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ABSTRACT I

recent years, the exploitation of marine aggregates is increasing. As an example, on the Belgian continental 
• • • • • • • •  shelf, one particular sandbank (the Kwinte Bank) is exploited extensively; this has led to the creation of a 5 m deepmss d epress ion  a long  its cen tra l part. In  th e  p re se n t co n trib u tio n , th e  in flu en ce  o f  these bathym etric  changes, on  erosion  

a n d  se d im e n ta tio n  p a tte rn s  a re  stud ied , using  n u m erica l m odelling , in  o rd e r  to  o b ta in  an  initia l im pression  o f  th e  
effect o f  such  in ten se  sand  ex trac tio n  on  th e  stability o f  th e  sandbank . D ifferen t num erica l m odels are  utilised. Two- 
d im ensional a n d  th ree-d im en sio n a l hydrodynam ic m odels have b e e n  u sed  to derive cu rren ts , whilst th ird  g en era tio n  
wave m odels have b e e n  u sed  to  sim ulate  th e  waves. Two d iffe ren t m odels are  p re sen ted , w hich  calculate th e  to tal 
lo ad  se d im e n t tran sp o rt as a fu n c tio n  o f th e  local cu rre n ts  a n d  waves. T hese m odels have b e e n  used  to investigate the  
erosional a n d  clepositional pa tte rn s. T h e  use o f two d iffe ren t se d im en t tran sp o rt m odels has som e advantages, since 
th e  results o f sed im en t tra n sp o r t m odels are  still subject to  som e im p o rta n t uncerta in ties . T h e  hydrodynam ic m odel 
results are  validated  using  ADCP cu rre n t elata, con firm in g  th e  g o o d  p e rfo rm an ce  o f th e  m odels. Likewise th e  wave 
m odels prov ide g o o d  results, co m p arin g  th e ir  resu lts w ith elata fro m  a buoy. T h e  se d im e n t tra n sp o r t m o d el results 
w ere co m p ared  to  th e  residual tra n sp o rt pa tte rn s, derived  fro m  th e  asym m etry o f  dunes. T h e  results o b ta in ed  seem  
to  be  in  g en era l a g reem en t w ith these  observations. T h e  num erica l m odels a re  u sed  to  sim ulate th e  response  o f  th e  
se d im en t tra n sp o rt to  extensive sand  ex trac tio n  fro m  th e  sandbank . O n e  'w orst-case' scenario  a n d  two m o re  realistic 
scenarios w ere sim ulated , whilst th e  effect o f  these bathym etric  changes o n  se d im en t tra n sp o rt was stud ied . T he 
results show  th a t th e  in ten se  san d  ex trac tio n  does n o t seem  to in flu en ce  extensively th e  stability o f th e  sandbank , b u t 
that, as a co n sequence , th e re  is less e rosion  a n d  d eposition . T h e  m odel resu lts show, fo r all o f th e  scenarios, a small 
a m o u n t o f  d ep o sitio n  o n  th e  to p  o f  th e  sandbank; th is cou ld  be an  in d ica tio n  o f a re g e n e ra tio n  m echan ism . A  tren ch , 
c rea ted  p e rp e n d ic u la r  to th e  crest o f th e  sandbank , cou ld  be  slowly refilled  again. T h e  tim e-scale o f  th is reg en e ra tio n  
a n d  th e  in flu en ce  o f storm s rem a in  u n ce rta in . A lth o u g h  th e  m ain  em phasis o f  th e  p a p e r  re la tes to  tidal forcing , a 
b rie f  d iscussion  is in c lu d e d  on  th e  in flu en ce  o f wave action , on  se d im en t tran sp o rt.

ADDITIO N A L INDEX W ORDS: Sandbank, sand extraction, morphological es'olution, n umerical modelling Southern North Sea

INTRODUCTION

The dem and  for m arine  san d  in E urope is increasing . In 
2004, E urope produced a round  53 m illion m s san d  an d  gravel 
of m arine  origin (ICES, 2005). Since 1980, th e  w inning  of 
m arine  aggregates u n d e r th e  B elgian ju risd iction  h a s  alm ost 
quadrupled , to  about 3 m illion tonnes (or 1.9 million m s) 
each year. Up u n til Septem ber 2004, th e  ex trac tion  w as 
u n d e rtak en  in  two large exploitation  zones: (a) a round  the  
T horn ton  B ank  and  th e  Goote B ank; and  (b) a round  the  
K w inte Bank, B u iten ra te l and  Oostdyck. More th a n  80 % of 
th e  ex trac tion  ta k e s  place on th e  K w inte B ank, concen tra ted  
upon a sm all section along th e  n o rth w es te rn  an d  cen tra l p a r t 
of th e  sandbank . O ver th e  cen tra l p a r t of th e  bank, th is  h as  
re su lted  in  th e  form ation of a depression lying about 5 m 
below th e  orig inal sea floor, about 700 m wide and  1 km  long:
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th is  is th e  so-called C en tra l D epression (D e g r e n d e l e , R o c h e  
an d  S c h o t t e , 2002).

The effects of th is  in tense extraction  of m arine aggregates 
a re  only poorly known. The extraction  h a s  changed significantly 
th e  shape, volum e and  heigh t of th e  sandbank. However, th is  
a lte red  morphology could also influence th e  cu rren t and  wave 
p a tte rn s  in th e  coastal w aters, w ith  possible im plications on 
erosion of th e  coasts. To perm it th e  study of th e  regeneration  
po ten tia l of th e  banks and  th e  possible effects of intensive 
extraction  on th e  sandbank, th e  depression zone w as closed 
for exploitation (by th e  Governm ent) in F ebruary  2003, for at 
least th ree  years. The objective w as to set-up reliable p ractical 
crite ria  for th e  m axim um  quan tity  of sand  th a t  can be extracted, 
w ithout a ltering  th e  long-term  stab ility  of th e  sandbank.

R esearch  u n d e rtak en  by R ijk sw aterstaa t, w ith in  th e  
fram ew ork of th e  PU N A ISE project, ind ica ted  th a t  th e  
surficial sed im ent s tru c tu re  and  th e  bottom  morphology 
over th e  exploita tion  zone n e a r  IJm u id en  w as reh ab ilita ted  
afte r 15 m onths (H o o g e w o n in g  and  B o e r s , 2001). In  contrast,
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R ijk sw a te rstaa t show ed (w ithin th e  fram ew ork of th e  
SANDPIT project) th a t  in  a san d  ex traction  p it n e a r  Hoek 
van  H olland, of 10 m in depth, no c lear infill w as m easu red  
over a period  of one y ear (S v a s e k , 2001). E lsew here, a project 
u n d e rtak en  by CEFAS, on th e  U.K. con tinen ta l shelf, showed 
th a t  th e  recovery of abandoned  exploitation  a reas extended  
over 4 years  or more. In  A rea 222 in  th e  so u thern  N orth  Sea, 
a heavily  exploited area, traces  of th e  exploitation  w ere still 
v isible a fte r 9 years  (Boyd et al., 2004). However, th e  CEFAS 
study  is on gravelly  a reas  of th e  seabed.

In  th is  contribution, num erica l m odels are  u sed  to  study  
th e  influence of san d  ex traction  on san d  tra n sp o rt and  
stab ility  of th e  bank . Two d ifferent sets of m odels have 
been  used. In  re la tion  to sed im ent tra n sp o rt modelling, it is 
usefu l to  com pare th e  re su lts  of d ifferent models, since these  
can vary  over several orders of m agnitude, depending upon 
th e  tra n sp o rt form ulae used. By com paring d ifferent m odel 
resu lts , a m ore balanced  in te rp re ta tio n  can be gained of th e  
ac tua l sed im en t tran sp o rt.

m
B

Initia lly , th e  p re sen t situ a tio n  is modelled, w ith  th e  re su lts  
for cu rren ts, w aves and  sed im en t tra n sp o rt com pared to 
m easurem ents, for va lida tion  purposes.

