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ABSTRACT I

The North Sea is, to an increasing degree, subject to human activities and interests; a particular example of a user Hillii«» function of this environment is sand extraction. In order to satisfy the demand for sand, tidal sandbanks in some
sectors of the North Sea act as a source of sediment, this may lead to the creation of large-scale pits on these beclforms. 
Sandbanks, which provide protection to adjacent stretches of coastline, are therefore worthy of investigation, especially 
when their potential as a source of aggregates is taken into account.
To investigate seabed dynamics, in general, and to predict the long-term morphodynamics of tidal sandbanks subject 
to sand extraction, in particular, process-based modelling is a commonly-usecl method. Different approaches can be 
considered: (i) based on complex numerical simulations: (ii) or applying an idealised model, designed specifically to 
describe sandbank dynamics. Herein, the first approach is applied to a case study of the Kwinte Bank: this is a ticlally- 
maintainecl sandbank, located on the Belgian continental shelf. The modelling is set up using the complex process- 
based model Delft 3D -  Online, the waves were not taken into account.
Numerical results and experimental elata from a field campaign (undertaken in March 2004) are compared and show 
good agreement. Analysis of residual currents indicates a predominance of ebb flow over the bank. However, the 
residual sediment transport pattern is flood-dominated. The predicted residual sediment transport pattern shows that 
the Kwinte Bank should be regarded as part of a system of swales and sandbanks.
Finally, the long-term evolution is discussed, considering complementary approaches that combine the benefits 
from the complex numerical modelling with the idealised one. The evolution of a tidal sandbank, after removing 
an amount of sand, is difficult to predict. No clear tendency is evident in the evolution of the depression area on the 
basis of the long-term full process-based modelling. However, on the basis of idealised modelling, the anticipated 
long-term trend of an excavated area is the recovery of the depression, resulting in an equilibrium of the sandbank, 
over a time-span of a few centuries.

ADDITIONAL INDEX WORDS: sandbank dynamics, n umerical modelling. Delft 3D, stability analysis.

INTRODUCTION

The offshore seabed of shallow shelf seas, like th e  N orth  
Sea, is covered w ith  a wide v a rie ty  of rhy thm ic  sed im en tary  
fea tu res  of d ifferent leng th  scales. In  th e  p o ten tia l san d  ex­
trac tio n  areas, tid a l sandbanks an d  sandw aves, even b o th  are 
likely to  occur (see e.g. H u l s c h e r  an d  V a n  d e n  B r in k , 2 0 0 1 ) .  
T idal sandbanks a re  th e  la rg est of th e  offshore features; they  
have leng th s of several k ilom eters, a spacing of up  to  10 km  
and  a he igh t of several te n s  of m eters (D y e r  and  H u n t l e y , 
1 9 9 9 ) .  Sand  w aves are  sm aller, b u t a re  m ore dynam ic and  
prom inen tly  p re sen t th roughou t th e  N orth  Sea. T idal san d ­
b an k s  an d  sandw aves m ay act directly  as sources of sand, th is  
m ay lead  to  th e  creation  of large-scale p its  on th ese  bedform s. 
Typical d im ensions of such p its  a re  several k ilom eters long
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an d  wide an d  several m e te rs  deep. Offshore sandbanks af­
fect navigation , b u t provide protection  to ad jacen t stre tch e s of 
coastline. These s tructu res, therefore, a re  w orthy of investiga­
tion, especially w hen th e ir  po ten tia l as a source of aggregates 
is ta k e n  in to  account.

The form ation of tid a l sandbanks can  be explained in  te rm s 
of a m orphodynam ic in s tab ility  of a fla t seabed, subject to tid a l 
flow and  sed im ent tra n sp o rt (H u t h n a n c e , 1 9 8 2 ) .  The u n d e r­
lying hydrodynam ic m echanism , know n as tid a l rectification 
(Z im m e r m a n , 1 9 8 1 ), explains th e  form ation  and, usually , th e  
counter-clockw ise o rien ta tion  of th e  b a n k ’s crest w ith  respect 
to  th e  tid a l cu rren t in th e  N orthern  H em isphere. However, li t­
tle  is know n of th e  m orphodynam ic processes th a t  shape and  
m a in ta in  tid a l sandbanks in  equilibrium . Besides, a large- 
scale in te rven tion  such as sand  ex traction  can in te rfe re  w ith  
th e  complex hydrodynam ic and  m orphodynam ic processes; 
nonetheless, th is  im pact is largely  unknow n. In  particu la r, th e  
long-term  effects on tim e-scales of decades to  cen tu ries from
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such in te rac tion  a re  of in te re s t to  th e  aggregate  in d u s try  and  
to  coastal m anagers.

In  o rder to investiga te  seabed  dynam ics, in  general, and  
to  p red ict th e  long-term  evolution of tid a l sandbanks subject 
to  san d  extraction , in  particu la r, process-based m odelling is 
an  approach w hich h a s  been  u sed  commonly. D ifferent ap ­
p roaches can be considered: (i) b ased  upon complex num erica l 
sim ulations, w ith  a full process-based m odel such as Delft3D — 
O nline (L e s s e e  et al., 2 0 0 4 ) ;  or (ii) applying an  idealised  model, 
designed specifically to  describe sandbank  dynam ics (Roos et 
al., 2 0 0 4 ) .  A lthough bo th  approaches are  b ased  upon th e  u n ­
derly ing physical processes, th ey  are  essen tia lly  different; as 
such, they  have d ifferent benefits and  lim itations.

