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ABSTRACT: Although dune dynamics and associated hysterefastefvary for different flood wave type
calibrated roughness coefficients of many hydraaoimdels only depend on the discharge. Thus, hyidraul
simulation models may vyield incorrect water levetdictions, if they are applied to flood waves atist
charges for which they were not calibrated. Thiggpgresents a new physically-based method tordeter

the main channel roughness by predicting dune dinaa during a flood wave using an idealized mathe-
matical dune development model. Model results stimt/the shape of a flood wave influences dune myna
ics and thus roughness development. Although hestelin dune height is larger for a sharp-peakeddfl
wave, the total increase in dune height is largerbfoad-peaked flood waves. The proposed modedipig
proach yields physical insight into the effectstiofie-dependent dune development on the main channel
roughness coefficient in hydraulic models, whichldcserve as starting point for future model calilams.

1 INTRODUCTION effect in water levels in the river Meuse in thetiNe
erlands. This effect can be attributed ifoaccelera-
In the Netherlands, hydraulic models are used ttions and decelerations during the passage ofod flo
predict water levels in the main rivers. Basedlmn t wave (i.e. the Jones formula, see e.g. Perumdl et a
simulation results it is decided whether the flood2004) andi{) dunes forming on the bed during the
protection levels are still met. The flow resistamé  passage of a flood wave.
the main channel is largely determined by the pres- Recently, the main channel roughness coefficients
ence of dunes on the bed, which typically devetop iin the hydraulic simulation model Sobek were cali-
sand-bed rivers, if the bed shear stress exceeds thrated as a function of the discharge, to betiarere
threshold of sediment motion. The dunes that fornsent water levels for the complete flood waves (Udo
in the river Rhine in the Netherlands have heights et al. 2007). However, this still implies that tbedi-
the order of 10-30% of the flow depth in the mainbration is specific for the conditions for whicheth
channel and the length is many times the flow deptmodel was calibrated (e.g. the peak dischargedfloo
(typically 1-8 for the river Rhine) (Fig. 1). Geadly, = wave shape). Effectively, the effects of dune devel
the dune length linearly increases with the flowopment, the hysteresis effect in dune height ahd al
depth, and the migration rate is inversely proporother (model) errors end up in the roughness coeffi
tional to dune height. cient. In other words, the roughness coefficiens ac
Figure 2a shows measured dune heights duringsgarbage binof hydraulic models.
the 1998 flood in the river Rhine near the Panner- Dunes develop as a complex interaction between
densche Kop (Fig. 1) as a function of discharge. Ahe flow, the sediment transport and the bed mor-
clear hysteresis effect can be observed, whichreccuphology. Modelling these interactions in resportse t
because it requires time for the dunes to adafite¢o unsteady flow is complicated, and especially hys-
changing flow conditions by means of sedimenteresis in dune dimensions are still difficult teep
transport. After the discharge peak, the dunes comict with sufficient accuracy, in such a way thiag t
tinue to grow about 20% in height. effects can be incorporated in simulation modets fo
It is expected that this hysteresis effect of dun@perational water management purposes. In some
development also has its impacts on water leveldiydraulic models, the roughness coefficient of the
Unfortunately, we lack a situation in which meas-main channel is based on dune dimensions which are
urements on both dunes and water levels are avappredicted using empirical relationships; these igred
able. However, Figure 2b shows a clear hysteresi®rs assume dunes to be in equilibrium with flow
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conditions, and therefore always need to be caliwave; this reference case is presented in Section 3
brated (e.g. Warmink et al. 2007). Wilbers (2004)Section 4 presents dune dynamics and water levels
included hysteresis effects (time-lags) in duneetlev during the two types of flood waves. The paper ends
opment, following the approach of Allen (1976), with a discussion and conclusions in Sections 5 and
with a calibrated adaptation constant. Giri et al6, respectively.