These m odels have been  u sed  th e n  to  exam ine changing 
p a tte rn s  of cu rren ts, w aves and  sed im ent tran sp o rt, in 
response to changes in  th e  ba th y m etry  of th e  K w inte Bank. 
T hree d ifferent scenarios w ere studied: (a) a ‘w orst-case’, w here 
th e  b an k  is rem oved a t 15 m below m ean  sea level (MSL), i.e., 
low ering th e  en tire  b an k  by m ore th a n  3 m, on average; (b) 
in tensive  sand  ex traction  a t a p a rtic u la r place, re su ltin g  in 
th e  generation  of a trench; and  (c) w ith  th e  sam e am oun t of 
san d  being extracted , b u t over a la rg e r a rea  of th e  K w inte 
B ank, re su ltin g  in  a m ean  deepening of th e  bathym etry , by 
alm ost 30 cm. The la t te r  2 scenarios can be u sed  to m ake 
recom m endations regard ing  th e  m ost su itab le  w ay to  ex trac t 
sand.

In itia lly , some genera l inform ation  on th e  K w inte B ank  
is provided. Subsequently , th e  hydrodynam ics on th e  K w inte 
B ank  are  discussed. D ifferent num erica l m odels a re  th en

Figure 1. Bathymetry of the Belgian coastal waters. The large rectangle 
indicates the extension of the coarse BCS model grid, the middle-sized 
rectangle the extension of the fine BCS-F model grid. The smallest 
rectangle provides an indication of the location of the Kwinte Bank.

Figure 2. Detailed bathymetry (relative to MSL) of the Kwinte Bank. 
The rectangle is the area over which the model results are presented. 
The area shaded with small dots indicate the grid cells that are 
considered part of the Kwinte Bank and that have a depth less then 15 
m with respect to MSL. The larger dot gives the location of the Central 
Depression (see text). Bathymetric contours are shown for 15 m and 
20 m, below MSL.

■^Brugge

BELGIUM

Figure 3. The bathymetry (relative to MSL) and current ellipses along 
the Kwinte Bank.

Figure 4. Median grain size of the Kwinte Bank, as used in the MDU- 
SEDIM model. Bathymetric contours are shown for 15 m and 20 m, 
below MSL.
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p resen ted  briefly, w hilst va lida tion  of th e  m odel re su lts  is 
discussed. Following a descrip tion  of 2 sed im ent tra n sp o rt 
models, th e ir  re su lts  (tide-only) a re  com pared in  re la tion  to 
sed im ent tra n sp o rt pathw ays, derived from  dune asym m etries. 
Likewise, th e  re su lts  of th e  n um erica l m odels for th e  th ree  
d ifferent scenarios are  discussed, w hilst wave influence on 
sed im ent tra n sp o rt is briefly  addressed.

BACKGROUND INFORMATION

The K w inte B ank  is one of th e  F lem ish  B anks, located on 
th e  B elgian con tinen ta l shelf (F igure 1). The b an k  is genera ted  
by tid a l cu rren ts  off th e  B elgian coast and  is o rien ted  in a SW- 
N E direction. The b an k  h a s  a leng th  of about 15 km, w ith  a 
w id th  vary ing  from 2 km  in its  sou thern  part, 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  lies close 
to  7.5 m  below MSL. O ver th e  n o rth e rn  pa rt, large dunes are 
p resen t, w ith  a m axim um  am plitude  of a round  8 m. S and  
dunes a re  p resen t also over th e  m iddle p a r t  of th e  bank; these  
can reach  2.5 m  in heigh t. The cross-section of th e  b an k  is 
clearly  asym m etrical, w ith  th e  s teeper side facing tow ards the  
northw est.

The dep th -averaged  cu rren t e llipses over th e  K w inte B ank  
region (F igure 3) typically  vary  depending upon th e ir  location,
i.e., in  th e  sw ale or on th e  top of th e  sandbank . The ellipses 
are  m ore spherical on th e  sandbanks, th a n  in th e  deeper 
sw ales betw een  th e  sandbanks. In  th e  swales, th e  m ajor axes 
of th e  ellipses lie n early  in  th e  sam e direction as th e  sw ale/ 
sandbank  axis. Llowever, on th e  sandbank , th e  m ajor ellipse 
axes a re  ro ta ted  clockwise, in  com parison to  th e  b an k  axis. 
The m axim um  cu rren ts  are  a round  0.9 to  1.0 m/s, on th e  top 
and  th e  w estern  side of th e  K w inte B ank  during  a spring  tide; 
th ey  are  a round  0.4 to 0.5 m/s, during  a neap  tide.

The K w inte B ank  is characterized  by fine to m edium -sized 
san d  (F igure 4). Over th e  sou thern  p a r t  of th e  bank, sand  of 
180 to 240 pm  is found; over th e  m iddle and  th e  n o rth e rn  part, 
coarser sed im ent (of up to about 400 pm) is found. The F igure 
w as derived on th e  b asis  of sam ples collected over th e  area, 
acquired  by d ifferent in s titu te s  and  ob tained  from  th e  B elgian 
M arine D ata  C entre  (BMDC). A m ethod  b ased  upon w eighted  
d istance w as u sed  to  in te rpo la te  th e  va lues for th e  m odel grid 
(F e t t w e is  a n d  V a n  d e n  E y n d e , 2000).

HYDRODYNAMICS 

Hydrodynamic Models

Model BCS-F
The th ree-d im ensional hydrodynam ic m odel COH EREN S 

(L u y t e n  et al., 1999) calcu lates cu rren ts  and  w a te r elevations 
u n d e r th e  influence of th e  tid es and  th e  p revailing  atm ospheric  
conditions. T his m odel w as developed, betw een  1990 and  1998, 
w ith in  th e  fram ew ork of th e  ELT-MAST projects PROFILE, 
NOMADS and  COH EREN S. The hydrodynam ic m odel solves 
th e  m om entum  and  continu ity  equations, u sing  th e  ‘mode- 
sp litting ’ technique. COH EREN S h as  d ifferent tu rbu lence  
schem es, including th e  tw o-equation  k-e tu rbu lence  model, 
as u sed  in  th e  p resen t study. The descrip tion  of tu rbu lence  is 
im portan t, w hen sim u la ting  th e  vertica l cu rren t profile.

The m odel is im plem ented  on th e  b asis  of tw o coupled 
grids. The coarse grid m odel BCS h as  a reso lu tion  of 42.86” in

longitude (817 — 833 m) and  of 25” in  la titu d e  (772 m); it  h a s  20 
layers, equally  spaced over th e  vertical. T his m odel provides 
th e  open sea boundaries for th e  fine grid  BCS-F model, w hich 
h a s  a th re e  tim es h ig h er resolution, i.e., a reso lu tion  of about 
275 m to 257 m, an d  10 equally  spaced layers over th e  vertical. 
The ex tension of bo th  of th e  m odels is show n in  F igure 1. On 
its  open sea boundaries, th e  BCS m odel is coupled w ith  two 
regional models. The CSM m odel encom passes th e  N orthw est 
E u ropean  C on tinen ta l Shelf an d  calcu lates boundary  
conditions for th e  N orth  Sea m odel (NOS). The NOS model 
genera tes boundary  conditions for th e  BCS model. The CSM 
m odel ru n s  in  two dim ensions and  is driven by th e  elevation 
a t th e  open boundaries, governed by four sem i-d iurnal and  
four d iu rn a l harm onic con stitu en ts  (Q1 O , P  , K , N„, M„, S„, 
K„). The NOS m odel ru n s  in  all th re e  dim ensions. All of th e  
hydrodynam ic m odels can  ta k e  atm ospheric  influences into 
account.

A tm ospheric  d a ta  (w ind speed, a t  10 m  h e ig h t above sea 
level, to g e th e r  w ith  a tm o sp h eric  p re ssu re ) w ere ob ta in ed  
from  th e  U n ite d  K ingdom  M eteorological Office. T he d a ta  
a re  ava ilab le  a t  a 6 h  in te rv a l, on a 1.25° la titu d e /lo n g itu d e  
grid. A sp a tia l in te rp o la tio n  w as th e n  perform ed, to  o b ta in  
th e m  for th e  co m p u ta tio n a l m esh . A lin e a r  in te rp o la tio n , 
over tim e, w as u n d e r ta k e n  to  ca lcu la te  w ind  speed  an d  
p re s su re  a t  each  tim e  step  (V a n  d e n  E y n d e , S c o r y , an d  
M a l is s e , 1995).