The full process-based m odels combine d ifferent processes 
(e.g. w ind- and  w ave-driven cu rren ts, density  g rad ien ts, Cori­
olis force, sed im ent tran sp o rt, etc ...) w ith in  b road  classes of 
problem s, over d ifferent tem pora l an d  sp a tia l scales; th ey  are 
able to  deal w ith  complex geom etries. The m orphodynam ic 
procedure consists of th e  coupling of a nu m b er of m odules th a t 
sim ula te  processes such as wave and  cu rren t propagation , 
sed im ent tra n sp o rt an d  m orphodynam ic bed  updating . In  all 
of th ese  models, th e  hydrodynam ic m odule is u su a lly  th e  m ost 
com putationally  expensive, explain ing  w hy th e ir  applications 
are, in m ost cases, re s tric ted  to in itia l sed im entation/erosion 
modelling. T his so-called m orphostatic  approach, w hich h as 
been  extensively  and  effectively u sed  in com parative im pact 
studies, does no t enable  th e  m odeling of th e  long-term  evo­
lu tion  of a system . F u r th e r  d isadvan tage  of these  m odels is 
re la ted  to  th e  u n ce rta in tie s  associated  w ith  th e  boundary  con­
d itions and  w ith  th e  inputs, such as w ind stress, expressed  as 
explicit forcing te rm s  in  th e  equations.

A lternative ly , idea lised  m odels have  been  designed  to 
study  rh y th m ic  b ed  form s (D od d  et al., 2003). T hese m odels 
a re  b ased  also upon th e  un d erly in g  physica l p rocesses and  
have  been  developed for p a r t ic u la r  app lica tions (e.g. sa n d ­
b a n k  fo rm ation  in  H u l s c h e r , D e  S w a e t  an d  D e  V r íe n d , 1993; 
an d  H u t h n a n c e , 1982). A ssum ing  a strong ly  sim plified  ge­
om etry, in p u ts  an d  b o u n d ary  conditions, th ey  a re  m uch less 
com puta tionally  expensive. T herefore, th ey  a re  m ore ap p ro ­
p ria te  to stu d y  th e  long-term  tr a n s ie n t beh av io u r of sa n d ­
b anks. In  p a rticu la r, th e y  can  be u sed  to  stu d y  th e  evolution  
of san d b an k s  subject to  ex trac tion  (Roos, 2004). A d ifferen t 
exam ple is th e  stu d y  u n d e rta k e n  by D e  S w a r t  an d  C a l v e t e  
(2003), who developed an  idea lised  m odel to  in v es tig a te  th e  
no n -lin ea r response  of shoreface-connected  ridges, subject to 
san d  ex trac tion .

C om paring and  com bining th e  benefits of th ese  tw o ap ­
p roaches h a s  been  th e  subject of an ea rlie r study  on tid a l 
sandbanks ( I d ie r  and  A s t r u c , 2003). In  th is  contribution, th e  
objectives are  (i) to  study  th e  sho rt-term  m orphodynam ics of 
th e  K w inte Bank, and  (ii) to  discuss th e  benefits of th e  id ea ­
lised and  full process-based modelling, to investiga te  th e  long­
te rm  evolution of th e  b an k  subject to  san d  extraction .

The tex t is o rganised  as follows. In  section 2, th e  geographi­
cal and  physical ch a rac te ris tics  of th e  site  are  p resen ted . Sub­
sequently , section 3 con tains th e  re su lts  of th e  m odelling of 
a field m easu rem en t program m e. C om parison is u n d e rtak en  
betw een  num erica l re su lts  an d  observations, on th e  b asis  of 
s ta tis tica l analysis. The flow an d  sed im ent tra n sp o rt p a tte rn s  
are  described next, du ring  th e  period  of in te re s t an d  focus­
ing upon th e  depression  area. As th e  long-term  effects of sand  
ex traction  a re  of in te re s t to  coastal m anagers  and  policym ak­
ers, th e  fu ndam en ta l difficulties of ex trapo la ting  short-term

Figure 1. Sandbank patterns in the Belgian continental shelf.
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re su lts  to  long-term  pred iction  are  finally  d iscussed in  section 
4. Section 5 contains th e  conclusions.

STUDY AREA 

Geographical and Physical Characteristics of the 
Kwinte Bank

The K w inte B ank  is a S ou thw est/N ortheast o rien ted  tid a l 
san d  b an k  w hich is located on th e  B elgian con tinen ta l shelf 
and  belonging to  th e  F lem ish  B anks’ system  (Figure 1.). The 
sandbank  itse lf  h a s  a leng th  of 15 km  and  a w id th  w hich v a r­
ies from 2 km  in  its  sou thern  pa rt, to  1 km  in its  n o rth e rn  p a r t 
(F igure 2.). The m in im um  w ater dep th  is about — 5 m MLLWS 
(M ean Low est Low W ater Springs) in  th e  sou thern  p a r t of the  
bank . The dep th  reaches — 22 m MLLWS in th e  sw ales a round  
th e  bank . On th e  b asis  of its  ba thym etry , th e  e s tim a ted  vol­
um e of th e  b an k  rep resen ts  approxim ately  400 M m 3 (G a k e l , 
th is  volum e). In  th e  n o rth e rn  pa rt, th e  bedform  is covered by 
large dunes w ith  m axim um  he igh t of about 8 m. S and  dunes 
are  also p re sen t in  th e  cen tra l p a r t  of th e  bank . The cross- 
section of th e  sandbank  is asym m etrical, w ith  a s teeper side 
facing th e  n o rthw est and  a seabed slope reach ing  3 °  (V a n  
L a n c k e r  et al., 2004).

In  general, th e  hydrodynam ics of th e  so u th e rn  p a r t  of th e  
N o rth  Sea a re  ch a rac te rised  by sem i-d iu rn a l p rogressive 
tides, dom ina ted  p rinc ipa lly  by M2, S2, N2 an d  M4 harm onic  
com ponents (W il l ia m s  et al., 2000). O ver th e  K w inte  B ank, 
th e  average  tid a l ellipse is e longated  along a sou thw est/ 
n o rth e a s t axis, a t about 6 0 in a clockwise d irection  from  th e  
b a n k ’s axis. The tid a l cu rre n ts  ro ta te  counter-clockw ise, over 
12 h o u rs  25 m ins (L a n c k n e u s  et al., 1992), w ith  th e  s trongest 
p eak  cu rren ts , of abou t 1 m/s, be ing  d u ring  th e  flood, tow ards 
th e  n o rth e a s t (V a n  C a u w e n b e r g h e , 1971). F u rth e rm o re , n u ­
m erica l m odelling an d  W averider m easu rem en ts  u n d e rta k e n  
on th e  ad jacen t M iddelkerke B ank  (W il l ia m s  et al., 2000) 
have  show n th a t  sign ifican t w ave h e ig h ts  less th a n  3 m  are 
u n like ly  to  have  any  sign ifican t effect on th e  bed. On th e  o th ­
e r hand , observed  re s id u a l cu rre n ts  in  th e  sam e a rea  w ere 
found to  be co rre la ted  strong ly  w ith  w ind dura tion , speed 
an d  direction . R ecent sed im en t sam pling  cam paigns u n d e r ­
ta k e n  over th e  K w inte B ank  a re a  h av e  e s tab lish ed  a m ean  
g rain -size  (d ) d is trib u tio n  ran g in g  from  0.25 to  0.55 mm 
(B e l l e c  et al., th is  volum e).