(2007) presented a numerical morphodynamic simu-

lation model which was able to predict stage- — [ =
discharge relationship under flume conditions. How- E ] o
ever, the complicated flow model results in ex- f_:;
tremely large computational times, and makes the <05 —
model infeasible for operational water management S rise
purposes. °
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Figure 2: (a) Hysteresis effect in dune heighthia tiver Rhine

Fort SEAN- N , near the Pannerdensche Kop during the 1998 flod#s{ka-

Pannerden N e g e + terstaat, Wilbers & Ten Brinke 2003); (b) hysteseisi water

: * X% : I level in the river Meuse at Venlo during februa@io2 flood
— (Termes 2004). NAP is the Dutch ordinance datum.
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2 DYNAMIC ROUGHNESS MODEL

U, ) s
o gy | L ) e
N ; f //Z’g?%yji poral dune evolution. This model is now linked with

ﬁi/ﬁ Sobek to form adynamic roughnessnodel. With
e NS UhpEcrhine this model water Ie_v_els in natur_al river settings c
Millingen a/d Rijn SO, S~ be computed, explicitly accounting for dune rough-
S/ o o ness. A model overview is presented in Figure 3. In
Figure 1. Measurements of dunes at the Pannerdemeghbi-  Short, computed d_Ur}e dimensions are translated in_to
furcation in the river Rhine. (a) location in thetNerlands; (b) a roughness coefficient for the main channel, &nd i
major river branches of the river Rhine; (c) deimultibeam  this coefficient changes with more than 10%, Sobek
measurements during peak of the 1998 flood, witrecheights computes updated water levels. This procedure con-
of 1-2 m and lengths of upto 50 m in an averagemdépth of 4,65 yntil an entire flood wave is simulated. The

about 10 m (picture courtesy (c): Antoine Wilbers). . . . .
(b y© ) different submodels are discussed in the remainder

This paper aims to develop a physically-base®f S€Ction 2.
approach to incorporate the effects of dune devel-
opment during floods on water levels in the hydrau2.1 Sobek model

lic model Sobek, over the full time scale of a floo . .
jSobek solves the 1-D cross-sectional integrated sha

wave. To this end, the hydraulic simulation mode . ; =gl .
Sobek is coupled with an idealized mathematica'IOW water equations. The river Rhine is dividedint

dune development model. We will investigate tolrajectories of a certain length, and cross-sestare
what extent this impacts water level predictiongrov d€fined roughly every 500 m, to take large-scale

the entire range of flood waves, compared with ayarations in bed levels and river non-uniformity i
earlier model calibration stream-direction into account. This introduces loca

The outline of this paper is as follows. In Sectiopvater level differences and different conveyance ca
: acities of floodplains along the river, enablirgy t

2, the dynamic roughness model is introduced ant I | ri . Th ific Sobek
the various submodels are discussed. In this papgfnulate natural river settings. The specific Sobe
we use a calibrated Sobek model of the river Waal g1'°d€l used in this paper will be discussed in $act
case study, and apply the model for two types of"

flood waves, i.e. a sharp- and a broad-peaked flood
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adapting the horizontal distance between grid-goint

sy stem properties

Initial conditions + ) which is used as domain length (effectuated by
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Figure 3: Overview of the dynamic roughness modelimula- dune length [m]

tion is initialized by specification of a flood wayvsystem prop- . . . . .
erties (such as grgin%ize), and initial dune d'sita};s (givi?]gg Figure 4: Results of a linear stability analysis zﬂomaln chan-
roughness coefficient with Eq. 1). The flow depththe main 1! ilr?wfﬂi%th of 6 mi _Shtortt)lwaves are stable while/ave
channel H,,) computed by Sobek, is used as input for the dunéeng 0 m IS mostinstable.

development model. If the relative change in roggsnf) ex-

ceeds 10%, a new Sobek computation is performed. 2.3 Roughness model
The total roughness height of the main chankegl (
2.2 Dune development model «)) can be divided into a contribution of graikg4,)

