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River restoration: what went wrong?
(and how can we fix it?)
G.M. Kondolf
University of California Berkeley
Department of Landscape Architecture & Environmental Planning
202 Wurster Hall, Berkeley CA 94720-2000 USA

Kondolf 2006), but even if they survived, they
would not provide the habitat that would
naturally exist.

River restoration has become big business in
the US and EU, reflecting evolving public
attitudes towards our rivers. But how can we
‘restore’ rivers?
Riverine ecosystems are
dynamic, complex systems, and ecological
research demonstrates that the most diverse,
ecologically valuable river habitats are those
associated with dynamically migrating, flooding
river channels (Ward et al., 1999; Naiman et
al., 2005). The most effective approach to
restoring the ecological value of rivers is to let
them ‘heal themselves’ by facilitating or
restoring the physical processes of flooding,
sediment transport, erosion, deposition, and
channel change that create and maintain
complex river forms (Kondolf et al., 2006;
Beechie et al., 2010). This requires both a
sufficiently dynamic flow regime and sediment
load, and giving the river room to erode and
flood, setting human infrastructure back to
avoid conflicts with active channel movement
(Kondolf 2011).
Yet eroding banks may
create conflicts with human uses, and there is
a long tradition of measures to protect river
banks from erosion. Ironically, many of the
projects funded as ‘restoration’ in North
America have been oriented towards
‘stabilizing’ banks (Bernhardt et al., 2005), with
the implicit assumption that bank erosion is
bad, despite its important ecological role
(Florsheim et al., 2008).

The most widely-used approach in North
America is to classify the channel using a
popular practitioner-developed classification
scheme and justify the restoration design
based on that. However, the resulting designs
are virtually always single-thread meandering
channels. This approach has been widely
adopted by regulatory agencies as providing a
standard way to ‘restore’ streams.
Such
stream restoration projects are now required
as compensatory mitigation under the US
Clean Water Act in North Carolina and
elsewhere, despite the fact that there is
virtually no sound scientific basis for assuming
these projects achieve the assumed benefits
(Doyle and Shields 2012). This “burgeoning
compensatory stream mitigation practice and
industry”, in effect, can be seen to impose
‘cookie
cutter’
meandering
channels
throughout
the
landscape,
even
in
Mediterranean-climate regions where such
channels are demonstrably inappropriate
(Kondolf et al 2012).
In Europe, the situation is not so bad, perhaps
because river restoration did not start on a
large scale until after the Water Framework
Directive of 2000, so that more advanced
concepts of fluvial geomorphology and aquatic
ecology were used as a basis for processbased restoration in many rivers (Habersack
and Piégay, 2008). For example, the paired
photographs of restoration on the River Drau in
Austria in Habersack and Piégay (2008, Figure
27.5) show the pre-restoration channel as a
narrow, sinuous, single-thread, stable channel,
and the restored channel as multithread with
broad sand and gravel bars and eroding
banks. One could see similar photographs of
‘restoration’ projects built in North Carolina in
which the pre- and post-views were reversed.

In North America, the reigning paradigm has
not been to restore process, but to construct
single-thread,
symmetrical,
meandering
channels with fixed banks, even in rivers that
would not naturally have this form.
The
designs are based on application of a popular
channel classification system and cultural
preference for stable banks and the sinuous
meandering form. While recreating meanders
is a reasonable and obvious approach on
rivers whose historical bends were lost to
channel straightening projects (e.g., Iversen et
al., 1993), meanders have also been created
on many rivers that were not historically
meandering, and in some cases irregularly
sinuous channels have been reconstructed into
symmetrical
meanders
(Smith
and
Prestegaard,
2005).
Many
constructed
meanders have promptly washed out (e.g.,
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What can we do to fix river restoration practice
in North America? First, we can adopt a
logical prioritization approach, wherein the first
choice is to preserve systems that are
functioning now with geomorphic dynamics
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There are sites where it may make sense to
reconstruct channels to a desired form. In
highly urbanized settings, it may be impossible
to restore process to any significant degree
because space is lacking to expand the stream
corridor, and the runoff patterns from the
urbanized catchment have been so altered that
scouring floods occur frequently, resulting in
simplification of channel form. In some lowgradient settings, sediment supply and stream
power may be so low that the channel cannot
restore itself in the decadal time frame. In
these cases, the practice of restoration may be
likened to gardening, wherein we choose the
elements to include. In urban settings, such
projects can have tremendous social benefits
even if the ecological potential is limited.

and resultant habitat complexity and ecological
functions. Such sites should be protected
within channel migration zones or espace de
liberté (Piégay et al., 2005). The second
priority would be rivers whose flow and
sediment regimes have been substantially
altered; it is often possible to restore (at least
partially) some of the natural processes, e.g, to
adjust reservoir operations to restore a more
natural flow regime (including seasonally
appropriate high flows), and to add sediment
below dams to compensate for loss of
sediment load to trapping in the reservoir. The
very last priority should be attempts to
reconstruct channels to some desired end
state (sadly, the current practice in many
states).
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The restoration of floodplain forests in Europe
F.M.R. Hughes
Reader in wetland ecology, Department of Life Sciences, Anglia Ruskin University, Cambridge, United Kingdom, CB1 1PT
E-mail: Francine.hughes@anglia.ac.uk

erosion and deposition taking place during
flood events. In geomorphologically active river
systems, the ‘turnover’ rate of these sediments
is high and many parts of the floodplain forest
are in early stages of succession (Kangas
1990). The opposite is true in lower energy
river systems where parts of the floodplain
forest may attain a great age and a small
proportion of the forest is in early successional
stages (Junk, 1989). Many trees and shrubs
found in floodplain forests require specific
flood-linked regeneration niches that are
provided by river floods. (Table 1).

Floodplain forests are the main habitat of many
temperate and tropical floodplains. They are
linear landscape features, usually occupying
the lower areas of river catchments. Their
boundaries correspond with the areas
periodically disturbed by river flooding and they
generally have shallow water tables. The
natural history of floodplain forests is closely
linked to the dynamic physical processes that
take place in their adjacent river channels.
Floodplain forests are at the receiving end of
all the physical, biological and human activities
taking place in a river catchment and therefore
reflect the patterns of delivery of water,
sediment and nutrients via flood events to the
floodplain. In Europe, most floodplains would
once have been covered by floodplain forests
but in some locations, where peat deposits
have formed and water tables remain high
through much of the year, floodplains can be
characterised by habitats such as fen wetlands

Restoration of floodplain forests and fens
For effective and sustainable restoration of
floodplain forests, there has to be restoration
of dynamic physical processes typical of most
rivers. This can take place:
i) At a catchment-scale,
ii) At a river reach scale.
The principle of process driven restoration
hinges around provision of flows that are
capable of mimicking at least some aspects of
natural flows in terms of providing both
regeneration niches for floodplain forest
species and various ecosystem services.
These are called by many authors
‘environmental
flows’
and
numerous
approaches to designing these are in use.
Working at a catchment scale introduces
elements of uncertainty into the outcomes of
restoration both in terms of where the impact
will be felt and its magnitude. It thus requires a
consensual approach among many different
stakeholders and is much harder to achieve
than working at a more localised scale.

River management practices in Europe have
led to the severing of connections between
river channels and their floodplains, especially
through river engineering practices. This has
led to the deterioration and disappearance of
most floodplain forests, as they depend on
fluvial processes to regenerate. In addition,
wholesale clearance of natural floodplain
forests for agriculture or forestry has made
them very rare in Europe, with about 10% of
the original amount remaining, mostly in the
larger river systems of Eastern Europe. In
recognition of this they have been placed on
Annexe 1 of the European Habitats Directive
(Annexe 1 is for ‘priority habitat types’)
(European Directive 1992/43/EEC) where they
are collectively referred to as ‘Alluvial Forests’.
An estimate of their total extent is given by
Klimo et al (2008) as 1,750,000 ha. (See
Figure 1) and a summary of their floristic
diversity is given in Hughes et al. (2012).

In most cases, the restoration initiative uses a
pre-conceived idea of the desired outcomes in
terms of vegetation communities; this may be
a dynamic or a static outcome depending on
the approach. In some cases, however, where
previous river management has been very
destructive, it is not possible to use a previous
‘reference system’ and a more ‘open-ended
approach’ is needed that allows novel
ecosystems to develop in response to
restoration of dynamic physical processes.
Different restoration approaches will be
illustrated with reference to both floodplain
forests
and
fens
in
this
paper.

Regeneration of floodplain forests
Rivers are highly variable in their channel
patterns, annual hydrographs, type of
sediment load and level of geomorphological
activity and the nature of forests found on their
floodplains reflects this variability. In all cases,
the floodplain is composed of a patchwork of
sedimentary features resulting from the
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Figure 1. Floodplain forest distribution in Europe (from Hughes and Muller, 2003).
Flows needed by floodplain forests



Regular flows which replenish and maintain floodplain water tables. These
flows allow established trees to grow.

Periodic high flows which cause channel movement and sediment
deposition. These provide potential regeneration sites and can be variable
between years

Well-timed flows through the first growing season which allow delivery of
seeds to the floodplain and establishment of seedlings. Unseasonal high
flows can cause high mortality to seedlings in their first growing season.
Regeneration sites needed by

Open sites as many pioneer tree species typical of floodplain forests cannot
floodplain forests
tolerate competition.

Sites that are moist through the first growing season to facilitate
regeneration.

Sites near the water's edge because these tend to be moister and catch
organic debris. NB, sites right on the water's edge can be disturbed and
waterlogged.

A variety of sediment types to provide varied regeneration niches.
Water table conditions needed by

Water tables accessible to the roots of seedlings through their first growing
floodplain forests
season.

Gradual recession of water tables following a flood.

Limited waterlogging.
Propagation materials needed by

Seeds which are carried by the river and deposited during floods. The
floodplain forests
phenology of seed release and the timing of flood peaks arecritical.

Vegetative material which arrives by flood or is deposited locally.

Seeds that are carried in the wind.
Table 1. Regeneration requirements for floodplain forests (from Hughes and Muller, 2003). This table incorporates information
from a great range of authors including among others: Rood and Mahoney (1990); Stromberg and Patten (1990); Shafroth et al.
(1995); Barsoum (2002); Guilloy-Froget et al. (2002);
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Morphological assessment of lowland stream restoration
J.P.C. Eekhout1,*, A.J.F. Hoitink1 and P.F.M. Verdonschot2
1

Hydrology and Quantitative Water Management Group, Wageningen University and Research Centre, P.O. Box 47, 6700 AA
Wageningen, The Netherlands
2
Animal ecology, Alterra, P.O. Box 47, 6700 AA Wageningen, The Netherlands
*
Corresponding author; E-mail: joris.eekhout@wur.nl, joriseekhout@gmail.com

In the first half of the 20th century,
redistribution of agricultural land led to
channelization of the majority of lowland
streams in the Netherlands. The design of the
channelized streams aimed at reducing the
flood risk and satisfying the hydrological needs
for the adjacent agricultural fields. The small
sinuous streams were redesigned to become
straight, to obtain an increased cross-sectional
area and to become controlled by weirs. The
effects
of
these
measures
included
degradation of the benthic ecology in the
streams.

the Dutch water authorities are concerned with
sediment transport and the associated
morphological changes after a stream
restoration project has been constructed.
These concerns include longitudinal channel
bed adjustments and bank erosion. The aim of
this study is to quantitatively analyse these
morphological developments. To do so, we
have
investigated
the
morphodynamic
developments in four stream restoration
projects, as part of a research project entitled
Valley Wide Stream Restoration, which also
included
hydrological
and
ecological
measurements. We aim to understand the
dominant morphological processes after
construction of a stream restoration project,
and to come up with a set of recommendations
for future projects. Here we restrict our
analysis to the main concerns of the water
authorities, i.e. longitudinal channel bed
adjustment and bank erosion.

Over the past 25 years, many water authorities
in the Netherlands have set goals to restore
degraded streams. Recently, this process was
stimulated by the European Water Framework
Directive, in which it is stated that all water
bodies should achieve a good qualitative and
quantitative status by 2015, with extensions
until 2027. The most common practice for
stream restoration in the Netherlands is socalled re-meandering. This mainly implies the
construction of a sinuous channel planform,
within a lowered floodplain. Stream restoration
includes the removal of weirs, to increase the
longitudinal connectivity within the stream.

Material & Methods
In four streams with widths varying between
1.6 m and 12 m, we observed the
morphological development over a 1.5-3 year
period. In three streams, a sinuous channel
was constructed (i.e. Hagmolenbeek, HB;
Lunterse beek, LB; Tungelroyse beek, TB) and
in the fourth stream, a straight channel was
constructed (Hooge Raam, HR). In the latter
stream, the aim was to study the autogenous
development of alternate bars under varying
discharge conditions. The design of the
straight channel was based on general
hydraulic
geometry
relations.
The
morphological measurements focussed on
300-400 m long study reaches, where
morphological surveys were performed using
GPS-equipment.

Frequently, old historic maps are used as a
source of inspiration for the planimetric design
of the channel planform, e.g. for the width of
the meander belt and the sinuosity. 1D-flow
models are used to find the most suitable
cross-sectional dimensions, i.e. channel width
and channel depth. The aim of these modelling
exercises is to find the dimensions that satisfy
the following requirements: (1) to reduce the
flood risk, (2) to satisfy the groundwater needs
for adjacent agricultural fields and (3) to
improve the conditions for benthic ecology.
The first two (hydrological) requirements follow
from the design requirements of the
channelized streams. The latter (ecological)
requirement aims at finding the cross-sectional
shape that best suits the benthic ecological
communities, which follows from specific
ranges for water depth and flow velocities
(Verdonschot et al., 1995).

Results
In two of the streams we observed pronounced
morphological developments within the first
year after construction. In the HR, a sequence
of alternate bars formed (Eekhout et al., in
prep.) and in the LB a chute cutoff occurred
(Eekhout & Hoitink, in prep.).
In two streams (HR and LB) we observed
upstream
erosion
and
downstream
sedimentation of the channel bed, resulting in
a reduction of the channel slope. Erosion and

In the design process, little or no attention is
paid to the morphological developments that
may occur after construction. Nevertheless,
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morphological changes, apart from bank
erosion in one bend. Both streams (HB and
TB) were constructed in summer. This had two
consequences. First, the channel banks and
floodplains were covered with riparian
vegetation within 3 months’ time, causing an
increase in erosion resistance. Second, the
initial period after construction was dominated
by low discharges. The LB was constructed at
the end of the autumn. Here, vegetation
developed only after 6 months, and besides,
high discharges were recorded in this period.
The combination of the two caused extensive
morphological changes. Although these
morphological changes did not cause any
major problems for surrounding land owners,
this is a unwanted effect, explaining why it is a
principal concern of the water authorities.
Therefore, we recommend to construct a
stream restoration project in spring or in
summer, rather than in autumn or in winter, to
prevent these unwanted effects.

sedimentation were in the order of the channel
depth (0.4 m). In both cases, adjustment of the
channel slope was the result of backwater
effects, caused by narrowing of the channel
cross-section downstream from the study area.
The other two streams hardly showed any
longitudinal change.
Bank erosion was observed in two streams
(HB and LB). The extent of the bank erosion
for HB was only restricted to one bend, where
the erosion amounted to approx. 1 meter in 2
years. Mass failure was the main bank erosion
process. In the LB case, bank erosion was
observed in several meander bends, with
erosion up to 2 meter in 1.5 years. In this
stream, bank erosion was accompanied by
accretion of the opposing point bar. Mass
failure was also observed, however, fluvial
entrainment was the most dominant bank
erosion process.
Discussion and conclusions
We have presented the first results of an
extensive field campaign conducted in the
context of four stream restoration projects. The
morphological development was recorded over
a 1.5-3 year period. In this period, several
morphological
phenomena
have
been
observed, i.e. reduction of the longitudinal
channel slope (HR and LB), bank erosion (HB
and LB), alternate bar development (HR) and a
chute cutoff (LB).

In two streams (HR and LB) we observed a
reduction of the channel slope. In both cases
this was caused by backwater effects due to
downstream channel narrowing. The channel
narrowing was a result of a smaller width at the
downstream connection (HR) and a bridge
(LB). In both cases, we were able to reproduce
this effect with a hydrodynamic model. It is
recommended to perform a modelling exercise
in future stream restoration projects, with the
aim to explore the effect of a backwater curve
on the erosion/sedimentation of the channel
bed.

In one stream (TB), limited lateral and
longitudinal
morphological
change
was
observed. In the HB we did not observe major

Figure 1. Examples of morphological development in the four stream restoration projects: (a) bank erosion (HB), (b) alternate
bars (HR), chute cutoff (LB) and no change (TB).
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Morphodynamic analysis of gravel nourishment options on
the Lower Elbow River
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The Glenmore Dam in Calgary, Canada, has
caused reduced gravel transport in the Lower
Elbow River and changed the river from a
channel with many gravel bars and active
coarse sediment transport to a well vegetated,
constrained, single channel (Northwest
Hydraulic Consultants Ltd., 1986). Brown trout
and to a lesser extent rainbow trout use this
reach of river for spawning purposes and
require clean gravels of a specific size to be
successful (Golder Associates Ltd., 1994). It is
thought that the lack of adequately sized
gravels is affecting local trout populations
(Dillon Consulting, 2012). The concept of
providing gravel nourishment downstream of
the dam to resolve this problem has been
proposed, however concerns regarding its
effectiveness and safety needed to be
addressed.










This research used a quasi-three dimensional
morphodynamic model (Delft3D) to analyse
three placed bed gravel nourishments at a
range of discharges. Of interest was the
nourishments' stability, longevity, and potential
to impact flood levels. The model was also
used to assess how fine sediments may
impact any nourished gravel and whether the
use of a holding structure with the nourishment
would be effective. As no calibration data was
available, an analytical analysis was performed
from which the accuracy of the model results
could be judged. The analysis included the use
of the shields' curve, a theoretical linear
celerity formula for bed perturbations, and air
photos. In addition, a sensitivity analysis was
performed using alternate sediment transport
formulae.

Some uncertainty remains regarding the
potential consequences of gravel nourishment
on the Lower Elbow due to the complexity of
the phenomenon being studied. However, if
simple precautionary measures are taken, it
was concluded that gravel nourishment could
be used as an effective, low cost, and low risk
method to provide spawning habitat for the
resident trout.
Future work
Prior to any large scale nourishment, an initial
traceable test nourishment should first be
performed and monitored for several years to
confirm the findings from the model. A smaller
volume of gravel to the final nourishment could
be used, but should be of a stone type that is
discernable from the existing gravels (e.g.
white or pink quarts). The gravels should be
similar in shape to the existing gravels (e.g.
river rock). The extent of movement should be
surveyed after each flood season and should
only be stopped after a high flow (above the
1:5) has occurred. This surveyed data can be
used to confirm the sediment transport rate in
the river and to calibrate the model.

Based on the model results the following
conclusions were made regarding the
nourishments longevity and safety:
 If placed in the correct location, the
nourishment will remain stable up to 1:5
year flood (mean daily peak discharge of
82 m3/s). Beyond that, significant erosion
begins to occur;
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Mobilized gravels form central, alternating,
and point bars downstream that continue
to provide spawning habitat;
In none of the cases analysed did the
mobilized gravels cause a significant
increase in water level;
The nourished gravels are predicted to
have a residence time of several decades
in the upper reaches of the river;
The use of a holding structure with the
nourishment is ineffective;
Fine sediments sized from fine silts to
medium sands have the potential to
deposit on the gravels during low flow
periods. Over time, these fines will fill the
interstitial spaces of the gravels reducing
their quality; and,
Mobilization of the gravels during high
flows will help to clean the gravel of fine
sediment contamination.
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Figure 1. A) Brown Trout (Salmo trutta). B) Typical view of the Elbow during low flow. C) Example of existing gravel.

Figure 2. Model Results: Cumulative erosion and deposition from consecutive 1:5 year design floods. Deposition in the yellow to
red range, erosion in blue.

Figure 3. Model Results: Cumulative erosion and deposition after 1 year at the 1:10 year design discharge with continuous
sediment input. This analysis was used to determine the locations of potential build up and increased flood risk.
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Effects of riparian vegetation on meandering rivers
R. Teske, W.M. van Dijk, M.G. Kleinhans and A.W. Baar
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Riparian vegetation along meandering river
systems has been recognised as an important
ecosystem engineer due to its effects on the
bank strength and hydraulic resistance of the
floodplain (e.g. Baptist et al., 2006, PollenBankhead and Simon, 2009). Riparian pattern
formation is controlled by biotic factors such as
seed dispersal and moisture–dependence, and
abiotic factors such as uprooting vegetation
from collapsing river banks (Osterkamp and
Hupp, 2010).
Many of the relevant effects of vegetation have
been reproduced in experiments. Indeed,
experimental rivers with vegetation had
reduced lateral channel mobility due to the
fixing of banks by vegetation. Here we
investigate and quantify the effect of seed
density of homogenously distributed alfalfa
(medicago
sativa)
on
morphologic
development of a self-formed, experimental
meandering river.

asymmetric sharp bends than without
vegetation (Fig. 1c). Bank and floodplain
stabilization prevented chute cutoffs which
increased sinuosity (Fig. 1d). Locally
vegetation was buried on pointbars.
The annular flume, also with 1.5 seeds/cm2
vegetated floodplains, represents even sharper
bends but because of its uniformity had less
high bank retreat rates than some bends in the
large flume with the laterally dynamic channel.
Outer bend erosion strongly reduced relative to
the unvegetated state (Figs 3,4) and a nonvegetated inner-bend bar formed. Young (6
day old) alfalfa was found draped on the
floodplain which enhanced flow resistance,
whereas 15 day old upright alfalfa stems
allowed measurable floodplain flow. Overbank
flow velocities reduced from 2.5 cm/s without
vegetation to 0.3 cm/s on the vegetated
floodplains.
Higher
vegetation
density
completely prevented bank erosion.