Since 1979, san d  h a s  been  ex trac ted  m ain ly  from two d is­
tin c t a reas  of th e  K w inte Bank, located along th e  crest in  the  
n o rth e rn  and  cen tra l p a r ts  of th e  b an k  (F igures 2.). The la t ­
te r  location is th e  m ost excavated, w ith  d im ensions of about 
700 m wide, 1 km  long and  5 m  deep, a t tim e of cessation  of 
extraction . D redging h ere  ceased in  F eb ru a ry  2003 to  allow 
th e  m onitoring of th e  evolution of th e  depression zone, and  
to  im prove th e  know ledge on th e  biological and  physical im ­
p ac ts  of aggregate  ex traction  on th e  s ta te  and  dynam ics of the  
sandbank .

Field Experiment
Since 2003, field cam paigns w ere ca rried  ou t by In s titu te s  

involved in  th e  M AREBASSE an d  ELTMARSAND projects, 
focusing m ain ly  upon  th e  cen tra l depression  (V a n  L a n c k e r  et 
al., 2004). The objectives w ere to  in v es tig a te  th e  m echan ism s 
of sa n d b an k  m ain tenance , as w ell as th e  im pact of san d  ex­
tra c tio n  on th e  ben thos. H ydrodynam ic m easu rem en ts  (F ig­
u re  2.) w ere o b ta ined  betw een  th e  2nd an d  12th M arch 2004 
(G a r e l , th is  volum e), an d  a re  considered  here . A 1200 kH z 
A coustic D oppler C u rre n t P rofiler (ADCP T eledyne RDI)

w as m oored d u rin g  9 days (2-11/03/2004), a t th e  n o rth e rn  
ex trem ity  of th e  ce n tra l depression; th is  recorded  d a ta  every 
50 cm, from  1.4 m  up  to  16.4 m  above th e  seabed. An Electro- 
M agnetic  C u rre n t M eter (EM CM  S4) w as m oored a t th e  b an k  
c res t d u ring  th e  sam e period  an d  recorded, a t 2 Hz freq u en ­
cy, th e  h o rizo n ta l com ponents of th e  c u rre n ts  a t 0.75 m from  
th e  seabed.

The m easu rem en ts  ob tained  by th e  ADCP show ed a good 
ag reem en t (G a r e l , th is  volume) w ith  a p a ram e tr ic  velocity 
profile ( S o u l s b y , 1997), w hich h a s  been  adopted for com pari­
son betw een  th e  dep th -averaged  num erica l re su lts  and  th e  S4 
po in t m easurem en ts, n e a r  th e  bed:

, 1 / 7

U( z )  = U a
0.32 h

(D

w here U  is th e  dep th -averaged  velocitv, s  th e  sensoravg 1 °  ’
he ig h t above th e  seabed an d  h is th e  w ate r depth.

METHODS

The charac te risa tion  of th e  flow and  th e  sed im en t tra n sp o rt 
p a tte rn s  on th e  K w inte B ank  is based  upon th e  m orphody­
nam ic m odelling of th e  field experim ent of M arch 2004, using  
th e  complex process-based m odel Delft 3D — O nline (L e s s e r  et 
a l ,  2004).

Model Schématisations
The hydrodynam ics have been  sim u la ted  in  a dep th -aver­

aged 2D model, as a 2DH approach appears  sufficient w hen 
focussing on th e  m orphodynam ics. Moreover, th e  choice is 
supported  by th e  p ragm atic  reason  of reducing th e  com puta­
tiona l tim e.

The m odel solves th e  non-linear shallow -w ater equations 
u sing  a fin ite  differences form ulation. The eddy viscosity in ­
cluded is a p roperty  of th e  flow, vary ing  generally  in space 
an d  in  tim e. However, a constan t viscosity value is u sed  in  th e  
m odelling u n d e rtak en  here, as sensitiv ity  te s ts  show ed th a t 
th e  m odel is no t strongly  sensitive to  th is  p a rticu la r p a ra m ­
eter. Eddy diffusivity in th e  m odel is set a t 0.5 m 2/s. On th e  
o th er hand , n um erica l re su lts  a re  m ore sensitive to  a change 
in  th e  Chezy coefficient C, w hich appears  in  a q u ad ra tic  bed  
friction law:

(2 )

w here p is th e  density  of w ater, g  is th e  acceleration due to 
g rav ity  and  ii is th e  dep th -averaged  velocity.

The b es t ag reem en t betw een  th e  num erica l re su lts  an d  ob­
servations w as ob tained  using  a coefficient, C, of 65 m 1,2/s. The 
sed im ent tra n sp o rt form ulation  of TRANSPOR1993 (V a n  R i ­
j n , 1989) is adopted  to  estim a te  th e  sed im ent tra n sp o rt ra tes. 
A constan t g rain-size is considered over th e  sandbank , w ith  a 
m ean  grain-size (d60) equal to 325 pm.

The ba th y m etric  d a ta  w ere provided by th e  M in istry  of th e  
F lem ish  C om m unity (M inisterie van  de V laam se G em eensc­
hap; Afdeling K ust). The m odel set-up  is based  upon a grid 
covering th e  B elgian con tinen ta l shelf, w ith  th e  h ighes t reso­
lu tion  associated  w ith  th e  K w inte B ank  area. For example,
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the averaged grid cell length is around 300 m in the area of the 
depression. The domain, of 4200 grid points, extends from the 
coastline to some 32 km offshore and over 40 km in the along­
shore direction. Model boundaries are located sufficiently far 
from the Kwinte Bank to ensure that any potential spurious 
effects are maintained to be outside the area of interest. The 
hydrodynamic module is forced by time-dependent water lev­
els, generated by the OPTOS-BCZ model ( L u y t e n  et. al., 1999). 
Wind stress upon the sea surface is taken into account within 
the simulations; these data were provided by the UK Met Of­
fice, Bracknell. A southwesterly wind component was observed 
over 35 % of the time, with a speed ranging from 5 to 8 m/s at 
10 m above the mean sea water level.

