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LONG-TERM PERFORMANCE OF PROCESS-BASED MODELSIN ESTUARIES

Gerard Darh Mick van der Wegen Dano Roelvink

Abstract

This paper presents a 110 year morphodynamic hétndoa the Western Scheldt using a process-basetelmdhe
time period of 1860-1970 is simulated starting wittle 1860 bathymetry. It is shown that the model eEproduce
most major morphological changes in the estuargriar-skill score of 0.48 is obtained at the endhaf simulation,
which means that the model has significant skikkspite general concerns on the value of procesdbamdels
reproducing long-term morphological changes, itcsncluded that this model captures important |l@rgit
morphological changes in the Western Scheldt.
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1. Introduction

The Western Scheldt is a tide dominated estuary taghly morphological active. The tide and the
morphology are inter related, i.e. any change de ttauses a change in morphology and vice versa.
Managing the estuary requires deepened knowledges@phisticated decision making tools to be able to
safeguard all the functions of the estuary withardgto nature, safety and access to the Port ofvéuput

The morphological timescales of large scale impastech as land reclamation, deepening of the
navigational channel, sand mining and sea levelare in the order of decades to century. Forrdason
investigating these impacts requires long-term roiggical models. Until now long-term morphological
predictions were mainly carried out by using (seaempirical models, like ESTMORF (Wang et al., 1999)
and ASMITA (e.g. Kragtwijk et al., 2004). Processsbd morphological models were not yet able to
reproduce the morphological development very wediradecades, partly because of the large amount of
computational time involved and partly becauseas\welieved that process-based models could no¢éimod
very well over long timescales (more than a fewgga

Focus of long-term research using process-base@ls@dhs mainly on highly schematised tidal basins
like Hibma et al. (2003) and Van der Wegen and Rokl(2012). More realistic hindcasts for specific
estuaries over decadal to century timescales dfescrce. Van der Wegen et al. (2011) and Van der
Wegen and Jaffe (2013) are amongst the first tovghe value of morphodynamic, process based models
on a decadal time scale for a confined basin. ithjgortant to test these models on these long scades
with other case studies. In Dam (2007) a long-tenorphological model of the Western Scheldt was
presented that successfully hindcasted the 1963-péfiod. Using the same model as Dam (2007) & thi
paper a 110 year hindcast is carried out for th@01B70 period and its performance on this century
timescale is investigated.

2. Long-term modeling using process-based models

This section summarizes a literature survey on ahdity of process-based models to simulate
morphodynamic changes . Stive and Wang (2003) dia@hthe ability to hindcast or predict the evimnt
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of tidal inlets at decadal to century time sca®ains questionable. According to De Vriend e{E93)
the long-term behaviour of models may be even herantly unpredictable since the natural system is
nonlinear interaction between water, sediment motimd bed topography. Furthermore hindcasting
decadal-timescale bathymetric change in estuadseprone to error due to limited data for initial
conditions, boundary forcing, and calibration (Gamt al., 2009). Small deviations in for example
parameter settings might cause large errors ithoting term since the errors begin to accumulate I(Rde
and Reniers, 2011). Haff (1996) points to differemtirces of uncertainty or error that arise inmafténg to
model at longer time scales : (i) model imperfatti¢ii) omission of important processes, (iii) laok
knowledge of initial conditions, (iv) sensitivity tinitial conditions, (v) unresolved heterogeneiiyi)
occurrence of external forcing, and (vii) inapphiddy of the factor of safety concept. Generalindcast
periods greater than a few years are considerezliaipie.

The overview suggests that long-term modeling ficdit, if not impossible. However several studies
have shown that starting from a flat bed pattemsrge that are observed in reality. Hibma et @08
were the first to show that self-organisation dftgra formations in a highly schematised estuanyidcbe
simulated with a process-based model that givesoresble resemblance with patterns found in rediitg
reason why the model was capable of simulatingetipasterns is a positive feedback between curends
bathymetry. After 100 year the pattern stabili2éah der Wegen and Roelvink 2008, Van der Wegeh et a
(2008, 2010) extended this research for longerdaakes (millennia) and concluded that a relativeps
process-based model can describe at least in segrealthe morphodynamics of estuaries. The positive
feedback mechanism between currents and bathynsetgsponsible for more or less stable results afte
long timescales with little sensitivity to the médettings or sediment transport formula. Van degéh
and Roelvink (2012) also showed that a processebasmlel is capable of reproducing the channel-shoal
pattern using the Western Scheldt geometry withsicmmable skill starting from a flat bathymetry.€rTh
reason is that the interaction between tidal fgcsediment availability and the basin geometrypla
major role in the morphological development ofdatidominated basin. Other researchers also coedlud
that starting from a flat bed process-based mockehsproduce realistic patterns in tidal inlets (@=oa,
2001 Marcianoet al., 2005; Dastgheiket al., 2008; Dissanayake et al., 2009).