Materials and methods
The main experiment was carried out in a 3x10
m flume filled with poorly sorted river sand.
The upstream boundary was formed by a
constant discharge through a transversely
moving inlet (1 cm/hour) (Van Dijk et al.,
2012). After 30 hours of flow a homogenous
(1.5 seeds/cm2) vegetation cover was seeded
on the entire river (figure 1b). Note that the
homogenous cover eliminates the effects of
seed dispersal on the vegetation pattern which
we investigated and report elsewhere.
A unique annular flume setup was used to
determine the optimal scale vegetation density
and isolate the vegetation-induced bank
strength and hydraulic resistance effects. The
flume consists of a periodic circular river bend
(1.25 m long) with floodplains on either side of
the channel. The flow was driven by a series of
paddles above the initial channel (Fig. 2). The
floodplain was inundated at various levels to
study the interactions between channel and
floodplain flow.

Conclusions
Two different flume setups independently
demonstrate that riparian vegetation has the
double effect of reducing bank erosion rates
and overbank flow velocities. An optimum
seeding density was found where channels
remained laterally dynamic by outer-bend bank
retreat and formation of unvegetated bars in
inner bends. For a self-formed meandering
channel, vegetation leads to a more sinuous
meandering river pattern with sharper,
asymmetric
bends
indicative
of
flow
separation.

Results
The homogeneous vegetation cover settled on
the higher parts of the pointbar and floodplain
in the already meandering river (Fig. 1a). The
alfalfa stabilized outer banks and focussed
floodplain flow into the channel. The vegetated
banks failed by local undercutting, which led to
the development of deeper and more
Book of Abstracts NCR-Days 2013
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Figure 1. Self‐formed meandering river (a) Before seed dispersal (b) After dispersal (green areas) (c) Flume at 68 hours (d) Vegetation at
68 hours.

Figure 2. Annular flume with vegetation on
either side of the circular (10cm wide, 1.2 cm
deep) channel. The flow is driven by the
paddles in the counter clockwise direction.

Figure 3. The vegetated flume morphology
displays a deeper outer bend and the
formation of a non-vegetated bar along the
inner bed.

Figure 4. Erosion rate in width per hours plotted against the non-dimensional bend radius for the meandering river and annular
flume with and without vegetation. It can be seen that the addition of vegetation reduced the erosion rate in both systems.
Furthermore the non-dimensional channel radius decreased due to the addition of vegetation in the meandering river.
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Quantified flow thresholds for leaf transport in sand bed
streams
J.H.F. de Brouwer1, S. Versluis2, J.P.C. Eekhout2, A.J.F. Hoitink2, A. Besse-Lototskaya1
and P.F.M. Verdonschot1.
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refugia are only beneficial if they are stable
enough to persist during peak discharges.
Streams lacking stable substrates generally
have low species diversity, and only the less
sensitive species to disturbance will remain
(Cobb et al. 1992). Denudation of substrate
patches on the stream bed is therefore
regarded as one of the important causes for
decreased abundances and disappearance of
the most characteristic stream species.
Despite the importance of stable leaf patches
for population dynamics and the large number
of regulated streams, the influence of high flow
velocities on patch stability of leaves has
received only marginal scientific attention
(Hoover 2006). Relations between flow
conditions and leaf patch stability are poorly
quantified. In this study we aim to determine
critical flow conditions for leaf transport, by
quantifying flow velocity thresholds for leaf
patches on a plain channelized stream bed.
We hypothesize that the quantity of leaves in
transport increases with flow velocity and that
patches develop until equilibrium is reached.

Streams are dynamic environments with
complex interactions between flow and bed
material. Hydraulic forcing moves sediment
and substratum particles at rates dependent
on the physical particle characteristics and the
degree of exposure to the flow.
Hydromorphologic characteristics determine
the spatial frame of the stream that serves as a
continuously interactive platform on which
endogenous organic deposits or residues from
riparian vegetation are transported, distributed
and redistributed. The flow regime shapes
stream bed morphology and configures the
patchiness of substrates (Cobb et al 1992).
Invertebrates in lowland streams are mainly
benthic and responsive to environmental
change. Hydraulic forcing near the stream
bottom exerts a shear stress that can drag
benthic
macroinvertebrates
downstream,
especially in highly susceptible areas.
Increased flow
velocities
can
induce
macroinvertebrate drift either if thresholds for
species abilities to remain attached to the
substrate, or for substrates to remain stable
are exceeded. Dislodgement and downstream
flow of habitat particles can initiate
macroinertebrate drift and lead to depletions of
patch communities (Statzner 1988).
Benthic macroinvertebrates colonize all kinds
of substrates, ranging from patches of leaves
or fine organic matter to stably entrenched
pieced of wood and stones. Leaf patches are
resourceful and important energy sources for
aquatic communities. Wallace et al. (1997)
indicate that leaves are usually species-rich
due to high nutritive values and shelter
possibilities.
Because leaves have a relatively low surfaceweight ratio, they are easily transported by the
flow and are often transported downstream
before being fully broken down in-situ
(Webster 1999). Leaf patches erode at sites
with high flow velocities and transport is most
prominent during peak discharge events
The patch dynamics concept as described by
Townsened (1989) highlights the importance of
substrates as refugia during spates. Scarcity of
resourceful low flow habitat reduces escaping
possibilities for macroinvertebrates that are left
exposed to high shear stress levels. Those
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Experiments were conducted in a laboratory
flume that can be tilted, which has the
following specifications:
 1.20 meter wide
 0.50 meter deep
 17 meter long
We covered 1.20x2.00m of the bottom with
leaves and monitored patch development at
three classes of a constant flow velocity, viz.
0.1m/s, 0.15m/s and 0.2m/s, continuing the
experiment until the leaf cover remained
stable. Pictures taken directly above the flume
were taken at pre-set intervals of 1 minute.
Possible gravitational effects were studied by
comparing patch development in a horizontal
flume with development under a small slope at
0.15m/s. The number of replicates for each
condition was chosen 3.The analysis of the
pictures is executed by analyzing red, green
and blue values, to distinguish between sand
and leaf covered parts of the flume. The cover
fraction is determined continuously during
every run, and compared to the flow
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coverage, but replicates differ significantly.
Instead of increasing the number of replicates,
we choose to proceed our study with a
controlled deflector of the flow, and focus on
flow velocities and turbulence conditions
required for leaf transport.

conditions. In contrast to the hypothesis, the
stabilization point varied strongly between
replicates of the same flow conditions,
indicating that the process is not solely
dependent on flow velocity. Between the
different flow conditions, all have shown
exponential patterns in the reduction of leaf
coverage. The stabilization value varied
between the different runs with higher flow
velocities, showing that a smaller portion of the
habitat remained present. An exponential
function was fit to the data. The model showed
varying results based on the Nash Sutcliffe
coefficient, giving results between 0.5 and 0.9.
An investigation on the residual errors in fine
tuning the conceptual model showed that the
measurements were overestimated in the
initial stages, while in later stages (after 4
hours) the model underestimates the actual
cover fractions of the measurements. The
limited repeatability of the results in the
measurements are possibly caused by sand
transport in the flume, depositing sand on the
leaves preventing them from being set in
motion.
Future work
This research demonstrates a consistent
exponential behaviour in the reduction of leaf
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Figure 1. Leaf patch alignment a) position of the leaf patch in the flume b) picture of the set up with a leaf patch.

Figure 2. Leaf patch development at constant flow velocity, a) 10cm/s, b) 15cm/s, c) 20 cm/s, d) 15cm/s with a slope.
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Effects of vegetation on flooding: The study case of the
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2 - Materials and methods
Based on the information collected by the
University of Genova we defined the set up for
the model of the area of study. The 2D
hydromorphological model Delft3D (Lesser et
al., 2004) was applied in this work. LIDAR
information measured in 2008 (DICCA, 2012)
from the affected area was used for defining
the bathymetry of the main channel and the
floodplain areas. Aerial photos were used for
recognizing and delineating the different types
of vegetation. This delineation process was
performed by means of the software
“Definiens5” (Definiens, 2006), which uses a
segmentation-oriented
approach.
The
hydrographs for the main branches of the river
and water level records were provided by the
River Magra Basin Authority, the sediment
properties were obtained from the field
observations and the studies performed by
DICCA (2012). For modelling the presence of
vegetation, the Delft3D code include Baptist's
method (Baptist, 2005), which assumes highlydense plants to be represented by means of a
rigid-cylinder analogy. Selection of the
parameters of the vegetation f the study site
was performed based on literature (Wilson,
2007; Tanaka et al., 2011).

1 - Introduction
Riparian vegetation affects rivers by altering
flow field and turbulent structures, modifying
their response (Lovett and Price, 2007). The
effects of vegetation on flooding vary
according to the spatial scale. At the basin
scale, vegetation plays a key role in the
hydrologic cycle, affecting the water volume
that reaches river channel. At the reach scale,
vegetation affects river patterns and planforms.
Within a cross section, the presence of
vegetation alters the resistance to flow,
modifying velocity and shear stress patterns.
The latter aspect also affects water levels and
sediment transport and hence morphologic
changes.
The Magra River is located in the Northwestern region of Italy, with a length of the
main channel of about 62 km, and a catchment
area close to 1720 km2 (Fig 1a). The river is
regularly subjected to flooding. One of the
most catastrophic events recorded until now
happened on the 25th of October 2011, (Centro
funzionale della Regione Toscana, 2011). The
devastating effects of water flow, landslides
and mudslides due to the event resulted in
significant damage to infrastructure with huge
economical losses (http://it.wikipedia.org).
Nearby the town Aulla, areas were flooded
with exceptionally high water levels (Fig.1b).
The area affected by this flood near Aulla is
the study site treated within this paper.
Preliminary studies show that the riparian
vegetation present in the floodplain of the
study area strongly influenced the high water
levels that were reached during the event.
Based on these results, the Authority of Magra
River decided to remove all the floodplain
vegetation as a preventive measure. Since
major changes in river morphodynamics have
been reported after removing riparian
vegetation (Zhao et al., 2011) we addressed
the evaluation of different vegetation
management strategies by means of numerical
modelling.
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3 - Results and conclusions
Based on the outputs of “Definiens” for the
area of study, the type of vegetation was
assigned for each grid cell of the
hydromorphological model. The results
obtained from Delft3D for the water depth are
shown in Fig. 2a. In Fig. 2b the comparison
between the measured and the estimated
water levels for the flood event are shown. In
this figure is also included the water levels
after removing the vegetation.
The
results
obtained
with
the
2D
morphodynamic model represent with good
accuracy the measurements obtained from the
field (see Fig. 2b). From this figure is also
possible to see how the eradication of the
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2 - Ecology and biogeomorphology of rivers

existent vegetation modifies substantially the
water levels. An analysis of these variations is
also included in this contribution.
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4- Management strategies
Based on a scenarios analysis, the calibrated
model for the study area has been used for
evaluating the effectiveness of different
vegetation management strategies. The results
for this stage will be oriented to give more
insights about the adequate management
practices for the study area.

a)

b)

Figure 1. Magra river. a) Study site localization (Indicated as the red point), b) Consequences of the analyzed event.
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Figure 2. Results obtained: a) Vegetation classification, and b) Predicted water depth results from Delft3D in m.
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Vegetation and hydro-morphological processes in the river
Allier
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REFORM
Humans have been altering natural flows and
sediment in rivers in ways that impact ecology by
building dams, bifurcation structures, canals and
constructed waterways (Poff et al., 1997; Naiman
et al., 2005). As a result river processes and
aquatic and riparian ecosystems have significantly
changed worldwide (Poff et al., 2007).
However, the ecological impacts of these hydro
morphological modifications are still poorly
understood and there is an urgent need for a
sound understanding on how negative impacts can
be effectively reversed or mitigated. In 2011 a 4year European integrated research project
(REFORM: REstoring rivers FOR effective
catchment Management) was initiated with the
objective to provide tools for the cost-effective
implementation of restoration measures to reach
the ecological objectives for European rivers as
required by the EU Water Framework Directive
(REFORM, 2013; WFD, 2013). Within REFORM a
PhD project (M. van Oorschot) was initiated with
the objective to better understand and predict the
processes involved in the interaction between
hydro morphology and vegetation.

Figure 1: Fundamental interaction between hydro morphology
and vegetation (Corenblit el al., 2007).

The adaptation of riverine vegetation to different
local conditions has resulted in a range of
vegetation types, characterized by different
functional traits (Lytle and Poff, 2004). To better
understand and predict the interaction between
hydro morphology and vegetation, grouping
species by shared functional attributes (e.g. life
history traits) can be a practical way to generalise
and transfer patterns across systems.
Field visit
A field visit to the river Allier in France was
undertaken with the objective to identify dominant
vegetation types and qualitatively relate the
presence of these vegetation types to the hydro
morphological processes (Fig. 2). Transects were
conducted at three point bars. Plant species were
recorded on a percentage scale and the sediment
diameter (D50) was determined taking 10 random
samples. A levelling device and GPS were
employed to determine the exact positioning and
the relative elevation to the river.

Introduction
Aquatic and riparian vegetation are key elements
of riverine ecosystems that interact with hydromorphological processes. Each vegetation zone in
a gradient ranging from the frequently flooded
riverbank to the sparsely- flooded higher parts of
the floodplain has its own characteristic group of
species that are adapted to the local conditions
(Blom et al., 1994). Riverine vegetation may act as
an ecosystem engineer by stabilising river banks
and floodplains and affecting hydrodynamic
processes through hydraulic resistance. Moreover,
vegetation may change the substrate by addition
of organic material and thereby creating niches for
other plant species. On the other hand, riverine
aquatic plant species have evolved in the context
of different flow regimes (Corenblit et al., 2007)
(Fig. 1).
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During this field trip we observed a change of
vegetation types and abundance along the crosssection of the floodplain and we related the
vegetation types and abundance to the local
hydro-morphology.
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for aquatic and riparian vegetation in lowland rivers
to investigate the effect of vegetation growth on
riverine landscape dynamics and patterns.

Future work
The data gathered in this study will be used for
constructing a settlement and succession model

Figure 2: Different morphological units with vegetation in the river Allier. Left: Softwood forest (e.g. Salix Alba), Middle: Cut-off
channel with Ludwigia grandiflora, Right: Submerged bar with pioneer vegetation (e.g. Corrigiola litoralis).
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Consumer-resource coupling in the Mara River: Influences
of location on the fluvial continuum and subsidies
F.O. Masese*, M.E. McClain, G.M. Gettel and K. Irvine
UNESCO-IHE Institute for Water Education, Department of Water Science and Engineering, P.O. Box 3015, 2601 DA Delft, The
Netherlands
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graphical approach, we used regression slopes
of consumer δ13C vs. diatoms δ13C as an
indicator of reliance on local resources
(Rasmussen, 2010).

Human use of river catchments and riparian
corridors influence the distribution of both
consumers and their food resources is rivers
making it difficult to understand their linkages.
Many recent studies in the tropics have found
that periphyton contributes significantly to the
metazoan biomass and produce a strong
linkage between consumers and their local
resources (Jardine et al., 2012) despite
forming a small proportion of total carbon
biomass (Thorp & Delong 2002, Douglas et al.,
2005), with detritus from terrestrial and aquatic
vascular plants (C3 and especially C4) playing
only a minor role (Lewis et al., 2001; Lau et al.,
2009). However, whether substantial input of
C3 organic matter can cause a shift in the
overreliance on periphyton (autochthonous
production) is not well understood, especially
in river reaches that receive organic matter
subsidies by wildlife.

Wide scatter in stable C and N isotope values
for basal resources (C3 and C4 terrestrial
plants, CPOM, FPOM, seston, biofilm,
macrophytes {both C3 and C4}, lichens,
periphyton (diatoms), filamentous algae and
cyanobacteria) and consumers (invertebrates
and fish) were observed. This was attributable
to flow variation and human mediated temporal
and spatial variation in the sources of both
carbon and nitrogen. In the forested upper
reaches, food webs were reliant on C3 plants
that dominate the landscape. In the agricultural
mid-reaches (Food Web 3), food webs were
reliant on both allochthonous (CPOM and
FPOM)
and
autochthonous
(biofilm,
periphyton) sources of energy. However, in the
lower reaches substantial organic matter
subsidies by hippopotamuses (hippos) were a
major source of discontinuity in longitudinal
flow of energy (carbon) and shifted the food
web from relying on upstream C3 plant
sources to C4 plant sources (Figure 3).
Macroinvertebrates and fishes from sites under
direct influence of hippos (NMB and OMB)
exhibited enriched δ13C signals and depleted
δ15N signals. This reflects carbon sourcing
from riparian C4 plants, and suggests that
carbon from terrestrial sources can be a major
energy source in some large rivers and, and as
such, can cause longitudinal discontinuity in
the reliance of upstream leakages and instream production as major sources of energy.
The shift in the δ13C and δ15N of consumers in
Food Web 4 sites does not indicate a shift in
trophic position but changes in the sources of
both carbon (from C4 plants) and nitrogen.

The Mara River traverses a land use gradient
that presents a unique opportunity for studying
the influence of both human and wild animal
populations on riverine consumer-resource
linkages. The upper reaches are forested while
the mid-reaches are under mixed small-scale
and large-scale agriculture and settlements
(towns and villages). In the lower reaches,
protected savannah grasslands in Masai Mara
Game Reserve harbour millions of migratory
herbivores (including hippopotamuses- hippos)
that mediate substantial fluxes of nutrients and
organic matter into the river. These inputs have
the potential to influence foodweb structure
and function.
This study was conducted on the Kenyan part
of the Mara River that drains into Lake Victoria
through the Serengeti National Park in
Tanzania. Sites were selected and grouped
into 4 food webs depending on catchment land
use and riparian influences along the river
(Figure 1). Different sources of energy were
hypothesized to be the basis for food webs in
the immediate river reaches in the three land
uses.

Though preliminary, this study indicates the
dynamic nature of tropical rivers and the role
played by large wildlife on the structure and
function of foodwebs. Extended analysis will
examine spatial and temporal variation in the
isotopic signatures of the basal resources –
role of discharge variation. It will also
determine the influence of seasonality on the
relative importance of different resources and
food web characteristics.

Analyses of δ13C and δ15N were used to
determine the relative contribution of
allochthonous and autochthonous sources of
energy
for
riverine
consumers
(macroinvertebrates and fish).
Using the
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Figure 2. Shifts in the means of δ C and δ N isotope
values for consumers and their food sources in the Mara
River as a result of organic matter subsidies. The red line
separates Food Web 3 (not receiving hippo inputs) and
Food Web 4 sites (receiving hippo inputs). blue arrows
indicate the direction of energy flow.

Figure 1. Map of the study are showing the position of the
study sites and four food webs that are influenced by
human activities to different levels.
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Figure 3. The δ C of fishes vs δ C of diatoms (peripyton) from sites in (a) Food Web 3, and (b) Food Web 4 in the Mara River,
Kenya. Best-fit lines are shown for regression slopes and liner-equations for each fish; BA = Barbus altinialis, BK = B. kerstenii,
BN = B. neumayeri, BP = B. paludinosus, Chiloglanis = Chiloglanis sp., CL = Clarias liocephalus, LV = Labeo victorianus, CG =
C. gariepinus. The bold dashed line is the 1:1 line. All fishes in Food Web 3 rely on diatoms (peripyton) pathways (slope
significantly different from zero but not significantly different from one) except B. altinialis that relies on mixed sources. Only B.
paludinosus in Food Web 4 relies on periphyton pathways with the rest of the fishes relying on either mixed sources (B. altinialis
and L. victorianus) or alternate sources (B. cercops and C. gariepinus).
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The effects of ship-induced flow velocities on freshwater
molluscs in the littoral zone of rivers
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lowest tolerance to flow velocity (PAF95 = 116
m·s-1, Fig. 1). Table 1 shows the PNOFs
caused by different types of ships, based on
maximum produced flow velocities (Vmax).
Towboats with four or more barges caused the
highest PNOFs, whereas recreational ships
showed the lowest values. The annual
probability of reaching certain ship-induced
flow velocities, that cause PNOFs ranging from
5% to 95% in the river Rhine, was found to be
low (9.86E-07 to 1.76E-10, Table 2).

Introduction
Following the growth and globalisation of the
economy over the last two centuries the
number and size of ships navigating on rivers
has strongly increased. These ships cause an
increase in near-surface flow velocities which
may affect mollusc species living on hard
substrates in the littoral zone of rivers. The aim
of this study was 1) to determine the sensitivity
of sessile and stone-dwelling mollusc species
to flow velocity, and 2) to assess the impact of
ship-induced increases in near-surface flow
velocity on the species richness of mollusc
assemblages in the river Rhine.

Table 1. Maximum flow velocity (Vmax) caused by various
types of ships and corresponding potentially not occurring
fractions (PNOFs) of the sessile and stone-dwelling
mollusc species derived from the species sensitivity
distribution (SSD: Fig. 1). The towboat with 6 barges long
means that the barges are pushed in 2 rows of 3 barges.
The towboat with 6 barges wide means that the barges are
pushed in 3 rows of 2 barges..

