
1 INTRODUCTION

In recent years, major floods have raised people’s
awareness that rivers are natural systems, against
which absolute safety cannot be warranted. On the
other hand, the public’s acceptance of natural haz-
ards is decreasing: safety is demanded from the gov-
ernment. Modern river management therefore fo-
cuses on limiting the risks associated with natural
hazards, such as floods and droughts. One definition
of risk is the product of the probability of occurrence
of an event and the damage done by it. Since the
value at risk in densely populated low-lying areas
keeps on increasing, flood risk limitation can only be
achieved by limiting the probability of occurrence
and the impact of hazardous situations. The former
can be achieved by influencing the flood levels and
by limiting the probability of inundation of riparian
areas, the latter by influencing the process of inun-
dation, once it happens.

Flood management by influencing the design
flood level is increasingly popular in densely popu-
lated low-lying countries. The concept of leaving
room for the rivers is thought to be more sustainable
than continually raising the dikes. In the Nether-
lands, this has led to major refurbishing and restora-
tion schemes for the Rhine and Meuse rivers. The
objective is to be able to accommodate higher design
discharges with a minimum of dike reinforcement.
Important by-products are nature and landscape
restoration.

A key element in Dutch flood protection practice
is the determination of the design flood level. Start-
ing from an agreed frequency of occurrence, the de-

sign flood discharge is determined by statistical ex-
trapolation of data. Subsequently, a design flood
wave is defined and put into a fixed-bed mathemati-
cal model of the river in its present state. The re-
sulting maximum water level at each point along the
river is the design flood level, the starting point for
the assessment of the flood defence system at that
location. This procedure is repeated every five years.

Now that dike reinforcement is no longer the pre-
ferred response to a mismatch between flood level
and dike height, reducing the flood levels is the ob-
vious alternative. This is achieved by measures such
as dike displacement, floodplain lowering, side
channels, detention basins, shortcuts around bottle
necks, overland flow channels, etc. (cf. Silva et al.,
2000). The effects of these measures on the design
flood level are investigated with the fixed-bed
mathematical model that is also used for the five-
yearly assessment.

As compared with dike reinforcement, these
‘room-for-the-river’ measures have much stronger
effects on the flow and sediment transport fields in
the river under less extreme conditions. Hence the
morphological effects will also be much stronger.
The present fixed-bed assessment procedure may
therefore be insufficient, as the river’s flood convey-
ance capacity may deteriorate through time, due to
morphological changes. This puts morphological
modelling high on the agenda of modern river man-
agement. All the more reason to discuss potentials
and limitations of present-day morphological mod-
elling in the light of river management.
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2  UNCERTAINTIES AND PREDICTABILITY

River morphological modelling has major achieve-
ments to boast of when it comes to analysing mor-
phodynamic processes, such as bar formation and
meandering (cf. the proceedings of the RCEM-
conferences: Seminara, 1999 and Ikeda, 2001). The
underlying analyses, however, concern rather hypo-
thetical situations, such as channels of constant
width, constant discharge, uniform sediment, stage-
independent bed roughness, etc. The role of the
natural variability of the river geometry and the en-
vironmental conditions has received much less at-
tention, so far. I will attempt to show that it is this
variability that plays a key role in the river’s re-
sponse to refurbishing measures.

One important class of environmental conditions
is associated with the weather and is therefore only
predictable in a statistical sense, not in a determinis-
tic sense. This brings up the issue of predictability of
the river’s morphological state and the uncertainties
involved in its modelling. Note that the term predic-
tion as it is used here is synonymous to forecasting,
i.e. including uncertainty.

Uncertainties can be divided into many catego-
ries, but for the present purpose it is sufficient to
distinguish only three classes:
- inherent uncertainty, which cannot be influenced

or reduced by further study. The obvious exam-
ple is the uncertainty in the weather, which can-
not be predicted deterministically more than a
few days ahead. The river discharge is a result of
weather events, and therefore inherently uncer-
tain, as well. Note that the range of uncertainty
in the discharge of most rivers is by no means
small.

- model uncertainty, due to assumptions, simplifi-
cations and schematisations made when at-
tempting to model reality. This type of uncer-
tainty can be reduced by further study and model
refinement. In belongs to the larger category of
epistemological uncertainty, to be attributed to a
lack of knowledge.