The BCS m odel w as v a lida ted  extensively  using  about 400 
h o u rs  of cu rren t profiles; th ese  w ere collected in  th e  B elgian 
coastal zone, using  a bo ttom -m ounted  A coustic D oppler 
C u rren t P rofiler (ADCP), S en tine l 1200 kH z W orkhorse type, 
from  R D In stru m en ts  ( P is o n  an d  O z e r , 2005, V a n  L a n c k e r  
et al., 2004). S ta tis tica l calculations (root-m ean-square- 
e rro r (RMSE), bias, correlation) w ere carried  out in  order 
to  estab lish  differences in  m agn itude  and  direction of th e  
cu rren ts, betw een  th e  m odel sim ulation  re su lts  and  th e  ADCP 
m easu rem en ts. The RM SE of th e  am plitude of th e  cu rren ts  
w as generally  a round  0.05 an d  0.15 m/s, rep resen tin g  an 
re la tive  e rro r of about 10 % to 15 %; th is  varied  only slightly, 
w ith  depth. The e rro r on th e  cu rren t direction w as usua lly  less 
th a n  20°. Thus, th e  valida tion  exercise leads to  th e  conclusion 
th a t  th e  m agn itude  and  direction of th e  cu rren t profiles are  
well rep resen ted  by th e  th ree-d im ensional hydrodynam ic 
model.

Model TELEMAC-2D
The tw o-dim ensional fin ite  e lem en t hydrodynam ic model 

TELEM AC-2D (v. 5.5) ( H e r v o u e t  and  B a t e s , 2000) w as 
im plem en ted  on a m esh w hich w as constructed  using  four 
d ifferent ba thym etries . The large scale topography w as ta k e n  
from  th e  N o rth eas t A tlan tic  model, developed by F l a t h e r  
(1981) covering th e  region from 47°50’N to 71°10’N, and  from 
12°15’W to 12°15’E. Two in te rm ed ia te  b a th y m etrie s  w ere 
ex trac ted  from sea-charts  an d  corrected  by Yu et al. (1990). 
The h igh-reso lu tion  ba th y m etry  corresponds to  th e  fine model 
BCS-F (see above). B asedupon  these  d a ta  sets, a com putational 
m esh  w as estab lished  w ith  a node d istance rang ing  betw een  
70 km  and  150 m on th e  K w inte B ank.

At th e  open boundary , tid a l e levation  h a s  been  u sed  as th e  
only ex te rn a l forcing of th e  model. The sam e 8 con stitu en ts  as 
for th e  CSM m odel (see above) rep resen ted  th e  tid a l forcing 
of th e  m odelled region. The sam e a tm ospheric  forcing w as 
u sed  as for th e  BCS-F model. A descrip tion  of th e  model 
im plem enta tion  is given in  G uarding  an d  M o n b a l iu  (2004).
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Table 1. M easurem ents undertaken a t the K w in te  B ank, w ith  bottom -m ounted ADCP. Key: Lot. - la titude in  degrees North; Lon. - longitude in  degrees 
East; Dep. - w ater depth referred to M SL; Dur. - duration o f the m easurem ents; Pres. - m ean atm ospheric pressure; a n d  Wsp. - m ean w in d  speed.

Cam paign Lat. Lon. Dep. S ta rt Dur. Pres.
(mbar)

Wsp.
(m/s)

2003/15 51°18.144' 2°40.24' 16.3 11/06/03 16h30 25 h 1020 2.85

2004/04-05 5°18.151' 2°40.245' 16.3 02/03/04 12h45 216 h 1025 5.27

Table 2. R M S E  o f the U-component (R M SE  U), R M S E  o f the V-component (R M SE  V) a n d  R M S E  o f the norm o f the depth-averaged current (R M SE  C) 
for the B C S -F  a nd. the TELEM AC -2D  model.

BCS-F TELEMAC-2D

Cam paign #
RM SE U  

(m/s)
RM SE V 

(m/s)
RM SE C 

(m/s)
RM SE U  

(m/s)
RM SE V 

(m/s)
RM SE C 

(m/s)

2003/15 39 0.140 0.119 0.127 0.279 0.145 0.215

2004/04-05 421 0.069 0.083 0.072 0.173 0.089 0.154

Validation on the Kwinte Bank

D uring  tw o R.V. Belgica  cam paigns, m easu rem en ts  w ere 
u n d e rtak en  on th e  K w inte B ank  w ith  a bottom -m ounted  
Acoustic D oppler C u rren t P rofiler (ADCP), S en tine l 1200 kH z 
W orkhorse type, from R D Instrum en ts . The sam pling in te rv a l 
w as se t a t 300 s. The profiles w ere ta k e n  w ith  a vertical 
reso lu tion  of 0.5 m, w ith  a m axim um  of 30 m easu rem en ts  over 
th e  profile. The firs t cam paign covered a period  of only a single 
day; however, du ring  th e  second, m easu rem en ts  w ere m ade 
over a 9 day period. C alm  w ea th e r conditions occurred during  
bo th  periods, w ith  m ean  w ind speeds of 2,85 m /s (2 Bft.) 
and  5.27 m /s (3 Bft.) du ring  th e  firs t an d  second cam paigns 
respectively. M ore inform ation  on th e  position  an d  tim ing  of 
th e  m easu rem en ts  is listed  in  Table 1.

The two periods have been  s im u la ted  w ith  th e  BCS-F and  
th e  TELEM AC-2D m odel and  com pared w ith  th e  available 
ADCP m easu rem en ts. As an exam ple, th e  dep th -averaged

51  . 3 9

(a)

51.20
2.54 2.78 2.54 2.66 2.78

F ig u re  6. T idally-in  du ce d  re s id u a l cu rre n ts  on th e  K w inte B a n k  for th e  period  M arch  2nd 2004 6h30 — M arch  17th 2004 OhOO, i.e., a  sp ring -neap  cycle. 
In  th e  back g ro u n d  th e  b a th y m e try  is show n, (a) R esu lts  of BCS-F, w ith  one vector for each four g rid  p o in ts show n, (b) R esu lts o f th e  TELEM AC-2D 
m odel, w ith  th e  re su lts  b e in g  on th e  sam e g rid  as th e  BC S-F m odel. B a th y m etric  contours a re  show n for 15 m  an d  20 m, below  MSL.
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F ig u re  5. M e asu red  (ADCP) an d  m odelled  (BCS-F) d ep th -aver age d 
cu rre n ts  for th e  cam paign  2004/04-05 on th e  K w in te B an k  (2°40.245’ 
E, 51°18.151’ N).
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cu rren t speeds for th e  2004/04-05 cam paigns, as m odelled w ith 
th e  BCS-F model, to ge ther w ith  th e  ADCP m easurem en ts, are 
p resen ted  in F igure 5.

The roo t-m ean-square-erro rs (RMSE) are  p resen ted  in  Table
2. For th e  M arch 2004 period, th e  RM SE of th e  m agn itude  of 
th e  dep th -averaged  cu rren ts  ca lcu lated  by th e  BCS-F m odel 
is a round  0.072 m/s, w hich is clearly satisfying. The h igher 
RM SE for th e  TELEMAC-2D m odel are  th e  re su lt of a sm all 
tim e shift in  th e  resu lts , especially for th e  U -com ponent of the  
dep th -averaged  cu rren t. W hen only tak in g  th e  m in im a and  
th e  m axim a of th e  dep th -averaged  cu rren ts  into account, the  
RM SE for th e  TELEMAC-2D m odel are  m uch sm aller, a round  
0.05 m /s for th e  U- and  th e  V -com ponent for th e  2004/04-05 
cam paigns.

Residual Currents
B oth m odels w ere u sed  to  calcu late  th e  dep th-averaged  

re s id u a l cu rren ts, during  a spring-neap  tid a l cycle (14.8 
days). The dep th -averaged  res id u a l cu rren ts  are  defined as 
th e  vectorial m ean  of th e  dep th -averaged  cu rren ts  a t th e  grid 
po in ts of th e  m odel over a period:

—
W „ = — ----

w ith  ?/ th e  dep th -averaged  res idua l cu rren t, U th e  
dep th -averaged  cu rren t and  n th e  n u m b er of dep th-averaged  
cu rren ts, u sed  in  th e  derivation. The re su lts  of th e  BCS-F and  
th e  TELEMAC-2D m odel a re  p resen ted  in  F igure 6.