Materials and methods
Field data on abundance of eight mollusc
species have been used to derive species
specific flow velocities at which 95% of the
individuals of a population are potentially
affected (PAF value), according to the method
of Smit et al. (2008). Next, these flow velocities
were regarded as upper tolerance levels of
species and used to construct a species
sensitivity distribution (SSD) using the loglogistic distribution according to Verbrugge et
al. (2012) (Fig.1). This SSD was used to derive
the potentially not occurring fraction (PNOF)
(cf. Verbrugge et al., 2012) of the mollusc
species at groyne stones in the river Rhine,
caused by different types of ships.
Furthermore, the PNOFs caused by shipping
were calculated by measuring the maximum
flow velocity (Vmax) produced by different types
of ships. The Vmax values for towboats with four
or more barges were derived from Ten Brinke
(2003). Finally, the annual probability of shipinduced maximum flow velocities (Vmax)
occurring in groyne fields was calculated for
the river Rhine using a normal distribution
according to Fedorenkova et al. (2012).

Vmax

PNOF

Recreational ship
Container ship
River cruise ship
Tanker
Freight ship
Towboat no barge
Service ship (RWS)
Towboat 4 barges
Towboat 6 barges long
Towboat 6 barges wide

13
18
21
24
25
39
47
130a
160a
175a

2.30E-14
1.68E-12
1.29E-11
7.49E-11
1.28E-10
4.53E-08
5.31E-07
0.26
0.85
0.95

a: Ten Brinke (2003)

Conclusions
The high tolerance to flow velocity of Ancylus
fluviatilis is most likely caused by its strong foot
and its limpet shaped shell, which reduces the
drag and lift occurring with flow velocities
(Nachtigal, 1974; Statzner & Holm, 1989). The
types of ships that form the greatest threat to
the mollusc community are towboats with four
or more barges. The current changes in nearsurface flow velocity by shipping only pose a
relatively low risk to the mollusc community on
groynes in the river Rhine, based on the
annual probability calculations (Table 2).
However, further increases in shipping,

Results and discussion
The species specific sensitivity distribution
shows that Ancylus fluviatilis had the highest
tolerance to flow velocity (PAF95 = 157 m·s-1,
Fig. 1). Potamopyrgus antipodarum had the
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especially towboats with barges, will lead to
increases in near-surface flow velocities and
thus to increases in the effects of shipping on
the sessile and stone-dwelling mollusc
community. In addition to near-surface flow
velocity, indirect effects of increased turbidity
and frequent disturbance by turbulence of
water should also be included in risk
evaluations.

Table 2. Potentially not occurring fractions (PNOFs) of
the sessile and stone-dwelling mollusc species with
corresponding flow velocities and the yearly probability
of reaching these flow velocities in the river Rhine.

Flow velocity (cm s-1) Probability
124.04
9.86E-07
140.51
2.41E-08
159.16
1.76E-10

PNOF
0.05
0.50
0.95
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0.9
Bt

0.8
0.7

Al

0.6

Dp*

0.5
Ga

0.4

Vp

0.3
0.2

Pf

0.1

Pa*
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Figure 1. The species sensitivity distribution of sessile and stone-dwelling molluscs. Labels indicate the maximum tolerance of
the eight species. Pa*: Potamopyrgus antipodarum; Pf: Physa fontinalis; Vp: Valvata piscinalis; Ga: Gyraulus albus: Dp*:
Dreissena polymorpha: Al: Acroloxus lacustris; Bt: Bithynia tentaculata; Af: Ancylus fluviatilis. * indicates non-native species.
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Effects of desiccation on mollusc species in the rivers
Rhine and Meuse
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the acquired SSD were then used to analyse
both the spatial and temporal trends of
desiccation on mollusc species in a groyne
field of the rivers Rhine and Meuse. The
affected fraction of species to desiccation was

Introduction
River discharge fluctuations are becoming
more extreme due to climate change, land use
changes in catchments, river regulations and
water management changes (Watson, 2001;
Sophocleous, 2004). Low discharges result in
desiccation of littoral zones of rivers as well as
water bodies in the river floodplains. In the free
flowing River Rine, desiccation events are
expected to increase due to a decreased snow
storage during winter and increasing
evaporation resulting in an increased duration
and frequency of extremely low discharge
periods (Middelkoop et al., 2001). The high
dynamics in these free flowing rivers results in
a dominance of non-native mollusc species.
On the contrary, a lack of dynamics in
regulated rivers like the River Meuse leads to
competition between species which also
results in the dominance of non-native species.
However, during summer and winter droughts
both the native and non-native mollusc species
assemblages strongly decrease due to
desiccation (Gérard, 2001; Gagnon et al.,
2004; Golladay et al., 2004; Werner &
Rothhaupt, 2008; Collas et al., 2012).
Therefore, the spatial and temporal effects of
desiccation on both the native and non-native
mollusc assemblages have been assessed in a
free flowing section of the River Rhine and an
impounded section of River Meuse. We
hypothesize that desiccation causes a strong
decline of the species richness of mollusc
assemblages. However, in the impounded
sections of the River Meuse the effect of
desiccation is expected to be less than in the
free flowing River Rhine due to water level
mitigation by weir management in the River
Meuse.

Figure 1. Species sensitivity distributions (SSD) for
desiccation tolerances of molluscs based on LT99 values (n
= 16; α = 1.94, β = 0.23). Abbreviations: Af: Ancylus
fluviatilis; Pa: Physella acuta; Dp: Dreissena polymorpha;
Drb: Dreissena rostriformis bugensis; Sp: Stagnicola
palustris; Ls: Lymnaea stagnalis; Ml: Mytilopsis
leucophaeata; Rb: Radix balthica; Ra: Radix auricularia;
Vv: Viviparus viviparus; Vp: Valvata piscinalis; Up: Unio
pictorum; Ut: Unio tumidus; Bt: Bithynia tentaculata, and
Cf: Corbicula fluminea.

represented by the fraction of mollusc species
that was predicted to be potentially absent
from the rivers Rhine and Meuse, expressed
as the potentially not occurring fraction
(PNOF). PNOFs of molluscs in the rivers Rhine
and Meuse were calculated by comparing the
daily water levels in a specific year with the
average water level throughout 1900-2009 and
1943-2009, respectively. Desiccation was
defined as the number of hours the water level
was lower than a certain depth.
Results and discussion
The LT99 values of native species varied
between 17.2 and 434.2 hours and between
36.7 and 561.6 hours for non-native species
(Fig. 1). However, no significant difference in
desiccation tolerance was found between
native and non-native species (t-test: P>0.05).
Thus both native and non-native species are
equally affected by desiccation.
Desiccation events were found to occur
frequently during an average discharge year
(2002) of the River Rhine in habitats up to 1.5

Materials and methods
Desiccation tolerance data of sixteen
freshwater mollusc species occurring in the
rivers Rhine and Meuse were used to calculate
the lethal time (in hours) for 99% (LT99)
mortality.
All
tolerance
data
were
experimentally derived at 20 °C. A log-logistic
species sensitivity distribution (SSD) of mollusc
species to desiccation was then constructed
using the LT99 values (Fig. 1). Parameters of
Book of Abstracts NCR-Days 2013
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m below the average Rhine water level (Fig
2A). During an extremely low discharge year
(2003) the effect of desiccation was more
pronounced and found at a depth up to 3.5 m
(Fig. 2B). During an average discharge year of
the River Meuse no desiccation events
occurred (Fig. 2C). However, when the water
level could not be maintained in the impounded
sections of the River Meuse due to extremely
low discharges (2003), desiccation events had
a profound effect (Fig. 2D). Thus, desiccation
can still have a severe impact on mollusc
population in impounded rivers. However, in
impounded river sections re-establishment
time between events is increased since the
frequency of desiccation events is lower.

Conclusions
 Desiccation events have a profound effect
on mollusc assemblages in the groyne
fields of the rivers Rhine and Meuse.
 Mitigation of water level fluctuation by
weirs decreases the frequency of
desiccation events.
 Desiccation could be used to control
densities of non-native mollusc species,
thereby providing an opportunity for cooccurrence of native mollusc species.
 An effort should be made to assess the
combined effects of low flows and
environmental temperature on survival of
aquatic species.

Figure 2. Potentially not occurring fraction (PNOF) of molluscs in the River Rhine at Lobith in a reference year (2002) with an
average discharge pattern (A) and a year (2003) with extremely low discharges (B) and the Potentially not occurring fraction
(PNOF) of molluscs in the River Meuse at Mook in a reference year (2002) with an average discharge pattern (C) and a year
(1997) with extremely low discharges (D). * above average sea level.
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soil species reached very high germination
rates at these conditions (Evans and
Etherington, 1990). Seedling survival, has
been shown to be greatly influenced by
flooding during the growing season, depending
on the flood tolerance of species (Van Eck et
al., 2004). These studies stress the influence
of hydrology on vegetation development. The
complete colonization process however, from
seed deposition to species establishment, has
been studied much less, but is crucial to study
the effects of restoration activities on
ecological development.

Many streams and rivers worldwide are
impacted by severe habitat homogenization
and degradation (Malmqvist and Rundle, 2002
). Despite numerous stream restoration
projects in the last three decades, still marginal
ecological improvement has been achieved in
these potentially highly diverse ecosystems
(Jähnig et al., 2010; Verdonschot and Nijboer,
2002). The lack of species potentially arriving
at restored streams could partly cause this, as
previously shown for otherwise successfully
restored mountain streams (Brederveld et al.,
2010). Another option is that species do arrive
but fail to establish because of unsuitable
conditions.
Indeed,
insufficient
habitat
improvement following restoration activities
have been described to hamper ecological
improvement in restoration projects, due to
pollution,
spatial
limitations,
but also
fragmented
system
approaches;
i.e.
restoration of only one or few disturbed key
factors (Verdonschot and Nijboer, 2002;
Jähnig et al., 2010).

In this research vegetation development after
stream restoration has been studied with field
research at a hydrologically restored lowland
stream in the Province Overijssel, the
Netherlands. Directly after restoration activities
in June 2010, seed traps were installed along
an elevational gradient in the riparian zone to
monitor the arrival of seeds until 1.5 years after
restoration. Vegetation surveys were carried
out yearly in August. In this way, arrival of
species could be monitored, as well as their
establishment in the vegetation.

Currently, innovative stream restoration
projects aim at restoring hydrology by
narrowing and shallowing stream profiles in
order to maintain flow velocities during low
discharges. This is combined with excavation
of the riparian zones, increasing the space for
inundation during high discharges. This more
natural hydrology is expected to stimulate the
return of typical stream (valley) species and
increase biodiversity. Clear hydrological
guidelines for the complex process of
biodiversity development are however lacking.

The results showed that many species do
arrive, especially at the area in the riparian
zone which gets regularly flooded, indicating
the importance of seed dispersal with water, or
hydrochory, as was also showed in earlier
studies (Gurnell et al., 2006; Moggridge and
Gurnell, 2010). Many species, however, do not
become established in the vegetation. Further
investigation indicated selective establishment
from ‘wet’ species close to the stream, to more
‘dry’ species further from the stream.

Hydrological gradients along streams
and rivers often show a high floristic diversity,
which can be explained by distributional
differences of species along topographic -i.e.
hydrological- gradients (Gregory et al., 1991),
or by intermediate disturbance theory, as
caused by flooding (Pollock et al., 1998).
Several studies have been carried out on the
effects of hydrology on individual steps in the
colonization process of plants. For example,
germination of wetland species was strongly
reduced at low soil water potentials, while dry-
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In conclusion, flooding is of great importance
for the arrival of species at riparian zones of
restored streams. Furthermore, wide and fluent
hydrological gradients in the riparian zone
provide more space for several individual
species requirements. This increased space
and habitat heterogeneity will stimulate
biodiversity development.
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a)

b)

Figure 1. Research on seed deposition along restored Dutch streams with a) artificial grass mats that function as seed traps,
placed along an elevational gradient in the riparian zone, and b) seeds that were captured during flooding events, viewed under
a microscope.
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step to retrieve the mean Cartesian mean flow
components is performed in a least square
sense. The estimated Cartesian velocity will be
the best-fit to the available toward beam
velocity estimates.

Vessel mounted acoustic Doppler current
profilers (VM-ADCP) are becoming the defacto standard for measuring 3-dimensional
flow patterns in large scale fluvial and coastal
systems. Processing of VM-ADCP transect
data is currently an elaborate task, often
relying on several assumptions. A common
assumption is that flow between the acoustic
beams is homogeneous. This assumption
usually holds for smaller systems with small
gradients in velocity. When the flow is strongly
sheared, such as often the case at river
confluences, or strong secondary flow exists,
as in river bends, the basic assumption of flow
homogeneity may not hold. Other issues may
arise when strong bathymetric gradients are
present. The depth along an inclined acoustic
beam is often variable, as a result of the
horizontal spread. In the presence of strong
depth gradients it is better to combine data
measured at a similar relative depth instead of
the absolute depth.
In this contribution we propose a new
processing method, which aims to address the
issues described above. The method was
implemented in an open source set of
functions, which will soon be made available
online.

Processing procedure
Given the ADCP positions
we determine the
section direction
as the eigenvector of the
covariance of
with the largest eigenvalue.
is defined orthogonal to .
The positions of velocity estimates and bed
detection are determined for each beam
separately, and account for tilting of the boat
and time variations in bed elevation:
(1)
is the position of the velocity
In which
measurement or depth detection,
is the
range to the measurement and
is a unit
vector pointing in the direction of the acoustic
beam. This unit vector is rotated according to
the tilting of the acoustic beam with respect to
the instrument and according to the three
spatial tilts of the instrument.
From the bed detections, a bathymetric model
of the area is built, which is then used to
determine the depth at the location of a
velocity estimate.
The meshing is done by using a hybrid
approach between a sigma-mesh and a zmesh. The sigma-mesh has the advantage that
it closely follows the bed, while the z-mesh has
the advantage of having equally sized cells,
which guarantees a constant amount of data in
the cells. To retain the advantages of both
meshing approaches we define a mesh which
has an approximately constant vertical size,
but which follows closely the bed topography.
A toward beam velocity relates to the
Cartesian velocity as:

Method description
The method consists of splitting the data in
sections and crossings. Subsequently, the bed
detections and velocity estimates are
positioned in space and referenced to each
other. All obtained data is transformed to nondimensional coordinates and projected onto a
representative section for which the data
processing is performed. The section plane is
meshed to ensure enough data is retained in
each mesh cell. Eventually, all velocity data
collected within one portion in space is
combined to obtain velocity estimates in a
Cartesian coordinate system.
The core idea of the new processing technique
is the fact that toward beam velocity estimates
collected by the ADCP are not directly
combined to obtain velocity estimates in a
Cartesian coordinate system. Toward beam
velocity estimates are first located in space,
and all beam velocity estimates collected in a
certain portion of space are combined to obtain
the Cartesian velocity components. This last

Book of Abstracts NCR-Days 2013

(2)
Combining all beam velocity
collected within one cell we obtain:

estimates

(3)
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Despite that no smoothing or spike removal
was applied to the raw data or the end result,
the obtained velocity is highly consistent over
the section. The consistency of the vertical
component
of
velocity
is
particularly
remarkable, which is often considered too
subtle and therefore unreliable for the case of
vessel mounted ADCP data.

The Cartesian components of velocity are now
solved as:
(4)
This last operation is also known
generalized inverse which is a least
solution giving the best fit solution
Cartesian velocity components given
beam velocity estimates.

as the
square
for the
certain

Discussion and conclusions
The results obtained show great improvements
of the currently proposed methodology, when
compared with a conventional velocity
processing.
The
extent
over
which
homogeneity is assumed can be strongly
reduced, i.e. from the distance between the
acoustic beams to the extent of a mesh cell.
The technique seems very promising to obtain
reliable results in strongly sheared flows and
still has room for improvement. Equation 3
assumes that velocity is constant in the mesh
cell, but this equation can be extended to
include the effect of spatial and temporal
gradients in velocity, that can eventually be
estimated by the same methodology.

Results
The methodology was exemplified using data
from a discordant confluence in the Mahakam
River, East Kalimantan, Indonesia. The
confluence is characterised by strong shear
where the flows from the two joining branches
meet (left side of Figure 1).
Where the shearing is highest, the results with
the proposed methodology strongly differ from
result obtained adopting a conventional
processing technique.

Figure 1. Flow pattern (top panel) and differences between conventional processing and proposed methodology (lower panel).
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Migration of a dredging trench: bedform dominated flume
experiments with a trimodal mixture
Clara Orrú1,2, Astrid Blom1 and Wim S. J. Uijttewaal1
1

Environmental Fluid Mechanics Section, Civil Engineering and Geosciences, Delft University of Technology, PO Box 5048,
2600 GA, Delft, The Netherlands.
2
Email: C.Orru@tudelft.nl

Introduction
The Rhine river is one of the most intensively
navigated rivers in the world, every three
minutes a ship passes the border between
Germany and The Netherlands, 24 hours a day
and 7 days a week (Mosselman et al., 2004).
Consequently, the maintenance of the proper
navigation channel is one of the main issues
for river management in The Netherlands.
Additionally, the Dutch reach of the Rhine is
affected by degradation of the river bed at a
rate of up to 2 cm per year. This degradation is
the result of different causes among which the
shortage of sediment supply from upstream,
excessive dredging and training works in the
past, and an inland shift of the river mouth
(Mosselman et al., 2004). These problems are
usually counteracted with flexible sediment
management measures such as dredging and
nourishment (Figure 1). Dredging consists of a
local removal of sediment in order to decrease
the bed level and nourishment consists of a
local supply of sediment in order to increase
the river bed level. Even though these
measures are applied often, an accurate
estimate of the temporal and spatial changes
of the river bed cannot be made yet. Sediment
nourishment, for instance, may affect bedform
geometry and consequently affects water
levels. Many questions in this field are
unanswered, for instance: What are the proper
depth and reach to be dredged? Which kind of
sediment needs to be supplied in a
nourishment, in which amount and how often?
Particularly the situation becomes more
complicated in case the river bed is dominated
by bedforms and composed of mixed
sediment. In these cases the prediction of the
morphodynamic effects is complex since
existing models are not yet able to adequately
simulate
morphodynamic
changes.
In
particular, the interaction among grain sizeselective transport, sorting, and morphodynamics are not fully represented in sediment
continuity models, which are a fundamental
component of a morphodynamic system when
sorting processes are relevant. Bedform
evolution and processes of sorting need to be
included in morphodynamic models since they
affect flow, bed resistance (skin friction and
form drag), the sediment transport rate and
composition.
Book of Abstracts NCR-Days 2013

Objective
The contribution of this project to the above is
to provide data to test and improve the
components of a morphodynamic model to
better estimate hydraulic and morphodynamic
changes. In order to provide the data flume
experiments are carried out using mixed
sediment simulating a dredging and a
nourishment. We observe response of the bed
in case of dredging by studying the effects of
bedform geometry and grain-size selective
processes on the migration and dispersion of
the dredging trench.
Experimental set-up
The experiments are carried out at the
Environmental Fluid Mechanics Laboratory of
Delft University of Technology.
The experiments are conducted in a
recirculating flume over a bed dominated by
bedforms and composed of a trimodal
sediment mixture. Sediment transport is
dominated by bedload. The flume is 45 m long,
0.8 m wide and 0.8 m high. Three well sorted
grain sizes (0.8-1.2 mm; 1.7-2.5 mm; 3.1-5.6
mm). The three grain size fractions are painted
in different colors. The experiment starts with
an initial bed composed of one third of each
grain size fraction and it develops to an
equilibrium state that is dominated by
bedforms (Figure 2a). At a certain distance
from the downstream end of the flume, a
dredging trench is excavated (Figure 2b). The
pit depth reaches the coarse layer present at
the base of the bedforms.
Measurement techniques
The parameters that are continuously
monitored during the runs are: water and bed
elevations; grain size distribution of the bed
surface, rate and grain size distribution of bed
load transport. The stratigraphy of the deposit
is measured at certain times of the experiment
for which the flume will be stopped and
drained. These measurements are performed
using a newly developed image analysis
technique based on particle coloring (Figure 3)
combined with a sampling technique using a
vacuum pump to remove thin layers of
sediment (Orrú et al, 2013). The image
analysis technique is used as well to measure
during the runs the variations of the grain size
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distribution of the bed surface over the entire
flume length.

the trench is characterized by an initial period
of translation in which the original morphology
is maintained and a dispersion period in which
the deformation starts until the final filling of the
pit (Lee et al., 1993). The test is ended when a
new equilibrium state is reached.

Expected results
A deposition front progrades as a delta down
the upstream edge of the dredging trench and
an erosion front propagates downstream
(Parker, 2004) (Figure 2c). The migration of

Figure 1. Left: example of sediment nourishment from a vessel. Right: navigation in the Dutch Rhine.
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b) Initial conditions
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Figure 2. Experiment steps: a) developing bedforms until Figure 3 Example of color segmentation after the image
equilibrium; b)dredging trench excavation; c) dredging trench analysis processing to determine the color areal fractions.
migration.
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al. (2013). The water discharge was
maintained constant, as well as the sediment
discharge of the three grain size fractions, for
the entire duration of the experiments. Three
experiments were conducted: (I) constant base
level, (II) a gradually rising base level, and (III)
a slowly varying base level.

