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ABSTRACT I

T h e  sho rt-te rm  dynam ics o f  a  d re d g e d  tid a l sa n d b an k  ( th e  Kwinte Bank, so u th e rn  N o rth  Sea) a re  exam ined , o n  th e  Hillii«» basis o f  field  m easu rem en ts  a n d  1D se d im en t tran sp o rt m odelling . T h e  field  m easu rem en ts  inc lude  cu rre n t elata fro m
sh ip b o rn e  A coustic D o p p le r C u rren t P rofiler (ADCP) a n d  fro m  m oorings (ADCP a n d  elec trom agnetic  S 4), co llected  
across th e  b an k  d u r in g  a n o m in a l (spring) tidal cycle, a n d  d u rin g  7 tidal cycles, respectively. T h e  dynam ics o f  th e  ban k  
are  describ ed  in  term s o f  tidally-averaged (residual) cu rre n ts  a n d  (net) beclload tran sp o rt.
T h e  results ind ica te  a p re d o m in a n c e  o f  ebb  flow d u r in g  th e  p e r io d  o f  study. C onvergence o f  (n e t) beclload tran sp o rt 
is p red ic ted , fro m  b o th  flanks tow ards th e  crest o f  th e  bank . T h e  exact location  o f  th e  san d  tran sp o rt convergence 
zone varies, in  th e  short-term , acco rd in g  to  th e  prevailing  tidal curren ts . T h e  observation  o f  clockwise veering  o f  the  
peak  ebb  a n d  flo o d  cu rren ts  over th e  ban k  ind ica tes th a t th is se d im en t tra n sp o r t p a tte rn  relates, a t least partially, to 
tidal rec tifica tion  o f  th e  flow.
In  re la tio n  to  d red g in g , th e  p re sen t study suggests th a t th e  p resen ce  o f a (d red g ed ) dep ress io n  a t th e  crest o f  th e  ban k  
in fluences locally th e  sho rt-te rm  hydrodynam ics. T h e  cu rre n ts  a re  channelised , a n d  th e  across-bank peak  (near-becl) 
flow is e n h a n c e d  tow ards th e  crest. N e t e rosion  o f th e  dep ress io n  is p red ic ted , over th e  tidal cycle considered . M ore 
elata are  n e e d e d  to evaluate th e  m orph o lo g ica l evolution  o f  th e  tro u g h  over th e  long-term .

ADDITIONAL INDEX WORDS: sandbank, short-term dynamics, dredging.

INTRODUCTION

Sandbanks are  p resen t on con tinen ta l shelves, in  shelf seas 
and  w ith in  e s tu a rin e  environm ents. They occur in  a reas  c h a r
ac te rised  by strong  cu rren ts, capable of m oving th e  sand, and  
an  abundance of sand, supplied  from th e  local seabed or coast
al erosion (D y e r  and  H u n t l e y , 1 9 9 9 ). A lthough m any stud ies 
have a ttem p ted  to describe th e ir  m orphodynam ic behav iour 
(for reviews, see D y e r  an d  H u n t l e y , 1 9 9 9 ; P a t t ia r a t c h i and  
C o l l in s , 1 9 8 7 ; an d  W r ig h t , 1 9 9 5 ), th e re  is no overall consen
sus on th e  processes of san d b an k  form ation and  m ain tenance. 
Several classifications have been  proposed, to  account for th e ir  
diverse morphology, regional setting, form ation and  develop
m en t (e.g. D y e r  and  H u n t l e y , 1 9 9 9 ; and  P a t t ia r a t c h i an d  C o l 
l in s , 1 9 8 7 ).