The excercises of Hibma et al. (2003, 2004) and d&nWegen et al. (2008, 2010), Van der Wegen and
Roelvink (2010, 2012) all started from a flat battgtry, in which almost no spin-up time is needéd |
model starts with a real measured bathymetry thdetoequires a spinp time; the bathymetry of a
morphological model needs to adjust to the modinggs, small scale perturbations in the bathymdtry

to interpolation to the model grid will disappeand so model results in the spin-up time are nahie.
Adequate spin-up time on the order of years isirequo initialize models, otherwise the solutiolw
contain a bathymetric change that is not due tarenmental forcing, but rather improper specifioatiof
initial conditions and model parameters (Schoellbaet al., 2005). They found a spin-up time of &arg

for a cohesive transport model of San Francisca Bay

To conclude: most research on long timescales uaimpgocess-based model has been carried out for
schematised estuaries, where they have shown tu@eopatterns that are observed in reality. Real
hindcasts over decadal to century timescales dréasking. It is therefore important to test tieesiodels

on these time scales.

3. Case study: Scheldt estuary

We take the Western Scheldt as a case study teheestbility of process-based morphological modeis
long time scales. The Scheldt estuary is one ofnhgr estuaries of North-West Europe. The estisry
approximately 160 km long and is located both irntdbuand Belgian territory. The down-estuarine part
(last 60 km) is called the Western Scheldt (Figlirand is characterised by a width of almost 5 learn
the mouth and 1 km near the Dutch-Belgian bordee mean tidal range increases from 3.8m at thehlmout
to over 5.0m near Antwerp almost 80 km from the thaf the estuary (see Figure 1). The morphological
changes in the Scheldt estuary are dominated bytittaé motion. The river discharge is of minor
importance since the fresh water discharge, onageefi20 m3/s, is only 0.6% of the tidal prism at th
mouth (Van der Spek, 1997). The estuary is welledix

410



Coastal Dynamics 2013

The Western Scheldt incorporates large areas @ fidts and salt marshes. Nature is therefore an
important function and stringent EU and nationaidkation is maintained to safeguard its naturdlies
Equally important are the functions of the estuarthe safety against flooding and the accessadPibrt

of Antwerp.
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Figure 1. Layout of the Western Scheldt around 19T names of important channels and dredgingsaaed tidal
stations

The Western Scheldt has a multiple channel syskh. and flood channels show an evasive character
separated by inter tidal shoals (Van Veen, 1950¢ &bb channel has a meandering character, wigle th
flood channel is straighter. The ebb flow reactesaximum velocity near mean sea level (MSL), while
the flood flow reaches its peak one hour beforéa vigiter (Van den Berg et al., 1996). As a consetpien
the ebb flow is more concentrated in the channmeksylting in deeper ebb channels. The ebb chasnel i
therefore generally designated as the navigaticimahnel in the Western Scheldt.

In this paper the 1860-1970 period is investigakégure 2 shows the observed bathymetries from 1860
1970. In this period large morphodynamic changes taccurred as can be seen from Figure 3. In this
period large morphodynamic changes have occurredmadpe seen from Figure 2. The ebb channels tend
to migrate to the outer bank. In the 1970's and0l9@ deepening and widening of the navigational
channel has been carried out to allow vesselsgvihter draught to enter the port of Antwerp. Régeim
2010, a third deepening has been completed. Drgdgitumes after 1970 range in the order from 5-14
million m® per year in the estuary. Before 1970 the dredgjmerations concentrated to a few sills in the
eastern part of the estuary. The hindcast is therefocused on the period till 1970, before the anaj
dredging operations started, in order to answer gbestion if we are able to hindcast the natural
morphodynamic behaviour of the system over thisydr period.