Observations on the adjacent Middelkerke Bank (W i l l i a m s  
et. al., 2000) demonstrate that no significant changes in the 
significant wave height and in the wave period occur across 
the bank when Hs < 3 m. Failure to detect significant loss in 
wave energy across the bank implies that interactions between 
waves and the bed are weak under “normal” conditions i.e., Hs 
< 3 m. By implication, enhanced mobilisation and suspension 
of bed sediments and modification to bed topography by wave 
action is likely to occur only in storm conditions. Therefore, 
in this study on the Kwinte Bank, the effect of waves on the 
seabed has not been included due to limited wave activity over 
the period of the observations (S4 records show significant wa­
ve heights of less than 1.3m, during the period 2-9/03/2004)

quality of the modelling may be judged from the value of the 
mean absolute error, relative to the observations (RMAE):

RM AE -
MAE

X
(5)

A RMAE  value includes the contribution from the mea­
surement error. V a n  R i jn ,  G r a s m e i j e r  and R u e s s in k  (2000) 
have discussed the measurement errors associated with the 
COAST3D Project. They showed that the errors were related 
to the physical size of the instruments deployed, together with 
the measurement and conversion principles. On the basis of 
the equipment used and the conditions prevailing in the pres­
ent experiment, an average value of the observed error (OE = 
5 cm/s) is adopted, for comparison. An adjusted relative mean 
absolute error (ARMAE) is proposed then, reducing the influ­
ence of the observational errors (eq. 6):

ARMAE  =

Y - X l - O E

\X\

(6)

Model Performance Statistics
Comparing field measurements with numerical results re­

quires the acquisition of a large amount of data, in order to 
incorporate the wide spectrum of spatial and temporal evo­
lutions. Consequently, field measurements were undertaken 
over 11 days, the data being recorded at high-frequency. How­
ever, the extensive data set makes visual analysis difficult 
and, as such, statistical methods are used. Information on the 
statistics adopted for the present comparison, alternative sta­
tistics and examples of their use in the EU COAST3D Project, 
can be found in S u t h e r l a n d ,  P e e t  and S o u l s b y  (2004).

In order to quantify the performance of numerical models, 
the root-mean-squared error (RMSE) is used commonly, de­
fined according to:

Statistical Analysis
During the data acquisition, we averaged ADCP records in 

order to provide values of the current velocity and direction 
over 5 minutes, every 15 minutes. The S4 was set up to pro­
vide an average of pressure and current fluctuations over 9 
minutes, every 15 minutes. The depth-averaged values were 
extrapolated from measurements obtained near the bed, us­
ing the velocity profile expression (eq.l). Subsequently, the 
numerical results were analysed considering 861 and 838 
samples at the S4 and ADCP locations, respectively.

RM SE = . l ± f j a „ - X j (3)

where Xn  are the observed values, Yn are the computed 
values and N  is the total number of observations.

However, the RM SE  is appropriate for scalar quantities 
(e.g. water levels), but not for vector quantities (e.g. flow ve­
locities). To this end, a mean absolute error MAE  can also be 
used. Here, for a two-dimensional vector X  = (X 1, X 2 ) , the 
MAE  is defined according to:

Mae = <j? - L|) - + - u „ ) :
’ n = 1

(4)

£, 0
D

03/03 04/03 05/03 06/03 07/03 08/03 09/03 10/03 11/03

ûvnaaAAAA/vvvvvvvxt

The use of the modulus makes the statistics more difficult to 
apply, than using a RM SE  index. However, the MAE  includes 
errors of magnitude and direction, in a single statistic. The

Figure 3. Intercomparison of current speeds at the S4 and ADCP 
locations, with numerical model outputs, u and v define the easterly 
and northerly components, respectively. Full and dotted lines display 
the experimental data and the numerical results, respectively.
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Table 1. Error statistics from DELFT 3D flow module.

S e n s o r s Z c
(m )

Zc
1(h) < f >

(cm /s)
<- f )
(c m /s)

RMSE
(c m /s)

BIAS
(cm /s)

STD
(cm /s)

MAE
(cm /s) RMAE ARMAE

S4 point 0.75 0.03 53.0 45.1 12.3 7.8 9.5 14.2 0.31 0.10

ADCP point 53.4 48.5 9.0 4.9 7.7 11.9 0.24 0.08

RESULTS 

Validation Results
The w ater level s ta tis tic s  ind ica te  th a t  in p u ts  a t th e  bound ­

aries are  of good quality: d a ta  available from th e  S4 deploy­
m en t show a R M S E  e rro r of 15 cm and  a b ia s  (num erical re ­
sults, m inus experim en ta l da ta) of 1.5 cm.

T im e-series of th e  cu rren t speeds a re  p resen ted  in  F ig ­
u re  3., in  te rm s of th e  easte rly  (u) and  no rth e rly  (t>) compo­
n e n ts  a t th e  S4 and  ADCP deploym ent sites. Good ag reem ent 
is show n betw een  th e  observations an d  th e  num erica l m odel 
ou tpu ts. At th e  S4 location, th e  m odel reproduces th e  tidal- 
ly-induced flow varia tio n  along th e  easte rly  axis, a lthough  a 
difference in  am plitude  can be noted. In  con trast, th e  n o rth ­
erly  com ponent show s a slight difference in  phase. The m odel 
overestim ates th e  phenom enon of tid a l rectification: th e  w est 
n o rthw est cross-bank com ponent of th e  flow is accelerated, by 
continuity; w hereas th e  along-bank com ponent is decelerated, 
by th e  increased  effect of bottom  friction. Such flow deflection