T his study concerns tid a l sandbanks w hich are defined as 
open shelf linear ridges (Type I, according to th e  classification of 
D y e r  and  H u n t l e y , 1 9 9 9 ). Typically, these  sand  bodies p resen t 
an asym m etric cross-section profile, w ith a m ain  axis oriented  
a t an  angle to  th e  peak  tida l flow. These fea tu res are 13 km  
wide, on average, ten s  of m etres in  height, and  up to 8 0  km  in 
length. A mongst a num ber of theories to explain th e  existence of
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th is  type of sandbank, the  “seabed stab ility  analysis” approach 
(H u t h n a n c e , 1982a, b), is th e  m ost prom ising. The model consid
ers w ater and  sand  m ovem ents as an in terac ting  system, which 
is described on th e  basis of coupled hydrodynam ic and  sedim ent 
dynam ic equations. The theory  re la tes th e  existence of tida l 
sandbanks to  th e  deflection of flow over th e  b an k  (tidal rectifica
tion). Such deflection is explained by increasing bottom  friction 
(over th e  seafloor elevation), resu lting  in a deceleration of the  
along-bank com ponent of th e  flow, together w ith acceleration 
of th e  across-bank component, in  order to satisfy continuity. As 
such, th e  cu rren ts veer as they  move on to th e  bank, resu lting  in 
sedim ent tran sp o rt tow ards th e  crest. On th e  dow nstream  side 
of th e  bank, th e  cu rren t is w eaker, due to friction over th e  bank. 
Thus, sedim ent tran sp o rt tak es place m ainly  on th e  u pstream  
side, tow ards th e  top of th e  deposit. Consequently, for revers
ing tida l flow, n e t convergence of sand  occurs over th e  crest. 
In  addition, th e  Coriolis force generates vorticity, due to com
pression  of th e  w ater colum n over th e  bank. This effect tends 
to  enhance th e  deflection and, hence, th e  grow th of th e  banks 
w hich are  aligned cyclonically (anti-clockwise, in  th e  no rth ern  
hem isphere), rela tive to  th e  flow (S t r id e , 1982; and  Z im m e r m a n , 
1981). The morphology (orientation and  w avelength) of n u m er
ous tid a l sandbanks supports th e  above concept, a t least, quali
ta tively  (B e l d e r s o n , J o h n s o n , and  K e n y o n , 1982; C a s t o n , 1972;
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K e n y o n  et al., 1981; L a n c k n e u s  and  D e  M o o r , 1995, and  P a t 
t ia r a tc h i and  C o l l in s , 1987).

T h is  c o n tr ib u tio n  focuses upon  th e  sh o r t-te rm  h y d ro 
sed im en t dynam ics over th e  K w in te  B ank, a tid a l san d b an k  
in  th e  so u th e rn  N o rth  S ea (F igure  1.). In te n se  sa n d  e x tra c 
tio n  (see below ) h a s  c re a te d  dep ressio n s a t th e  c res t of th e  
b an k . A lthough  of im p o rtan ce  to  a n u m b e r of en v iro n m en ta l 
is su e s  (e.g. co asta l erosion) a n d  to  a su s ta in a b le  m a n a g e 
m en t of th e  resource, th e  m orphodynam ic  resp o n se  of th e  
b a n k  to  d redg ing  is la rg e ly  unknow n. In  th is  study, bo th  
h u ll-m o u n ted  an d  m oored c u rre n t-m e te rs  a re  u se d  to  ex am 
ine th e  tid a lly -a v e ra g e d  c u rre n ts  over th e  b an k . R esidua l 
b ed load  sed im en t t r a n s p o r t  p a t te rn s  a re  derived  u s in g  a 
one-d im ensiona l (ID ) sed im en t t r a n s p o r t  m odel. T he aim s 
a re  to  exam ine  m a in te n a n c e  p rocesses asso c ia ted  w ith  th e  
b an k , to g e th e r  w ith  th e  n ea r-fie ld  h y d ro -sed im en t dynam ic 
im p ac t of dredging .

ENVIRONMENTAL SETTING

The K w inte B ank  is p a r t  of th e  F lem ish  sandbank  system  
(F igure 1.), a group of Q u a te rn a ry  sand  bodies deposited on 
T ertia ry  (Y presian) u n its  (m ainly clays) (B e r n é  et al., 1994; L e  
B o t  et al., 2005). These b an k s  are  considered  to be in, or close 
to, an  equ ilib rium  state , m a in ta in ed  by th e  p resen t-day  flow 
conditions (S t r id e , 1982). The K w inte B ank  is about 15 km  in 
length, 10-20 m in height, and  1 to  2 km  in w idth  (i.e. about 
400 M m 3 in volume). The m in im um  w ate r dep th  lies close to 
5 m  MLLWS (M ean Low est L ow -W ater a t Spring), over its  
sou thern  p a rt. The b an k  is aligned in  a NE-SW  direction. I t
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F igu re  1. Location m ap of th e  sa n d b an k s on th e  B elgian C o n tinen ta l 
S helf (modified from  D eleu e t al., 2004). Note: b a th y m etric  contours 
re la tiv e  to th e  M ean Low est Low -W ater a t  S p ring  (MLLWS).