The dune development model is based on the tw@nd duneskjuned, according to the method of Ein-
dimensional vertical (2-DV) hydrostatic shallow wa- stein & Barbarossa (1952). We extend it with a con-
ter equations, with a constant eddy viscosity dker tribution due to uncertaintieKycerai), Originating
flow depth and a partial slip condition at the bedfrom (model) errors that are incorporated in cali-
Flow separation is included in a parameterized wayprated roughness coefficients (i.e. in tharbage
In the region of flow separation, the separatiordin):
streamline forms an artificial bed (Paarlberg et al
2007), enabling to compute the hydrostatic flowrove
the dunes. A simple sediment transport relationshigsenerally, the roughness due to dunes is dominant
including gravitational bed-slope effects is applie gyer the grain roughness and the uncertainties, and
to determine bed evolution. therefore the latter two are neglected in the simul
The dune development model uses the reachions presented in this paper. We specify the dune
averaged bed slope, the average flow depth in thgyghness height according to Van Rijn (1993) as:
main channel (as computed by Sobek) and the bed
material (represented &%) as inputs (Fig. 3). To _ L.~ 250
minimize computational effort, the dune develop-kdunes_1'1}A(l eXp p j @)
ment model employs periodic boundary conditions,
and one dune is simulated in the domain. Two coefwith roughness correction factpi(see below)A the
ficients of the turbulence model which determine th dune height ana the dune length.
eddy viscosity and the resistance at the bed were The dune development model is 2-DV and as-
calibrated on the basis of flume experiments (Paarsumes that dunes form uniformly over the complete
berg et al., subm.). In this paper, the model jdiag main channel width, that all dunes have the same
with the same coefficients (see discussion). height, and that all available energy directly cimt
Since the dune development model simulates orlétes to the formation of the dunes. Thereforesit i
dune in the domain, the dune length is changed bgnticipated that our dune development model pre-
changing the length of the domain. This length iglicts maximum dune dimensions, rather than aver-
chosen on the basis of a numerical linear stabilitpge dune dimensions, which most likely control the
analysis, and is mainly controlled by the waterttlep total flow resistance due to dunes. This arguesytha
in our model. If the water depth changes by 1%, # Ed. (2) should be smaller than unity. IndeednVa
linear stability analysis is performed using smallRijn (1993) proposed a correction coefficignof
amplitude sinusoidal disturbances with different0.7 to better reproduce field measurements, siigce h
wave lengths on a flat bottom as topography (se@riginal relationship was mainly based on flume
also Paarlberg et al., subm.). An example result dests. However, this does not yet correct for tut f
the stability analysis is shown in Figure 4. Fraiist that our model predicts maximum dune dimensions
analysis a fastest growing wave length can be fpun(ﬂather than average dune dimensions. Van der Mark

ktotal = kgrain + kdunes+ kuncertain (1)
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et al. (2007) analyzed flume data and found that th type A: type B:

. . sharp-peaked wave broad-peaked wave
average dune height is more or less half of the
maximum dune height. In anticipation of the model Qmax
results (Section 4), the dune aspect ratd\) is
more or less constant, meaning that the dune rough-
ness linearly depends on the dune height for aicert

aspect ratio (Eq. 2). Therefore, we use a value of Qmin Fe<

v=0.35 (=0.70/2) as default value for the correction 07 7 07 —

factor. In the discussion, the sensitivity to this- Days Days

rameter is investigated. Figure 6: Two types of flood waves analyzed in théper.

Qmax (=6.000 ris) and Qmin (=1.333 ffs) are the maximum
and minimum discharge, respectively. The dottee iinthe left
plot gives the hydrograph for the 1998 flood in tiver Waal.

3 REFERENCE MODEL AND SCENARIOS
3.1 Representative river Waal model Generally, dune dimensions at the start of a flood

wave are not known, but in the simulation mode! ini

We set-up a simple 60-km long straight channel withia| dune dimensions have to be specified. We have
floodplains in Sobek, having a uniform cross settio chosen to start a simulation with an initial dune
(Fig. 5) of a relatively straight trajectory in thieer  pejght of 2 cm. To investigate the differences in
Waal (river km 885.23-900.88) (Fig. 1). Roughnesgjyne development for different initial conditions,
coefficients are chosen uniform over the entireneha every model simulation will consist of two subse-

nel. To minimize the influence of the downstreamgyent flood waves of identical shape with periofis o

stage-discharge relationship on the results, tlee-av 1 \yeek constant low discharge in between. For the
age water depthHy) at the upstream boundary of first wave, dunes have to develop from very small
the channel is used as input for the dune develorinysoidal disturbances, while for the second wave,

ment model. The grain size and channel slope akge dune height is more or less in equilibrium with
uniform over the entire channel, and specified as §ow conditions, at the start of the wave.

mm and 0.76x10 (both based on conditions in the
river Waal), respectively.