The re s id u a l cu rren ts, ca lcu lated  by th e  BCS-F model 
(F igure 6a) show anti-clockwise gyres cen tred  in  th e  sw ales 
n e a r  th e  sandbanks. On th e  w estern  flank  of th e  K w inte Bank, 
th e  re s id u a l cu rren ts  follow th e  b an k  tow ards th e  n o rth ea s t 
(flood-direction); on th e  ea s te rn  flank, th ey  are  in  th e  opposite 
direction, i.e., to  th e  southw est, in  th e  ebb-direction. At th e  
n o rth e rn  crest of th e  b an k  and  in  th e  C en tra l D epression, 
th e  res idua l cu rren ts  lie p erpend icu la r to th e  b an k  crest and  
are  ebb-dom inated, flowing tow ards th e  w est. The res idua l 
cu rren ts, ca lcu lated  by th e  TELEMAC-2D m odel (F igure 6b) 
show a m ore un iform  res id u a l cu rren t p a tte rn  w ith  residuals, 
over th e  bank, to  th e  no rthw est.

SEDIMENT TRANSPORT DUE TO TIDES 

Sediment Transport Models

Model MU-SEDIM
The sed im ent tra n sp o rt m odel M U -SEDIM  h a s  been  

im plem en ted  on th e  sam e grid  as th e  hydrodynam ic model 
BCS-F; it ca lcu la tes th e  to ta l sed im en t load u n d e r th e  influence 
of th e  local hydrodynam ic conditions.

The cu rren t bottom  stress, an  im p o rtan t driving force, 
is a function  of th e  dep th -averaged  cu rren t velocity and  of 
th e  N ikuradse  bottom  roughness. For th e  calculation  of th e  
N iku radse  bottom  roughness, a d istinction  h a s  to be m ade 
betw een  th e  sk in  friction and  th e  to ta l friction. The skin 
friction is th e  roughness, experienced by th e  sed im en ts a t th e  
bottom . In  th is  model, th e  expression  of E n g e l u n d  an d  FIa n s e n  
(1967) h a s  been  u sed  to calculate  th e  sk in  bottom  roughness.

2.54 2.66 2.78 2.54 2.66 2.78
F igure  7. Ticlally-inclucecl sed im ent tran sp o rt on th e  K w inte B ank for th e  period M arch 2nd 2004 6h30 — M arch 17th 2004 OhOO. In  th e  background  the  
b a th y m etry  is show n, (a) R esu lts of M U-SEDIM , w ith  one vector for each four grid  poin ts show n, (b) R esu lts of th e  SISY PH E model, w ith th e  resu lts 
b e ing  on th e  sam e grid as th e  M U -SED IM  model. B athym etric  contours are  show n for 15 m an d  20 m, below MSL.
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F igu re  8. E rosion (light) an d  sed im en ta tio n  (dark) p a tte rn s  on th e  K w inte B ank  as s im u la ted  w ith  tides only an d  for th e  period  M arch  2nd 2004 
6h30 -  M arch  IVth 2004 OhOO. (a) R esu lts of th e  M U -SED IM  m odel, (b) R esu lts of th e  SISY PH E model. B a th y m etric  contours are  show n for 15 m 
an d  20 m. below  MSL.

The to ta l friction, on th e  o th er hand, is th e  friction felt by th e  
cu rren ts  and  is influenced by th e  bed  load an d  by th e  presence 
of bed  forms. The calculation  of these  influences, including 
th e  calculation  of th e  bed  form dim ensions, is based  upon th e  
form ulae of G e a n t  and  M a d s e n  (1982).

From  th e  d ifferent form ulae availab le  for th e  prediction  of 
sed im ent tran sp o rt, th a t  of A c k e r s  and  W h it e  ( 1 9 7 3 )  is u sed  
here; th is  provided th e  b es t resu lts , in  a com parison carried  
out by S l e a t h  (1 9 8 4 ) .  This equation  can be w ritten  as:

a = u d .
F - A

(2 )

(3)

w here Qs is th e  to ta l tran sp o rt, D 3S th e  sed im ent d iam eter 
for w hich 35 % is finer, ?/* th e  friction velocity, T th e  
bottom  stress, p  th e  w a te r density, n, in, C: d im ensionless 
p aram eters , F  th e  sed im ent m obility nu m b er an d  A  th e  
critical sed im ent m obility num ber, for th e  com m encem ent of 
tran sp o rt. The sed im ent m obility nu m b er F  can be determ ined  
using:

w ith  h th e  w ate r depth, s th e  re la tive  density  of sedim ent 
and  g  th e  acceleration  due to gravity . M ore deta ils on the  
equations im plem ented  in th e  M U -SEDIM  m odel can be found 
in  V a n  d e n  E y n d e  and  O z e r  (1993).

The m edian  grain-size, w hich is an  in p u t p a ra m e te r  of 
th e  sed im ent tra n sp o rt model, h a s  been  ta k e n  from th e  m ap 
p resen ted  as F igure 4. The D 35 w as ca lcu lated  assum ing  a 
constan t ra tio  of 0.82 betw een  th e  D3S and  th e  D so (C o o r e m a n  
et al., 2000). F inally, th e  m odel calcu lates th e  morphological 
evolution of th e  sea bed, using  a con tinu ity  equation  for the  
bottom  sed im ents (D.je n id i  and  R o n d a y , 1992):

p ,0 - /> ) f -+ v &  = o
Ot

(5)

F =

1 —n

u

5.66 log
\0h
I )

( (s - l)g D 35)1/2 (4)

35 y

w ith  p ^ th e  sed im ent density, p  th e  porosity, t tim e, ^  the  
position of th e  bottom , w ith  reference to  its  o rig inal position, 
and  VQs th e  divergence of th e  sed im ent tra n sp o rt vector.

The M U -SEDIM  m odel h a s  a lready  been  applied  a t the  
k in k  of th e  W esth inder Bank, a sandbank  a t th e  B elgian 
con tinen ta l shelf, n o rth  of th e  K w inte B ank  (D e l e u  et al., 
2004) and  th e  m odel re su lts  ag reed  well w ith  th e  tra n sp o rt 
pathw ays, derived from  th e  observations, e.g^ from the  
asym m etry  of th e  sand  dunes.

Model SISYPHE
The m orphodynam ical m odel SISY PHE (v.5.5) (V il l a r e t , 

2004) w as set-up on th e  sam e com puta tional m esh as u sed  for 
th e  TELEMAC-2D com putation. The to ta l load sand  tra n sp o rt 
ra te  w as ca lcu lated  as a function of th e  hydrodynam ic 
conditions, th ro u g h  in te rn a l coupling w ith  th e  TELEMAC-
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Lowered by 10.8 %Lowered to -15 m below MSL Trench

2 .5 0  2.61  2.71  2 .8 2  2 .5 0  2.61  2.71  2 .8 2  2 .5 0  2.61  2.71  2 .82

Figure 9. Bathymetry of the Kwinte Bank for the three Scenarios investigated. The lines shown are the 15 and the 20 depth contours of the original 
bathymetry (Figure 2); (a) Scenario 1, where the complete bank has been deepened up to 15 m below MSL; (b) Scenario 2, where a trench was cut to 
13 m below MSL; and (c) Scenario 3, with a decrease in the sandbank height above 15 m below MSL by 10.8 %.

2.54  2.66  2 .78  2 .54  2.66  2.78

Figure 10. Predicted tidally-induced sediment transport on the Kwinte Bank for the period March 2nd 2004 6h30 — March 17th 2004 OhOO for Scenario 
1, where the complete bank has been deepened up to 15 m below MSL. In the background the bathymetry is shown, (a) Results of MU-SEDIM, with 
one vector for each four grid points shown, (b) Results of the SISYPHE model, with the results being on the same grid as the MU-SEDIM model. 
Bathymetric contours are the 15 m and the 20 m depth contours, below MSL, of the original bathymetry (Figure 2).

