 17,4
242 4,00 1,571 -0,157 0,415 0,992 0,056 0,116 0,010 1,700 19,2
243 4,00 1,571 -0,126 0,489 0,982 0,060 0,114 0,015 1,970 14,4
244 4,00 1,571 0,628 0,000 0,756 0,147 0,068 NaN NaN NaN
245 4,00 1,571 0,419 -0,009 0,819 0,124 0,079 0,031 0,910 9,8
246 4,00 1,571 0,314 0,035 0,850 0,112 0,085 0,105 1,155 17,7
247 4,00 1,571 0,209 0,182 0,881 0,099 0,092 0,056 1,065 12,4
248 4,00 1,571 0,157 0,280 0,897 0,093 0,095 0,092 0,810 17,6
249 4,00 1,571 0,126 0,360 0,907 0,090 0,097 0,104 1,350 16,4
250 4,00 1,142 0,000 -0,004 0,687 0,054 0,056 0,011 1,015 6,9
251 4,00 1,142 -0,628 -0,408 0,876 -0,021 0,091 0,031 1,470 5,5
252 4,00 1,142 -0,314 0,069 0,781 0,017 0,072 0,004 0,000 5,9
253 4,00 1,142 -0,190 0,066 0,744 0,032 0,065 0,006 0,705 6,4
254 4,00 1,142 -0,143 0,069 0,730 0,037 0,063 0,009 1,515 6,8
255 4,00 1,142 -0,114 0,007 0,721 0,041 0,062 0,007 0,880 18,8
256 4,00 1,257 0,000 0,016 0,756 0,059 0,068 0,072 0,820 10,1
257 4,00 1,257 -0,628 -0,303 0,944 -0,015 0,105 0,007 1,560 4,9
258 4,00 1,257 -0,314 0,168 0,850 0,022 0,085 0,006 1,100 3,3
259 4,00 1,257 -0,209 0,197 0,819 0,035 0,079 0,008 0,940 4,2
260 4,00 1,257 -0,143 0,115 0,798 0,043 0,075 0,012 2,130 7,5
261 4,00 1,257 -0,126 0,119 0,793 0,045 0,074 0,011 1,690 5,5
262 4,00 1,257 0,628 0,000 0,567 0,130 0,038 NaN NaN NaN
263 4,00 1,257 0,314 0,000 0,661 0,096 0,052 NaN NaN NaN
264 4,00 1,257 0,209 0,019 0,693 0,084 0,057 0,008 0,880 7,0
265 4,00 1,257 0,143 0,019 0,713 0,076 0,060 0,008 0,815 4,2
266 4,00 1,257 0,126 -0,008 0,718 0,074 0,061 0,014 0,830 7,9
267 4,00 1,047 0,000 0,000 0,630 0,049 0,047 NaN NaN NaN
268 4,00 1,047 -0,209 -0,003 0,693 0,025 0,057 0,005 0,595 4,2
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269 4,00 1,047 -0,157 0,024 0,677 0,031 0,054 0,004 0,000 5,8

Table E.2: Median grain size (D50), angular velocity (ω) of the lid (l) and floor (f ), transverse slope (dz/dy), av-
erage flow velocity (u) in streamwise (s) and normal (n) direction, sediment mobility (θ), characteristic dune
height (Δ), length (λ), and lee side angle (◦) of all morphodynamic experiments with low-density sediment (ρs
= 1300 kg/m3)

exp. D50 ωl ωf dz/dy us un θ Δ λ lee
[mm] [rad/s] [rad/s] [m/m] [m/s] [m/s] [-] [m] [m] [◦]

1 1.55 0.598 0.000 0.526 0.360 0.039 0.148 0.106 1.365 27.1
2 1.55 0.503 0.000 0.520 0.302 0.033 0.105 0.072 1.225 26.7
3 1.55 0.503 -0.157 -0.401 0.349 0.007 0.140 0.063 1.105 20.8
4 1.55 0.503 -0.126 0.126 0.340 0.012 0.133 0.032 0.610 14.1
5 1.55 0.503 -0.088 0.291 0.329 0.018 0.124 0.030 0.965 15.4
6 1.55 0.425 -0.065 0.323 0.275 0.017 0.087 0.043 1.630 18.5
7 1.55 0.422 -0.051 0.391 0.269 0.019 0.083 0.032 1.450 14.7
8 1.55 0.422 -0.128 -0.377 0.292 0.007 0.098 0.061 1.160 22.3
9 1.55 0.422 -0.106 0.129 0.285 0.010 0.093 0.033 0.800 16.3