A foreset-dominated Gilbert delta is a delta
that is dominated by sediment avalanches (i.e.,
discontinuous grain flows) over its front. It
forms when a river flows into a basin or sea
characterized by a flow depth that is much
larger than the one in the fluvial reach, and the
conditions (e.g., flow expansion in combination
with the grain size distribution of the
transported sediment) are such that the
transported sediment passing the brinkpoint is
deposited (i.e., grain fall) and forms a wedge at
the topmost part of the foreset. Discontinuous
grain flows, which are initiated when the angle
of repose is exceeded and the wedge fails,
generally result in a fining upward pattern
within the foreset deposit. A Gilbert delta is
typically described in terms of a low-slope
topset (resulting from deposition over the
fluvial reach), a steep-slope foreset (resulting
from sediment avalanches over the lee face),
and a bottomset (resulting from deposition of
fine sediment passing the brinkpoint as
suspended load). Viparelli et al. (2012)
developed a numerical model describing the
progradation and stratigraphy of a Gilbert delta
subject to base level rise and fall. The purpose
of the numerical work is to develop a tool that
helps in the interpretation of past sea level
changes from stratigraphy formed by a Gilbert
delta. The model was validated using
laboratory data from a mixed-sediment Gilbert
delta (Viparelli et al., 2013). The objective of
the present study is to provide detailed data
from laboratory experiments on the streamwise
variation of the stratigraphy within a Gilbert
delta deposit in response to a variation in sea
level. The experiments were conducted in a
sediment feed flume in the Water Lab of the
Department of Hydraulic Engineering of Delft
University of Technology. The flume is 14 m
long and 40 cm wide. We used three wellsorted grain size fractions in the coarse sand
to gravel range. The three fractions were
painted in three different colors, and the
streamwise variation of the stratigraphy within
the delta deposit was measured using the
image analysis technique developed by Orrú et
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Figure 1. Laboratory delta during the experiments.

The Gilbert delta deposits were characterized
by (a) the formation of a topset resulting from
aggradation over the fluvial reach; (b) the
presence of an armour layer constituting the
topmost part of the topset, as the fluvial reach
needs to coarsen its surface to transport the
mixture from the feeder downstream; (c) a
slight downstream fining of the bed surface
material over the fluvial reach, as the fluvial
reach has a slightly upward concave profile
resulting from delta progradation; and (d) a
fining upward profile within the foreset resulting
from sediment avalanching over the foreset.
Base level rise induces an M1 backwater curve
over the fluvial reach. In case flow and
sediment characteristics are such that
selective trapping may occur, the topset
aggrades preferably with the coarse fraction of
the mixture. In such a case, the sediment
passing the brinkpoint and forming the
sediment wedge becomes finer, and, as a
result, a fine lens can be found in the foreset
deposit. However, this effect appears to be
temporary as due to the selective trapping, the
bed coarsens over the fluvial reach, which
enhances the transport capacity of the coarser
mode and counteracts the previous effect.
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prediction tool for scientific study and
engineering. The strong emphasis on the scale
rules was justified for these purposes,
particularly some decades ago when numerical
models and computer power were limited.
However, rigidity in the adherence to these
scale rules have also impeded scientific
progress on experiments covering much larger
spatial and temporal scales in smaller
experimental facilities (Paola et al. 2009). Yet
spectacular results with patterns and dynamics
surprisingly similar to nature were obtained in
setups that violate the classical scaling rules in
many ways (Tal and Paola 2007, Malverti et al.
2008, Braudrick et al. 2009, Hoyal and Sheets
2009, Van Dijk et al. 2012, 2012a, 2013Van de
Lageweg et al. 2013, de Villiers et al. 2013).
We present a number of small laboratory
setups (Figure 1) and protocols that we use to
quantify and design morphodynamics and
potential scale effects for depositional or
erosional conditions, and for more detailed
properties such as effective material strength.
Strength of floodplain material determines
channel dimensions, which in turn determines
the channelisation tendency and channel
pattern. We show how floodplain formation can
be controlled by adding silt-sized silica flour,
bentonite, Medicago sativa (alfalfa) or Partially
Hydrolyzed PolyAcrylamide (a synthetic
polymer) to poorly sorted sediment. The
experiments demonstrate that there is a
narrow range of conditions between no
mobility of bed or banks, and too much
mobility. The experimental setups and
protocols presented here can optimise design
and tune experiments aimed at reproducing
and studying entire dynamical and channelised
systems.
We conclude that:
1. Similarity scaling has worked well for rivers
with fixed banks and for braided gravelbed rivers, but cannot straightforwardly be
applied when width is a dependent
parameter in self-formed channels.
2. Physics-based
predictors
of
bar
wavelength and transverse bed slope are
well applicable without apparent scale
problems to laboratory experiments.
3. The tendency of a small-scale fluvial
system to form floodplains and erode

Experiments to simulate landscapes and
stratigraphy at the lab scale have been used
for more than a century (Reynolds 1887).
Experiments have two advantages over realworld data, namely full control over the initial
and boundary conditions, and a much faster
evolution so that it can be witnessed and
recorded. Experiments also have advantages
over numerical modelling, namely materiality:
the materials and processes at work in the
experiment are real as in the real world, unlike
those in numerical models that are virtual
(Morgan 2003, Kleinhans et al. 2005). Even if
such models are based on the laws of physics,
these remain dependent on choices about the
included physics, specification of boundary
conditions and resolution, and numerical
issues
related
to
discretisation
and
propagation of errors (Oreskes et al. 1994,
Kleinhans et al. 2005). However, laboratory
experiments to simulate landscapes often
suffer from scale effects, because reducing
length- and time scales leads to different
behaviour of water and sediment.
Our objectives are 1) to establish a design
strategy based on a combination of classical
scale rules and small-scale experiments
focussed at specific processes, and 2) to
assess what scale effects are present in such
experiments. This presentation addresses
scale effects for self-formed rivers and deltas
with erodible banks at smaller scales than
distorted scale models and larger scales than
analogue models.
Classically,
scaling
proceeded
from
dimensional analysis of the equations of
motion and sediment transport, and minor
concessions such as vertical length scale
distortion led to acceptable results (Yalin 1971,
De Vries et al. 1990). In the past decade many
experiments were done that seriously violate
these scaling rules, but nevertheless produced
significant and insightful results that resemble
the real world in quantifiable ways.
Traditionally, rivers with fixed banks were
down-scaled to the laboratory through dynamic
similarity of flow and sediment mobility
expressed
in
dimensionless
numbers
(Reynolds 1887, Yalin 1971).
Similarity scaling has been a tremendously
powerful
measurement-,
analysisand
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channelisation tendency for more cohesive
sediment mixtures.
6. Stream
table
fluvial
experiments
demonstrate that there is a narrow range
of conditions between no mobility of bed or
banks, and too much mobility.
7. Most experiments represent gravel-bed
rivers in nature, whereas experimental
reproduction of suspension-dominated
sand-bed rivers remains a challenge.

banks depends to a large extent on the
properties of the sediment and presence of
vegetation or other substances that
enhance bank strength.
4. The Friedkin bank erosion test showed
significantly different erosion trends that
were very sensitive to bank composition.
5. The delta deposition test indicated that
sedimentation patterns and dynamics
differed dramatically between different
types of sediment with an increased

Figure 1. Small scale experimental setups to systematically test erosional and depositional behaviour for different sediment
mixtures under conditions similar to that in large flume experiments (see Table 2). A. Setup of Friedkin erosion test. The water
supply channel is 5.0 cm wide, 1.1 m long and coated with a sand layer to represent sand roughness. The standard mold has a
2
o
surface area of 3.225 dm , is 2 cm in height (total volume 0.645 L) and is inclined with a 45 angle to the water supply channel.
B. Friedkin erosion run with erosion indicated for every time step. Warmer colours correspond to a longer erosion duration.
C. Side view of Delta experiment. We used a flat plywood stream table of 1.5 by 1 m with a constant base level with a 4.0 cm
wide inlet. D. Side view of plywood stream table of 5 m long, 1.25 m wide set at a slope of 0.01 m/m..
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Bed and suspended flux distribution along migrating dunes
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Although bed load is more dominant under
equilibrium conditions, suspended load
becomes
important
when
dunes
are
developing towards their equilibrium forms.

Dunes form the main source of hydraulic
roughness of the river bed due to the flow
separation and associated energy dissipation.
Engelund and Hansen [1967] showed that
hydraulic roughness due to dunes can be twice
larger compared to grain roughness. During
floods in several rivers, initially dunes are
observed to grow rapidly as flow strength
increases, undergoing an unstable transition
regime after which they are washed out what is
termed as upper stage plane beds [see
Simons and Richardson, 1966]. This
morphological evolution of dunes to upper
stage plane beds is associated with a
significant change in hydraulic roughness and
water levels [Nelson et al., 2011].

Future work
As we have simultaneous, co-located
measurements of both flow velocity and
sediment concentration, we are able to
investigate the magnitude of the turbulent
sediment fluxes compared to the mean
sediment fluxes. While using two instruments
for the measurements of flow velocity and
sediment concentration, which is normally the
case, the turbulent sediment fluxes are
neglected. These fluxes could be important in
highly turbulent flow regions e.g. the flow
separation region of a dune.

Dunes are generated by divergences and
convergences of sediment transport. To be
able to predict dune dimensions and thus
water levels accurately, knowledge on
sediment transport processes is crucial. The
present study focuses on sediment transport
fluxes along dunes. The main goal is to
determine suspended sediment gradients in
the dune growth, decay and equilibrium
regimes (Figure 1). This will provide us insights
in the contribution of suspended sediment to
dune morphology and evolution. To this end,
we have conducted flume experiments in the
hydraulics laboratory of the Leichtweiss
institute (LWI) of the technical University of
Braunschweig. For the measurements of
sediment fluxes along dunes, we have
employed the Acoustic Concentration and
Velocity Profiler ACVP developed by [Hurther
et al., 2011]. ACVP is capable of measuring
co-located, high resolution, vertical profiles of
the multi-component flow velocity, suspended
sediment concentration and corresponding bed
interface position thus providing direct
sediment flux measurements along the bed
profiles.
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The preliminary results of these measurements
show that bed and suspended sediment fluxes
are both important for the migration of dunes.
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Figure 1. Flattened sand bed before the start of the experiments (left), developed dune field at the end of the experiments
(right).
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Longitudinal training dams (LTDs) serve to
constrict the flow in the navigable part of a
river during low flows, and to increase the
discharge capacity during flood conditions.
Replacing existing river groynes with LTDs is
considered as a promising flood mitigation
measure in the main Dutch rivers, which can
also serve to guarantee navigability during low
flows and to create conditions favourable for
ecological development. Whereas the bed
response in the streamwise uniform part of a
river trained by a longitudinal dam can be
readily predicted, the bed response in the
transition zones is unclear. A previous study by
Vermeulen et al. (2013) has focussed on the
local morphological effects resulting at the
intake section of an LTD, where the flow is
distributed over the main channel and a side
channel in between the dam and the river
shore. With the ultimate aim to investigate the
degree in which velocity and sediment
transport in the physical model are dynamically
similar to the prototype, here we focus on
techniques to measure flow velocity and
sediment
transport
under
laboratory
conditions.

Velocity measurements
Velocity was measured with a Nortek Vectrino
micro ADV (Acoustic Doppler Velocimeter).
Data were collected at 25 Hz resulting in the
three velocity components u, v, w,
corresponding to the flow directions along and
across the flume and in the upflow direction
(respectively). A measuring interval of six
minutes was selected to allow for filtering out
turbulence fluctuations, while being short
enough to consider the measurement
stationary, given the characteristic period it
takes for dunes to pass by (20 minutes).
The raw velocity was filtered using the phasespace thresholding method (Nikora and
Goring, 2002; Wahl, 2003). This filtering
consists of comparing the raw signal with its
first and second order derivatives. The data
clumps into a region which can be described
by an ellipsoid known as the Universal
criterion. All data outside of the ellipsoid are
considered spikes and removed from the
dataset (Figure 1).

Figure 2. Phase space plot of a typical velocity signal. Data outside of the ellipsoid are marked as spikes.

Figure 3. Influence of seeding rates on computed Reynolds stresses.

Book of Abstracts NCR-Days 2013

3 - 11

3 - River flow, sediment and morphodynamics

To obtain a direct estimate of sediment
transport the sediment recirculation of the
flume could temporarily be diverted into a
calibration tank. After collecting all the flow
during a fixed interval (ca. 30 seconds), the
total sediment was weighed. Due to the
variability in sediment transport, several
samples were taken which featured a strong
variation in amounts of sediment. The
histogram of the collected samples resembles
the instantaneous distribution of sediment
transport according to Hamamori (1962), for
dunes averaged over a certain period of time
(Figure 4). This distribution will be fit to the
data. The fit of the distribution will yield the
average sediment transport rate.

Spikes in the velocity data can be caused by
low concentration of scatterers in the flume,
which is filled with drinking water. Especially
when analyzing turbulence parameters, spikes
can have large effects on covariances in the
velocity. The concentration of scatterers can
be improved by seeding with Chinese clay.
The effect of seeding on turbulent stresses
was investigated by determining the stresses
under different seeding conditions. Preliminary
results indicate a limited effect of seeding on
these parameters (Figure 2), despite a
reduction of the signal to noise ratios. The
limited effect might be due to a successful
filtering of spikes, but the amount of spikes
removed from the data only weakly correlated
with the seeding ratio.
Sediment transport measurements
Estimating sediment transport in the flume
during the experiments appeared to be a nontrivial task. Three possible methods where
considered to perform these measurements:
bed-form tracking in time, direct sampling with
a Halley-Smith sampler and trapping of
sediment in the recirculation circuit. The use of
the (lab-type) Halley-Smith sampler appeared
to be nearly impossible due to the buoyancy of
the granulates. The other two options will be
discussed below.

Figure 4. Probability distribution of sediment transport
rates.

Bedforms were tracked by successively
scanning the bed on a longitudinal line along
the flume. The length of the section was
chosen to be approximately twice the length of
a dune. The time between two successive
scans allows for a detailed tracking of the
dunes in the longitudinal direction (Figure 3).
The next step will be to determine the
sediment transport from the migration rates of
the bedforms.
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Figure 4. Propagation of bedforms in the flume. The slope
of the crests corresponds to the mirgration speed of the
dunes.
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3D modelling of bar and bifurcation evolution
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tops to the sides of the bars, stimulating bar
further bar aggradation and channelization.

Introduction
Braided rivers are characterized by a network
of channels and mid-channel bars within a
braidplain. Each well developed mid-channel
bar bifurcates a channel, dividing discharge
and sediment over the downstream branches
based on local water slope and bifurcation
morphology,
including
channel
widths,
upstream channel curvature, transverse bed
slope and bifurcation angle (Kleinhans et al.,
2012). At the same time, morphodynamics of
the bars and branches are highly affected by
the divisions at the bifurcation, making
bifurcations important elements for the
evolution of braided rivers. So, understanding
and ability of quantification of the divisions
enables prediction of near-future braided river
morphodynamics. In this study, we analyzed
channel bifurcations in a sand-bed braided
river by modeling the evolution of bifurcations
and bars from initiation to closure and their
interaction, in order to develop a method for
prediction of near-future morphodynamics in
sand-bed braided rivers. We determined the
relative importance of bifurcation evolution
mechanisms, identified by e.g. Ashmore
(1991).

Figure 1. Bifurcation initiation by conversion of unit bars
into compound bars and bifurcation closure by expansion
of bar Fa, resulting in agglomeration of bars Fa and Fb.

Figure 1 shows an example of this mechanism
that dominated in the early stage (50% of
bifurcation initiation events). In contrast to the
unit bars, the high upstream part of these
compound bars is the least dynamic, slowly
eroded by the bifurcating flow.

Methods
We used the physics-based non-linear
morphodynamic model Delft3D to model the
evolution of a self-formed braided topography
in a straight braidplain with fixed walls (3.2x80
km), initial flat surface and constant discharge
(40,000 m3/s) (Schuurman and Kleinhans,
2011; in prep.). Delft3D computes the 3D flow
field, sediment transport and bed level change.
Results
In the early stage of the river evolution, a bar
front initiated at the upstream boundary
migrated in downstream direction and
gradually occupied the braidplain. This bar
front migrated faster than the bars themselves,
so bars forced downstream initiation of bars.
These unit bars migrated by upstream erosion
and deposition at the downstream slipface. As
they grew and aggraded, the bars transformed
into compound bars, accompanied with a
switch of highest flow velocity from the bar
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inducing a lateral water slope between both sides of the
bar, resulting in over-bar flow and a chute-cutoff.
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shows that bifurcation angle asymmetry is an
indicator for water level gradient and discharge
division at a bifurcation. As discharge division
partly determines near-future bifurcation
evolution, bifurcation angle asymmetry thus
reveals near-future bifurcation evolution, which
is useful for the analysis of braid bar
development from aerial photography.
Another indicator of discharge division and
thus near-future morphodynamics is a set of
length, width and direction of bartail-limbs
(Figure 4). Lengthening of bartail-limbs is an
indication for flow parallel to the bartail-limb,
whereas widening indicates flow over the
bartail-limb in combination with sediment
deposition at its lee-side slipface. The degree
of extension of a bartail-limb in a branch is an
indication of flow intensity, as high flow
intensity would prevent extension.

At the downstream lee-side, deposition
occurred, forming low scroll-bars in the shape
of bartail-limbs, similar to nature (e.g.
Ashworth et al., 2000). Expansion of these
bartail-limbs can close bifurcation branches
(Figure 1).
In the later stage of the river evolution, when a
majority of the bars approached the water
surface, the dominant bifurcation initiation
mechanism (>70%) was bar dissection caused
by over-bar flow due to local water level
gradients (Figure 2). These gradients occur
due to differences in flow velocity, as
discharge is concentrated through one or two
main branches while other branches are
disconnected from upstream supply and form
water level depressions.

Figure 4. Bartail-limbs at the downstream side of a midchannel bar show the prevailing flow pattern and the
dominant branch.
Figure 3. Correlation between bifurcation angle
asymmetry, lateral water slope and discharge division.

Conclusions
Based on the model study, we can conclude
that bed evolution in sand-bed braided rivers is
mainly determined by local water level
differences between adjacent branches. These
water level differences are caused by closure
of branch entrances due to bar expansion, by
differences in bifurcation branch directions due
to compound bar shape and by backwatereffect imposed by downstream conditions.
Bifurcation angles and bartail-limbs are
indicators for dominant bifurcation branches
and prevailing flow direction, and thus useful
for predictions of near-future morphodynamics
in sand-bed braided rivers.

Local water level gradients also affect
discharge division at bifurcations (Figure 3).
Water gradients between bifurcation branches
are caused by backwater-effects due to
downstream conditions, e.g. impoundment due
to channel narrowing.
Beside this, there is a high correlation with
bifurcation angle asymmetry, defined as the
difference in direction of the downstream
branches compared to the inflow direction
divided by the angle between both
downstream branches. A less favourable angle
of a branch results in less discharge and larger
water level gradient towards that branch. This
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Based on the developed coupled formulation,
we construct a fully non-linear, coupled
numerical solver and a linearised analytical
solver. The finite-volume numerical solver
integrates the considered non-conservative
hyperbolic system of PDEs in the pathconservative framework (Dal Maso et al, 1995)
using the Osher Riemann solver (Dumbser
and Toro, 2011) extended to second-order
accuracy using the ADER technique (Toro et
al, 2001). Due to the underlying coupled
formulation, the solver correctly works under
any Froude condition, thus removing the usual
constraint of classical numerical solvers, which
are limited to subcritical cases (Fr < 0.8).

Modelling the morphodynamic evolution of
rivers due to flow-driven sediment transport
requires the adoption of a flow model, such as
the shallow water equations, and a
conservation equation for sediment mass (the
Exner equation). When dealing with mixtures
of grain sizes, one can account for the
interaction among sediment transport, bed
level variation and development of bed
stratigraphy using a grainsize-specific form of
the sediment conservation equation. Hirano
(1971) was the first to develop such a
continuity model. He introduced a sediment
exchange layer (the "active layer") providing a
source of sediments to be entrained in the flow
and regulating the exchange with the substrate
layer located underneath. The active layer
model requires a closure relation for the active
layer thickness, here assumed as constant. Its
value is linked to physical properties of the
river bed, such as some reference sediment
diameter in the plane bed case or the dune
height in the bedform-dominated case (e.g.
Ribberink, 1987).

We apply these solvers to visualize the
propagation of inertial waves (i.e., the waves
governed by the inviscid part of the system)
issuing from a smooth localised perturbation of
variables having infinitesimal amplitude under
different Froude regimes. The celerity and
propagation direction of these waves is related
to the eigenvalues of the system matrix, which
are shown in Figure 1, in the single-sediment
fraction case (left panel) and in a two-fraction
mixture (right panel). Sorting significantly
enriches the wave pattern, by introducing a
downstream-travelling wave (grey) which
(Figure 2) may propagate faster than the
essentially-morphodynamic waves described
by the shallow water-Exner model under welldeveloped subcritical (Fr < 0.8) and
supercritical (Fr > 1.2) conditions (red and blue
line respectively), thus giving rise to faster bed
evolution.
Our mathematical results suggest that further
experimental analysis of the mixed-sediment
system needs to be performed, in order to
search for these mathematical findings in the
physical reality. This could finally provide
insight on the capabilities or limitations of the
Hirano active layer model in predicting the
morphodynamic bed evolution in the mixedsediment case.