3]
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Figure 5: Cross section for the Sobek model, basedela- Discharge [m>/s]

tively straight section in the river Waal (river 1885, Fig. 1b).  Figure 7: Calibrated Chézy coefficients of the mztiannel and
the floodplain as a function of discharge (datarfrddo et al.
2007).

3.2 Flood wave scenarios

Floodwaves in the river Rhine are variable in33 Main channel and floodplain roughness
shape, with rapid or gradual changes in discharge

over time. Figure 6 gives a representation of two Figure 7 shows calibrated Chézy coefficients for
typical flood wave shapes which are analyzed ia thithe same river trajectory as from which the cross-
paper. The sharp-peaked flood wave (Fig. 6a) is §ection was chosen (Fig. 5). For discharges higher
schematic representation of the flood wave that oghan about 7.000 s in the river Waal, the Sobek
curred in the river Waal in october/november 1998nodel is calibrated on the basis of computation re-
which had a maximum discharge of ~6.006/an sults of the 2DH hydraulic model Waqua of the river
The wave is characterized by a sharp peak, i.e. tHghine in the Netherlands (Van den Brink et al. 2006
high discharge occurs for a small period of timer. F Udo et al. 2007), since no measurements are avail-
the broad-peaked flood wave (Fig. 6b), the high disable above this discharge. This might explain the
charge occurs for a longer period of time. Theséudden increase in Chézy coefficients at higher dis
shape differences may influence dune dynamicsharges in Figure 7. We use a discharge-independent
since for the broad wave the rising and fallingeta Vvalue of 38 m?s for the Chezy coefficient in the
are shorter, while the dunes have more time totadafioodplains, since below 6.000°fa (the maximum

to the higher discharge. Note that both flood waveslischarge used in this paper) it hardly varies.(¥)g
have the same duration (i.e. 30 days).
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4 RESULTS DYNAMIC ROUGHNESS MODEL  the dune height might be over-predicted for natural
4.1 Dune dynamics for sharp-peaked flood wave river settings because the dunes are not uniformly
' distributed over the river. This explains the dligh
Wilbers & Ten Brinke (2003) observed that in thehigh dune aspects ratios. For the second discharge
river Waal, the dune length remains fairly constantvave (of the two subsequent waves in a simulation),
during the 1998 flood, i.e. about 40 m. They arguehe dune aspect ratio is lowest during the pedkef
that this is caused by a combination of grain dize  flood wave, since the dune length is at a maximum
tribution over the river width and distance betweerat that stage. Thus changes in length have more in-
groynes. However, for other river sections such afluence on the dune aspect ratio than changes in
the Upper Rhine between Lobith and the Pannerdemtune height, mainly because the dune length differs
sche Kop, the dune length may vary during floodsabout 100% between low and high discharge, and
Therefore, model simulations are performed for botlihe dune height differs about 40% between these
constant and variable dune length. discharges. This indicates that a proper modebing
Figure 8 shows simulated dune dynamics for twalune length is very important for accurate modgllin
subsequent sharp-peaked flood waves, with constaof dune development, since the dune aspect ratio is
dune length (i.e. 40 m) and with variable dune feng important for roughness predictions (Eq. 2).
(i.e. based on linear stability analysis). For ¢ant Figure 8d shows that the migration rate is highly
dune length, we observe a small effect of duneariable and especially responds to a changing dis-
heights responding to variations in the dischargeharge. This is not surprising, since for incregsin
(Fig. 8b), and the maximum dune height occurslischarge and flow depth the bed shear stress and
slightly after the peak discharge with a time-ldg o thus the sediment transport increase. With a more o
about 3 days (the hysteresis effect will be disedss less constant dune height, an increasing sediment
in Section 4.2). During the rising stage of a floodtransport rate also yields that the migration rate
wave, the flow depth in the main channel increasesreases. Wilbers & Ten Brinke (2003) assume a rela-
and, as a result, also the dune length that is mest tionship between dune length and migration rate
stable (the fastest growing mode) increases (. 8 with higher migration rates for longer dunes. I¢th
Elongating dunes have smaller bed slopes and grainsine length varies during the flood wave we find a
can be transported up-slope easier, resulting isimilar trend (Fig. 8a and d). However, the relatio
higher dunes (Fig. 8b). For variable dune lendib, t ship is less strong than Wilbers & Ten Brinke (2003
dune height can become upto 40% higher than fasbserved, since longer dunes are also higher, reduc
constant dune length. ing the migration rate if we assume that all seditme
that passes the dune crest deposits evenly autie d
lee (as is done in the dune development model). For
constant dune length it seems that the flow degth (
bed shear stress) is the controlling parametehen t
migration rate.
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4.2 Hysteresis effect in dune height