Jou rnal o f  Coastal Research, Special Issue No. 51, 2010



108 Van den Eynde, et al.

0.0500

0.0050

0.0005

0.0000

■0.0005

■0 .0 0 5 0 1

■0.0500

2.54  2.66  2.78  2.54  2.66  2.78

Figure 11. Erosion (light) and sedimentation (dark) patterns on the Kwinte Bank as simulated with tides only, for the period March 2nd 2004 6h30 — March 
17th 2004 OhOO and for Scenario 1, where the complete bank has been deepened up to 15 m below MSL. (a) Results of the MU-SEDIM model, (b) Results 
of the SISYPHE model. Bathymetric contours are shown for 15 m and 20 m below MSL.

2.54  2.66  2,78  2.54  2.66  2.78

Figure 12. Predicted tidally-induced sediment transport on the Kwinte Bank for the period March 2nd 2004 6h30 — March 17th 2004 OhOO for Scenario 
2, where a trench was cut to 13 m below MSL. In the background, the bathymetry is shown, (a) Results of MU-SEDIM, with one vector for each four 
grid points shown, (b) Results of the SISYPHE model, with the results being on the same grid as the MU-SEDIM model. Bathymetric contours are 
the 15 m and the 20 m depth contours, below MSL, of the original bathymetry (Figure 2).
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Figure 13. Erosion (light) and sedimentation (dark) patterns over the Kwinte Bank as simulated with tides only, for the period March 2nd 2004 
6h30 -  March 17th 2004 OhOO and for Scenario 2, where a trench was cut to 13 m below MSL. (a) Results of the MU-SEDIM model, (b) Results of the 
SISYPHE model. Bathymetric contours are shown for 15 m and20 m below MSL.

2.54  2 .66  2.78  2 .54  2 .66  2.78
Figure 14. Predicted tidally-induced sediment transport on the Kwinte Bank for the period March 2nd2004 6h30 — March 17th 2004 OhOO for Scenario 
3, decrease of the sandbank height above 15 m below MSL, by 10.8 %. In the background the bathymetry is shown, (a) Results of MU-SEDIM, with 
one vector for each four grid points shown, (b) Results of the SISYPHE model, with the results being on the same grid as the MU-SEDIM model. 
Bathymetric contours are the 15 m and the 20 m depth contours, below MSL, of the original bathymetry (Figure 2).
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2D model. The m odel u tilised  a constan t m edian  grain-size of 
250 um.

The to ta l solid tra n sp o rt ra te  w as ca lcu lated  by m eans of 
th e  Soulsby-V an Rijn form ula (S o u l s b y , 1 9 9 7 ), applied  to  th e  
cu rren ts  on horizon ta l and  sloping beds:

Qs =  ( At, + As- ) « [a -  « d  ]2 4 ( 1 - 1 -6 ta n  ß ) (6)

A b =
0.005h(D50 /  h) 

[ ( ,v - /)g z y j-

0.012 D30D,
A.. -

- 0.6

[ ( s ~ l ) g D j 2

n 1/3

D *  —

V
a 50

( 7)

(8 )

(9 )

w here A  , is th e  bed  load component, A  is th e  suspendedsb * ’ ss 1
load component, u th e  critical e n tra in m en t velocity, 6 th e  
slope of bed  in a stream w ise  direction (assum ed  equal to  0), 
D * th e  non-dim ensional d iam eter, z0th e  bed  roughness leng th  
(assum ed equal to  0.006 m) and  v is th e  k inem atic  viscosity of 
th e  w ater.

The form ula is v a lida ted  for conditions in  w hich th e  bed 
is rippled. D etailed  m ultibeam  im agery  confirm s th a t  th is  
requ irem en t is satisfied  (V a n  L a n c k e r  et al.., 2004).

Validation under the Influence of Tides Alone
By w ay of a reference run, a sim ula tion  w as perform ed for 

th e  period  M arch 2nd 2004 6h30 to  M arch 17th 2004 OOhOO, 
com prising an en tire  spring-neap  tid a l cycle.

The re su lts  for th e  re s id u a l sed im en t tra n sp o rt u n d e r th e  
influence of tides, ca lcu lated  w ith  th e  M U -SEDIM  model, a re  
p resen ted  in  F igure 7a. They are  com parable w ith  th e  re su lts  
of a sed im ent tra n sp o rt model, b ased  upon a tw o-dim ensional 
hydrodynam ic model, p resen ted  in  V a n  L a n c k e r  et al. (2004). 
On th e  steep  w estern  side of th e  bank, san d  tra n sp o rt is 
tow ards th e  no rth east, w hilst on th e  gently  sloping eas te rn  
side, tra n sp o rt is in  th e  ebb direction, i.e., tow ards th e  
southw est. On th e  w estern  side, th e  tra n sp o rt d irections on th e  
top of th e  b an k  veer to  an alm ost perpend icu la r o rientation , 
w ith  respect to  th e  b a n k s ’ crest. This p a tte rn  is in ag reem ent 
w ith  th e  concept p resen ted  by C a s t o n  an d  S t r id e  (1970), who 
described opposing sed im ent tra n sp o rt d irections on e ith e r 
sides of a tid a l sandbank; th is  is caused  by an  am plification 
of cu rren ts  over th e  sandbank . The sed im ent tra n sp o rt ra te  
is g rea te st on th e  top of th e  san d b an k  b u t m uch less in  th e  
swales. These re su lts  a re  sim ilar to  those  of B r iÈr e  et al. (this 
volum e).

The re su lts  ob ta ined  w ith  th e  SISY PHE m odel for th e  
sam e period a re  p resen ted  in  F igure 7b. The re su lts  show a 
dom inant re s id u a l sed im ent tran sp o rt, u n d e r th e  influence 
of tides alone, tow ards th e  n o rth east. Sedim ent tra n sp o rt 
over th e  a rea  is m uch m ore un iform  (see above) and  re tu rn  
tra n sp o rt tow ards th e  sou thw est is no t p resen t. In  th e  MU- 
SEDIM  resu lts , sed im ent tra n sp o rt in  th e  swales, to th e  
w est and  ea s t of th e  K w inte Bank, is tow ards th e  southw est. 
However, in  th e  SISY PHE m odel resu lts , tra n sp o rt is tow ards

th e  so u th east on th e  w est of th e  bank; it is tow ards th e  east 
on th e  east. F u rtherm ore , th e  ra te s  p red ic ted  by th e  SISY PHE 
m odel are  a factor of tw o la rg er th a n  those of th e  MLT-SEDIM 
model. Such differences are  common in sed im en t tra n sp o rt 
modelling; S o u l s b y  (1997) m en tions th a t, in  th e  sea, th e  to ta l 
load sed im ent tra n sp o rt form ulae give pred ictions w ith in  a 
factor of 5 in  70 % of th e  cases.

In  o rder to  va lida te  th e  re su lts  of th e  models, th e  sedim ent 
tra n sp o rt p a tte rn s  have been  com pared w ith  these  from  dune 
asym m etries. As L a n c k n e u s , D e  M o o r , a n d  S t o l e , 1994, 
and  L a n c k n e u s  et al. (2001) have  shown, bo th  th e  sm all to 
m edium  dune asym m etries and  th e  large dune asym m etries 
can be u sed  to  derive sed im ent tra n sp o rt directions. Such 
asym m etry  is, in  th e  first place, defined by th e  dom inant tid a l 
cu rren t (L a n c k n e u s  et ai., 2001). F u rth e r, a lthough  hydro­
m eteorological conditions, including th e  influence of waves, 
can a lte r  th e  asym m etry  of th e  bed  forms, th ey  re tu rn  to  th e ir  
orig inal tida lly  induced  asym m etry, once a sto rm  h a s  abated. 
Therefore, it can be assum ed  th a t  dune asym m etries, induced 
by tid a l cu rren ts, can be u sed  to  v a lida te  m odel re su lts  for 
tides. E lsew here, for th e  K w inte B ank, R o c h e , D e g r e n d e l e  and  
S c h o t t e , (2004) have  p resen ted  sed im ent tra n sp o rt pathw ays, 
derived on th e  b asis  of dune asym m etries; th ey  show ed very 
sim ilar p a tte rn s  to  those  pred ic ted  by n um erica l models, i.e., 
re s id u a l san d  tra n sp o rt on th e  steep  w estern  side of th e  b an k  
in  th e  direction  of th e  flood cu rren ts, tow ards th e  no rtheast, 
w hilst on th e  m ore gentle sloping ea s te rn  side of th e  bank, 
w here ebb cu rren ts  a re  dom inant, sou thw estem ly  d irected  
sed im ent tra n sp o rt occurs. Investiga tions u n d e rtak en  w ith in  
th e  context of th e  p resen t study  also confirm  th is  p a tte rn  
(B e l l e c  et al., th is  volume).