10 1.55 0.393 0.000 0.525 0.236 0.025 0.064 0.106 1.440 25.3
11 1.55 0.359 0.000 0.512 0.216 0.023 0.053 0.083 1.370 25.6
12 1.55 0.353 -0.126 -0.350 0.250 0.003 0.072 0.050 1.420 19.7
13 1.55 0.353 -0.088 0.241 0.239 0.009 0.065 0.034 0.855 13.9
14 1.55 0.340 0.000 0.447 0.204 0.021 0.048 0.103 1.535 35.8
15 1.55 0.290 -0.084 0.234 0.199 0.005 0.046 0.040 0.980 14.6
16 1.55 0.286 0.000 0.355 0.172 0.018 0.034 0.077 1.485 20.3
17 1.55 0.251 0.000 0.185 0.151 0.016 0.026 0.003 0.855 3.5
18 1.55 0.739 0.000 0.406 0.444 0.049 0.227 0.162 1.445 25.2
19 1.55 0.739 -0.251 -0.318 0.520 0.007 0.310 0.121 1.270 20.5
20 1.55 0.739 -0.209 -0.357 0.507 0.014 0.295 0.113 1.110 21.0
21 1.55 0.739 -0.157 0.239 0.492 0.023 0.277 0.079 1.020 13.5
22 1.55 0.739 -0.126 0.258 0.482 0.028 0.267 0.039 1.330 12.7
23 1.55 0.739 -0.094 0.390 0.473 0.034 0.256 0.146 3.030 19.5
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Appendix F

Experimental data: sorting experiments

Table F.1: Angular velocity (ω) of the lid (l) and floor (f ), transverse slope (dz/dy), aver-
age flow velocity (u) in streamwise (s) and normal (n) direction, sediment mobility (θ),
characteristic dune height (Δ) and length (λ) of the sorting experiments described in
Chapter 4. When morphodynamic equilibrium was reached, 13 of the 28 experiments
were sampled (y = sampled, n = not sampled).

exp. sampled ωl ωf dz/dy us un θ Δ λ
y/n [rad/s] [rad/s] [m/m] [m/s] [m/s] [-] [m] [m]

1 y 0.610 -0.124 0.254 0.404 0.026 0.069 0.082 2.010
2 y 0.610 -0.121 0.224 0.403 0.026 0.069 0.090 2.120
3 y 0.561 -0.150 0.146 0.382 0.016 0.062 0.053 1.530
4 n 0.528 -0.207 -0.265 0.380 0.001 0.061 0.117 1.540
5 y 0.528 -0.171 0.048 0.369 0.009 0.058 0.032 1.150
6 y 0.571 0.000 0.265 0.343 0.048 0.050 0.100 1.160
7 n 0.505 0.000 0.253 0.304 0.042 0.039 0.066 1.030
8 n 0.503 0.000 0.219 0.302 0.042 0.039 0.089 1.745
9 y 0.495 -0.180 0.078 0.351 0.004 0.052 0.030 1.270