- statistical uncertainty, due to the fact that the ex-
treme conditions that we are dealing with are
rare, and hence statistically poorly documented.
The design flood discharge, for instance, has
never occurred, so far, and must therefore be es-
timated via an uncertain statistical extrapolation
procedure, combined with uncertain estimates of
how the river basin will respond to extreme pre-
cipitation. In principle, this uncertainty can be
reduced by waiting for more statistical informa-
tion, or by better investigating the river basin’s
response to extreme conditions. Hence it for-
mally belongs to the category of epistemological
uncertainty. In practice, however, we don’t have
the time to wait so long, whence this statistical

uncertainty effectively collapses with inherent
uncertainty.

These classes of uncertainty are reflected in the
definitions of predictability, viz. (1) the possibility to
predict, associated with inherent uncertainty, and (2)
our ability to predict, associated with epistemologi-
cal uncertainty. In the following, we will use the
former definition.

Figure 1. Operational forecasting: essential for decision making
while a flood is on!

3  TEMPORAL AND SPATIAL SCALES

Modern river management requires predictions at
various scale levels, viz.
- operational forecasting, when an extreme event

is on and the river manager needs to know how
high the water level will rise, whether and when
exactly detention basins have to be deployed, or
whether there is a need for emergency measures,
such as evacuation or forced inundation of emer-
gency polders;

- prediction for design, in order to assess the ef-
fectiveness and the impacts of refurbishing
measures;

- prediction for maintenance, in order to keep the
river in shape for flood conveyance and its other
functions, such as navigation;

- prediction for long-term sustainability, to iden-
tify large-scale effects of refurbishing schemes.

We will discuss the role of morphological modelling
at each of these scale levels.

4  OPERATIONAL FORECASTING

Operational flood forecasting for European rivers,
with their relatively coarse sediment and their large
morphological time scales (De Vries, 1975), can be



made with a fixed-bed model, provided that its geo-
metrical schematisation is an adequate representa-
tion of the actual state of the river. In rivers with
much finer sediment and a much shorter morpho-
logical time scale, like the Yellow River, this is less
obvious. Figure 2a shows how a cross-sectional pro-
file in the lower reach of the Yellow River changed
during the 1998 flood season, Figure 2b shows the
results of a simulation of a flood event in the same
river in 1982. It compares the results from a fixed-
bed model and a morphological model with meas-
ured data at a station on this river (Kemink, 2002).

Figure 2a. Cross-sectional profile evolution in the Yellow
River over the 1998 flood season
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Figure 2b. Bed level (lower line) and hydrograph (drawn line:
fixed-bed; dashed line: mobile bed; dots: measured) in the
Yellow River at Peiyu during the 1982 flood season (courtesy
Erik Kemink; also see Kemink, 2002)

Even if the time scale of the large-scale morphologi-
cal changes is large and fixed-bed forecasting is pos-
sible, the adequacy of the geometrical schematisa-
tion is critical. Thus the morphological state can
have significant effects on the flood wave, e.g. via
- changes in micro-scale morphology (bedforms)

during a flood (cf. Ten Brinke and Wilbers,
1999),

- the discharge distribution over the branches of a
bifurcated river,

- backwater effects due to local shoaling of the
main channel (cf. Figures 3 and 4).

In order to avoid unpleasant surprises, the sensitivity
of the design flood levels to morphological changes
needs to be assessed. This can be done using a stan-
dard sensitivity analysis, starting from a set of possi-
ble morphological states. An alternative to this ‘for-
ward’ approach (going from input to output) might
be an inverse model, indicating how the design flood
level at certain points along the river depends on the
morphological state. This would provide useful
management information, as we will discuss in a
later section.

5  PREDICTION FOR DESIGN

When designing measures for improving a river’s
flood conveyance capacity, not only the effective-
ness of those measures on the design flood level
needs to be investigated, but also their impact on the
other functions of the river system. This involves as-
pects such as navigability, stability of structures,
nature, landscape, cultural inheritance, recreational
value, agriculture, industry, sand mining, etc. Even
if morphological effects of the design flood level are
minor, there can be significant effects on the other
aspects.