Erosion an d  sed im en ta tion  p a tte rn s , derived from th e  
sim u la ted  sed im ent tran sp o rt, a re  p resen ted  in  F igure 8a 
for th e  MLT-SEDIM resu lts . The F igure shows th a t  u n d e r 
calm  w ea th e r conditions, i.e., w ithou t tak in g  into account th e  
m eteorological conditions and  waves, erosion occurs on th e  
steep  w estern  side of th e  sandbank; on th e  m ore gently  sloping 
ea s te rn  side, some sand  deposition m ay occur. Also on th e  top 
of th e  sandbank , some san d  deposition occurs, tend ing  to m ake 
th e  sandbank  shallow er. T his in te rp re ta tio n  is in  agreem ent 
w ith  th e  re su lts  ob tained  in  th e  ELT-MAST RESECLTSED 
project (D e  M o o r  an d  L a n c k n e u s , 1993). H ere, it w as shown 
th a t  u n d e r calm  w ea th e r conditions, th e  up-slope m ovem ent 
of san d  u n d e r th e  influence of near-bed  cu rren ts  caused  an  
accum ulation  of sand; u n d e r storm y conditions, th e  down- 
slope d ispersion  of san d  re su lts  in a decrease in th e  volum e 
of th e  u p p er p a r t  of th e  bank . The erosion and  sed im entation  
p a tte rn s  ca lcu lated  w ith  th e  SISY PHE m odel (F igure 8b) are, 
despite  th e  differences in  sed im en t tra n sp o rt ra tes, s im ilar to 
th e  MLT-SEDIM resu lts . However, to th e  no rth  and  to  th e  south 
of th e  bank, th e  a rea  of erosion seem s to  be m ore extensive.

SIMULATION OF DIFFERENT SCENARIOS

The effect of large-scale sand  ex traction  on th e  sedim ent 
tra n sp o rt and  th e  m orphodynam ical evolution of th e  K w inte 
B ank  have been  inves tiga ted  using  th e  m odels described. 
T hree d ifferent scenarios have been  studied.

In  a first scenario, it is assum ed  th a t  th e  en tire  sandbank  
(the do tted  area, F igure  2), an  a rea  of 19.4 km 2, is deepened to 
15 m below MSL. T his rep resen ts  an ex trac ted  volum e of 59.7 
IO6 m s, or an  averaged  deepening of th e  a rea  by 3.07 m; it is 
clear th a t  th is  is an u n rea lis tic  ‘w orst-case’ scenario.
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The tw o o ther scenarios a re  m ore realistic , w here an 
ex trac tion  volum e of 6.4 IO6 m s is extracted . C om pared w ith 
th e  p resen t level of san d  ex traction  (about 1.9 IO6 m s every 
year), th is  rep resen ts  th e  am oun t of m a te ria l th a t  could be 
ex trac ted  in  less th a n  4 years.

In  th e  second scenario, it h a s  been  assum ed  th a t  th is  
am oun t is ex trac ted  in  a tren ch  of about 1 km  to 2 km  in 
length, located in  th e  a rea  of th e  sandbank  shallow er th a n  
13 m below MSL betw een  51.2604°N an d  51.2697°N. A m ean  
deepening of 3.11 m is established, w ith  a m axim um  deepening 
of 5.40 m. These values a re  of th e  sam e o rder of m agn itude  as 
th e  deepening w ith in  th e  C en tra l D epression.

In  th e  las t scenario, th e  sam e am ount of m ateria l is extracted, 
b u t now over th e  en tire  area  of th e  b an k  shallow er th a n  15 in 
below MSL (dotted area, F igure 2). In  all grid  cells of th is  area, 
a proportion of m aterial, 10.8 %, is extracted, relative to  the 
sand  available above th e  15 in below MSL level. As a result, the  
m ean  w ater depth of th e  a rea  is in creased by 0.33 in in  th is  case, 
w ith  a m axim um  deepening a t th e  top of th e  b an k  of 0.81 in.

W hilst bo th  of th e  la s t scenarios a re  rea lis tic  in  te rm s  of 
th e  am oun t of m a te ria l extracted , they  rep resen t th e  two 
possible w ays of extraction: ex traction  from a specific area; or 
ex trac tion  over a m uch la rg e r area.

Scenario 1: the ‘WorsUCase’ Scenario, Removing the 
Sandbank at 15 m below MSL

The new  b a th y m etry  of Scenario 1 is show n in F igure 9a. 
The effect on th e  sed im ent tra n sp o rt is considerable, as is 
show n by th e  re su lts  of th e  M U -SEDIM  m odel (F igure 10a).

The tra n sp o rt of sed im en t on th e  w estern  side of th e  sandbank  
is significantly  lower. Overall, th e  m agn itude  of th e  tidal- 
res idua l sed im ent tran sp o rt, in th e  a rea  w here th e  b a th y m etry  
changed, decreased to 72 % of th e  orig inal size. At th e  top of 
th e  sandbank , th e  sed im ent tra n sp o rt ra te  even decreased 
to only 28 % of th e  orig inal tra n sp o rt ra te . F u rtherm ore , th e  
re tu rn in g  tra n sp o rt to  th e  so u th east of th e  b a n k  h a s  alm ost 
d isappeared . S im ilar re su lts  a re  p resen ted  by th e  SISYPHE 
m odel (F igure 10b), w here th e  m ain  effect is a decrease in  th e  
sed im ent tra n sp o rt ra te s  over th e  K w inte B ank. In  th is  model, 
th e  ra te  of sed im ent tra n sp o rt on th e  top of th e  b an k  decreased 
to 45 % of th e  original.

The re su ltin g  m orphodynam ical changes are  show n in 
F igure 1 la , for th e  MLT-SEDIM m odel resu lts , and  F igure 1 lb, 
for th e  SISY PHE resu lts . I t can be observed th a t  for th e  MLT- 
SEDIM  m odel resu lts , erosion on th e  w estern  side of th e  b an k  
decreased. Only on th e  n o rth w es te rn  side of th e  bank , n e a r 
th e  kink, some erosion still occurs. Overall, on th e  b an k  itself, 
m inor deposition is observed.

M inor deposition observed on th e  top of th e  sandbank  
appears  to ind ica te  th a t  some regenera tion  m echanism  could 
exist, to  rebu ild  th e  sandbank , a lthough  th e  m odel re su lts  
a re  no t conclusive. Furtherm ore , it should  be rea lised  th a t 
th e  deposition ra te  is m oderate; as such a regenera tion  of 
th e  sandbank  w ould tak e  a considerable am oun t of tim e. 
Furtherm ore , it is im p o rtan t to  em phasise  th a t, a lthough  th e  
m odel re su lts  ind ica te  a po ten tia l for regeneration , th is  does 
no t ind ica te  th a t  th e  b an k  will regenera te . Such regenera tion  
depends also upon th e  possible sources of new  sand; th is  is no t 
ta k e n  in to  account in  th e  model.
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Figure 15. Erosion (light) and sedimentation (dark) patterns on the Kwinte Bank with tides only, for the period March 2nd 2004 6h30 — March 17th 
2004 OhOO and for Scenario 3, decrease of the sandbank height above 15 m below MSL by 10.8 %. (a) Results of the MU-SEDIM model, (b) Results 
of the SISYPHE model. Bathymetric contours are shown for 15 m and20 m below MSL.
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Scenario 2: Moderate extraction from a specific area

In  th e  Scenario 2, a m ore rea lis tic  am oun t of m ate ria l 
is ex trac ted  from an  a rea  of approxim ately  1 km  by 2 km, 
resu ltin g  in  an overall deepening of th e  a rea  of m ore th a n  3 m. 
The Scenario 2 b a th y m etry  is show n in F igure 9b.