In the past centuries large land reclamations Imaveowed the estuary, resulting in increasing tidagls.
The land reclamations in the period 1860-1970 amva in Figure 3 and are taken into account in the
simulation, as will be explained in the next sattio

The tide and morphology are inter related. In Wanal. (2002) this is described by saying thatcfignges

in morphology lead to (2) changes in tidal levelbjch lead to (3) differences in ebb and flood eéles
that (4) causes residual transport of sediment) wifeedback into (1). In principle this feedbackq is
described by a process-based model, although lite W long-term morphodynamic calculations has not
been proven yet.
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Figure 2. Bathymetric observations of the Westelmeg&it from 1860 to 1970.
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1860 outline and bathymetry of Western Scheldt
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Figure 3. Layout of the Western Scheldt in 186@tbgr with land reclamations from 1860 to 1970.

4, Process-based model: FINEL 2d

The process-based model that is applied in thidysisi called FINEL2d. The model is a 2DH process-
based model based on the finite element method.dEp¢h-integrated shallow water equations are the
governing equations of the flow module. For detatoout FINEL2d reference is made to Dam et al.
(2007). Other examples of the FINEL2d model are @aal. (2005, 2009) and Dam and Bliek (2013).

FINEL2d uses an unstructured triangular grid. Ttheaatage of such a mesh in comparison to for exampl
a finite difference grid is the flexible mesh geat@on. In FINEL2d no nesting techniques are reqlire
regions of specific interest, where a higher degreeesolution is needed, while arbitrary coastimand
complex geometries can be resolved very well.

The seaward boundaries of the computational mesheofVestern Scheldt are chosen approximately 40
km away from the coastline and coincide with thermaries of existing models. The latter can be tsed
obtain the corresponding boundary conditions. Ttaompart of the Scheldt-estuary in Belgium is also
included in the schematisation. In Figure 4 theralenesh is shown. In the area of interest, thetédfa
Scheldt, the average grid size is approximatelyhal(see lower panel of Figure 4). Near the seaward
boundaries the grid size is approximately 2.5.Khhe total number of elements (triangles) of thesis
59,937.

On the seaward side of the grid tidal boundary @@t are given, while on the river side consigetarly
averaged values) river discharges are taken. Owyirtfluence of the tidal action on the morpholagy
taken into account. Wave action is ignored for dicity reasons, although intertidal areas can be
influenced by wave action. To speed up the mormicéd calculation a morphological acceleration dact
(MF) is used every timestep to multiply the beceleshanges (Roelvink, 2006). In this case a MF4AT2

is applied in accordance with Dam et al. (2007)e @rap-spring cycle for the water motion represants
morphodynamic year with this setting. A parametgiam of the spiral flow was implemented accordiog
Kalkwijk and Booij (1986).
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Figure 4. Computational grid of 1860 (black), lardlamations (green), present day land boundaunejlznd Dutch-
Belgian border (red).

414



Coastal Dynamics 2013

The calibration of the model on the water motiod #me sandy morphology for the entire Scheldt egtua

is carried out in Dam et al. (2007) with an updiat013 (Consortium Deltares-IMDC-Svasek-Arcadis,
2013). The model was first calibrated on water Il the main tidal stations (not presented hérkis
resulted in a global k-nikuradse roughness of @m0The model was validated for tidal currents ithbihe
channels and inter tidal areas. The model showed ggreement between observations and model results
(Consortium Deltares-IMDC-Svasek-Arcadis, 2013).

The optimal settings for the morphodynamic modeinfib in the calibration are given in Table 1. These
settings are used in the model computations discussthis paper.

The land reclamations are taken into account incttiaputation. The borders of the land reclamations
coincide with the computational mesh. At the yefaclosure a weir is implemented in the model, sat th
this section is closed off from the tidal influenaad morphodynamic activity in the closed-off sewcti
stops. The year of closure is given in Figure hidcast of the years 1965 to 2002 is describdabim et

al. (2007), which was updated recently (Consortideftares-IMDC-Svasek-Arcadis, 2013).

Table 1. Model settings.