One example is the occurrence of bed waves due
to geometrical non-uniformities, such as width
variations. This phenomenon, which is always pres-
ent in natural rivers, is sometimes called ‘breathing’
of the river bed. River improvement measures over a
finite length, such as widening or a side channel,
tend to enhance these bed waves. This is readily
shown in Figure 3, for a highly schematised river
originally in equilibrium and suddenly narrowed
over 10 km of its length. The varying discharge
gives rise to strong variations of the bed level in the
narrowed section.

The sediment deficit or surplus associated with
these variations is passed on to the downstream
reach and gives rise to bed waves that propagate
downstream and gradually die out. These bed waves,
up to a metre above and below the mean bed level,
may hamper navigation at low flows and threaten
the stability of structures such as groins, revetments
and bridge piers.
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Figure 3. Envelope of bed waves due to a channel narrowing
between km 20 and km 30 (courtesy Hanneke van der Klis; see
Van der Klis, 2000)
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Figure 4. Design flood level variation for the set of bed topog-
raphies represented in Figure 3 (courtesy Hanneke van der
Klis)

Figure 4 shows how this morphological effect influ-
ences the design flood level. Absolutely speaking,
the range of variation may be rather small, but it is
large when compared to the millimetre-accuracy
claimed for the present flood models. This means
that such morphological variations ought to be taken
into account in design flood level computations.

If this measure would be investigated with a
model based on a constant representative discharge,
these bed waves would not be found. Rather, the
conclusion in this particular case would be that the
bed downstream of the narrowed section will remain
unaltered, that there is no morphology-induced range
of uncertainty in the design flood level, and that
there are no significant effects on navigability or
structures.

Van Vuren et al. (this conference) describe an-
other example. It concerns the same hypothetical
river, but now with a floodplain lowering over 10
km. Figure 5 shows the bed level profiles resulting
from a model with a constant discharge less than
bankfull, a constant discharge above bankfull and a
set of variable discharge timeseries.

 

Equilibrium bed topography 

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70

0 50 100 150 200
location along the river [km]

be
d 

le
ve

l c
ha

ng
es

 [m
]

-1.00

-0.50

0.00

0.50

1.00

1.50

2.00

2.50

0 20 40 60 80 100 120 140 160 180

location along the river [km]

be
d 

le
ve

l c
ha

ng
es

 [m
]

location  a long  the river [km ]
60 80 100 120 140 160 180

-1 .0

-0.5

0

0 .5

1 .0

1.5

low ered floodplain

Figure 5. Effect of floodplain lowering as predicted by a model
with a constant representative discharge below bankfull (top)
and above bankfull (middle), and via a Monte Carlo simulation
with variable discharge (courtesy Saskia van Vuren; also see
Van Vuren et al., 2002)

A model of this situation with a constant discharge
below bankfull has one equilibrium solution, with a
higher slope and a smaller water depth in the reach
with the lowered floodplains, no effect downstream
of this reach an a slight accretion upstream of it. In
the case of a constant discharge above bankful, there
are two possible equilibrium solutions, on similar to
the one above, and one in which the downstream bed
profile is significantly degraded. In the latter case,
all water and sediment passes through the main
channel immediately downstream of the section with
the lowered floodplains. Which of these two solu-



tions is found depends on accidental conditions.
Without going into the discussion whether both so-
lutions are realistic, this type of 1-D model is being
used for morphological computations, often with a
constant discharge, so either solution can be found
and may be taken for realistic. This may lead to er-
roneous conclusions about the morphological impact
of floodplain lowering.

We can conclude from the foregoing that dis-
charge variation effects need to be included when
investigating the morphological impact of river im-
provement measures. In the case of a hindcast, this
can be restricted to the measured hydrograph, but in
the case of a forecast a probabilistic approach has to
be taken, based on a large number of statistically
equivalent realisations of the future hydrograph. See
Van der Klis (2000, 2001) and Van Vuren et al.
(2002) for further discussion.

6  PREDICTION FOR MAINTENANCE

The variety of measures that are about to be taken to
increase the flood conveyance capacity of the Rhine
and the Meuse rivers in the Netherlands will un-
doubtedly make the river more irregular. Hence they
will lead to stronger morphological variations than
before. This means that more maintenance is needed
to keep the river in good shape.

A common type of maintenance is dredging. This
is necessary whenever the bed penetrates into the
guaranteed navigable profile. It may be more effi-
cient, however, to take a pro-active approach and
dredge before shoaling problems arise. Both ap-
proaches are used for maintaining the navigability of
the Rhine branches (Douben and Werners, 2001;
also see Klaassen, this conference).