Classical numerical models for hydromorphodynamic problems are uncoupled: the
hydrodynamic part is solved before the
morphodynamic part, under the assumption
that the morphodynamic part evolves at much
lower pace, e.g. Blom (2008). Lyn and
Altinakar (2002) however show that this is not
generally true even when dealing with one
single sediment fraction: a Froude trans-critical
region exists (0.8 < Fr < 1.2) where the two
parts of the problem evolve on comparable
time scales. In this work we focus on the
additional waves introduced by the equations
of the active layer model and we show that
they may propagate at a speed comparable to
that of the hydrodynamic waves, which implies
that
the
interactions
between
the
hydrodynamic and morphodynamic part take
place on short time scales. For this reason we
develop a coupled formulation of the
considered system of partial differential
equations (PDEs), in which all equations are
treated simultaneously.
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Figure 1. The pattern of celerities of inertial waves, non-dimensionalised with water velocity, is shown as function of the Froude
number. Left panel: waves governed by the shallow water-Exner model (without sorting). Right panel: waves governed by the
shallow water-Hirano model (two fractions).
Introduction of one active layer equation introduces a new wave (grey line) in the right plot compared to the left plot

Figure 2. The pattern of waves governed by the shallow water-Hirano model (right panel in Figure 1) is enlarged around the
zero value of celerity. The newly introduced “sorting wave” (grey line) is seen to be positive for any Froude number. Its
magnitude in the subcritical (Fr < 0.8) and supercritical (Fr > 1.2) region is comparable or higher than that of the Exner-governed
“bed waves” (red and blue line respectively). These observations suggest that the morphodynamic interaction carried by the
“sorting wave” will be downstream-travelling for any Froude number and generally faster than that observed in the purely Exnerdriven case.
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hypothesis based on super-imposition of
secondary bed forms (Figure 2). The key is
that dune length of an individual dune never
decreases, but only increases and that
secondary bed forms are responsible for the
observed decrease in bed form length,
because they develop on top, and during
decreasing discharge, they become dominant.
Because these secondary dunes have a
smaller length, the dune length rapidly
decreases.

Introduction
Accurate forecasts of flood levels are essential
for flood management. During floods, bed
forms develop on the river bed. Dunes have
heights in the order of 10–30% of the water
depth and lengths in the order of 10 times their
height. River bed forms act as roughness to
the flow, thereby significantly influencing the
(flood) water levels. It is essential to predict the
time evolution of bed forms and assess their
influence on the hydraulic roughness.
Field observations have shown that dunes of
different lengths and amplitude co-exist (e.g.
Wilbers and Ten Brinke, 2003). Carling et al.
(2000) distinguished three scales of bed forms,
ripples, small dunes (length < 5 m) and large
dunes (length > 10 m) in the German river
Rhine and show that the latter two strongly
interact.
Several successful attempts were made to
model bed form evolution and associated
roughness using detailed numerical modeling
(e.g. Nabi, 2010). However, these models
require long computational times and are
therefore not applicable for operational flood
management. Paarlberg et al. (2010)
developed a process-based model for bed
form
evolution
that
requires
limited
computational effort. This model accounts for
flow separation and is able to predict bed form
development towards equilibrium conditions.
However, the interaction with secondary bed
forms is currently not included in the model.
Therefore, the objective of this research is to
explain and model the interaction between
primary and secondary bed forms during a
discharge wave measured in a flume.

Time-lag approach
As a first attempt to predict dune evolution
under a discharge wave, we applied a time-lag
approach for the flume data. Coleman et al.
(2005) adopted the commons scaling
relationship for sand-wave development from
an initially flat bed:


P t 
(1)
 
Pe  te 
where P is the average value of dune length or
height, Pe is the equilibrium value (using Yalin,
1964), t is time, te is the time to achieve Pe,
and γ is a growth rate parameter. Coleman et
al. (2005) derived a relation for γ, based on
flume experiment with a discharge step. They
showed that growth rate was different for dune
height and dune length and mainly depended
on sediment size. Using this approach for the
data from Wijbenga and Van Nes (1986)
yielded γH=0.42 and γL = 0.37.
Coleman et al. (2005) used their data to derive
the te for dunes (4):
3.5 

  
 u* 
 2  D50 


te 
2
.
05
10


 


 h     cr
 D50 

Observations from data
We compared the flume data from Wijbenga
and Van Nes (1986) who imposed two
gradually varying discharge waves in the
flume, with the field data from Wilbers and Ten
Brinke (2003) of two discharge waves of 1995
and 1998 in the river Rhine and Waal in the
Netherlands. This showed that dune height
evolution is similar in the flume and in the field,
but the decrease of dune length in the flume is
not visible in the field measurements, where
dune length only seems to grow. To explain
the observed decrease in bed form length in
the flume and field data, we propose an
Book of Abstracts NCR-Days 2013
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They assumed that the times to equilibrium are
equal for dune height and dune length, based
on flume experiments with a sudden step in
discharge that show that after a certain period
of time (after a perturbation in the flow) dunes
reach their equilibrium. However, observed
dune heights during a flood wave from
Wijbenga and Van Nes (1986) show that the
maximum dune height is reached long before
the maximum dune length is reached (Figure
2). Calibration showed that for dune height, the
te values need to adapted with a factor 0.01 to
3 - 17
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practical applicability for flood forecasting.
Furthermore, the process of overtaking of the
primary dunes by the secondary dunes is not
taken into account.

yield realistic dune heights for the Wijbenga
and Van Nes (1986) data.

Future work and Acknowledgements
Further research will focus on validation of the
proposed hypothesis and including this
process in Paarlberg model for flood
forecasting.
This study is carried out as part of the project
‘BedFormFlood’, supported by the Technology
Foundation STW, the applied science division
of NWO and the technology programme of the
Ministry of Economic Affairs.
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Figure 1. Dune height and dune length prediction using the
time-lag approach. The crosses show the Pe predictions

Figure 1 shows the predicted dune height and
length using this time-lag approach. The times
to equilibrium, te, ranged between 3 to 320
days. These values seem unrealistic, but
resulted in a reasonably good fit to the
observed dune dimensions. Calibration of te for
dune height only was required by multiplying te
by 0.01. This is not feasible and limits the

Figure 2. Proposed model of bed form evolution during the receding limb of the flood wave. Left: discharge wave of 1995 in
Rhine. Right: illustration of dune development (height and length observed in the Rhine in 1995 from (Wilbers and Ten Brinke
2003).
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Modelling pick-up and deposition in a dune model
O.J.M. van Duin*, J.S. Ribberink, C.M. Dohmen-Janssen and S.J.M.H. Hulscher
University of Twente, Enschede, The Netherlands *corresponding author: o.j.m.vanduin@utwente.nl

Water level forecasts with a high river water
discharge depend on accurate predictions of
the evolution of river dunes. For flood earlywarning systems complexity in sub models is a
drawback as it leads to (too) large computation
times. Therefore the aim of this study is to
develop a relatively simple dune evolution
model that works well in the dune regime, and
which has the potential to predict the upperstage plane bed as well.
To reach this goal we will study the influence of
using certain bed load transport formulations
on the resulting dune morphologies. For this
we will investigate whether alternative bed load
transport models within the computationally
cheap model of Paarlberg et al. (2009) lead to
good results.

Equilibrium transport model
In the original dune evolution model equilibrium
bed load transport is taken into account. This is
calculated by applying a formula of the type of
Meyer-Peter and Müller (1948) including
gravitational bed slope effects.
Linear relaxation of transport
Instead of calculating the equilibrium transport
and taking that as the actual transport, the
following relation is applied:
dqb qb ;e  qb


dx

where qb;e (m2/s) is the equilibrium sediment
transport as determined above, qb (m2/s) is the
‘corrected transport’ and Λ (m) is the mean
step length. This is determined by:

General model set-up
The basis of the present model is the dune
evolution model developed by Paarlberg et al.
(2009). Paarlberg et al. (2009) extended the
process-based morphodynamic sand wave
model of Németh et al. (2006), which is based
on the numerical model of Hulscher (1996).
Flow, sediment transport and bed evolution are
calculated in a decoupled manner.

   D50

where α is the non-dimensional step length (as
used by Nakagawa and Tsujimoto, 1980) and
D50 is the media grain size (m).
Pick-up and deposition model
The pick-up and deposition model of
Nakagawa
and
Tsujimoto
(1980)
determinespick-up of sediment (probability of a
particle being picked up in s-1) with

Figure 1. Schematization of a dune (flow left to right).

Flow separation is forced in the model when
the leeside slope exceeds 10°. Behind the
dune bed shear stress is parameterized using
experimental data of turbulent flow over twodimensional subaqueous bedforms (Paarlberg
et al. 2007). In the flow separation zone the
bed shear stress is assumed to be zero and all
the sand that reaches the crest of the dune is
avalanched under the angle of repose on the
leeside of the dune (Paarlberg et al., 2009).
The model simulates a single dune with
periodic boundary conditions. The domain
length and thereby dune length is forced by
using a numerical stability analysis as in the
original model by Paarlberg et al. (2009).

p s  x   F0


 
g
 * x 1  *c 
D50
  * x  

3

where F0=0.03, τ*(x) is the local nondimensional bed shear stress, τ*c(x) is the local
critical non-dimensional bed shear stress,
∆=ρs/ρ-1=1.65 (ρs/ρ is the specific grain
density) and g is the acceleration due to
gravity. To determine the deposition at a
certain location x the distribution of picked up
sediment from upstream locations is needed.
The determination of deposition is done by
applying the following formula:


pd  x    ps x  s  f s ds

Bed load transport variants
We use three bed load models: the original, a
version with a relaxation equation, and a
version with a pick-up and deposition model.
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where the distribution f(s) determines the
fraction of sediment that is deposited a
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distance s away from the pick-up point (x-s).
The distribution function is defined as follows:
f s  

stronger lag (non-dimensional step length of 75
and greater) this ‘smearing’ effect is so strong
that no more dune growth occurs at all.
The dune height is not suppressed with the
pick-up and deposition model. Flow separation
still occurs, and so all in all the dune is able to
grow like it did with the original model. Even
larger values for the non-dimensional step
length lead to increasing dune growth.

1
s
exp


  

where Λ is the mean step length. Finally the
transport gradient is determined as follows:
dq b  x 
 D50  p s x   p d  x 
dx

Preliminary results
The reference case used for this study is an
experiment done by Venditti et al. (2005). The
parameter α is varied between 25 and 300
(slightly larger than the experimentally
determined range of 40-240 as reported by
Sekine and Kikkawa, 1992). See the table
below for experimental data and the model
results, and the figure below for just the latter.
With the original model dune length and water
depth is predicted well, but the dune height is
overestimated by about 33%.
Using linear relaxation leads to a limited
suppression of the dune length. The spatial lag
decreases the total transport and keeps the lee
side angle small, so that no more flow
separation occurs. This severely limits the
dune growth, leading to a very strong
suppression of the dune height. With a

Figure 2. Dune shapes of the three versions, with α=25 for
relaxation and pick-up and deposition (flow left to right).

Conclusions and future work
With linear relaxation dunes can be washed
out, which makes it a potentially good option
for predicting upper stage plane bed. Pick-up
and deposition does not, most likely due to
how sediment avalanching on the lee side is
handled when flow separation is triggered. This
will be further studied/improved.

Experiment

Equilibrium

Initial parameters

hi [m]

0.152

-4

12

Model results

2

q [m /s]

0.077

D50 [mm]

0.5

MPM Linear relaxation with
α=

θc;0 [-]

0.050

le [m]

1.3172

0.064 0.029 0.023 0

∆e [m]

0.048

1.33

1.11

1.1

1.07 1.07 1.33

1.33

1.32

1.33

1.34

1.35 1.39

1.41

he [m]

0.17

0.19

0.16

0.16

0.15 0.15 0.19

0.19

0.19

0.19

0.19

0.19 0.2

0.2

i [10 ]

25

50

75

Pick-up and deposition with
α=

100 25
0

50

75

100

150

200 250

300

0.067 0.066 0.064 0.067 0.069 0.07 0.076 0.079

Table 1. Used experimental parameters (left) and model results (right).
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A comparison of existing models for particle velocity
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parameters, derived from experiments which
include the randomness of the phenomena. In
this way, most transport formulas have been
developed.
The objective of this is to assess empirical
models predicting the mean velocity of
sediment particles transported by water, by
comparing their applicability ranges and the
uncertainty in their estimations.

1- Introduction
Bed load plays a crucial role in the
morphodynamic evolution of gravel-bed rivers,
since the changes of channel bed elevation
are caused by its local variations. The bed load
layer represents the layer of sediment moving
on the channel bed and its thickness (δ) is
defined by the volume of bed load transport
per unit area, i.e., it is defined as the ratio of
the specific bed load discharge (q) to the
horizontal particle velocity averaged over all
particles that are being transported over a
certain area at a certain time (Ub).

δ=

q
Ub

2- Materials and methods
We analyzed the behavior of five models:
Engelund and Fredsøe (1976), Van Rijn
(1984), Dietrich and Sklar (2004), Sekine and
Kikkawa (1992), Lee and Hsu (1994)
predicting the velocity of sediment transported
by water. We compared their response to
different flow velocities for a given particle
diameter, as shown in Figure 2, and to
sediment size for a given flow velocity (Figure
3). The model estimations are compared to
data sets gathered from literature.

(1)

Therefore the velocity of sediment particles is
a key parameter to characterize the bed load
layer and the bed load in morphodynamic
models.

3- Results
Figure 2 shows the predictions of particle
velocity by the five models. The models show
comparable trends in response to a varying
flow velocity. Instead, they have dissimilar
behaviors for a large range of diameters as it
can be seen in Figure 3. The models of Lee
and Hsu (1994) and Sekine and Kikkawa
(1992) predict that the smaller the particle is,
the faster it will move, whereas the model of
Dietrich and Sklar (2004) suggests the
opposite. Finally, the models of Van Rijn
(1984) and Engelund and Fredsøe (1976)
highlight that the larger particles move faster
than the smaller ones until a maximum is
achieved.

Figure 1. Definition sketch of bed load layer.

The description of the velocity of the sediment
particles transported by water is complex,
because it depends on the combination of
several forces acting on the particle, such as
the lift force, the drag force and the submerged
weight. Other complexities are the shape and
the density of particles which are specific for
each kind of sediment. Additionally, flow
turbulence plays an important role in particle
entrainment and movement. A model based
only on theory is extremely complex to apply.
For this reason, a physics-based model is
generally adjusted with some empirical
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4- Conclusions and discussion
The tested models show different behaviors in
terms of particle velocity for different particle
diameters. However, every model has its own
validity range that arises from the experimental
conditions from which it was derived. Further
research is needed in this field requiring new
experiments as well as new theoretical
analyses.
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Figure 2. Comparison between mean particle velocity estimations for gravel with a diameter of 4 mm.
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Figure 3. Mean particle velocity as a function of particle diameter for a constant flow velocity of 0,75 m/s.
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Sediment balances in the Blue Nile River Basin
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Rapid population increase in the upper Blue
Nile River Basin has led to fast land-use
changes from natural forest to agricultural land,
which resulted in speeding up the soil erosion
process and in undesirable downstream
sedimentation in reservoirs and irrigation
canals. Further developments are foreseen,
since several dams are planned along the
main river in Ethiopia. One of them is the
Grand Renaissance (Millennium)
Dam,
currently under construction 40 km upstream of
the Ethiopian Sudanese border. In spite of all
developments, the sediment transport rates of
the Blue Nile along the river network are not
yet fully known.

Figure 1. Average monthly sediment concentration in the
Blue Nile River downstream of Sennar Dam

The main objective of this work is to estimate
the flows and the sediment loads along Blue
Nile River network using data available from
literature and newly collected data.

In the framework of this study, the sediment
budget was estimated at several locations
along the main river and the tributaries. Three
different regression methods were adopted to
determine the sediment loads from the rating
curves using the linear log-log regression, the
nonlinear log-log regression and the statistical
bias correction factor to reduce the degree of
underestimation by the linear log-log
regression. The sediment rating curve is
described by Equation 1. The regression
and the exponent are derived
coefficient
from a logarithmic plot of the stream flow
discharge and the sediment discharge,
applying the Ordinary Least Squares (OLS)
regression to fit a straight line through the
scatter of points (Equation 2).

Suspended sediment transport across the
Ethiopian border in Sudan is reported to be
123 million tons/year. Bedload has been
estimated in 15 % of the suspended sediment
loads, giving a total mean annual sediment
transport of 140 million tons/year, a large part
being deposited in Roseires and Sennar
reservoirs, 110 and 440 km downstream of the
Ethiopian border with Sudan, respectively.
Roseires Reservoir, is the first trap for the
sediments coming from the upper catchment.
Since dam construction (1966), a storage
volume of approximately 1 billion m3, more
than one third of the initial storage capacity,
has been lost. Sennar Reservoir (built in 1925)
has already lost more than 60 % of its original
storage capacity (0.9 billion m3).

1
2

The transported sediment varies throughout
the year with higher rates during the flood
season having its maximum in the second
period of July, one month earlier than the peak
discharge. The monthly average sediment
concentrations in Blue Nile River downstream
Sennar Dam are shown in Figure 1.
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is suspended sediment transport (M
Where
tons/day);
is water discharge (m3/s).
A statistical bias correction factor equal to exp
reduces
the
degree
of
(2.65S2)
underestimation by of the rating curve
(Asselman N. E. M., 2000). The variance is
estimated from Equation 3.
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3
Where
is the variance and
is the
sediment concentration (ppm) of the sample.
The nonlinear least squares regression was
used without the need to correct the rating
curve (Crowder et al., 2007). A sediment load
equation was derived from the nonlinear
regression and optimization procedure, as
given in Equation 4.
4
Where , , and are coefficients determined
through the regression and optimization
procedure. An example of developed rating
curve is given in Figure 2.

Figure 3. Long-term average (1980-2004) sediment loads
in million tons/year along Blue Nile River Basin network
estimated from the nonlinear regression rating curves.
Figure 2. Developed rating curves at the station
downstream of Roseires Dam. Dotted line = non linear
regression. Solid line = linear regression.
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The long-term annual average sediment load
computed for a location on the Blue Nile 350
km downstream of Lake Tana, source of the
river, was estimated in 44.8, 69.3 and 52.05
million tons using the three above mentioned
methods, whereas the sum of the contributions
from the upstream catchments resulted 48.4,
67.83 and 56.67 million tons, respectively.
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Across the border between Ethiopia and
Sudan, the annual average sediment load was
estimated in 137.2, 167.4 and 129.7 million
tons using the three above mentioned
methods, whereas the accumulative sediment
from upstream the catchments resulted in
114.86, 160.36 and 131.36 million ton,
respectively. These double checks were
important to assess the accuracy of the
estimations. The work resulted in the first
sediment balance of the entire Blue Nile River
system, shown in Figure 3.
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Sea level rise, suspended sediment and databases
Hans de Boois
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KNMI (2013) provides observations and
predictions of sea level rise (SLR) along the
Dutch coast. Over the period 1993-2004 a rise
of 3 mm/yr is reported. This is consistent with
the low scenario for climate change up to
2050. However, the high scenario indicates
SLR of 6 mm/yr up to 2050 and 10 mm/yr up to
2100. Compared with 1990 this will lead to 1535 cm SLR in 2050 and 35-85 cm in 2100.
Additionally, up to 2100, tectonic subsidence
will add 10-20 cm relative SLR, resulting in 45105 cm above 1990 levels. Consequently, 3-10
mm/year consolidated sediment is needed to
keep up with SLR.
In the SW Delta, sea level rise will lead to
rising inland water levels as well. At least so
far as the tidal influence reaches, including the
freshwater tidal area De Biesbosch. Large
areas of land will increasingly be flooded. The
plans to partly restore tidal flows through the
Haringvliet barrier are relevant as well. Can
land outsides dikes in the SW Delta grow up
with SLR? This requires a lot of sediment.

These results show that the discharge of
suspended sediment at Lobith has gradually
declined more than 70% over the last 40
years. The causes must lie in Germany and
maybe in France along the river Moselle. The
impacts lie in The Netherlands.
Data on suspended sediment at the
downstream station Vuren (km 949) along the
main branch of the Rhine, were more scarce
and incomplete. Over the period 1953-1980
the data give the impression of 20-40 % less
suspended sediment at Vuren compared to
Lobith. It is likely that this sediment has been
captured in the floodplains. However, from
1984 on, the sediment figures of Vuren rise to
the level of Lobith and even above. As there
are no other sources of sediment, it seems
likely that additional sediment comes from the
riverbed itself.
A quick scan was done on the records of the
river Meuse, in particular station Eijsden at the
Belgian border. Suspended sediment at
Eijsden looks more variable by short peakvalues. The downstream records are poor, and
cannot be used for analysis. The water
discharge of the Meuse is about 15% of the
discharge of the Rhine.

The first question is: how much sediment is
available?
On the basis of data 1952-2012 (Rijkswaterstaat,
2013) on sediment concentration, water levels
and water flow, overviews were made of daily
and monthly sediment discharge at station
Lobith (km 863) where the Rhine enters The
Netherlands. Summarising these data in
periods of 10 years results in the overview
below.

The second question is: how much
sedimentation is needed and can be
achieved?
This is relatively simple to address in theory.
1 mm consolidated sediment (density 1.8,
Bierkens, 1994) requires all suspended

RHINE

average discharge of susp. sediment in ton x1000 per month and per year

LOBITH

1952-1962

1963-1972

1973-1982

1983-1992

1993-2002

concentration mg/l

2003-2012

1952-62

2003-12

January

433

401

251

479

424

314

53

26

February

628

485

565

270

339

111

62

17

March

219

504

376

335

378

138

34

17

April

503

438

270

488

174

82

41

13

May

428

385

447

230

190

76

43

15

June

394

444

246

297

167

81

42

16

July

559

361

279

231

152

62

53

13

August

293

275

248

171

101

66

52

13

Sept

235

320

174

148

98

52

47

12

October

209

252

210

142

109

47

44

11

November

254

334

227

200

227

85

41

11

December

435

682

546

289

377

131

48

17

4571

4942

3836

3281

2738

1250
47

15

total/year
aver/month

381
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suspended sediment. This makes them very
important for the sediment supply on the
floodplains. But these peak events play hardly
a role in the SW Delta. This is illustrated by
records of the double peak event of the Rhine
and the Meuse together in January 2012.

sediment in 180 m water column with 10 mg/l.
In tidal areas, this could be gained in one year
by twice-daily flooding (730x) with 0,25 m
water containing 20 mg/l sediment of which
50% precipitates. This looks achievable, but
SLR requires 3-10 mm/yr.
On the floodplains 1 mm could be achieved
during 18 times (days?) flooding of 1 m with
200 mg/l of which 50% precipitates.
This theoretic approach needs to be validated
in the field.