Parameter Value

Sediment transport formula Engelund Hansen (Engeliemsen, 1967)
Grain size (g) Variable (150 pm up to 300 pum)

Fall velocity of sand 0.015 m/s

Morfological acceleration factor (MF) 24.75

Morphological start-up period 1 year

Non erodible layers From government data

Hydraulic roughness lcm

5. Results of the 110 year hindcast: 1860-1970

Figure 5 shows the simulated and observed erosidin&ntation pattern. The simulated and observed
pattern have large similarities. For example thel@hoeproduces the migration of the Pas van Teereuz
westwards quite well (Location A in Figure 4). Aldze migration of the Honte to the north (D) and th
creation of an intertidal flat at the location bétoriginal channel (E) is shown nicely. The bathia mouth

of the estuary called Hoge Platen shows sedimentati both the model and observations (F), thetionea

of a bar near the landward side of the estuarysis simulated well (G). The formation of a new cheln
Overloop van Hansweert is shown in the model (H)jlevthe opposite channel “Middelgat” shows a
migration to the outer bank in both the model abgeovation (B). The simulation of a new intertidabal
between these two channels can also be seen inbtbervations (). The migration of the Zuidergat
channel to the outer bank can be seen both in idehas observations (C). In the eastern part near
locations J and K the reproduction is not very wehis is thought to be because of the dredgingtties
place here since at least the 1930's and this tsimduded in the model, resulting in unrealistic
morphological changes. Furthermore many small séadtures are not represented, like secondary
channels with a size comparable to the grid siaeldrge scale features seem to be reproducedaite

In order to objectively quantify the model resuhs Brier-skill score (BSS) is used as definedgqoagion

1 (Sutherland et al., 2004). The Brier-skill scogélects how good the model results are in comparis
the observed change.

B- XY
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Figure 5. Simulated erosion and sedimentation pafteft) and observed (right) for 1860-1970.

In which:

X = computed bed level [m]
Y = measured bed level [m]
B = initial bed level [m]

And the <> denote the arithmetic mean.

416

X co-ordinates [km]



Coastal Dynamics 2013

Van Rijn et al. (2003) defined the following cld&sition of the BSS:

Excellent :1.0-0.8
Good :0.8-0.6
Reasonable/fair :0.6-0.3
Poor :0.3-0.0
Bad :<0

A BSS of 1 means a perfect match between measuteraed model results, while a result below 0
suggests that the model result is worse than zedochanges. The BSS is calculated using the mehsure
erosion/sedimentation pattern and the modelleda@arfsdimentation pattern as shown in Figure 5.55B

of 0.48 is obtained using the 1970 results. Thisamsethat the model has significant skill and can be
qualified as reasonable/fair according to Van Rijial. (2003).

A regression coefficient between observed and sitadl bed level changes results in 4 d® 0.55.
Furthermore the amount of gridcells with a corrsign (erosion or sedimentation) is 70% after theé 11
year period.

Brier skill score for complete Western Scheldt
06~ : :

0.4
0.3

0.2

Brier Skill Score (BSS)

0.1

o i I I i I i 1 I i
1880 1890 1900 1910 1920 1930 1940 1950 1960 1970
year

-01

Figure 6. Brier-skill score over the period 1860097

In order to see the performance of the model ouee tthe BSS is determined for each available
bathymetry, see Figure 6. Interestingly the BSiBdseasing over time. The first 25 years of theludation

a negative BSS is calculated. Each subsequentwieare a bathymetry is available the BSS improves.
This would mean that the model performance is iwipig over time. From the erosion/sedimentation
pattern of Figure 5 it becomes clear that after yd&r period the large-scale patterns do come ftlteo
model. Therefore it is concluded that in this dasg-term morphological modelling using a proceaseul
model is possible. Furthermore short-term resditaukl be interpreted carefully, since this mighthvee

in the spin-up time of the model, resulting in MBgaBSS scores. The reason why long-term modeing
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possible in this case might be that the geometgnismportant factor in the morphology of the Waste
Scheldt (Van der Wegen and Roelvink, 2012). Also tile is the most important forcing in the Western
Scheldt. The tide can be predicted well by a predesed model, so there is limited uncertainty lvead

in the major driving force for morphological changEurthermore heterogeneity issues concerning
sediment fractions are probably not a big issu¢his specific case, since the Western Scheldt stmsi
mainly of fine non-cohesive sedimentaly at inter tidal areas mud can be found. This hindcast using only
one sand fraction is sufficient to reproduce mostphological changes that have occurred from 1860-
1970.

6. Conclusion

Despite general concern that process-based moaetoacapable of simulating morphodynamic changes
very well over long timescales, in this paper a elod presented that is capable of simulating most
observed morphodynamic changes after a 110 yeardpierthe Western Scheldt estuary. The model has a
Brier-Skill Score of 0.48 at the end of the simiglaf this means that the model has significant.skil

Future work includes other periods, simulating kegthd and mud and other estuaries.
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