If the river’s refurbishing leads to an increased
morphological activity, it may also lead to higher
dredging costs, or to the need to have more dredging
equipment available for maintenance. Therefore, the
morphological impact of the refurbishing measures
needs to be investigated.

Another type of maintenance concerns the river’s
flood conveyance capacity. Obvious places to
maintain are the bottle necks, such as the ones in the
Waal near Nijmegen, in the Nederrijn near Arnhem
and in the IJssel near Zutphen, Deventer and
Kampen. But there may be less obvious places that
are critical to flood conveyance, especially when it
comes to the effects of the morphological state of the
main channel. One way to address this issue is ‘for-
ward’ simulation, i.e. making morphological model
runs with a number of statistically equivalent hy-
drographs, fixing the bed topography in each run at a
certain moment in time and running a design flood
model on that bed topography. An analysis of the re-

sults may reveal the critical points in the river ge-
ometry.

An alternative approach may be inverse model-
ling, which determines how the design flood level in
certain points along the river depends on a number
of geometrical input parameters. This technique is
standard in other fields of science, but to the
author’s knowledge it has never been applied to this
type of river management problems. If successful, it
provides information that is of more direct use to the
river manager than the above forward simulation ap-
proach.

A special kind of maintenance concerns the
floodplain vegetation. Nature restoration in the
floodplains means that a natural type of vegetation is
allowed to develop. Without human interference,
this will evolve into climax vegetation. This situa-
tion is quite different from the one in natural rivers,
where the vegetation is removed from time to time
by migrating channels and pioneer vegetation can
develop in newly deposited areas (Figure 6). This
more or less cyclic rejuvenation process will not
take place in strictly regulated rivers like the Rhine
and the Meuse. In order to have the variety of vege-
tation that belongs to a natural river, the floodplains
have to be rejuvenated artificially (cf. Duel et al.,
2001). This may become economically interesting if
it can be combined with sand and clay mining. Since
society will not accept that the vegetation in an en-
tire floodplain is cut at one time, a more subtle reju-
venation scheme has to be developed. This will in-
evitably lead to extra downstream variations of
floodplain level and resistance, and hence to en-
hanced river bed dynamics. Morphological model-
ling is needed to predict these effects (also see Bap-
tist and Mosselman, 2002).

Figure 6. The Allier south of Moulins, an example of a ‘living
river’ (from: Duel et al., 2001)



7  PREDICTION FOR LONG-TERM SUSTAIN-
ABLILITY

In the past, large-scale river training schemes have
shown to have a large-scale and long-term morpho-
logical impact. The effects of the normalisation of
the Rhine branches in the 19th and early 20th century
led to a tilt of the longitudinal profile and an overall
bed degradation up to several metres. Whether or not
this process has come to an end by now is still a
matter of dispute (cf. Visser et al., 1999). There are
good reasons to assume that the present refurbishing
schemes can have similar large-scale effects.

For a first guess of this response, we consider an
alluvial river of constant width B (no floodplains)
with a given constant discharge Q and a constant
sediment supply S. Starting from the quadratic fric-
tion law, a power law sediment transport formula

S a BU b==== (1)

in which U is the depth-averaged velocity, and the
equations of continuity for water and sediment, a
straightforward derivation yields the following equi-
librium relationships:
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in which he is the water depth and ibe the bed slope in
the equilibrium situation, and C is Chezy’s friction
coefficient.

Figure 7. Sand deposition in the floodplains of the River Waal,
after the 1993 flood (courtesy Rijkswaterstaat; Silva et al.,
2001)

Floodplain lowering, for instance, combined with
the removal of summer levees, will lead to more fre-
quent inundation of the floodplains, and hence to
more sediment trapping (cf. Figure 7). As far as this
concerns bed material from the main channel, the
sediment is trapped in the floodplain and therefore
no longer available to the main channel. This may
concern large amounts of sediment: the amount of

sand deposited in the floodplains of the Rhine
branches during the 1995 flood is estimated at sev-
eral hundreds of thousands of cubic metres (Ten
Brinke et al., 1998), which is of the same order of
magnitude as the mean annual transport. If such
amounts of sediment are abstracted regularly from
the main channel, there must be a response of the
large-scale river morphology.