shows a strongly  asym m etric  profile, being steeper tow ards 
th e  NW. The a rea  experiences sem i-d iurnal progressive tides, 
m acro tidal in  range (4-5 m). The average tid a l ellipse is elon
gated  along a N E-SW  axis, ro ta ted  some degrees clockwise 
from th e  K w inte B ank  o rien tation . The tid a l cu rren ts  ro ta te  
counter-clockwise, w ith  m axim um  cu rren ts  (about 1 m/s) ob
served generally  du ring  th e  flood, tow ards th e  N E (C a s t o n , 
1972; D e M o o r , 1986; H o u b o l t , 1968; and  V a n  C a u w e n b e r g h e , 
1971). Sm all to  large 3D com pound dunes (A s h l e y , 1990) cover 
extensively th e  b an k  (L a n c k n e u s  a n d  D e  M o o r , 1991) (e.g. F ig 
u re  2.). On th e  b asis  of th e  d irect observation  of th e  asym m e
try  of sm all dunes on side-scan sonar im agery, L a n c k n e u s  et 
al. (1992) consider th a t  th e  flood and  ebb a re  dom inan t on the  
w estern  and  ea s te rn  p a r t of th e  bank, respectively, inducing 
san d  tran sp o rt, from  th e  ad jacen t swales, tow ards th e  crest. 
Such convergence of sand  tran sp o rt, over a tid a l cycle, is con
sidered  to p lay  a m ajor role in  th e  b u ild  up of th e  bank . The 
exact location and  ex tension of th e  a reas over w hich res idua l 
san d  tra n sp o rt is e ith e r dom inated  by th e  p eak  flood or ebb 
cu rren ts, appears  to  vary  significantly, over tim e (L a n c k n e u s  
et al., 1992). V ertical grow th of th e  b an k  is lim ited  probably 
by wave an d  storm  action, i.e. th e  s tirre d  sed im en ts a re  re 
d is trib u ted  over th e  flanks, w here they  re in teg ra te  in to  the  
m ain tenance  m echanism .

In te n se  sa n d  ex trac tio n  h a s  ta k e n  p lace  from  th e  K w inte  
B ank , since 1979, by t r a i le r  suc tion  d redg ing  (D e g r e n d e l e  
et al., th is  volum e). T h is ac tiv ity  h a s  form ed tw o p a r t ic u 
la r  dep ressions, loca ted  along th e  C restline, in  th e  n o rth e rn  
an d  c e n tra l p a r ts  of th e  ban k . T he c e n tra l dep ression  is th e  
a re a  ex cav a ted  th e  m ost, w ith  d im ensions of abou t 700 m 
in  w id th , 1 km  in  len g th  a n d  up  to  5 m  in  d ep th  (F igu re  2.). 
D redg ing  a t  th is  location  ceased  in  F e b ru a ry  2003, for a 3 
y e a r  period, to  allow  m o n ito ring  of th e  evo lu tion  (an d  po
te n t ia l  recovery) of th e  sa n d  ex trac tio n  zone. To date , no 
re g e n e ra tio n  of th e  d ep ression  h a s  b een  iden tified , on th e  
b a s is  of se q u e n tia l sw a th  b a th y m e tr ic  su rv ey s (D e g r e n d e l e  
et al., th is  volum e).

s
—
D

UTM Easting (m)

Figure 2. Shaded relief map of the central part of the Kwinte Bank 
(illuminated from the southwest), based upon swath bathymetry (grid 
data from the Marine Sand Fund for Extraction). Key: black line- 
location of the repeated hull-mounted ADCP profiles; diamond- S4 
deployment site; cross- bottom-mounted ADCP location; and the dashed 
line indicates the limits of the central dredged depression (see text).
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Figure 3. (a) Linear correlation coefficient for the logarithmic velocity distribution throughout the water column (bars), together with the near-surface 
and near-bed current velocities from the BM-ADCP (solid lines, the near-surface currents being generally faster). Key: dashed line- approximate 
threshold for significant sand transport by tidal currents; dotted line- critical correlation coefficient, at a 99 % confidence level; the arrow and the 
grey bar indicate the example shown in (b) and (c). (b) Velocity profile observed at 21h, on 8th March 2004 (measurements (dots) and line of best fit); 
and (c), as (b), plotted on a logarithmic depth scale.