W hilst th e  m ain  p a tte rn  of th e  sed im ent tra n sp o rt around  
th e  sandbank  rem ains th e  sam e (see above), th e  effect of th e  
tren ch  cu t in  th e  sandban k  can be identified  on a local basis  
(F igure 12). The sed im ent tra n sp o rt ra te  decreases n e a r  and  
over th e  trench , w hilst tra n sp o rt is d irected  sligh tly  tow ards 
th e  direction of th e  trench . T his decrease in  sed im ent tra n sp o rt 
ra te  is re lian t upon th e  com bined effect of a decrease of th e  
cu rren t over th e  tren ch  and  th e  increasing  w a te r depth; th is  
re su lts  in  a reduction  of bottom  stress . In  th e  SISY PHE model, 
th e  influence of ba th y m etry  on th e  sed im ent tra n sp o rt ra te  
appears to  be less pronounced. A reduction  in  th e  sed im ent 
tra n sp o rt ra te  over th e  tren ch  is 78 % of th e  original. In  th e  
M U -SEDIM  m odel resu lts , th e  tra n sp o rt in  th e  tren ch  is 
reduced even fu rther, to only 37 % of th e  original.

The effects on th e  m orphodynam ical changes a re  show n in 
F igure 13a, for th e  M U -SEDIM  model. E rosion to  th e  w estern  
side of th e  tren ch  d isappears, a lthough  to  th e  n o rth  of th e  
tren ch  a sm all a rea  of erosion is generated . O ver m ost of th e  
trench , m oderate  deposition occurs; however, th is  is sm aller 
th a n  th e  deposition on th e  ea s te rn  side of th e  bank . Such 
sim ulation  ap p ears  to ind icate  th a t  no b reak th ro u g h  of th e  
b an k  is developing, i.e., th a t  th e  tren ch  h a s  th e  tendency  of 
infilling slowly. A gain th e  SISY PHE m odel re su lts  show a 
sim ilar tre n d  (F igure 13b). N evertheless, fu r th e r research  is 
requ ired  to  be able to  estab lish  th e  existence of a regenera tion  
m echanism .

Scenario 3: Moderate extraction over a larger area

In  th e  la s t Scenario, th e  he igh t of th e  sandbank , above 
15 m below MSL (dotted  area, F igure  2) h a s  been  decreased by 
10.8 %. T his re su lts  in  an  overall increase of th e  w a te r depth

over th e  en tire  a rea  w ith  only 0.3 m, b u t causes d is tu rbance  
to  a m uch la rg e r area. The Scenario 3 b a th y m etry  is show n in 
F igure 9c.

As could be expected, th e  sed im en t tr a n sp o r t p a tte rn  
(F igure 14) an d  th e  bo ttom  evolution  (F igure  15) a re  very  
sim ila r to  th e  s itu a tio n s  associa ted  w ith  th e  o rig inal 
b a th y m etry . H ere, also, clockwise sed im en t tr a n sp o r t is 
found a ro u n d  th e  sandbank . E rosion  ta k e s  p lace on th e  
steep  w este rn  side of th e  b a n k  w ith  deposition  on th e  gently  
sloping e a s te rn  side of th e  bank . The sed im en t tra n sp o r t 
ra te  decreased  on th e  top of th e  san d b an k  sligh tly  to  83 % 
(95 %) of th e  o rig inal sed im en t tra n sp o r t for th e  MLT-SEDIM 
(SISYPH E) model. L ikew ise erosion an d  deposition  ra te s  are  
som ew hat low er th a n  in  th e  case of th e  o rig inal ba th y m etry . 
The s im u la tion  ap p ea rs  to ind ica te  th a t  reg en era tio n  is m ore 
probable, com pared  to  th e  prev ious scenario, i.e., w ith  a 
trench .

DISCUSSION: INFLUENCE OF METEOROLOGICAL 
CONDITIONS AND WAVES 

Introduction

In  th e  previous Section of th e  paper, sed im ent tra n sp o rt 
over th e  K w inte B ank  w as discussed u n d e r th e  influence 
of th e  tides  alone. D ifferent scenarios w ere s im u la ted  to 
investiga te  th e  influence of b a th y m etric  changes on th e  
sed im ent tra n sp o rt ra te s  an d  directions. In  th is  Section, th e  
influence of th e  m eteorological conditions an d  th e  w aves 
on th e  sed im ent tra n sp o rt is d iscussed briefly. F irstly , two 
th ird -genera tion  wave m odels are  p resen ted . Likewise, th e  
m odification to th e  sed im ent tra n sp o rt models, to include th e  
wave effects, is discussed. F u rth er, sed im ent tra n sp o rt u n d e r 
th e  influence of tides, p revailing  m eteorological conditions and  
w aves is p resen ted , for th e  sam e period  as for th e  tide-only 
sim ulations.
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F igure  16. S ignificant wave h e ig h t on th e  K w inte B ank  for th e  period  M arch  2nd till M arch  IVth 2004, as s im u la ted  by th e  TOMAWAC model.
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Wave Models

W ave m odelling w as carried  out using  tw o d ifferent th ird - 
generation  w ave models: th e  WAM m odel (WAMDI, 1988), 
ad ap ted  for h igh -spa tia l reso lu tion  applications in  shallow 
w a te rs  in  th e  WAM-PRO version (M o n b a l iu  et al., 2000); and  
th e  TOMAWAC m odel (B e n o ît , M a e o o s  an d  B e c q , 1996).

The WAM m odel solves th e  wave tra n sp o rt equation  
w ithou t any assum ption  in  re la tion  to  th e  spectra l shape. The 
physics of th e  wave evolution a re  rep resen ted  for th e  full set 
of degrees of freedom, of a tw o-dim ensional w ave spectrum . 
The propagation  and  source te rm s  are  com puted w ith  
d ifferent num erica l m ethods and  tim e-steps. The m odel w as 
im plem ented  on four n e s ted  m odel grids.

The TOMAWAC model (v.5.5) was im plem ented on the same 
m esh used by the hydrodynamic model TELEMAC-2D and the 
morphodynamical model SISYPHE. The model solves the balance 
equation of the wave action density spectrum  and provides, to the 
SISYPHE model, the significant wave height, th e  peak period and 
th e  m ean wave direction. More information on the TOMAWAC 
model can be found in B e n o ît , M a r c o s  and B e c q , (1996).

A t th e  open sea boundaries, th e  wave m odels use  a 
p a ram etr ic  JO NSW A P spectrum  for incom ing waves, toge ther 
w ith  a com plete wave absorption  for outgoing waves.

The two wave models adopt a sam e spectral discretisation, 
w ith  12 directions and  25 frequencies. Source te rm s include 
in pu t from th e  wind, bottom  friction dissipation, w hite-capping 
and  non-linear quadruple in teractions (M o n b a l iu  et al., 2000; 
B e n o ît , M a r c o s  and  B e c q , 1996). Com parison of th e  two model 
perform ances, w ith  buoy m easurem ents, provide sim ilar resu lts  
in te rm s of significant wave heigh t h indcasting  w ith  an  average 
root-m ean-square erro r of 0.25 m (V a n  L a n c k e r  et al., 2005).

Adaptations to the sediment transport models, to 
include the effect of waves

To account for th e  influence of th e  w aves on th e  derivation  
of sed im ent tra n sp o rt pathw ays, using  th e  ‘to ta l lo ad  
form ula of A c k e r s  and  W h it e  (1973) in  th e  M U-SEDIM  
m odel (see above), th e  friction velocity u n d e r th e  influence 
of cu rren ts  an d  w aves M* h a s  to  be u tilised , i.e., in s te ad  of 
th e  friction velocity u n d e r  th e  influence of cu rren ts  alone. In  
th e  M U -SEDIM  model, th e  calculation  of th e  bottom  stress  
and  th e  re la ted  friction velocity (Eq. 3), u n d e r th e  influence 
of cu rren ts  and  waves, is b ased  upon th e  form ula of B i .jk e r  
(1966). Furtherm ore , th e  critical sed im ent m obility p a ram e te r 
A h a s b e e n  ad ap ted  by S w art  (1976, 1977, in: S l e a t h , 1984), to 
include th e  effects of w aves on sed im ent tran sp o rt.