Further research
The River-group of UU-physical geography
has performed many studies (Kwadijk, 1993;
Asselman and Middelkoop, 1995; Asselman,
1997; Middelkoop, 1997; Asselman et al. 2000;
Thonon et al. 2007; Bleuten et al, 2009), on
the sediment processes and discharge of the
river Rhine. Recently, the group received a
grant from NWO-STW for research of
sedimentation processes in De Biesbosch,
focused at the recently re-opened polder areas
in the framework of Room-for-the-River
projects. As the soil levels of these former
polders are mostly within the (currently small)
tidal range, these polders form a laboratory for
process studies on sedimentation and
opportunities to influence these processes.

A third issue that deserves attention is: the role
of peak events.
Several times per year peak events occur,
during which the water discharge at Lobith
increases considerably. With an average of
2200 m³/sec over the year, the discharge may
rise to 6000-11000 m³/sec. At the same time,
the sediment load of the water increases from
the current average of 15 mg/l up to 100-200
and more. A few days peak event can thus
form 90% of the monthly discharge of

References
Asselman N.E.M. (1997), Suspended sediment in the river Rhine. The impact of climate change on erosion, transport and
deposition. PhD thesis, Utrecht.
Asselman N.E.M. and H. Middelkoop (1995), Floodplain sedimentation: quantities, patterns and processes. Earth surface
Processes and Landforms, 20, 481-499.
Asselman N.E.M., H. Buiteveld, M. Haasnoot, F.J.P.M. Kwaad, J.C.J. Kwadijk, H. Middelkoop, W.P.A. van Deursen, P.M. van
Dijk, J.A.P.H. Vermulst and C. Wesseling (2000), The impact of climate change on the river Rhine and the
implications for water management in the Netherlands. Dutch National Research Programme on Global Air Pollution
and Climate Change, project 952210, report no. 410 200 049.
Bierkens M.F.P. (1994), Complex confining layers: a stochastic analysis of hydraulic properties at various scales. PhD thesis,
Utrecht. Netherlands Geographic Studies 184.
Bleuten W., W. Borren, E. Kleinveld, L.B. Oomes and T. Timmerman (2009), Water and nutrient balances of the experimental
site Mariapolder, The Netherlands. In: Barendregt, A., D.F. Wigham, A.H. Baldwin (Eds.). Tidal freshwater wetlands.
Backhuys Publishers, Leiden, 2009.
KNM (2013), http://www.knmi.nl/klimaatscenarios/
Kwadijk J.C.J. (1993), The impact of climate change on the discharge of the River Rhine. PhD thesis, Utrecht.
Middelkoop H. (1997), Embanked floodplains in the in The Netherlands. Geomorphological evolution over various time scales.
PhD thesis, Utrecht.
Rijkswaterstaat (2013), http://live.waterbase.nl/
Thonon I., H. Middelkoop and M. van der Perk (2007), The influence of floodplain morphology and river works on spatial
patterns of overbank deposition. Netherlands Journal of Geosciences 86-1.

Book of Abstracts NCR-Days 2013

3 - 26

3 - River flow, sediment and morphodynamics

Operational flow partition at bifurcations in 1D river
models: a case study
K.D. Berends
Deltares P.O. Box 177 2600 MH Delft, The Netherlands, koen.berends@deltares.nl

ideal solution would be to enlarge the 1Dcross-sectional area when necessary during
operational use, but this is technologically
impossible within current operational systems.
Other concepts, like an additional ‘non-alluvial
branch’ with a controllable weir were
considered. However, such a solution would
only add to the amount of uncertain
parameters (weir parameters, discharge ratio
between alluvial and non-alluvial bed), while
not addressing the original problem of
determining the correct ratio under normal
circumstances. Therefore, it was decided to
study a relatively simple solution to control the
discharge ratio and to compare it to an
alternative method based on tuning a
discharge dependent hydraulic roughness.
Both methods were applied to a calibrated 1D
SOBEK-3 hydrodynamic model for the flood
event of 1995. The discharge ratio for this
event has been hind-casted by Rijkswaterstaat
and is considered to be known. Without
measures to control the flow partition, the
deviation of 1D model results at peak
discharge are up to 175 m3s-1 for the IJsselkop
bifurcation at a 3800 m3s-1 combined
discharge.

Last year, the Hondsbroeksche Pleij was
constructed at the bifurcation of the river IJssel
and river Nederrijn. During extreme floods, this
artificial structure acts like a tap to control the
flow partition between the IJssel and Nederrijn.
The Hondsbroeksche Pleij, when in use,
effectively enlarges the available non-alluvial
bed.
The operational flood forecasting system for
the Rhine branches uses a 1D hydrodynamic
model to predict water levels. This 1D model is
updated each year to incorporate the latest
known measures and geometry. To forecast
water levels of locations downstream of a
bifurcation, it is of key importance to get the
flow partition right, i.e. the discharge ratio
between the two downstream branches. The
discharge ratio is determined by the water level
gradient between the branches, which in turn
depends on the geometry of the branches and
backwater effects. Even small differences in
geometry or roughness formulation might
cause the simulated flow partition to diverge
from measurements.
Such discrepancies are indeed observed in
current 1D models. Usually an additional water
level dependent friction parameter – not to be
confused with hydraulic roughness – is used to
reduce this discrepancy. However, this method
has some limitations; it is difficult to calibrate,
considered a ‘black box’ solution and does not
account for the Hondsbroeksche Pleij. With the
construction of the Hondsbroeksche Pleij, it
was decided to find a new method of
controlling 1D flow partition.
For the Hondsbroeksche Pleij, conceptually the

Method 1: Online feedback using an
external control model
The concept is to observe the difference
between simulated and measured discharges
in the branches and correct these using lateral
sources at some distance from the bifurcation
(Figure 1b). Although not important within the
operational system for flood-forecasting, this
method invalidates its use for anything but

Figure1a. Hondsbroeksche Pleij with an open valve. Bron:

Figure 1b. Sobek model of a bifurcation. The red arrows denote the

https://beeldbank.rws.nl, Rijkswaterstaat, Ruimte voor de

lateral sources. A, B and B’ are SOBEK output locations.

Rivier / Ruben Smit
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water level forecasting, such as temperature,
water quality or constituent modelling. Since it
is expected that this correction will affect the
partition itself (a second-order effect), the
discrepancy between the measured and
observed discharge is estimated using an
online (i.e. each time step) feedback loop. It is
assumed that a 10 minute time step is
sufficient to prevent instabilities. The feedback
loop is implemented by coupling the SOBEK-3
1D hydrodynamic model to RTC-Tools using
OpenMI1. Each time step, the coupled model
observes the current discharge in the
branches, and determines the error using an
empirical relationship based on the known

was performed using the 1993 flood event. The
validation model has different cross-section
and non-alluvial roughness (based on 1993
geometry), but the same alluvial roughness as
the 1995 calibration model. Results are shown
in Table 1.
The Hondsbroeksche Pleij can be incorporated
in the following way. Each year, the river
administrator determines the operational
scenario in case of a flood, i.e. which and how
many valves open at what discharge (see
Figure 1a). This is in line with current
operational policy, although policy might
change in the future. This scenario is modelled
in a 2D model, in so doing assuming that a 2D
model is capable of simulating the flow
partition correctly, or at least better than a 1D
model. The resulting discharge ratio is used for
calibrating the 1D model.
This disadvantage of this procedure is that only
one scenario can be implemented, and a
change in scenario requires recalibration.
Furthermore, validation results show that the
discharge ratio should be recalibrated after
changes in the model structure.

Table 1. Error in discharge in the branches after the
bifurcation at the peak of the flood wave.
Method 1

Method

2

(calibration)
Nederrijn
IJssel

3 -1

0ms

3 -1

8ms

3 -1

9ms

3 -1

-4 m s

Method

2

(validation)
3 -1

16 m s

3 -1

64 m s

discharge ratio. The excess or lack of
discharge in the branch is added to or
subtracted from the flow using a lateral source.
Results show that the online feedback loop can
indeed drastically improve the discharge
partition while improving water level results as
well. Instabilities were not observed. However,
it is useful to note that the correction discharge
of the lateral source is significantly greater than
the original model error. Furthermore, the
shape of the discharge wave is slightly
distorted due to the relatively simple,
polynomial empirical relationship.
The Hondbroeksche Pleij can be incorporated
by simply changing the empirical relationship
based on how the structure is operated.

Conclusion and discussion
Two methods to control the discharge ratio at
bifurcations in the 1D SOBEK-3 model have
been studied. Calibration of hydraulic
roughness, i.e. Chézy, on a dedicated section
of the river requires calibration of the discharge
ratio using a specific operational scenario. As
such the operation of the Hondsbroeksche
Pleij cannot be changed during operational
use. Online feedback using an external control
model can potentially be used to correct the
discharge partition at bifurcations during
operational use. This method can be further
improved by formulating a better empirical
formula, including at least hysteresis effects, to
minimalize distortion of the flood wave. It is
noted that although instabilities were not
observed during this study, an instable
feedback loop will greatly influence model
results, given the significant correctional
discharges.Given the disadvantages of the
method 1,
it is advised to use hydraulic
roughness for the calibration of discharge
ratios at bifurcations. Furthermore it is advised
to recalibrate the discharge ratio after changes
in the model, using 2D model results

Method 2: Calibration of hydraulic
roughness.
The second method is based on tuning the
discharge dependent hydraulic roughness of
the alluvial bed. The hydraulic roughness of a
relatively short (2 km) alluvial section of the
most upstream part of each branch is
calibrated on the deduced discharge ratio. The
roughness parameter is defined as a Chézy
value for different discharge levels. Chézy
values are easier to calibrate, as they are
already used for calibrating water levels.
Results show that calibrated Chézy values
remain within reasonable limits. A validation
1

RTC‐Tools is the Open‐Source, modular toolbox
dedicated to real‐time control of hydraulic
structures. OpenMI is the Open Modelling
Interface (see www.openmi.org).
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Study of Failure Mechanisms of Multi-functional Flood
Defenses
J.P. Aguilar Lopez 1, J.J. Warmink 1, R.M.J. Schielen 1,2, S.J.M.H. Hulscher 1
1
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in Europe (Morris 2008). Most common
methodologies
(Software)
for
flood
defence safety assessment such as PCring, ProDeich and Rasp are supported on
this kind of reliability equations in order
estimate the joint failure probability.
However for security matters, flood
defenses where not conceived as
structures that could have additional
functions
besides
water
retaining
purposes. In reality, cases like dikes with
roads on top and houses embedded in
their talus (Figure 6) are frequently
observed
in
the
average
Dutch
landscapes.

In order to ensure the robustness and
adaptability of infrastructure it is essential
to consider the main different possible
failure mechanisms that may occur during
the structure service period. Failure
mechanisms are one of the main concerns
of designers and managers as these are
the ones that may compromise the stability
and functionality of the structure. To
estimate the occurrence of each failure
mechanism, limit state functions have
been derived for the general embankment
cases.

Figure 5. Failure mechanisms of embankments (TAW
1998).

Figure 6. Multiple functions in a dike.

If new additional functions are included in
the safety quantification of the flood
defenses, the probabilities of the structure
to fail given a certain mechanism might
change in unknown ways. The parameters
used as input for stochastic calculations
might be correlated to a certain level which
can increase the probability of failure
(Šimić 2003). During a dike overtopping
experiment performed by Infram and Local
Authorities Millingen aan de Rijnte near
Nijmegen, the research hypothesis was
validated by the fact that the scouring rate
of the dike revetment is accelerated in the
transition zone between the road and the
embankment (Figure 7) compared to the

For the design of flood defenses based on
Dutch regulation, each of the main failure
mechanism has a predefined reliability
function that is accepted by the Dutch
national authorities (TAW 1998) as it can
be found in the “Leidraad voor het
ontwerpen van rivierdijken”. In the year
2007, the project FLOODsite in the report
4 (Allsop W. 2007) developed an even
larger inventory containing limit state
descriptions for 80 of the case specific
possible failure mechanisms and their
reliability equations with the aim to
improve the tools for safety assessment of
the most common flood defence structures
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stochastic simulation techniques in order
to generate large sampling data sets once
they are built and calibrated.

rest of the dike revetment area. This can
be taken as evidence that the existence of
an additional function might increase the
total probability of overtopping failure
estimated for the defense.

Most of the models for simulating
hydrodynamics and geotechnical stability
analysis are quite advanced right now but
this also means they are highly time
consuming and so surrogate modeling
techniques (Bichon, McFarland et al.
2011). are going to be used in order to
generate large data samples. Finally when
the reliability equations are re-validated
the
failure
estimation
considering
additional failure mechanisms can be done
by the analysis of the new limit state
equations for simple general cases.

Objective
The main objective of this research is to
establish a methodology that allows to
estimate the failure probability of a river
flood defense with additional functions, by
analyzing the possible correlations of their
main design parameters such as
geometry, construction materials and
external loads.

Methodology
The physical understanding of the
embankment behavior for most of the
main failure mechanisms is explained by
reliability functions derived from soil
mechanics and porous media flow theory.
The parameters used to evaluate these
expressions might be correlated to a
certain degree with the ones used for the
risk analysis of the additional functions
(e.g. road stability, house deformation).
Once the degree of correlation of these
parameters is estimated, the limit state
equations have to be re-written and revalidated based on common state
variables. This means that all limit state
functions that are going to be used for risk
quantification, should be expressed in
common
terms
for
each
failure
mechanism. In order to find the common
parameters, it’s necessary to build
numerical models capable of recreating
the main classical failure mechanisms
(Figure 5). These models can be used for

Figure 7 Wave generator experiment, Millingen aan de
Rijn– Nijmegen.

Expected results
At the final stage of the study it is intended
to produce a methodology, so that
designers and managers can be able
quantify the risk of adding a function to a
river
flood
defense
embankment.
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Reconstruction of the 1374-flood in the River Rhine
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such that the inundations in 1374 can also be
modelled.
For estimates on roughness, we use historical
maps which naturally involves a lot of
assumptions and hence the introduction of
large uncertainties. Therefore, we introduce
different scenarios to get a plausible range of
results. Especially the height of the dikes (if
any) back in 1374 is very difficult to determine.
We therefore introduce two additional
scenarios: no dikes at all and the dikes at onethird of the current height.

According to historical records, the year 1374
must have been an extremely wet year in the
Rhine Catchment. Apparently, it lasted for
almost 6 months, it flooded the high city walls
of Cologne and caused massive dike breaches
which changed the course of the river Rhine
itself. In this contribution, we study the flood of
1374 and are interested in the discharge in
1374 of the Rhine at Lobith, the place where
the Rhine enters the Netherlands. We also
want to know the discharge in the present time
(with the present geographical conditions),
under the assumption that the 1374-event
would happen today. These questions are
particular important for policy studies in the
Netherlands where a design discharge at
Lobith is used as boundary condition. When
accounting for climate change, the design
discharge, which is based on a statistical
analysis of historical data, is set to 18,000 m3/s
(corresponding to a return time of 1250 years)
at Lobith. Due to the fact that the time series
for
the
analysis
is
relatively
short
(approximately 110 years), there is a
substantial uncertainty associated with the
design discharge which is one of the reasons
that this figure is regularly debated. In
particular, the question is posed whether such
a discharge can reach the Netherlands in the
first place or that, instead, already large
floodings in Germany occur which reduce the
discharge substantially.
The selection of the 1374 event is based on
Krahe (2000). There, a characterisation of
floods since the year 800 has been made and
it turned out that in 1374, the flood levels
recorded in Cologne were the highest ever.
We then reconstruct the historical planform of
1374 of the river Rhine (from Andernach up to
Lobith) based on historical documents. The
starting point is the situation that mimics the
current state and successive adaptations are
made to go back in time. This planform is then
modelled using a 2D-hydraulic model
(WAQUA) based on motivated assumptions for
the roughness of the floodplains, the heights of
the embankments and the land use in 1374.
The model that we use extents in geometry to
the area outside the protection of the levees
Book of Abstracts NCR-Days 2013

Figure 1. Floods in the area around Cologne in case of the
discharge of 1374 (maximal scenario). Note the situation in
the historical city centre.

It is found that the discharge at Lobith in 1374
ranged between 17,800 m3/s and 22,000 m3/s,
with large floods near Cologne (see Figure 1)
and between Cologne and Lobith. The
discharge at Cologne (as a boundary
condition) is based on calibration using
historical data. We also used this calibration to
revisit the results of Herget and Meurs (2009)
who used a different analysis to establish the
discharge of the Rhine at Cologne in 1374 and
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found a discharge between 18,800 m3/s and
29,000 m3/s with a most probable value of
23,800 m3/s. In our scenario’s, the discharge at
Cologne varied between 18,500 m3/s and
21,200 m3/s. The potential discharge of 22,000
m3/s at Lobith is based on the assumption that
tributaries add 1,500 m3/s between Cologne
and Lobith.
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As a next step, we want to know the
consequences for Lobith if the 1374-discharge
at Cologne was happening today. Assumption
is that all the anticipated measures up to 2020
in the Niederrhein have been carried out (and
make sure that there is a reduction in flood
water levels). It then turns out that the
discharge at Lobith varies between 16,700
m3/s and 20,800 m3/s. Figure 2 shows the
maximum water depths between Wesel and
Lobith in the worst case scenario. As the
lowest discharge (16,700 m3/s) is without any
contribution of the tributaries, it justifies the
conclusion that it is most probable that in the
last 1250 years a discharge of the order of
18,000 m3/s has occurred at Lobith. In that
way, this study might contribute to the current
debate in the Netherlands with respect to the
design discharge.

Figure 2. Water depths along the Niederrhein in worst case scenario in 2020. Note that water depths are exaggerated because
the model is actually too narrow.
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Effects of variable discharge on width formation and crosssectional shape of sinuous rivers with riparian vegetation
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Background
The main controlling factors of fluvial channel
morphology are flow, sediment and riparian
vegetation (Johnson, 1994; Gran and Paola,
2001). By increasing the flow resistance,
riparian vegetation has the effect of
concentrating the flow and narrowing river
channels (Tsujimoto, 1999). Vegetation is
particularly important in stabilizing banks, bars
and islands, which is considered an important
ingredient
for
river
meandering
and
anabranching
(Gurnell
et
al.,
2001).
Experimental results indicate that the influence
of plants goes beyond simple geotechnical
reinforcement of banks and increasing flow
resistance (Chris and Paola, 2009). Research
done in the field and in the laboratory
experiments, as well as numerical models
showed that riparian vegetation affects a
variety of flow and sedimentation processes
(Figures 1 and 2).

A

Riparian
vegetation
processes
depend
strongly on river flows, including the dispersal
of seeds into the riparian zone during high
flows (Gurnell et al., 2008). However, the
intensity and the spatial extent of river-driven
disturbances are the main factors that control
riparian vegetation dynamics, for instance by
eradicating plants. Hence, the variability of the
discharge plays a relevant role on vegetation
growth and colonization on the river bars and
floodplains (Camporeale and Ridolfi, 2006).
Furthermore, the relevance of the reciprocal
interaction between vegetation and river
morphodynamics has been demonstrated with
laboratory
experiments
and
numerical
modelling (e.g. Tal and Paola, 2007; Camporeale and Ridolfi, 2006; Perucca et al., 2007;
Crosato and Samir Saleh, 2011).

C

B

Figure 1. (A) Emerged and (C) submerged vegetation define the canopy velocity Uin based on flow velocity profile and deflected
plant height. The middle chart (B) shows processes of vegetation-Flow-Sediment-transport-Morphology.

A

B

C

D

Figure 2. (A) River bank protection by submerged rigid vegetation. (B) Vegetation growing on river bars. (C) Emerged grasses.
(D) Riparian tree roots on eroding river bank, buried trunks and roots exposed to flow erosion on an eroding river bank.
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cylinders with uniform properties. The
accuracy and validity range of this
approach is not yet fully investigated.

Problem definition






The river width formation is dominated by
the processes of bank accretion and
opposite bank erosion. Bank accretion is
not considered in numerical models
because there are complex processes that
are not yet fully understood. In particular,
lack of knowledge regards the processes
related to vegetation growth and soil
compaction, both governed by the
variability of flows through the hydrologic
regime of rivers.
Results from small-scale laboratory
experiments to understand and analyse
the effects of vegetation are difficult to be
extrapolated to real rivers not only for
upscaling issues, but also for limitations in
the measurements, for instance vertical
velocity profiles (e.g. 16 m x 4 m by Chris
and Paola at the St Anthony Falls
Laboratory).
Vegetation modelling using the Delft3D
code is based on Baptist's method
(Baptist, 2005), which assumes high
vegetation density and plants to be
represented by thin, vertical and rigid

Future work
This research is carried out in collaboration by
UNESCO-IHE and Delft University of
Technology (TU Delft). It has the major
objective of analyzing the response of the river
cross-section to variable discharge in presence
of riparian vegetation. The work will include
laboratory
experiments
and
numerical
modelling. The experiments will be carried out
in the Fluid Mechanics Laboratory of TU Delft
in a new 5x50 m flume (Figure 3) with mobile
bed (sand having D50 equal to 500 µm will be
used) and artificial vegetation. The discharge
will be either constant or variable and
vegetation will colonise or not emerging bars
and banks. Numerical modelling will help
analysing and upscaling the experimental
results. The work will take into account the
phenomenon of river bank accretion in a
simplified way.