is noticeable p a rticu la rly  during  th e  ebb tide, in  th e  num erica l 
resu lts ; in  con trast, th e  experim en ta l velocities a re  d irected  
m ain ly  tow ards th e  w est southw est. A t th e  S4 location, th e  
m easu red  m axim um  and  m ean  (absolute tim e- averaged) cu r­
re n t speeds a re  81 cm/s and  45 cm/s, respectively. The n u m eri­
cal pred ictions a re  som ew hat higher, a t 92 cm/s and  53 cm/s, 
respectively. At th e  ADCP location, th e  m axim um  and  m ean  
velocities of th e  cu rren t are, respectively, 87 cm/s and  49 cm/s 
for th e  experim en ta l data; th e  num erica l pred ictions a re  h ig h ­
er, a t 94 cm/s and  53 cm/s, respectively. The m ajor tid a l ellipse 
axes (not p resen ted  h ere  for th e  sake  of brevity , see G a k e l , 
th is  volume; and  V a n  d e n  E y n d e  et al., th is  volume) are  ro ta ted  
about 10° clockwise com pared to th e  b a n k ’s axis, due to  tid a l 
rectification. The observations show th a t  th e  m ean  orien ta tion  
of th e  axes is sim ilar a t bo th  th e  S4 an d  ADCP locations; in  con­
tra s t, th e  stronger cu rren ts, ob tained  a t th e  S4 location w ith  
th e  model, a re  d irected  m ore eastw ard  th a n  those ob ta ined  at 
th e  ADCP point. A t bo th  locations, th e  num erically  p red ic ted  
ellipses are  m ore spherical in shape th a n  th e  e longated  experi­
m en ta l ellipses.
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Figure 4. Residual currents over the Kwinte Bank area. Full lines and dashed line define bathymetric contours and the southwest/northeast axis 
respectively. The ellipse delimits the main area of extraction.
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axis respectively. The ellipse delimits the main area of extraction.

Figure 7. Tidal flow driven cumulative erosion/accretion rate (m) 
using an elongated tide, over the Kwinte Bank area, for a 30 years 
period. F uii lines and dashed line define bathymetric contours and the 
southwest/northeast axis respectively. The ellipse delimits the main 
area of extraction.
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The m ean  (absolute tim e- averaged) cu rren t speeds, to ­
ge ther w ith  th e  R M SE , M AE, R A IA E  and  A R A IA E  e rro rs  are 
sum m arised  in  Table 1. The m ean  cu rren t speed is overesti­
m ated, by 13 % and  9  % respectively, a t th e  S 4  and  ADCP 
m easu rem en t locations. The m axim um  num erica l velocities 
occur du ring  th e  flood flow, w hich differs from th e  experim en­
ta l resu lts . However, th e  AIAE  indices are  14  cm/s (S 4  loca­
tion) an d  12 cm/s (ADCP location); th ese  are  low considering 
th e  m ean  cu rren t speed. Thus, th e  RAIAE  indices a re  0 .3 1  
and  0 .2 4 .  Following S u t h e r l a n d , P e e t  an d  S o u l s b y  (2 0 0 4 ) ,  
th e  re su lts  can  be classified in te rm s  of th e ir  A R A IA E  values. 
T his classification shows th a t  th e  D ELFT 3D sim ulations, de­
scribed here, have a level of perform ance w ith  re su lts  in the  
“excellent” category (0 .1 0  a n d  0 .0 8 ,  respectively, a t th e  S 4  and  
ADCP locations).

Short-term Modelling: Flow and Sediment Transport 
Patterns

On th e  b asis  of th e  n um erica l re su lts  ob ta ined  over an  11 
days- period  (2 /0 3  to  1 2 /0 3 ), th e  tida lly -averaged  cu rren ts  
have been  ob tained  for each tid a l cycle, and  have been  in te ­
g ra ted  over th e  period.

F igure 4. shows th a t  th e  m ean  re s id u a l cu rren ts  v ary  con­
siderab ly  over th e  domain, w ith  th e  genera l p a tte rn  consisting 
of counter-clockw ise gyres, cen te ring  over th e  swales. As such, 
th e  res id u a l cu rren ts  are  h ig h er on th e  top of th e  banks, th a n  
in  th e  sw ales. O ver th e  banks, th e  circulation  is in  th e  opposite 
direction, describing clockwise vortices. The flood an d  th e  ebb 
are  dom inan t on th e  w estern  an d  ea s te rn  flanks of th e  K w inte 
B ank, respectively; th is  is in ag reem en t w ith  th e  observations 
of L a n c k n e u s  et al., (1 9 9 2 )  and  of B e l l e o  et al. (th is  volume). 
Along th e  w estern  p a r t  of th e  K w inte Bank, th e  re s id u a l cu r­
re n ts  follow th e  dep th  contours tow ards th e  n o rth east. The 
flow p a tte rn  along th e  ea s te rn  flank  is influenced by th e  gyre 
betw een  th e  M iddelkerke B ank  and  th e  K w inte B ank. C onse­
quently, th e  re s id u a l cu rren ts  a re  d irected  to  th e  sou thw est 
along th e  n o rth e rn  an d  cen tra l p a r ts  of th e  bank.

Conversely, th e  d irection of th e  tida lly -averaged  cu rren ts  is 
tow ards th e  n o rth  along th e  sou thern  p a r t  of th e  flank. These 
re su lts  agree, qualitatively , w ith  th e  num erica l re su lts  ob­
ta in e d  using  th e  OPTOS m odel system  (V a n  d e n  E y n d e  et al., 
th is  volume; an d  V a n  L a n c k e r  et al., 2004).