Figure 9a-b show the dune height as a function of
discharge for constant dune length for the twoediff
ent flood wave types. For the broad-peaked flood
wave, the dunes do not really respond to the chang-
ing discharge during rising and falling stage, sinc
these periods are relatively short (Fig. 6b). Im-co
trast, for the sharp-peaked flood wave, the hysigere
time5[gays] 100 time5[gays] 19 effect is more pronounced, especially for the first
discharge wave, when the dune height is still grow-

Figure 8: Result for two subsequent sharp-pealaatifivaves . I .
(Fig. 6) (discharge variation sketched in subpletth dash- ing towards the equilibrium height at the starthof

dotted lines). a) dune length; b) dune height;wedaspect ra- Wave (Fig. 6a). Since the dune length is constant,
tio (ratio of dune height to dune length); d) miga rate. only the forcing or flow depth changes during the
flood wave. However, the dune height does not dif-
The dune aspect ratio during the modelled flooder much between the low and the high discharge
wave varies roughly between 0.05 and 0.07 (Fig. 8cFig. 9a-b). Probably, this is because a maximum
which is well within the range of values from léer dune aspect ratio is obtained for the flow and-sedi
ture (e.g. Bennett & Best 1995, Carling et al. 2000 ment conditions (conform Carling et al. 2000) and
In the river Rhine, also lower values around 0.@%4 a the dune height only changes due to small nonlinear
reported (Julien & Klaassen 1995, Wilbers & Teneffects if the water depth changes strongly between
Brinke 2003). However, as discussed in Section 3.3he low and high discharge.
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For variable dune length, the hysteresis effects ipeak discharge is predicted quite well, but the hys
dune height are more pronounced for both flooderesis effect in roughness is very small, whictiue
wave shapes (Fig. 9c-d) compared to the case witlo the dune height being almost constant during the
constant dune length. This is a direct result @& thsecond wave (Fig. 9a-b).
observation in Section 4.1 that dunes change in
height if the dune length changes (i.e. more of les 45,-2) sharp-peaked flood wave

constant dune aspect ratio). For the second wave & ot g o
the sharp-peaked flood wave, we clearly observe thg o comsemt_ | | sussssssssswse="""""7 1
hysteresis loop with a maximum dune height differ- 8 S

ence of about 1.2 m. Also, the maximum dune heigr & Esst e T e
occurs if the discharge is already falling. For thes variable fength 77 \rable fisig stage

broad-peaked flood wave, the dunes become slight %%0 2000 3000 2000 5000 5000
less high during the rising stage of the secondewav b) broackpeaked flood wave
than is the case for the sharp-peaked flood wav,. 45 .p T

C

(Fig. 9c-d). However, the relatively long period of . o calibated

high discharge for the broad-peaked flood wave§ @4 ‘i, R 1
yields higher dunes at the start of the fallingystéor §>E

this flood wave shape. This is important for preeti  § —° ~——"—" 1
since at the end of the flood wave the relict duiares ©