Figure 3. Flume constructed at Delft University of Technology for the laboratory experiments
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Prediction of discharge in a tidal river
using artificial neural networks
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Discharge predictions at tidally affected river
reaches are currently still a great challenge in
hydrological practices. In tidal rivers,
conventional rating curves fail to model stagedischarge relationships, as water levels are not
uniquely a function of streamflow. Here, we
explore the possibility to predict discharge from
water level information from gauge stations at
sea and in the river using an artificial neural
network (ANN) model. We focus on a tidedominated lowland site along the Mahakam
River in East Kalimantan, Indonesia (Fig. 1).

From March 2008 through August 2009,
horizontal acoustic Doppler current profiler (HADCP) measurements were taken at a site
near the city of Samarinda. The discharge
estimation method at this station is reported in
Sassi et al. (2011). Water levels were
measured using pressure transducers in the
middle Mahakam lake area (Lake Jempang), in
Muara Kaman, and in the city of Tenggarong
(see Fig. 1). We also used discharge data
series from an H-ADCP station upstream of
the middle Mahakam lakes area, near the city
of Melak (Hidayat et al., 2011). Tide
predictions at the northern and southern points
of outer Mahakam delta were obtained from
the TPXO global tidal solution, which is
described in Egbert and Erofeeva (2002).

In this study, we aim to establish a model to
predict discharge in a tidal river from water
level information. Unlike the approach that is
commonly found in literature on stagedischarge relationships based on ANNs (see
e.g. Sudheer and Jain 2003; Bhattacharya and
Solomatine, 2005), we established a
relationship between discharge and level
gauge information from several sites, instead
of only a single site at the target location. First,
we focus on hindcast discharge predictions,
and subsequently on forecasting.

An ANN-based model was established to
hindcast discharge at a station in Samarinda,
using upstream water level data and tide
predictions at two locations at sea. The input
data for the ANN was gradually increased, by
adding new input data in each step (Table 1).
The results show that the inclusion of data
from tide predictions at sea leads to an
improved model performance. The optimized
ANN-based hindcast model produces a good
discharge estimation, as shown by a
consistent performance during both the
training and validation periods (Fig 2). Using
this model, discharge can be predicted from
astronomical tidal predictions at sea plus water
level measurements from a single station at an
upstream location. Alternatively, the ANN
model can be used as a tool for data gap filling
in a disrupted discharge time-series, estimated
from horizontal acoustic Doppler current
profiler (H-ADCP) data. A single level gauge
can thus provide a backup for an H-ADCP
monitoring station.

Figure 1. Top panel: the Mahakam catchment with a
delineation of the main sub-catchments. Bottom right:
geographical location. Bottom left: measurement stations
used in this study.
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ADCP data were used for calibration and
validation of the multi-step ahead discharge
predictions. A good model performance was
obtained when predicting discharge up to 2days ahead (Fig. 3).

In a second line of the work, a forecast model
was developed for the same site near the city
of Samarinda, using water level data, predicted
tide levels, and at-site historical data (Table 2).
The discharge time-series derived from H-

Table 1. ANN model input configuration for hindcast prediction of discharge at the station near the city of Samarinda, using
water level records at upstream stations in Tenggarong (hTg), in Muara Kaman (hMk), predicted tide level at the outer delta (ζOd),
and amplitudes of the diurnal (A1), semi-diurnal (A2) and quarter-diurnal (A4) tidal components of hTg and hMk. t is the time (hour).

Table 2. ANN model input configuration for discharge forecasting at Samarinda station, using at-site historical discharge data
(QSm), water levels at the upstream site in Tenggarong (hTg), TPXO predicted tide levels at the northern and at the southern
outer delta (ζOd), water level of Lake Jempang (hLj), and discharge at the upstream site in Melak (QMl). t is the time (hourly).

Figure 3. Performance of discharge prediction for 1-day, 2-days, 3-days, and 4-days ahead by the Q2 model during the
validation period. Diagonal lines indicate a 1:1 relation.
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by means of a 1D-2D hydrodynamic model, a
flood duration model based on hypsometric
curves for the Mfolozi floodplain, and an
analysis of stakeholders and their interests are
made. In this first step average inundation time
of farmland was calculated for different mouth
management strategies. This gave an inside in
the flooding problems occurring on the
floodplain. In the second step different
solutions to mitigate the flooding problems are
generated and modelled, while observing the
condition that the berm is breached at a height
of 2.5 m GMSL. Every solution is evaluated by
means of a cost-benefit analysis (CBA) and a
multiple-criteria analysis (MCA) in the third
step. In the fourth step, finally, the results of
the evaluation are used to identify a viable
road for joint development of an optimum
solution by key stakeholders.

Introduction
River deltas and estuaries are important
ecosystems, but have often been altered by
different users. Awareness of the adverse
environmental effects of engineering interventions has created new trends of restoring
valuable ecosystems. However, these trends
may compromise the use of ecosystem
services by man. A method for finding an
optimum
flood
management
strategy
considering both natural ecosystem functioning
and the use of the river by stakeholders is
presented. The method is applied to flooding
problems along the Mfolozi River in South
Africa. A sand berm closes the mouth of the
river in times of drought, backing up the waters
from upstream and, hence, causing problems
for the sugar cane farms along the river. The
berm breaches naturally if the backwater
reaches a certain height or the river a certain
discharge, but in practice the berm used to be
breached artificially at lower water levels to
release the flood water to the sea. This is
environmentally undesirable, because it
reduces the flow of freshwater from the Mfolozi
River into the St Lucia Lake that is threatened
by high salinity levels. New mouth
management strategies are investigated in
which artificial breaching is prohibited;
safeguarding freshwater inflows into the lake
but producing increased flooding of the farms.

Results
Ten alternative solutions to the flooding
problems along the Mfolozi River are
developed, analysed and evaluated. The four
which scored the best in the CBA: (1) a
solution based on levees and pumps, (2) a
solution of pumping water out to the sea until a
large storm will break the berm, (3) a solution
of giving up farmland and turning it into
wetland, and (4) a solution of partly raising the
farmland. The solution with levees and pumps
yields the highest expected benefit in 50 years,
but the initial investment costs are very high.
Also the solution of pumping water out to the
sea has high investment costs. Besides, these
two
alternative
solutions
entail
high
maintenance and management costs. These
disadvantages led to low MCA scores. The
highest MCA score was obtained for a
combined alternative of partly raising and
partly giving up farmland, because it does not
require land acquisition, it is expected to be
reliable and easily implemented, and it does
not cause any harm to the environment. The
main costs of this alternative are related to
replanting the area after raising it. The
alternative of partly raising and partly giving up
of farmland came out as the best solution. It
will protect 314 ha of farmland against
flooding, has low investment and maintenance
costs and is easy to realise for the farmers.
Therefore it is recommended to implement this

Figure 1. Location of the Mfolozi River and Lake St Lucia.

Method
The method consists of four steps. In the first
step analyses of the functioning of the system
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height, important for the flooding of farmlands,
does not have much effect on the number of
days that the St Lucia system is in high-salinity
conditions during the closed periods.

solution. The lower parts will get inundated first
and slowly the water will build up to higher
ground.

Conclusions and recommendations
Observing the requirement of no artificial
breaching of the berm in the mouth of the
Mfolozi River, the best solution is found to be
the one based on partial giving up land and
partial raising of farmland. The results suggest
the possibility, however, that an even better
solution could be obtained when accepting
artificial breaching under certain carefullydefined conditions. In practice this will lead to a
situation in which the berm is usually breached
naturally, but the berm is maintained at a
certain maximum height. The optimum level for
allowing
breaching
requires
further
investigation, jointly with all stakeholders
involved. If the level is too low (e.g. 1.1 m
GMSL, the level when low lying farmlands
cannot drain anymore), the amount of
freshwater flowing into the St Lucia Lake will
be insufficient, thus negatively affecting the
iSimangaliso Wetland Park. If the level is too
high (e.g. 3.0 m GMSL), the sugar cane farms
will be inundated and their harvest will be
destroyed. The optimum breaching height will
be somewhere between 2.0 and 2.5 m GMSL.
At these levels there will be enough fresh
water in the St Lucia Lake and enough
volumes of water to flush out all the fine
sediment when the berm breaches. The
salinity will have an acceptable level. Only part
of the farmlands will be inundated (3.4 – 6.7
%), but those can be given up, raised or sold.
We recommend further investigation on the
effects of flushing out coarse sediment and the
influence of salinity on the environment in
order to jointly explore the possibility of
defining a breaching height for which artificial
breaching can be allowed under carefully
defined and agreed conditions.

Figure 2. Areas flooded with a water level of 2.5m GMSL
in the Mfolozi floodplain (17.5% of the total farmland is
flooded).

The assumption of a breaching height of 2.5 m
GMSL, related to the fact that the mouth no
longer be breached artificially, is closely
observed. However, the analysis revealed that
the costs of solving the flooding problems
under these conditions are very high. An
additional problem is that the water levels at
the town of St Lucia could reach 3 m GMSL if
the breaching of the mouth would depend on
natural build-up, which would lead to flooding
of the town. Therefore the impact of different
breaching heights on the results of our
analysis, in order to see whether this could
open up a viable road for developing an
optimum solution jointly with the key
stakeholders, is investigated. The impacts of
different breaching heights on the sediment
loads and salinities in the St Lucia system are
included. The outflow of fine sediment is
related to the breaching height, but does not
influence the build-up of fine sediment in the St
Lucia Estuary. Stretch et al. (2013) showed
that for several breaching heights the outflow
of fine sediment is more than the inflow.
Estimation is made of the increase in the
amount of coarse sediment flushed out at
higher breaching heights (Hay et al. 2005) by
using results from an investigation on the Klein
River Estuary (South Africa), because a more
detailed investigation on coarse sediments in
the Mfolozi and St Lucia Estuary could not
have been carried out. An analysis of the
degrees of salinity at different breaching
heights showed that the total number of days
with high salinity does not differ with different
breaching heights, no matter what the initial
salinity is. This means that the breaching
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cumulative impacts on sediment, and the way
to define impacts scores.

Small hydropower (SHP) cascades, defined as
less than 30 MW, modify the natural sediment
transport, and erosion/deposition processes in
the river. More and more rivers are affected as
the demand for renewable energy is
increasing, and SHP is introduced because it’s
supposed that SHP is more sustainable than a
single high dam (with similar power capacity).

Figure 2. Map of North Vietnam, showing locations of 6
studied cascades.

The project was carried out by an international
team of specialist on various fields from
Netherlands (Deltares) and from Norway
(SWECO), together with local specialist (IWRP
and Vn. Inst. of Geography). The co-operation
of international specialist on hydropower and
environment, and specialist on IWRM,
hydrology and sediment, appeared to be a
very effective and useful way to develop new
and creative solutions.
The total maximum (planned) installed
capacity of the considered cascades is
between 20 to 60 MW (individual projects
range from several to 32 MW). In general the
(cumulative) impacts of these SHP projects are
ranging from physical (flow regime alteration,
sediment
blockage),
ecological
(fish,
vegetation
growth)
to
social-economic
(displacement of people, health, cultural
heritage). For Vietnam we have analyzed the
full range of cumulative impact pathways
(including those that have less impact than the
sum). We used a network approach together
with
consultation
and
questions
to
stakeholders, and looked more deeply into
cause and effect chain of events between the
causes/drivers/stressors and the criteria and
receptors (the VECs). Input to the cumulative
impact assessment has also been derived
from water balance modeling and from the
sediment transport analysis.

Figure 1. SHP “Nam Hoa 2” dam under construction,
looking upstream, Nam Hoa river, Vietnam.

The effects of a cascade can extend over
entire river basins, and may even have
consequence
for
transboundary
river
management. Traditional single dams affect
downstream reaches by entrapment of
sediments (supply shortage) and modification
of flow regime and associated transport
capacity (leading to change in morphology, as
well as in bed composition). In a series of
(small) dams, the individual dams and their
impacts are interacting, and cumulative
impacts have to be defined. Cumulative
impacts become relevant when the total
impacts of a cascade is different than the sum
of impacts of individual power plants: the total
impact can be larger than the sum of individual
impacts (Synergistic), or it is equal (strictly
additive), or it is less (antagonistic) (Bain et al.,
1986). In a case study for cumulative impact
assessment for six planned SHP cascades in
North Vietnam, next to Laos and China, we
have looked at river sediments, as well as the
influence of these impacts on valued
ecosystem components (VECs). From these
we determined a general overview of

Book of Abstracts NCR-Days 2013

4-5

4 - International projects

hampered (notably coarse fractions remain).
After start of operations there will be an
adjustment period (several years to decades)
with strong changes in load and morphology
along the entire reach.
Reservoir sedimentation: SHP reservoirs have
a smaller capacity, and trap less sediment
(usually run-of-the-river). Using high flows to
flush and sluice sediments is much more
effective for small dams, but these operations
have to be planned cascade-wide. Since much
sediment is trapped in upstream lakes, the
lower reservoirs in the cascade will have an
increased life time. The larger the upstream
reservoir, the more profit for the other
reservoirs.
Bio morphology: Undersupplied conditions and
sorting processes cause bed composition
change (armouring, loss of heterogeneity),
change in channel-bar patterns and heavy
vegetation growth. These habitat changes may
lead to deterioration of ecological values.
In general we can conclude that cascades,
compared to a single high dam, cause less
alteration of flow regime downstream of the
lowest power station, are more flexible to
manage sediment issues, but they may cause
disturbance over longer lengths and significant
habitat fragmentation and connectivity loss.

In the considered basins, data on sediment
transport are not available. Therefore we have
used a conservative estimate of the annual
load from the catchment of 1200 ton/km2/year
(Tran and Pham, 1998). Using grain sizes from
sediment samples taken during site visits, and
other river characteristics, we estimated the
transport capacity of individual river sections
with the transport model of Wilcock and Crowe
(2003). For each location in the cascade we
can calculate the natural condition (without
dams) and the future condition using the
discharges from water balance simulations
(scenarios with environmental flows, joint
operation, and climate change included).
Furthermore we estimated trap efficiency of
the reservoirs including sediment management
strategies. Using this simple approach we
were able to route sediments through the
cascade and judge impacts for sections
between dams and between dams and power
stations (parallel to bypass channels).
The impact scoring has been set as a
combination of expert judgment, assessment
of importance of VECs by the stakeholders,
and modeling results. From the scoring some
relevant cumulative impacts for sediment are
identified:
Catchment sediment yield: Access roads and
construction sites lead to increased soil
erosion: proportional to length of roads and
number of sites. Indirectly they also lead to
cultivation and exploration of pristine forest,
and further increase of soil erosion.
Sediment transport: All plants divert the water
from the river to the power house by channel,
tunnel and penstock. In cascades these ‘dry’
sections are intermittent and long. Sediment
load though these sections is seriously

Acknowledgements
This research project was funded by the World
Bank – Selection #1055129. The team
members in this project are acknowledged for
their fruitful discussions and pleasant cooperation. Special appreciation is expressed to
Marcel Marchand for leading our efforts, and
synthesizing the viewpoints and contributions.

Figure 3. Sedimentation in front of the intake of Van Ho SPH in the Ngoi Xan basin (looking downstream). Sediments cause
serious damage (wear) to turbines and clog diversion channels.
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that the dike does not fail at water levels below
the design water level, for all possible failure
mechanisms such as piping and lack of
stability. If the water level is above the design
water level, the dike might fail and breach.
The places where overtopping might occur in
the river Cauca (between Canal del Sur and
river Cali) for a given return period were
obtained by plotting the crest height and the
water levels. By doing so, the critical points
along the dike in terms of level, were identified
(Figure 2). On the basis of these critical points
inundation simulations were carried out with a
2D-model. Flooding due to breaking by
overtopping for a return period of 1:100, 1:250
and 1:500 was simulated (Figure 1). The
calculated flooding characteristics and the land
use maps were combined in GIS with the
stage-damage functions and maximum
damage costs to determine the damage costs
corresponding to a flooding probability.
In a cost-benefit analysis also the costs of
rising and reinforcing the dikes are important.
The costs of relocating the families living on
the dike are also taken into account in the
investments. The results of the analysis are
presented in Figure 3. An important feature of
this calculation is that the increase in
investments costs as a function of the return
period is relatively small. This is because the
costs of relocation of the families living on the
dike are the highest investment costs. This
aspect leads to the consideration, that from the
purely economic point of view of this method, it
would be better to make a choice for the
highest return period, leading to the lowest
total expected costs. From a practical point of
view, any choice above 500 years would seem
sufficient.

Commissioned by Agency NL, Royal
HaskoningDHV
in
collaboration
with
Colombian consultant Corporación OSSO, and
supported by Dutch Water board Aa and Maas
has made an analysis of the status of the
Aguablanca Dike along the Cauca River near
Cali, and put forward recommendations for a
short and long term strategy to improve its
safety level.
Extreme rainfall in 2010 and 2011 has resulted
in extreme river discharges and water levels in
various river basins in Colombia. In Cali, the
threat of a possible breach of the existing dike
system has alarmed the highest authorities.
The Aguablanca Dike along the Cauca River in
the municipality of Cali has a length of
approximately 17 km (Figure 1). It is the only
structural flood protection of the city of Cali
against floods from the Cauca River. The
protected area has developed over 50 years
from an agricultural area into a densely
populated urban area. Our work consisted of:
1.Assessment of the physical condition and
structural stability of the current dike.
2.Calculations using a hydrodynamic model to
model inundations of different frequencies
(1:100, 1:250, 1:500 year).
3.Estimation of the optimum dike height in
terms of the costs of dike improvement and
the flood damage avoided.
4.Development of action plan and strategies
for short term and medium term measures.
5.Prioritization of sections of the dike that
should be reinforced.
6.Organization
of
a
workshop
with
presentations of dike management in the
Netherlands, indicating preliminary results of
the inspection of the Aguablanca Dike,
presentation of a dike inspection manual in
Spanish.

Considerations concerning fluvial
morphodynamics
During the study and conversations with the
local team some morphodynamic issues arose:
- Bank erosion related to natural meandering
of the river may affect the stability of the dikes.
- Dredging activities (illegal) are carried out.
These dredging activities may lead to erosion
of the river bed.
- The construction of the Salvajina reservoir
will have had an influence on the
morphological developments of the river due to
the changes in the discharges and sediment
loads.

In this abstract we restrict to points 2 and 3.
The complete study is available at the Partners
for Water website (Royal HaskoningDHV,
2013). We applied the methods used in the
Netherlands for risk-based design of flood
protection systems to the Aguablanca area. In
this economic optimization, the investments in
more safety are balanced with the reduction of
the risk to find an optimal level of flood
protection. We have assumed that the dike will
only fail for overtopping. The strength of the
dike is subsequently designed in such a way
Book of Abstracts NCR-Days 2013
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- There are indications of changes in
discharges and sediment load in the tributaries
due to human activities such as deforestation
that may also have influence on the
morphological developments of the river.
- The bed in some parts consists of a hard soil
deposit (mixture of clay, silt and sand). Due to
this soil the bed levels have remained rather
stable. Between this hard soil, there is sand
that can be eroded. Local erosion occurs in
those sections.
Geotechnical stability of dikes and banks
needs to be guaranteed. Therefore we
recommended that the fluvial morphodynamics
of the river Cauca be further studied.

Figure 1. Flooding scenario 1/500.

Figure 2. Results of economic optimization for the
Aguablanca dike.

Figure 3. Dike crest level and different water levels and
freeboard.

Dredging activities

Bank erosion

Birds lying on the hard soil characteristic of the Cauca

Figure 4. Photos taken during the boat trip along the Cauca River.
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urban population growth, industrial production
and changing land use). Climate change is
considered as underlying process influencing
the supply side. Projected streamflows for the
future period were simulated using the GR4J
rainfall-runoff model (Perrin et al., 2003). We
obtained the input for the hydrological
simulations by dynamic downscaling of global
climate simulations. The HadRM3P Regional
Climate Model was employed, driven by the
HadCM3 Global Circulation Model. We
evaluated the A2, A1B and B2 SRES greenhouse gas emission scenarios, resulting in,
respectively, a small, medium and large
decrease of inflow to the study area. The
different inflow projections were combined with
low, moderate and high socio-economic growth
projections for water demand, resulting in a
total of five water stress scenarios: Low (L),
Moderate 1 (M1), Average (A), Moderate 2
(M2) and High (H).

Introduction
Climate change, rapid economic developments
and further growth of the human population are
regarded as the major drivers of increasing
water-related problems worldwide. The
developments pose a challenge to the
management of water resources systems as
these are designed to maintain a fragile
balance between water supply and demand.
With the projected changes, this balance is
likely to be disrupted, ultimately requiring
adaptation of existing infrastructure. In this
study we investigated a possible adaptation
strategy for multireservoir systems based on
recent scientific advancements in interlinked
simulation-optimization of water resources
systems, which suggest that adjusting
reservoir operation can significantly increase
system performance (Rani and Moreira, 2010;
Chang et al., 2010). Our objective was to
determine whether dam reoperation (the
adjustment of reservoir operating rules) is an
effective adaptation strategy to reduce the
potential impacts of climate change and
regional socio-economic developments. The
Xin'anjiang-Fuchunjiang reservoir cascade,
located in Hangzhou Region (China), was
selected as case study (Figure 1).

Figure 2. Modelling flowchart.

The scenario impacts were simulated with the
WEAP water allocation model (SEI, 2013),
which has been interlinked with the NSGA-II
multiobjective metaheuristic algorithm in order
to derive optimal operating rules adapted to
each scenario (Figure 2). Target parameters
for optimization were the coefficients of
proposed linear hydropower production rules
for each of the two reservoirs in the cascade,
discriminating between four seasons (in total
24 target parameters). Reservoir performance
was optimized for the Shortage Index (SI) and
Mean Annual Energy Production (MAEP).