O ver th e  K w inte  B ank, th e  re s id u a l c u rre n ts  a re  d irec ted  
m ain ly  to w ard s th e  w est sou thw est in  th e  n o r th e rn  p a r t  of 
th e  bank , an d  to w ard s th e  n o rth  in  th e  so u th e rn  p a rt. The 
depression  a rea  show s ebb-dom inated  re s id u a l cu rren ts , 
ten d in g  to  be p a ra lle l to  th e  b a th y m e tr ic  contours. However, 
on th e  b a s is  of th e  tida lly -av e rag ed  cu rre n ts  ob ta ined  for 
each tid a l cycle, v a riab ility  of th e  re s id u a l d irection  can be 
no ted  betw een  02/03 an d  05/03, w ith  an  e a s te rn  dom inance 
observed d u ring  a few tid a l cycles. Such flood c u rre n ts  are  
re la te d  to  th e  w ind  effect, as a 5 to  8 m /s sou thw este rly  w ind 
com ponent w as observed d u ring  th e  cam paign. A t b o th  loca­
tions, th e  num erica lly -derived  re s id u a l cu rre n ts  a re  a ro u n d  
5 cm/s; th e se  a re  in  ag reem en t w ith  th e  v a lu es ob ta ined  from 
th e  m easu rem en ts .

D ue to  th e  non-linear cha rac te r of sed im ent tran sp o rt, re ­
sidual sed im ent tra n sp o rt p a tte rn s  m ay vary  from th e  d irec­
tion  of th e  re s id u a l cu rren ts . In  co n tra st w ith  th e  flow p a tte rn  
described previously, th e  re s id u a l sed im en t tra n sp o rt vectors 
describe a s-curve a round  th e  s a n d b a n k  (F igure 5.), as shown 
previously  by V a n  L a n c k e r  et al. (2004).

T his p a tte rn  illu s tra te s  th a t  th e  K w inte B ank  cannot be 
considered in  isolation, b u t as p a r t  of a system  of sw ales and  
sandbanks. S and  tra n sp o rt is d irected  tow ards th e  n o rth ea s t 
along th e  w estern  flank  of th e  K w inte Bank, w hereas th e  e a s t­
e rn  p a r t is characterized  by tra n sp o rts  occurring in  different 
directions (from sou thw ard  to  eastw ard). In  th e  a rea  of th e  
cen tra l depression, th e  res idua l sed im ent tra n sp o rt vectors 
are  opposed to  th e  res idua l cu rren ts, i.e. d irected  tow ards th e  
east. In  co n trast to  th e  flow p a tte rn  (F igure 4.), th e  sedim ent 
tra n sp o rt vectors are  m ore un iform  over th e  study  a rea  w ith 
a constan t ra te  of about 0.01 kg/m /s over th e  d ifferent tid a l 
cycles. Sand  can  be expected to be eroded on th e  w estern  side 
of th e  bank, b u t deposited on its  ea s te rn  p a r t (F igure 6.).

The erosion and  sed im en ta tion  ra te s  a re  of th e  sam e order 
of m agnitude, a t about 2.5 m m  over an  11 days- period. These 
num erica l pred ictions are  in  good ag reem ent w ith  those  ob­
ta in e d  by V a n  L a n c k e r  et al. (2004) an d  V a n  d e n  E y n d e  et al. 
(th is volume) using  th e  OPTOS m odel system . They confirm 
also th e  re su lts  ob tained  by G a r e l  (th is volume); these  da ta  
show ed a n e t tra n sp o rt tow ards th e  n o rth e a s t on th e  w estern  
p a r t  of th e  b an k  (depression an d  w est flank) and  described an 
ebb-dom inated  p a tte rn  on th e  ea s te rn  side, confirm ing th a t  
sed im ent tra n sp o rt is re la ted  to a p a rtic u la r phase  of th e  tide  
on each side of th e  b an k  (L a n c k n e u s  et al., 1992).

The sho rt-term  m odelling of th e  K w inte B ank, u n d e rtak en  
here, reveals sp a tia l and  tem pora l v a riab ility  in  th e  flow, due 
to  tid a l asym m etry  and  w ind-driven cu rren ts.

Besides, w ind w aves are  likely to  p lay  an  im p o rtan t role 
on th e  flow and  th e  sed im en t tra n sp o rt p a tte rn s . W hen th e  
w aves are  ta k e n  in to  account, th e  sed im ent tra n sp o rt ra te s  
are  h ig h er over th e  K w inte B ank  an d  th e  direction of th e  flux 
is also different, w ith  dom inance tow ards th e  w est (V a n  d e n  
E y n d e  et al., th is  volume).

F inally, it should be no ted  th a t  th e  sm all-scale m orpholo­
gies, such as such san d  w aves an d  dunes, a re  no t ta k e n  into 
account in  th e  p resen t study. These fea tu res  m ay also in flu ­
ence th e  variab ility  of th e  flow ( H u l s c h e r , D e  S w art  and  D e  
V r íe n d , 1993).

DISCUSSION ON LONG-TERM MODELLING

As sandbanks evolve on a large tim e-scale, th e  long-term  
effects of san d  ex traction  a re  of in te re s t to coastal m anagers 
an d  policym akers ( P e t e r s  an d  H u l s c h e r , 2006). Such long­
te rm  im pact can be inves tiga ted  th ro u g h  th e  use  of long-term  
m orphodynam ic m odelling ( I d ie r  et al., th is  volume).

Numerical Modelling
Practically , th e  complex full process-based m odels cannot 

be u sed  stra igh tfo rw ard ly  for a long-term  prediction, as they  
are  too tim e-consum ing in  te rm s  of com puter tim e. Still, spe­
cific approxim ate m ethods have been  developed to  decrease 
th e ir  com putational req u irem en ts  (D e  V r íe n d  et al., 1993). To 
th is  end, rep resen ta tiv e  wave, w ind an d  tid a l forcing a re  ad ­
opted  commonly; th is  im plies in h e ren t p red ic tab ility  lim its, as 
th e  m orphodynam ic process is stochastic. R egarding th e  tid a l 
forcing, two m ethods are  u sed  w idely (L a t t e u x , 1995): (i) th e  
con tinu ity  correction, and  (ii) th e  leng then ing  of th e  tide. The 
firs t approach  is based  upon th e  in p u t filtering: th e  m orphody­
nam ic change following a rep resen ta tiv e  tide  is ex trapo la ted  
over N  tides, u sing  a con tinu ity  correction; th is  is as long as 
th e  bed  changes do no t exceed a critical value. The second ap ­
proach  is th a t  of th e  leng then ing  of th e  tide, w hich is adequate  
to  study  p ropagative fea tu res  as sandbanks (L a t t e u x , 1995);
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Figure 8. (a) Evolution of a sandpit, modeled as a local perturbation of 
a sequence of sandbanks (Roos. 2004; Roos and Hulscher. 2007). The 
x-axis describes the spatial dimension whereas the y-axis describes 
time (in units of 20 to 40 years) and the vertical axis the bed elevation 
(scaled against the mean water depth of about 30 m). The plot shows 
the autonomous dynamics of a sequence of sandbanks, as well as the 
response of a single bank to a local removal of sand (created in the 
crest at x/Ldom=0.65, I au= 120). (b) The sandbank profile just before 
(dashed) and just after (solid) extraction. Note: the model geometry 
is one-dimensional, assuming uniformity in the along-bank direction, 
which implies that also the sand extraction is uniform in the along- 
bank direction. The extraction's cross-section has a Gaussian shape 
with a depth of 10 m implying an extraction of 4000 m3 per alongbank 
m. (Figure adapted after Roos and Hulscher. 2007).