The nature of this response depends on the
amount of water going through the floodplains. If all
the sediment would stay within the main channel,
while the discharge through the main channel would
decrease (since more water passes through the low-
ered floodplains), the equilibrium water depth would
decrease and the slope would increase. If the entire
discharge would go through the main channel and
part of the bed sediment would be deposited in the
floodplains, the depth would increase and the slope
would decrease. Clearly, a realistic morphological
model is needed in order to know which of these ef-
fects will be strongest.

The sediment trapped in the lowered floodplains
will not reach the delta. Hence the build-out of the
river bed into the delta area (e.g. Merwede and Hol-
lands Diep in the case of the Waal river) will slow
down or even stop (cf. Van Ledden, 2001). In com-
bination with the plans to reopen the gates in the
Haringvliet barrier, this may even lead to a landward
shift of the erosion basis, and hence to large-scale
erosion of the river bed. On the other hand, sea level
rise will have the opposite effect. Again, a realistic
morphological model is needed to indicate the net
effect.

Another measure suggested for increasing the
river’s flood conveyance capacity is lowering the
groins. A possible consequence is a change of the
sediment storage within the groin field and of the
sediment exchange, via the groin fields, between the
main channel and the floodplains. The identification
and quantification of the exchange mechanisms, in-
cluding the effects of ship waves, requires detailed
morphological modelling at the scale of a single
groin field (cf. Yossef, 2002). Predicting the large-
scale effects of lowering all groins along a river
reach requires parameterisation of these detailed
model results, or another form of model reduction.

8  REPRESENTATIVE DISCHARGE?

Many morphological models use a constant dis-
charge, claimed to be representative of those under
naturally varying conditions. On the basis of largely
intuitive arguments, this representative discharge is
chosen as the bankfull discharge, or the ‘dominant’
discharge, which yields the same annual transport as
the naturally varying discharge. In order to reduce
uncertainty, the morphological results obtained with



these models are usually calibrated against data, and
sometimes against a test run with one varying dis-
charge realisation.

The simple concept underlying the equilibrium
relationships (Equation 2) can be used to demon-
strate some fundamental shortcomings of this ap-
proach. If p(S) is the probability density function of
the transport rate S, we have by definition

p S dS S p S dS E S( ) ; ( ) ( )==== ====
∞∞∞∞ ∞∞∞∞

∫∫∫∫ ∫∫∫∫1
0 0

(3a)

[[[[ ]]]]S E S p S dS Var S−−−− ====
∞∞∞∞

∫∫∫∫ ( ) ( ) ( )2

0

(3b)

in which E(S) is the expected value of S and Var(S)
the variance. The sediment balance equation can be
elaborated to
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in which zb is the bed level and εp the bed porosity.
The overbar denotes averaging over the timescales
of the principal modes of variation of S. If the bed is
in global equilibrium, the barred time-derivative in
Equation 4 vanishes and we have
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in which S0 is the mean sediment input per unit time
at the upstream boundary. Hence,
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In the case of a variable discharge, the water depth
changes through time, even if the bed is in global equilib-
rium. The only point where the water depth is fixed is at
the erosion basis, provided that the water level is
constant there. Following a similar rationale as
above, it can be shown that
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This means that, even in this very simple case, there
is not a single representative discharge that leads to
the right equilibrium values of both the bed slope
and the bed level in the mouth of the river. This il-
lustrates that one has to be very careful, to say the
least, when using a constant representative discharge
in river morphological models. This can only be
done if the aspects considered all depend in the same
way on the instantaneous discharge. If not, the
model results require disputable interpretation.

Implicit to the use of constant-discharge models
is the assumption that the results provide a good es-
timate of the expected value of the bed level at every
point in space and time. The examples in Figures 5
and 6 show that this is not necessarily true.