10 y 0.487 -0.165 0.148 0.343 0.006 0.050 0.034 1.115
11 n 0.524 -0.190 -0.167 0.372 0.004 0.058 0.085 1.660
12 y 0.480 -0.085 0.255 0.314 0.022 0.042 0.079 0.800
13 n 0.465 -0.314 0.291 0.374 -0.028 0.633 0.051 1.195
14 y 0.483 -0.140 0.227 0.333 0.011 0.047 0.056 2.360
15 y 0.413 -0.159 0.007 0.296 0.001 0.037 0.034 2.460
16 n 0.405 0.000 0.223 0.244 0.033 0.025 0.015 1.370
17 y 0.405 -0.127 0.176 0.282 0.007 0.034 0.049 2.210
18 n 0.405 -0.105 0.235 0.275 0.012 0.032 0.043 2.145
19 n 0.374 -0.131 0.146 0.264 0.004 0.030 0.013 1.260
20 n 0.370 -0.140 0.191 0.264 0.002 0.029 0.024 1.600
21 n 1.142 0.000 0.331 0.687 0.101 0.199 0.144 1.690
22 n 0.911 -0.028 0.375 0.556 0.073 0.131 0.127 1.000
23 n 0.816 -0.025 0.384 0.498 0.065 0.105 0.137 1.055
24 y 0.806 -0.030 0.347 0.493 0.063 0.103 0.135 1.700
25 n 0.762 -0.209 -0.293 0.521 0.021 0.115 0.076 1.380
26 n 0.668 -0.217 -0.291 0.467 0.011 0.092 0.137 1.705
27 y 0.661 -0.181 0.038 0.452 0.018 0.086 0.060 1.200
28 n 0.661 -0.180 -0.017 0.452 0.018 0.086 0.050 1.110
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Table F.2: Initial sediment mixture

sieve diameters fractions retained
[mm]
5.6 0.00e+00
2.8 1.98e-03
2 2.42e-02
1.7 8.06e-02
1.4 6.01e-02
1.18 5.47e-02
1 6.27e-02
0.85 9.22e-02
0.71 1.73e-01
0.6 1.91e-01
0.5 1.20e-01
0.425 4.18e-02
0.355 2.31e-02
0.3 3.82e-02
0.25 2.52e-02
0.212 8.49e-03
0.18 2.19e-03
0.15 2.35e-04
0.125 3.57e-05
0.106 2.36e-07
0.09 1.65e-06
0.075 0.00e+00
0.063 0.00e+00
0.053 0.00e+00
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Table F.3: Exampleof a sievedbulk sample. This samplewas taken at the endof experiment 2. Thefive columns
represent the five locations along the cross-section at which the samples were taken.

inner bend centerline outer bend
sample location r1 (-0.43) r2 (-0.22) r3 (0) r4 (0.22) r5 (0.43)

sieve diameters [mm] fractions retained
5.6 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0.00e+00
2.8 5.58e-04 1.57e-03 2.80e-03 7.54e-03 1.12e-02
2 9.91e-03 1.92e-02 3.43e-02 8.05e-02 1.09e-01

1.7 4.22e-02 6.71e-02 1.10e-01 2.48e-01 2.70e-01
1.4 3.59e-02 4.43e-02 7.77e-02 1.58e-01 1.47e-01

1.18 3.17e-02 4.53e-02 5.78e-02 8.68e-02 1.04e-01
1 5.07e-02 4.16e-02 7.98e-02 9.28e-02 5.27e-02

0.85 6.04e-02 9.78e-02 9.26e-02 7.12e-02 8.93e-02
0.71 1.41e-01 1.59e-01 1.91e-01 1.06e-01 7.78e-02
0.6 2.21e-01 2.16e-01 1.77e-01 8.08e-02 6.65e-02
0.5 1.74e-01 1.44e-01 9.65e-02 3.80e-02 3.68e-02

0.425 7.05e-02 5.16e-02 3.14e-02 1.16e-02 1.14e-02
0.355 3.45e-02 3.15e-02 1.14e-02 4.34e-03 6.08e-03

0.3 7.17e-02 4.02e-02 2.19e-02 7.40e-03 8.31e-03
0.25 3.76e-02 3.13e-02 1.01e-02 4.35e-03 7.25e-03

0.212 1.46e-02 7.75e-03 3.89e-03 1.83e-03 1.95e-03
0.18 2.85e-03 1.97e-03 8.46e-04 3.58e-04 5.43e-04
0.15 1.67e-04 1.66e-04 8.46e-05 4.94e-05 4.07e-05

0.125 1.40e-05 0.00e+00 8.46e-05 7.41e-05 0.00e+00
0.106 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0.00e+00
0.09 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0.00e+00

0.075 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0.00e+00
0.063 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0.00e+00
0.053 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0.00e+00
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