. . . . 30 v L ! v v
higher which may cause problems for e.g. shipping 1000 2000 3000 4000 5000 6000

activities. Discharge [m3/s]
Figure 10: Chézy coefficients of the main chanmehputed by
s sharp-peaked | constant - broad-peaked | constant the dynamic roughness model, compared to the etditrval-

ues (diamond symbols) for (a) sharp-peaked floodewand
(b) broad-peaked flood wave. Results for both cotstand
variable dune length are shown, for the second waeeflood

b -

f

dune height [m]
N N
[\S]
E
dune height [m]
N
[\S]

! wave.
2.1 \ 2.1
o et f i To analyze the performance of the dynamic
2 s 4000 5000 2 4000 5000 roughness model presented in thls_ paper, co_mputed
sharp-peaked | variable broad-peaked | variable water Ie_vels a-re Compared o the Orlgm-al-ly catiia
5 45 model in which the roughness coefficients are a
T |° B function of discharge. The unsteadiness effects due
£ £ to accelerations and d_eceleration_s during the passa
35 T 35 ; of the flood wave are included. Figure 11 shows the
o o / deviation between the water levels computed with
3 = \ 3 | f the dynamic roughness model and the original stage-
25000 4000 6000 25 00 2000 6000 discharge relationship for both flood wave types.
discharge [m3/s] discharge [m3/s] The over-prediction of main channel roughness

Figure 9: Hysteresis in dune height, for the twpey of flood ~ Yields higher water levels, as computed by the dy-
waves (Fig. 6). Results for both constant dunettetarb), and namic roughness model, for all cases analyzedsn th

variable dune length (c-d) are shown (note diffesmales on  paper. The oscillating behaviour observed in Figure
y-axis). In the figures, the two subsequent floaales in each 17 can be understood as follows. The main channel
simulation are plotted separately (see legend lolst a). roughness differs between the dynamic roughness
model and the calibrated model yielding different
4.3 Effects on hydraulic parameters water levels for a certain discharge. Due to thedus
cross section this implies that certain areas becom

Changing dune dimensions over time and the hysﬂooded or empty at different discharges. This @ffe

teresis effect in dune height also yield hysterésis

. . - i? not taken into account in the analysis in FigLte
roughness height since the roughness coefficient of \\, 201 jevel differences between the new model
the main channel is directly linked to both dune

: ) and the originally calibrated model are largedoat
height and dune length (Eq. 2). Figure 10 Compare(§ischarge, if most water is conveyed through the

r%fsjézhﬁecgseffrigi)ednetls ;g&n?ﬁtGec\I/;/\lllijtgsthoef rtlre]zv g%nﬁ]rglifmain channel, and lowest at peak discharge. This is
g : \ 9INAY tributed to the aspects thitia practice hydraulic
calibrated model. Obviously, the dynamic rothneS?nodels are calibrated on peak discharges, inthé

model over-predicts the main channel roughness, fQf, | ue influence of the main channel roughness de
both types of flood waves. The over-prediction is

larger for variable dune length, which is directlycrea-Ses at _highe_r water levels. Dunes reach th_eir
linked to higher dunes for these cases (Fig. 9). F maximum dimensions after the peak discharge (Fig.

3 O9) and decrease in dimensions slowly after theghav
constant dune length, the roughness coefficietiteat reached their maximum dimensions. This causes that
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for variable dune length, differences in flow depthment model predicts maximum dune dimensions
are larger for the falling stage than for the wgsin rather than average dune dimensions.
stage. Differences in water depth can be upto é&rm f

low discharge (Fig. 11), which is about 15% in thisTable 1. Sensitivity analysis for roughness coroectactory

_ r sharp-peaked flood wave and variable dune kerg@t, is
case. For the broad-peaked flood wave, effects a{f%e main channel Chézy coefficient, angy represents the dif-

even larger than for the sharp-peaked flood wavéerence in flow depth between the dynamic roughmessel

since dunes are also higher for that case. and the calibrated model (conform Fig. 10). [.digates that a
certain parameter is averaged over a wave.
a) type A: sharp-peaked flood wave Case Y Amax  [A]  [A] [A/A]  [Ch]l  [Hai]
‘ - ‘ ‘ ' m m m m/s m
1+ variable length 1
calibrated model 42.7

v reference 0.35 3.86 3.32 60.3 0.055 36.6 0.53
v -50% 0.18 3.72 3.15 575 0.055 41.7 0.09
Lt vy +50% 0.53 396 342 62.2 0.055 335 0.82