Morphological models with a time-varying dis-
charge, and especially Monte Carlo simulation with
a large number of realisations of the discharge time
series, are rather computationally intensive. This
goes for spatially 1-D models, and the more so for 2-
D and 3-D models. In the case of multidimensional
models, there is hardly any other practical option
than using a constant representative discharge, or at
most a single realisation of the discharge time series.
The former choice is sometimes justified by the
good agreement of the computed cross-slope in a
bend with measured data, or in a model with a time-
varying discharge. This cross-slope, however, fol-
lows from
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in which θ is the non-dimensionalised bed shear
stress,
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with ρ denoting the mass density of water, g the ac-
celeration due to gravity, ∆ the relative density of
sand under water, and D the grain diameter. Com-



bining Equations 10 and 11 shows that the cross-
slope is approximately proportional to the discharge,
whence the cross-slope averaged over the discharge
variations is proportional to the mean discharge. As
long as the representative discharge is not too far
from the mean discharge, the mean cross-slope will
therefore be approximated rather well. Similarly, the
mean cross-slope will be the same for all discharge
time-series with the same mean. In other words: the
mean cross-slope is not very sensitive to the dis-
charge representation.

Other properties of curvature effects, however,
such as the length scales of the oscillatory behaviour
of the cross-slope downstream of a transition in cur-
vature, depend in a much more intricate way on the
discharge (cf. Struiksma et al., 1985). Therefore,
they are likely to be reproduced less well by a model
based on the mean or the dominant discharge.

9  ALL SET FOR MODERN RIVER MANAGE-
MENT?

One may raise the question whether all is set for
morphological modelling in support of modern river
management. Considering that (1) the emphasis on
natural processes is increasing, and (2) the combina-
tion of the river’s functions requires ever subtler
management measures, there are still important gaps
in our present knowledge and modelling technology.

Dealing with graded sediment is one such knowl-
edge gap. Despite recent progress (e.g. Parker et al.,
2000; Blom et al., 2001; Kleinhans, 2002), processes
of vertical sorting and horizontal segregation are in-
sufficiently known for reliable predictive modelling.
Via the distribution of sediment at bifurcations, or
the deposition of fine fractions in the floodplains,
this may have important implications for the reli-
ability of predictions on large-scale impacts of re-
furbishing measures.

Another knowledge gap concerns what is called
dynamic roughness: the bedforms depend on the
flow conditions, so the bed roughness is a dependent
variable, rather than a given parameter. Moreover,
the bedform properties are generally not in equilib-
rium with the flow conditions, but lag somewhat be-
hind. In the case of a flood wave, this leads to a
hysteresis effect (cf. Ten Brinke and Wilbers, 1999).
Thus the resistance experienced during a flood de-
pends on the time evolution of the discharge, so on
the shape of the flood wave. So far, this effect is in-
cluded neither in our models for operational flood
forecasting, nor in those for assessment or design
purposes.

A rather common constraint to regulated rivers
that is about to be relaxed, e.g. in the Meuse river, is
the fixation of the banks. Side channels are usually
not provided with fixed banks and also the revet-
ments of the main channel banks will partly be re-

moved. Leaving the banks free for erosion, however,
raises the issue of bank deformation and stable
channel shapes. Stable channel shapes have been in-
vestigated for channels with inbank flow only (e.g.
Parker, 1978a, 1978b), but hardly for compound
channels with overbank flow and navigation, which
complicate things significantly.

Figure 8. River dune formation, an example of vegetation-
morphology interaction

A wide-open gap in our knowledge is the interac-
tion between vegetation and morphology (cf. Figure
8). A certain body of knowledge has been built up
about the flow resistance of vegetation, but little is
known about the sediment trapping efficiency, or of
the development of vegetation on accreting or erod-
ing beds. Issues such as the sustainable restoration and
maintenance of a natural river landscape cannot be ad-
dressed without predictive capability at these points (cf.
Duel et al., 2001).

Apart from these knowledge gaps, we are also
confronted with gaps in the modelling technology,
such as:
- Efficient probabilistic modelling. Monte Carlo

simulation requires a large number of runs in or-
der to have stable estimates of the statistical pa-
rameters. On the other hand, this brute-force
method provides the entire probability distribu-
tion, which is not always necessary for manage-
ment decisions. Therefore, probabilistic predic-
tion methods are open to further optimisation.

- Stochastic modelling. This type of modelling,
which is largely unexplored in our field, uses
statistical moments of the state variables (mean,
variance, etc.) as dependent variables. Thus it
focuses directly on the quantities that need to be
known for decision making, whence it can be
computationally much more efficient than Monte
Carlo simulation. To the author’s knowledge, no
morphological models of this type are available
at the moment.