th is  consists of increasing  th e  m orphological tim e-step  by a 
so-called m orphological factor (typically, N  = 100 to  1000). 
This approach  is im plem en ted  in  th e  D elft 3D — O nline m odel­
ling system . N evertheless, we s tre ss  th a t  th ese  approxim ate 
m ethods are  p ragm atic  an d  non-physical, in  th e  sense th a t  
th e ir  m ain  aim  is to  save com puter tim e; cau tion  is therefore  
requ ired  w hen applying large N -values.

A fu rth e r d isadvantage of the  full process-based models is re ­
la ted  to uncerta in ties  associated w ith  th e  boundary  conditions. 
As such, th e  am plification of erro rs can have a large effect on 
th e  long-term  behaviour of a sm all e rro r in  th e  hydrodynam ics. 
However, full process-based m odels enable to study th e  dynam ­
ics of a complex geometry; for example, they  provide an  indica­
tion of th e  long-term  evolution of th e  K w inte Bank.

Hence, considering th e  sp ring  tid a l cycles observed during  
th e  field experim ent of M arch 2004, an d  neglec ting  th e  wave 
and  w ind effects, th e  bed  evolution h a s  been  com puted over a 
30 years  period  (F igure 7.).

The derived erosion/accretion ra te s  suggest tw o p a tte rn s, 
depending upon location on th e  bank . O ver its  so u thern  part, 
san d  m ay be supplied  from a b an k  located to  th e  south  of th e  
K w inte B ank, p reven ting  th e  d isp lacem ent of th e  feature . 
O ver th e  n o rth e rn  and  cen tra l p arts , th e  bed  is eroded on th e

w estern  side of th e  b an k  and  sed im ents are  tra n sp o rte d  on the  
w estern  flank. In  th is  case, th e  crest m ay shift in an  eastw ard  
(onshore) direction.

Besides, th e  F igure 7. shows th a t  a supply from th e  sw ales 
can be also expected. D e  M o o r  ( 2 0 0 2 )  d iscussed th e  stab ility  
of th e  F lem ish  B anks and  of th e  swales. H e concluded th a t  
sections of th e  sw ales m igh t have  provided san d  for th e  reg en ­
e ra tion  of th e  dredged areas . However, B e l l e c  et al. (th is vol­
um e) noticed th a t  th e re  is only a lim ited  Q u a te rn a ry  cover and  
th a t  th e  T e rtia ry  su b s tra tu m  is locally eroded, in  th e  K w inte 
B ank  area; addressing  consequently  th a t  th e re  a re  no large 
am oun ts of sand  available in  th e  swales.

On th e  basis of th e  long-term  full p rocess-based m odelling 
over 3 0  years, no clear tendency  is ev iden t in th e  evolution of 
th e  depression area, an d  no recovery of th e  depression can be 
antic ipated .

Moreover, any  in te rac tion  betw een  th e  excavated  a rea  and  
th e  sandbank  itse lf cannot be clearly  d iscerned from F igure 
7. Besides, any  in te rp re ta tio n  is lim ited  by th e  fu ndam en ta l 
problem  of d ifferen tia ting  betw een  an thropogenic and  n a tu ra l 
processes.

Idealised Modelling
As no ted  in  th e  in troduction , idealized  process-based m o­

dels provide an  a lte rn a tiv e  to inves tiga te  th e  long-term  dy­
nam ics of large-scale bed  form s in  th e  m arine  environm ent. 
A typ ical fea tu re  of these  m odels is th e ir  strongly  sim plified 
geometry, th e  inclusion of only th e  essen tia l physical m echa­
n ism s as well as th e  focus on th e  tem poral scales of in te rest. 
These m odels a re  therefo re  su itab le  to ob tain  in sigh t in  the  
genera l physical m echanism s beh in d  th e  m orphodynam ics. 
In  th e  following we briefly  describe and  review how idealized 
m odels have  been  ex tended  to study  th e  system ’s response to 
san d  extraction . However, owing to th e  idealized  n a tu re  of the  
models, th is  should  no t be in te rp re ted  as a site-specific study 
of th e  K w inte B ank  case.

The form ation stage of bo th  tid a l sandbanks ( H u l s c h e r ,  D e  
S w a r t  and  D e  V r íe n d ,  1 9 9 3  ; and  H u t h n a n c e ,  1 9 8 2 ) h as  been 
explained  as in h e ren t in s tab ilities  of a fla t seabed subject to 
tid a l flow and  sed im ent tran sp o rt. The underly ing  hydrody­
nam ic m echanism , know n as tid a l rectification (Z im m erm a n , 
1 9 8 1 ) , described th e  friction-topography and  Coriolis-topo- 
g raphy  in te rac tions of tid a l flow over an  uneven  seabed. In 
particu la r, th e  stab ility  analysis provides charac te ristics of a 
so-called fa s te s t grow ing mode, i.e. p re fe rred  values of w ave­
leng th  an d  o rien tation . L a te r  on, Roos et al. (2 0 0 4 )  inv es ti­
ga ted  th e  fin ite-am plitude behav iour and  found equilibrium  
profiles, expressing  a tida lly  averaged  balance betw een  bank- 
bu ild ing  m echanism s associated  w ith  tid a l rectification and  
th e  downslope sed im ent tra n sp o rt of (wind-wave stirred ) m a ­
te ria l. The shape and  he igh t of th e  equilib rium  profiles w ere 
found to  depend on th e  tid a l conditions, th e  mode of sedim ent 
tran sp o rt, wave s tirr in g  as w ell as th e  re la tive  im portance of 
frictional and  Coriolis effects. In  each of th e  above approaches, 
a dep th -averaged  flow descrip tion  h a s  been  employed, and  
Roos et al. (2 0 0 4 )  accounted for w ave effects in a param etric  
way, using  a dep th -dependen t s tirr in g  factor in th e  sedim ent 
tra n sp o rt form ulation . T his approach re lied  on th e  form ation 
theory, since th e  o rien ta tion  and  w avelength  w ere fixed from 
th e  lin ea r stab ility  analysis.