Figure 1. The upstream Xin'anjiang Reservoir.

Method
We used a scenario-based approach to
explore the effects of various likely degrees of
water stress for the future period between
2011 and 2040, which have been compared to
the control period from 1971 to 2000. Water
demand was estimated by considering three
underlying socio-economic forces (rural and
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Figure 3. Performance of conventional and adapted
operation in terms of water shortages.

Figure 4. Performance of conventional and adapted
operation in terms of hydropower production.

Results
As a reference for our analysis, we first
simulated the performance of conventional
reservoir operating rules for both the control
period and future scenarios. We found a SI of
0.01 for the control period and values ranging
from 0.05 to 0.92 for the investigated future
scenarios (Figure 3). Even though the
increasing SI implies that more drought
problems are likely in the future, the deficits
are still moderate compared to what is
generally regarded as acceptable (Gosschalk,
2002; Chou et al., 2013). Compared to the
control period, the MAEP is projected to
decrease with 12.8% to 16.3% in the future
scenarios (Figure 4).

Conclusions
We conclude that for the investigated reservoir
system, dam reoperation is an effective
adaptation strategy, significantly reducing the
impact of changing patterns of water supply
and demand. Yet it should be noted that it is
insufficient to completely restore system
performance to that of the control period. The
improvements show that the chosen interlinked
simulation-optimization approach is a promising technique to derive multireservoir operating
rules that are adapted to projected changes in
climate or water demand. Even though we
have investigated the specific case of
Hangzhou Region, this methodology can
directly be applied to any other water resources system.

Optimization resulted in a well-distributed
Pareto front of solutions for each of the five
future
scenarios.
We
compared
the
optimization results with the performance of
conventional operation by selecting the
midpoints of each obtained Pareto front.
Performance differences between conventional
and adapted operation are shown in Figures 3
and 4. For the investigated scenarios, adapted
operating rules on average reduce the SI with
84% and increase the MAEP with 6.4%
(compared to the projected future performance
of conventional operation).
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(Aström, 2011). I conclude that if one knows
that the other may know, than one has few
arguments left to continue withholding data
and may be willing to share the real data.

Introduction
Transboundary water cooperation is not selfevident, primarily due to what I have called the
water asymmetry (Van der Zaag, 2007; see
also Komakech et al., 2012). Water asymmetry
emerges because of the unidirectional flow of
water, whereby downstream water users are
more impacted by the acts of upstream users
than vice versa.

3. The benefits of data sharing and
technical cooperation
Third, I show that there are major benefits to
be had if data are shared, at relatively low
cost. The case of the Zambezi shows that
sharing real-time data between three large
hydropower schemes located in three
countries (namely Kariba, Kafue Gorge and
Cahora Bassa) will enhance dam safety,
improve flood mitigation and optimise power
production. Further, and as a result of the
enhanced capacity to produce electricity, it will
allow these schemes to realistically explore the
possibility to include environmental flow
releases
in
their
operational
policies
(Nyatsanza et al., 2012; Fanaian, 2013).

Earlier I have argued that knowledge sharing is
a prerequisite for water sharing (Van der Zaag,
2009), because water sharing presupposes
that the parties have a good understanding of
the mutual dependencies that bind them
together. I have also demonstrated that due to
the differences in their attributes, knowledge
sharing is easier to achieve than water
sharing, and I concluded that “If our aim is to
better share water, then we should prioritize
the sharing of knowledge on water” (Van der
Zaag, 2009: S186). Notwithstanding the
above, even the sharing water-related data
between parties in a transboundary context
appears a challenge in many instances.

4. Issue linking can overcome the water
asymmetry
The water asymmetry can be overcome in
various ways, but will generally require the
identification of existing interdependencies
between the parties involved, not limited to the
water system at hand, and not limited to the
water sector (Van der Zaag, 2007). This
however does not often happen in practice.
The various dependencies can be coupled and
linked (Dombrowsky, 2010). This requires that
we understand the issue to be solved and,
importantly, agreement over the (systemic)
boundaries of the issue.

In this paper I explore how data can support
transboundary water cooperation.
1. The danger of uncertainty over data
First, I show that uncertainty about data, and
the various parameters of the water balance,
may fuel distrust between riparian countries. I
illustrate this with the case of the sudden drop
of the water levels of Lake Victoria in the mid
2000s (Bosuben et al., 2012).

a. Watershed, precipitationshed,
benefitshed

2. Unilateral information gathering – can a
reservoir or irrigation scheme still
remain hidden?

Normally, it is advocated that water has to
managed along hydrological boundaries. But is
this always true? Van der Ent et al. (2010) and
Keys et al. (2012) argue that we may need to
manage the water at the “precipitationshed”,
i.e. including the source area of the rainfall.
Alterative, one could argue that we have to
manage
the
water
resource
along
“benefitsheds”, e.g. area benefiting from the
products of water, e.g. electricity produced
from hydropower that is flowing out of the

Second, I turn to earth observation by means
of satellites. Independent data on all major
components of the water balance can be
estimated from space at reasonable to
excellent temporal and spatial resolution.
Reservoirs can no longer remain hidden from
the public eye, as virtually anybody can access
remotely sensed data. I illustrate this with
examples from the Blue Nile (Muala, 2012),
the Mekong (Triet, 2011) and the Red River
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Only when these issues were linked was a
creative deal possible: whereas the Dutch
were “downstream” with respect to the Meuse
issue, they were “upstream” with respect to the
Scheldt issue (Meijerink, 2008). This
notwithstanding, cooperation between the
Flemish (Belgian) and the Dutch on the
Scheldt have remained highly problematic and
still is contentious. This means that the
strategy of issue linkage has its limitations and
should be examined with critical eyes.

riverbasin, i.e. the limits of the powergrid, as is
the case in the Iberian peninsula and in
Southern Africa (the Southern African Power
Pool).
b. Beyond the basin, beyond water –
issue linking
The water asymmetry can be overcome by
linking different issues that exist between
different parties sharing a water resource. An
issue linkage can be understood as an
exchange of concessions in fields of relative
strength (Dombrowsky, 2010). This typically
requires combining data from different sectors.
Two examples are briefly mentioned to
illustrate this point.

Conclusion
 Jointly collected data help to inform system
dynamics and to define the boundaries of
the system to be managed / issue to be
addressed.
 Reliable data may help to jointly agree on
causes and effects, on joint measures and
joint monitoring. Reliable data may thus
foster cooperation.
 There is a need to invest in monitoring
stations to generate reliable data (and data
to calibrate remotely sensed data).
 The presence of publicly accessible data
may enhance the willingness to share data
in transboundary contexts.
 Data sharing can enhance benefits, safety
and
reduce
costs,
especially
for
downstream countries.
 Downstream countries have much to win
with transboundary cooperation.
 Data sharing is essential for transboundary
water cooperation.

The deadlock that existed in the negotiations
between Swaziland, South Africa and
Mozambique on a water sharing agreement
over the Incomati river basin could only be
broken when the adjacent Maputo river basin
was included in the negotiations. This was
because the interests that the three riparian
countries had in both basins differed and, to
some extent, could be traded (Van der Zaag
and Carmo Vaz, 2003).
Another example is the negotiations between
the Belgium and The Netherlands, where the
key issue of Belgium concerned the Scheldt
river basin (namely securing access to the port
of Antwerp by large vessels through the
Scheldt estuary located in Dutch territory)
whereas the main concern of the Dutch was
related to the Meuse river basin (reducing
pollution of the upper parts of the river Meuse).
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Language (XML), providing easy access and
expandability to the iRIC interface. The
generalized structure of the iRIC system is
shown in Figure 1. The notable feature of this
approach is that solvers are efficiently
separated from the interface itself, allowing
end users easy access to modification of
existing codes or addition of new codes. Using
a common data structure along with high level
libraries and XML solver definition files makes
adding new models straightforward. In this
presentation, the current components of iRIC
are described and results from both idealized
and practical applications are presented to
illustrate the capabilities of the system.
Modeling results for the evaluation of a river
restoration design for the Kootenai River are
shown to illustrate the flexibility of the
approach and the ease with which different
modeling approaches can be applied to a
single site at different length and time scales
within the iRIC interface. Results for
morphologic adjustment to proposed channel
restoration designs over relatively short time
scales are highlighted to show how the system
can be used to evaluate and “fine-tune”
proposed
channel
changes
before
construction. Finally, iRIC models are used to
predict evolution of a weakly perturbed, initially
straight channel into realistic meanders over
longer time scales as shown in Figure 2.
Education and supporting documentation for
iRIC including tutorials are available at www.iric.org. The models, interface, and all
supporting documentation are in the public
domain and are freely available.

The International River Interface Cooperative
is an informal organization made up of
academic faculty and government scientists
with the goal of developing, distributing, and
providing education for a public-domain
software interface for river modeling. Formed
in late 2007, the group released the first
version of this interface, iRIC, in 2009. The
iRIC software interface includes models for
two- and three-dimensional flow, sediment
transport, bed evolution, groundwater-surfacewater interaction, topographic data processing,
and habitat assessment, as well as
comprehensive data and model output
visualization, mapping, and editing tools. All of
the tools within iRIC are specifically designed
for use in river reaches and utilize common
river data sets. The models are embedded
within a single graphical user interface so that
many different models can be made available
to users without requiring them to learn new
pre- and post-processing tools. The first
version of iRIC was developed by combining
the U.S. Geological Survey public-domain
Multi-Dimensional Surface Water Modeling
System (MD_SWMS), developed at the USGS
Geomorphology and Sediment Transport
Laboratory in Golden, Colorado with publicdomain river modeling code developed at the
University of Hokkaido and the Foundation of
the River Disaster Prevention Research
Institute in Sapporo, Japan. Since this initial
effort, other universities and agencies have
joined the effort, and the interface has also
been expanded to allow users to integrate their
own modeling code using Executable Markup
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the different outcomes and results of water
management scenarios to support the
selection of the most proper policies (Madurga,
Martínez-Santos, & Hera, 2008).

Trans-boundary river basins
are ‘glocal’
natural resources which has simultaneously
local, national, and international dimensions.
Politically, culturally, and financially, shared
water resources can be a reason for conflict or
for co-operation among local water users,
national governments, and states. The existing
and potential uses of the shared watercourses
can be categorized to irrigation, hydropower,
domestic, navigation, delta farming, and
combination of them (Iyob, 2010; Mostert,
2003). Certainly, the process of management
of these rivers can be different with respect to
their uses and can affect locally, nationally,
and internationally each together.

Clearly, The discrete global or local attitudes in
trans-boundary river basins management
(TRBM) pose a threat to sustainable TRBM,
which may undermine policy makers’ ability to
form a successful management. One major
limitation of common approaches is that they
consider either locally or globally TRBM. In this
paper, we illustrate this new concept by a real
case study that local action can have effects at
the “global” (basin) level and that river basin
management is something that should be done
at all levels. For this purpose, the Hirmand
River, as a trans-boundary river which is
shared among Iran and Afghanistan (Fig.1, 2),
is examined in order to show the importance of
the negative impacts of separated local or
global water governance mechanism (Fig.3)
and to prove
the necessity of this new
approach. The results of this paper reveal that
understanding the meaning of glocal transboundary river basins management by the
involved actors should be the first step in the
shared
water
resources
management.
Moreover, we should embrace the concept of
glocal
trans-boundary
river
basins
management as a new approach and
governance mechanism.

Trans-boundary water resources are utilized
directly and indirectly by various stakeholders
dividing into four scales (Iyob, 2010): local,
provincial,
national,
and
international
stakeholders. For instance, urban and rural
residents are the local stakeholders, whereas
regional water authorities are considered as
provincial shareholders. In contrast with
national policy makers, who are governments
and ministries influencing water policies,
international actors are international donors
and institutions such as UN, FAO, and
international NGOs. Glocal trans-boundary
river basins governance, as a process, should
involve these divergent stakeholders. In
addition, it should consider socio-economic,
cultural, and ecological influences on transboundary water policy. Decision makers and
stakeholders require an obvious evaluation of

Figure 1. Hirmand trans-boundary river basin.
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Figure 2. Geography of the lower Helmand Basin from (Whitney, 2006).

Figure 3. Negative impacts of local or global water governance mechanism.
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In the past decades it has become clear, that
the virtues of the rather fully-regulated Rhine
system (catchment area 185000 km2), are not
without severe drawbacks. The executed river
regulation
measures
dikes,
width
normalisations and bend cut-offs, have led to a
river system which on long term basis, can
only maintain the goals of different userfunctions with great effort and costs. Also, the
ecological damage shall remain, which has
been caused by anthropogenic interference,
since the beginning of the systematic Rhine
regulations in the last centuries. Therefore, the
different Rhine administrative organisations
have developed engineering solutions, that
can both maintain the original objectives, and
increase ecological values.

The challenges in Rhine River management
lie in many system related phenomenae:
stopping bed erosion, increasing bio-diversity,
maintaining navigation, increasing flood
protection. In order to accomplish these goals
international cooperation is necessary. In the
past agreements between the Rhine bordering
states have been reached on Rhine navigation
(CCR), flood protection levels (IRC) and
ecological goals (WFD). With respect to bed
morphology no strict agreements have been
made. However controlling morphology in a
sustainable way, appears to be a very
important factor when dealing with the river’s
functions,
To this end it seems logic that a morphological
model of the entire Rhine River is available,
but this is not yet the case. The Dutch part is
more or less modelled in 2D (Delft3D). The
German downstream section is available in 1D
(Sobek). Problems arise in calibrating German
models.
To
improve
the
situation
measurements are planned to close the
existing data gaps for groyne fields, floodplains
and tributaries.

Bend cut-offs shortened the river, thereby
increasing the slope initially and causing a
smaller depth. Width constrictions and closing
side channels increased water velocities.
However the natural slope is determined by
hydraulic and morphological factors like
discharges and sediment-loads that are not
(yet?) changed. So in time, the original slope is
re-established, through erosion of the river bed
in upstream direction.

My presentation will cover above topics and
examples of international cooperation will be
given. Typical cases will be highlighted:
Oberrhein canalisation, stopping bed erosion
in the border region, flood protection
(Sustainable Development of Floodplains),
Freude am Fluss, Room for the River),
Sustainable Fairway Rhine.

Regarding the original goals of the river
regulations, it is clear that the functions flood
protection and navigation have profited
enormously. Because of the safety provided by
the system of dikes and flood plains the Rhine
basin has developed into one of the most
prosperous regions of the world.
However in time drawbacks of the applied
measures appeared. In different periods new
measures were carried out, either to enhance
the use of the river, or to correct the effects of
former executed measures. In view of this,
pressure increases on the sustainability of river
engineering measures. In other words, new
measures should be able to cope with river
reactions and be flexible in view of future
demands. Then, it is essential to understand
the behaviour of the river as a physical system,
to know its dynamical changes and to correct
negative developments.

Lobith
Sediment
supply

Spijk
(2013)

Emmerich
Emmerich

Figure 1. Fixed layers and sediment supply ensure a
stable bed in the border area.
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Figure 2. Tributaries in the German Rhine River.
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Conflicts and cooperation over transboundary
rivers between riparian states have occurred (and
probably will still continue to occur) for thousands
of years. One of the oldest causes of this is water
scarcity. Due to the over-exploitation of different
water resources, in 1997 United Nations
estimated around 460 million people were living
in water-stressed areas (measured by water
scarcity). To continue with the current water
consumption pattern would mean that two-thirds
of the world’s population will live in areas with
moderate to high water stress (UN, 1997).
Moreover, the ever-increasing fresh water
demands (induced by population growth,
industrialization and urbanization) is expected to
further elevate the level of scarcity. For countries
with shared river (and with high dependency on
the river to fulfil their water needs), this increase
will make them more vulnerable to water conflict.
Therefore, creating a smart strategy to manage
transboundary rivers (that prevent conflict and
promote cooperation) is increasingly becoming
more important globally.

Afterwards, the applicability and usefulness of
the framework will be investigated. To do this,
two transboundary river basins (where cases of
cooperation and conflict took place) will be
closely-studied; Rhine River Basin and Jordan
River Basin. This case studies would be done by
a combinations means of literature study and
interviews; and focussing on the occurrence of
transboundary water conflict and cooperation
and the involvement of water expert.
There are at least three main reasons to select
the Rhine and Jordan River Basins as the study
cases: 1) the water cooperation and conflict in
these basins deals with different issues (Rhine
River Basin deals with water quality issue while
Jordan River Basin deals with water quantity
issue); 2) extended information on both basins
are easily accessible as there have been lots of
papers and books published about the water
cooperation and conflict in both basins.; 3)
different inter-state relation between riparians in
these basins, which probably will influence the
occurrence of water cooperation and conflict. As
riparians of Jordan River have a hostile relation
(and disputes among them are wider than just
about water), the riparian states in the Rhine
River Basin have a better inter-state relation
which indicated by cooperation in multiple
sectors other than just water.

As water is integrated to almost all aspects of
human lives, managing transboundary rivers will
require a wide range of expertise. At least six
different expertise are needed: international
relation, international law, economics, negotiation
theory, geography and hydrology (water
management). The four-first mentioned expertise
have been indicated as the most instrumental
ones (Dinar, 2007), but relatively less attention
are paid to the last two expertise. Nevertheless,
the involvement of water experts (in inter-riparian
technical cooperation) has been indicated as the
main foundation in building a basin-wide
cooperation (Savenije & Van der Zaag, 2000).

Interviews would be done with professionals that
are directly involved in the management of
(conflict and cooperation in) both basins.
Besides to confirm the information gained from
the literature, interviews are conducted with the
expectation of gaining information beyond what
scientific and official documents can offer. In
basins with a poor inter-state relation (such as in
Jordan River Basin), official documents may
only contain uncontroversial information in order
to prevent inter-state tension to rise.

The objective of this research is to find out if-andhow water experts can contribute to the
promotion of water cooperation and the
prevention of water conflict in the management of
transboundary rivers. Here, water experts is
referred as experts in the field of hydrology or
water resources management (with the
background of natural or technical sciences).

This research is an on-going author’s MSc
graduation thesis under the supervision of Dr.
Erik Mostert (Delft University of Technology).
Currently the author is exploring the possibly of
visiting riparian states in the Jordan River basin,
which is planned to be carried out on August
2013.

The research water was started by conducting a
literature study on the relation between the roles
of water expert and the drivers of water
cooperation and conflict. This relation will be
presented in a framework.
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The application of SOBEK-Rural to unravel the complexity
of the hydropower dominated transboundary Zambezi
catchment
E. Mwelwa-Mutekenya1,*, A. Crosato1, N. Wright2, L. Beevers3
1 UNESCO-IHE, Department of Water Science and Engineering, PO Box 3015, 2601 DA Delft, The Netherlands
2 University of Leeds, Department of Civil Engineering, UK
3 Heriot-Watt University, School of Built Environment, UK
*
Corresponding author; E-mail: e.mwelwa@unesco-ihe.org

This research has the key objective to
investigate the state of the Middle
Zambezi River and its flood plains in terms
of flow regime and morphological trends
for both the pre and post damming
situations. In the study area the river signs
the border between Zambia and
Zimbabwe. From the rich biodiversity that
this study area supports, both countries
established national parks, with Mana
Pools National Park, Sapi and Chewore
safari areas being designated as
UNESCO World Heritage Sites in 1984
(UNESCO World Heritage Centre 1992 2013). Brown and King (2011) and
Hughes (2001) emphasize the necessity to
consider downstream water needs in dam
operations. This is because habitat
sustenance depends on the river channels
and the associated morphological features
whose modification can lead to negative
consequences (Petts,1996).

To simulate the pre-dams situation, a
dataset of upstream unregulated reservoir
inflows was used and to simulate the postdams situation, the dataset of turbine and
reservoir discharge was used. The model
results show the differences between
Case1 - Without Dams, as shown in
Figure 2 and Case2 - With dams scenario,
shown in Figure 3.
The model gives the possibility of showing
further scenarios of: Case3 - Maintaining
the current water regulations for the future
and its implications; Case4 - Modification
in water regulation to take into account
favorable water allocation changes and;
Case5 - Occurrence of climate related
variation of droughts. Further, the
simulation
computations
assist
in
confirming the dominance of hydropower
regulation in the water balance of the river
reach.

It became apparent during the research
that there was need for a tool to aid
understanding
of
the
intricate
hydrodynamic system of the research
area. Therefore, the application of a
hydrodynamic model based on the
SOBEK-Rural software (Deltares, 2011),
has been used to unravel the level of
alteration of the water flow caused by
hydropower operations. Figure 1 shows
the catchment network.
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The understanding gained from the
research output can feed into decision
making frameworks for the water
resources managers in charge of the
hydropower dam operation in order to
consider modifications to the current dam
operating rules and water allocation for
environmental flows (Petts, 1996).
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Figure 1. Middle Zambezi catchment network.

Figure 2. Computed discharges at three locations.

Figure 3. Computed discharges of the Middle Zambezi at three locations with dams.
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The Netherlands Centre for River
Studies (NCR) is a collaboration of
the major developers and users of
expertise in the Netherlands in the
area of rivers, viz. the Universities
of Delft, Utrecht, Nijmegen, Twente
and Wageningen, UNESCO-IHE,
ALTERRA, RWS-WVL and Deltares.
NCR ‘s goal is to build a joint
knowledge base on rivers in the
Netherlands and to promote cooperation between the most
important scientific institutes in the
field of river studies in the
Netherlands. This co-operation will
also strengthen the national and
international position of Dutch
scientific research and education.
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