- Making epistemological uncertainty explicit. The
traditional approach is sensitivity analysis, usu-
ally focused on parameter uncertainty and vary-
ing the parameters one by one around a pivot
value. Combined parameter variation is rarely
applied (cf. Van der Klis, 2001). Effects of sim-
plifications and schematisations are usually re-



moved by calibration, without being quantified
explicitly.

- Time evolution of uncertainty ranges. The inter-
pretation of model results describing transient
processes requires information on the evolution
of the uncertanties with time. It is not always
clear in advance whether the uncertainty ranges
will grow and spoil the model results sooner or
later, or decay and make the model results ever
more reliable. An example of the latter case is
the long-term mean cross-slope in a bend, which
is approximated better as the time-averaged dis-
charge approaches the long-term mean (cf.
Equations 9 and 10).

- Dealing with unknown unknowns. With the in-
creasing demands on the precision of river man-
agement, the room for exuberant safety margins
is vanishing. As stated before, some uncertain-
ties can be reduced by gathering more knowl-
edge and information, but others are inherent to
the system and have to be accommodated. On
the other hand, these uncertainties can be quanti-
fied statistically, so they can be considered as
known unknowns and accommodated accord-
ingly. Unknown unknowns, often resulting from
a chain of events, cannot be foreseen. They have
to be accommodated by safety margins or special
emergency measures. One example of the latter
are the emergency polders, now under discussion
in the Netherlands: if the design flood level
threatens to be exceeded for whatever reason,
certain areas are designated to be inundated, in
order to prevent worse.

In summary, we have to conclude that our knowl-
edge and modelling technology are partly, but not
completely set for modern river management. In
contrast to what some people seem to think (cf. In-
terview, 2001), we have not yet reached the point
that all technical knowledge we need is available
and that it is only a matter of making it accessible.

10  ART OR SCIENCE?

The subtitle of this paper refers to a transition be-
tween art and science. From the point of view of
practitioners and river managers who deal with natu-
ral systems in all their complexity and variability,
schematised modelling looks rather academic. The
obvious question these people are facing is what
bearing predictions with such models have on the
decisions they have to take and explain to their
stakeholders. The answer to that question is not al-
ways unambiguous.

The many uncertainties involved, as well as the
many degrees of freedom in the models, make it dif-
ficult to establish a robust and confidence-inspiring
procedure for building reliable deterministic models

of real-life situations. Over-claiming of predictive
capabilities and disputes about the interpretation - or
even extrapolation - of model results hardly contrib-
ute to the level of confidence at the user’s end. No
wonder modelling is sometimes considered an art.

With all due respect for the major scientific
achievements to be attributed to highly schematised
deterministic modelling, one may claim that giving
the mean and an uncertainty range per type of un-
certainty is the scientific way of presenting real-life
data and model results. Although this implies fuzzy
predictions, the answers it provides to practical
questions are probably less ambiguous, since speci-
fying uncertainties also gives certainty. An explicit
and scientifically underpinned statement that some-
thing is unpredictable is of greater value than an un-
reliable prediction. Therefore, we have to continue
working on efficient modelling techniques that make
uncertainties explicit.

In the same vein, modellers can no longer afford
to act as artists, claiming confidence in what they do
on the basis of their inspiration, insight and experi-
ence. Stakeholders, as well as the broad public, have
emancipated and demand explanation and justifica-
tion of the management conclusions drawn from
model predictions, if not an active role in finding
solutions for management problems. This means that
scientists and modellers, as well as practitioners and
managers, have to open up for discussions with lay
people involved in the decision making process.

11  CONCLUSION

We can conclude from the foregoing, that morpho-
logical modelling has a role to play in various as-
pects of modern river management. The shift in at-
tention from river engineering (making things work)
to managing the river with due respect for its nature
(making things happen) puts high demands on our
modelling capabilities. The same goes for the de-
creasing public acceptance of natural hazards. Fur-
ther scientific and technological development is
needed to enable us to support modern river man-
agement with reliable predictive models.

For predictive river modelling, focusing on
physical aspects only is no longer an option. Bio-
logical aspects can play an important role in the
morphological evolution, hence in the river’s capac-
ity to convey floods and to support its other func-
tions. Moreover, modellers can no longer afford to
act as artists, the have to explain and justify their re-
sults, also to the broad public.
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