Subsequently , Roos and  H u l s c h e r  ( 2 0 0 7 )  considered a la r ­
ger dom ain in  w hich a sequence of tid a l sandbanks, uniform  
in th e  along-bank direction, w as studied. T his allowed for the
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investigation  of bo th  autonom ous dynam ics as well as th e  sys­
tem ’s response to a local rem oval of sand. See F igure  8., w he­
re  asym m etric  tid a l conditions w ere em ployed on a dom ain 
of about 130 km. F rom  one of th e  banks, san d  w as ex trac ted  
a t tau=125, w here tau  is a d im ensionless tim e, m easu red  in 
u n its  of roughly 20 to 40 years. I t  w as concluded th a t  on a tim e 
scale of several decades th e  b an k  te n d  to  recover, b u t th a t  the  
longer te rm  fa te  of a b an k  is unknow n.

A lternatively, D e  S w aet  and  C alv ete  (2003) investigated the 
non-linear response of shore-face connected ridges, subject to 
sand  extraction. The bed forms under consideration are of a sim i­
la r size to  tida l sandbanks, b u t they  exist closer to th e  shoreface 
on the  sloping bed of th e  inner continental shelf; as such, the 
physics of th e ir formation is different. As shown by th e  model 
results, following th e  local rem oval of sand, th e  system  tends to 
re tu rn  to its  original equilibrium  state. This g radual process, 
tak ing  place over several centuries, is a ttended  w ith a supply of 
sand  from both the  outer shelf and  the  near-shore zone.

Clearly, th is  type of long-term  behav iou r cannot be inv es ti­
ga ted  w ith  th e  full p rocess-based num erica l sim ulation  p ack a­
ges. One can fu r th e r  a rgue  th a t, on such tim e  scales, u n d e rs ­
tan d in g  th e  q ua lita tive  behav iour is m ore im p o rtan t th a n  the  
q u an tita tiv e  details.

CONCLUSIONS

In  order to  satisfy  th e  increasing  dem and of sand, tid a l 
sandbanks of th e  N orth  Sea act as a source of sedim ent; th is  
m ay lead  to th e  creation  of large-scale p its, on th ese  bedform s. 
A m ongst others, th e  K w inte B ank  h a s  been  u sed  to  supply 
m arine  aggregates, re su ltin g  in  th e  developm ent of a large de­
pression  in  th e  cen tra l p a r t  of th e  bank.

In  th is  contribution, th e  dynam ics of th e  b an k  and, in  p a r ­
ticu lar, th e  im pact of san d  ex traction  on its  morphology, have 
been  stud ied  using  m orphodynam ic modelling, using  th e  full 
process-based m odel Delft 3D — Online.

Short-term  m odelling of th e  K w inte B ank  h a s  been  set up, 
on th e  basis of conditions m easu red  during  a field cam paign, 
ca rried  out in  M arch 2004 (G aeel, th is  volum e). C om parison 
betw een  th e  n um erica l re su lts  and  th e  m easu rem en ts  showed 
good ag reem ent (A R M A E  va lues of about 0.1).

The derived flow p a tte rn  revealed  th a t  th e  flood an d  th e  ebb 
are  dom inan t on th e  w estern  an d  ea s te rn  flanks of th e  K w inte 
B ank, respectively. O ver th e  b an k  itself, th e  res id u a l cu rren ts  
are  d irected  m ain ly  to th e  w est southw est. The depression 
a rea  is ebb-dom inated, w ith  cu rren ts  tend ing  to ru n  para lle l 
to  th e  dep th  contours. Still, th e  res idua l sed im en t tra n sp o rt 
is flood-dom inated. The derived res idua l sed im ent tra n sp o rt 
p a tte rn  h a s  show n th a t  th e  K w inte B ank  cannot be consid­
ered  in  isolation, b u t should be regarded  as p a r t of a system  
of sw ales and  sandbanks. S and  tra n sp o rt is d irected  tow ards 
th e  n o rth ea s t along th e  w estern  flank  of th e  bank, w hereas 
th e  direction  is generally  sou thw ard  along th e  ea s te rn  pa rt. 
In  th e  a rea  of th e  depression, th e  pred ic ted  res idua l sedim ent 
tra n sp o rt p a thw ays a re  opposed to th e  res idua l cu rren ts, i.e. 
d irected  to th e  east.

L ong-term  pred ictions are  som ew hat difficult to ex trapo ­
la te  from th e  sho rt-term  resu lts . Thus, th e  long-term  im pact 
of san d  ex trac tion  h a s  been  discussed, b u t considering  com ple­
m en ta ry  approaches, com bining th e  benefits of complex n u ­
m erical m odelling w ith  an  idealised  approach. The evolution 
of a tid a l sandbank  to equilibrium , following th e  rem oval of

an  am oun t of sand, is difficult to  predict. No clear tendency  is 
ev iden t in  th e  evolution of th e  depression a rea  over 30 years, 
on th e  basis of th e  long-term  full process-based modelling. 
Flowever, on th e  b asis  of idealised  modelling, th e  an tic ipa ted  
long-term  tre n d  of an  excavated  a rea  is th e  recovery of th e  de­
pression; th is  re su ltin g  in  a new  equ ilib rium  of th e  sandbank, 
over a tim e-span  of a few centuries.
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