In  o rder to  include th e  effect of th e  w aves on th e  to ta l solid 
tra n sp o rt rate, as ca lcu lated  by th e  Soulsby-V an Rijn form ula 
(S o u l s b y , 1997), w hich is u sed  in  th e  SISY PH E model, a te rm  
is added  in  th e  equation, w hich is dependent upon th e  RMS 
orb ita l velocity of th e  w aves a t th e  bottom  U(l :

Q o = A sU u 2+ 2 0X)18 2 -u „ ( l-1 .6 ta n ß )
(9)

C D =
0.40

\n{h!zo) - l
( 10)

w ith  CD b e ing  th e  d rag  coefficient due to  cu rren ts  alone.

2 .54  2.66  2.78  2.54  2.66  2.78
Figure 17. Predicted sediment transport under the influence of tides, meteorological conditions and waves, for the period March 2nd 2004 6h30 — 
March 17 th 2004 OhOO. In the background the bathymetry is shown, (a) Results of MU-SEDIM, with one vector for each four grid points shown, (b) 
Results of the SISYPHE model, with the results being on the same grid as the MU-SEDIM model. Bathymetric contours are the 15 m and the 20 m 
depth contours, below MSL, of the original bathymetry (Figure 2).
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Sediment Transport under the Influence of Tides, 
Prevailing Meteorological Conditions and Waves

The sim ulation  of sed im ent tra n sp o rt u n d e r th e  influence of 
tides, p revailing  m eteorological conditions and  w aves h a s  been 
estab lished  for th e  sam e period, i.e., from M arch 2nd 2004 6h30 
to  M arch 17th 2004 OOhOO. O ver th e  selected period, selected 
w aves over th e  K w inte B ank  reach  a m axim um  of 1.4 m  in 
heigh t. The wave h in d casts  from th e  TOMAWAC m odel are 
show n in F igure 16.

As show n in F igure 17a, sed im ent tra n sp o rt ra tes, 
ca lcu lated  by th e  M U -SEDIM  model, a re  clearly  higher, w hen 
th e  w aves a re  ta k e n  into account, especially in  th e  shallow er 
w a te r a reas  (com pare to F igure 7a). In  such areas, w here the  
w a te r dep th  is less th a n  10 m below MSL, wave effects are 
im portan t, m odifying sed im ent tra n sp o rt u n d e r  no rm al tid a l 
conditions.

The enhancem ent of th e  sed im en t tra n sp o rt ra te s  u n d er 
th e  influence of waves, derived using  th e  SISYPF1E model 
(F igure 17b), is clearly  sm aller th a n  th e  enhancem en t in  the  
MLT-SEDIM re su lts  (com pare to  F igures 17a and  7b). W hilst 
th e  tra n sp o rt of sed im ent u n d e r th e  influence of th e  tidally- 
only s itua tion  w as m ain ly  tow ards th e  no rth east, th e  sedim ent 
tra n sp o rt u n d e r th e  influence of tides an d  waves, for th is  
period, changed  th e  d irections to  a m ore no rth e rly  direction.

From  th e  above synthesis, it is ev iden t th a t  w aves can 
have an im p o rtan t influence on sed im ent tran sp o rt, even 
u n d e r m odera te  conditions; th is  w ill be inves tiga ted  fu r th e r in 
G ia k d in o , V a n  d e n  E y n d e  and  M o n b a l iu , (th is volume).

CONCLUSIONS

In  th e  p resen t contribution, th e  influence of ba thym etric  
changes, in  response to  in tense  san d  extraction , on erosional 
and  depositional p a tte rn s  on th e  K w inte B ank, h a s  been 
stud ied  using  num erica l modelling. On th e  b asis  of th e  re su lts  
obtained, an in itia l im pression of th e  effect of san d  extraction  
on th e  stab ility  of th e  san d b an k  h a s  been  obtained.

In itially , th e  p re sen t s itua tion  w as sim ulated , u sing  
sed im ent tra n sp o rt models. LTsing th e  MLT-SEDIM model, a 
clockwise sed im ent tra n sp o rt p a tte rn  w as found a round  the  
sandbank , w ith  sed im en t tra n sp o rt tow ards th e  n o rth e a s t on 
th e  steep  w estern  side of th e  san d b an k  and  to  th e  sou thw est on 
its  gently  sloping ea s te rn  side. Overall, th is  re su lts  in  erosion on 
th e  w estern  side and  deposition on th e  ea s te rn  side, associated  
w ith  a m inor increase in  he igh t of th e  sandbank . T his p a tte rn  
is in agreem en t w ith  th e  genera l view of tra n sp o rt a round  a 
san d b an k  u n d e r  calm  w ea th e r conditions, w ith  an  upslope 
m ovem ent of san d  u n d e r th e  influence of tidally -induced  n e a r ­
bed  cu rren ts  causing  an  up-piling  of sand  (e.g., D e  M o o r  and  
L a n c k n e u s , 1993). The sed im ent tra n sp o rt p a tte rn s  agree well 
w ith  th e  d irections derived from th e  asym m etries of th e  bed  
forms.

T hree d ifferent scenarios w ere investigated , re la ted  to  the  
am oun t and  in ten sity  of dredging. In  th e  first scenario, the  
san d b an k  w as rem oved a t 15 m below MSL, rep resen ting  
a ‘w orst-case’ scenario. A second, m ore realistic, scenario 
assum es a tren ch  to  be dredged, perpend icu la r to  th e  crest 
of th e  sandbank , w here an  average deepening of about 3 m  is 
estab lished . In  th e  la s t scenario, th e  sam e am oun t of m ate ria l 
is extracted , b u t now over a m uch la rg e r area.

The re su lts  of th e  sim ula tions show th a t  th e  in tense

sand  ex trac tion  does no t appear to affect th e  stab ility  of 
th e  sandbank . W hilst th e re  is less erosion and  deposition 
after th e  san d  extraction, a regenera tion  m echanism  seem s 
to be p resen t, po ten tia lly  allowing th e  sandbank  to  rebuild . 
Likewise, th e  tren ch  crea ted  perpend icu la r to  th e  crest of th e  
sandbank  seem s be slowly refilled again. However, fu r th e r 
research  is needed  to be able to  m ake conclusive s ta tem en ts  
regard ing  th e  existence of a regenera tion  m echanism . In  th e  
case of th e  overall decrease of th e  sandbank  above 15 m below 
MSL by 10.8 %, th e  sed im en t tra n sp o rt p a tte rn  is very sim ilar 
to th a t  ob ta ined  w ith  th e  orig inal ba thym etry . R egeneration  
seem s to be m ore probable for th is  scenario, com pared to  th a t  
of a tren ch  w ith  th e  sam e dredged volume.

These results are in agreem ent w ith those of D e g r e n d e le ,  R o c h e  
and S c h o t t e ,  2005, andDECRENDELE etal. (this volume). O n thebasis 
of intensive bathym etric monitoring, these investigations show, at 
least in the short-term, that, after the cessation of extraction in 
the C entral Depression, the situation rem ained stable. No further 
erosion or no regeneration was apparent.

I t is c lear th a t  deposition on th e  sandbank  is very m oderate  
and  th a t, if regenera tion  of th e  san d b an k  is to occur, th is  will 
tak e  a considerable am oun t of tim e. Following extensive sand  
extraction, re su ltin g  in  significant low ering of th e  sandbank, 
th e  equ ilib rium  he igh t of th e  san d b an k  as it is a t th e  p resen t 
could be reached  only again  on a very long tim e-scale. 
Furtherm ore , it is im p o rtan t to rea lise  th a t, a lthough  th e  m odel 
re su lts  ind icate  a po ten tia l for regeneration , regenera tion  of 
th e  san d b an k  depends also upon possible sources of new  sand. 
This is no t guaran teed .

Some p re lim inary  re su lts  on th e  effects on th e  m orphology 
of th e  sandbank  are  p resen ted  here. However, th e  sedim ent 
tra n sp o rt m odels u sed  are  still subject to  im p o rtan t 
u n certa in ties . F u rth e r, it w as show n th a t  th e  effects of waves 
on th e  tra n sp o rt p a tte rn s  and  ra te s  could be im portan t; th e ir  
effects, on th e  stab ility  of th e  sandbank , are  no t investiga ted  
here. N evertheless, some ind ications a re  provided th a t  th e  
stab ility  of th e  sandbanks will no t be affected d ram atica lly  as 
a re su lt of th e  ex traction  of sand.
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