Or constant length ‘ J

0.5~

difference in
water depth [m]

Il 1 Il Il 1
1000 2000 3000 4000 5000 6000

The second issue is related, since a roughness cor-
b) type B: broad-peaked flood wave ‘ , rection coefficienty=0.35 was introduced into Eg.
cE 1t variable length L tana Sage ] (2_) to represent t_he roughness of ;he average dune
@ £ ) b e sage dlmens[qnfs (Sectlon_2.3). Table 1 gives the reslts
§ S 05 srmm e E a sensitivity analysis for the sharp-peaked flood
£ B i N A 3 wave and variable dune length by varying the value
° 2 o constantlength --=wiiew, 4 of y (parameters are averaged over the second wave).
1000 2000 3000 4000 5000 5000 Dune dimensions are marginally influenced, but hy-
Discharge [m/s] draulic parameters change significantly. The Chézy

Figure 11: Differences of the stage-discharge imlahips be- ~ coefficients and water depth differences as functio
tween the the dynamic roughness model and thenatigicali- ~ of discharge do not really change, but the results
brated model for (a) sharp-peaked flood wave, @mdfoad-  change in absolute sense, meaning that the stage di
peaked flood wave (for the second wave, conform F0. charge relationships shift upwards or downwards
depending ory. If the value ofy is halved, differ-
ences between the originally calibrated model and
5 DISCUSSION the dynamic roughness model,() become much
- less, both in terms of Chézy coefficients and diffe
The roughness coefficients and water depth are ge@y,ceg in water depth (Tab. 1). This indicates finat
erally over-predicted by the new dynamic roughnesg, e yesearch is required on this parameter, fiugss
model, compared to the calibrated model, especially, hoyy jrregularity in dunes can be taken into ac-
for low discharge. There could be three main causes,ynt in this model. More insights on this aspect
for these differences: 1) the dune dimensions argight be obtained by calibrating hydraulic models
predicted incorrectly, 2) the translation of dunie d ¢4 gjiuations where also dune dimensions are
mensions into a roughness coefficient is incorect, | nown.
3) in the calibrated model the tekahcertainin E. (1) The third issue relates to the tekiicerainin EQ.
is large. We will discuss these issues here. . ,.(1), which contains uncertainties in the roughness
The dune development model employs periodiGqefiicient or model errors. This term is not taken
boundary conditions, and the flow is forced _by th&nto account for the comparisons made in this paper
channel slope and water depth. The two required CQjnce jt is not known for the calibrated model. The
efficients for the turbulence model, which deterenin 4 ,1e development model shows that for the sharp-
the eddy viscosity and bed resistance, are based orheayed flood wave, at the end of the wave, dunes of
calibration for flume conditions (see Paarlberglet significant height are present (independent on the
subm.). The water depth, channel slope and thesgghness correction coefficien), which might be
two coefficients determine the discharge that iggjeyant information for shipping activities. This
forced" through the domain. For larger water d&pthormation can not be obtained from calibration of
in field situations, this approach tends to underyaier levels and discharge as is done in curreat-pr
predict the discharge that is modelled in the dungce |nstead, the resistance caused by these rhighe
development model (i.e. velocities are 100 10W),4ynes might be incorporated into the t¢Rertain
compared to that used in Sobek. This might indicaté The new dynamic roughness model provides
that a recalibration is required. However, computeyqe insight in the part of the main channel rough-
dune dimensions for the sharp-peaked flood wavgegs coefficient, associated to time-developmedt an
(based on 1998 flood wave shape) and constant dufGsreresis effects of dunes. Future work should aim
length compare quite well with measured dimenyy fyrther reducing the uncertainties in the rough-
sions, if we take into account that the dune degvelo ness coefficient of the main channel. This could be
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