METHODS 

Data Acquisition
Flow velocities w ere recorded, over th e  K w inte Bank, using  

3 in s tru m en ts  (F igure 2.): (1) a m oored 1200 kFiz (RDI) Acous
tic  D oppler C u rren t P rofiler (ADCP), opera ting  a t 0.3 Fiz, from 
1.4 m  up to  16.4 m  above th e  seafloor, w ith  a reso lu tion  of 0.5 
m  (hereafter BM-ADCP, for B ottom -M ounted ADCP); (2) a S4 
e lec trom agnetic cu rren t m e te r (Model ADW, INTEROCEAN) 
opera ting  a t 2 Hz, a t 0.75 m from  th e  seabed (hereafte r S4); (3) 
a 300 kH z ADCP (RDI), m oun ted  in  th e  h u ll of th e  R/V Belgica  
(hereafte r HM-ADCP, for H ull-M ounted ADCP), opera ting  at 
1 Hz, a t 1 m  in tervals, from 7 m below th e  w ate r surface (due 
to  th e  vessel d rau g h t and  th e  b lank ing  period), to  2-3 m  above 
th e  sea bed. The la t te r  rejects e rro rs due to  con tam ination  of 
th e  signal w ith  th e  reflection from th e  seabed. H erein, ‘near- 
bed curren ts re fers to  th e  ADCP b in  lying closest to th e  sea 
bottom , an d  to  th e  S4 records; likewise, ‘n ear-surface curren ts’ 
to  th e  ADCP bin  closest to th e  w a te r surface.

The m oorings w ere deployed betw een  th e  2nd and  11th 
M arch 2004, a t th e  n o rth e rn  ex trem ity  of th e  cen tra l dredged 
depression (BM-ADCP) an d  a t th e  crest of th e  b an k  (S4), a t 9 
and  11 m MLLWS, respectively (F igure 2.). The p resen t con
tr ib u tio n  focuses upon m easu rem en ts  u n d e rtak en  u n d e r  m ild 
meteorological conditions, betw een  th e  7th an d  10th M arch 
(w ith W-SW w ind < 8 m/s, and  insign ifican t w ave action n e a r 
th e  sea bed). HM-ADCP d a ta  w ere collected on th e  8th and  9th 
M arch, du ring  a (nom inal) 13 h o u r cycle on spring  tides. F if
teen  track s  w ere rep ea ted  along a profile be ing  perpend icu lar 
to  th e  b an k  axis (including th e  dredged depression), a t a round  
3 kno ts (1.5 m/s) (F igure 2.). The nav igation  d a ta  w ere ac
qu ired  w ith  a D ifferentially-corrected  G eographical Position
ing System  (DGPS), precise to  w ith in  + 1 m.

Data Processing
BM-ADCP records w ere averaged  every 100 pings inside 

th e  d a ta  acquisition  system , to  reduce m easu rem en t u n ce r
ta in tie s; th is  provided an  averaged  cu rren t velocity an d  direc
tion, every 8 m in  and  20 s. The HM-ADCP tra n sm itte d  av er
aged d a ta  to  an  onboard  PC, every 30 pings; th ese  d a ta  w ere 
processed an d  averaged  to  a ho rizon ta l sam pling  in te rv a l of 
180 m (i.e. 10 averaged  values along th e  profile). The S4 w as 
set up  to provide averaged  cu rren t fluc tuations over 9 min, 
every 15 min.

Sedim ent tra n sp o rt w as com puted  using  th e  ID  sedim ent 
tra n sp o rt m odel SEDTRANS05 (N e u m e ie r  et al., in  press), 
an  im proved version of SEDTRANS96 (for details, see L í  and  
A m o s , 2001). B ottom  sh ea r stresses  have been  derived from 
th e  averaged  near-bed  cu rren ts, u sing  th e  G r a n t  an d  M a d s e n  
(1986) bottom  boundary  layer approach. B edload sedim ent 
tran sp o rt, u sing  th e  skin-friction sh ea r stress, h a s  been  com
p u ted  based  upon th e  a lgorithm  for non-cohesive m a te ria l of 
Y a l in  (1963), for cu rren ts  alone. The Y alin equation  applies to 
a grain-size of 0.2 mm, or coarser. For a grain-size of 0.45 mm, 
G a d d , L a v e l l e , and  S w if t , (1978) consider th a t  th e  algorithm  
yields pred ictions of tra n sp o rt ra te s  w hich are  in  re la tively  
good ag reem ent w ith  flum e data , a t velocities n e a r  th e  th re s h 
old of m ovem ent. Sedim ent tra n sp o rt sim ula tions w ere carried  
ou t using  th e  d is tribu tion  of th e  m ean  grain-size (d50) over th e  
study  area, e stab lished  on th e  b asis  of recen t sed im ent sam 
pling  cam paigns (B e l l e c  et al., th is  volume). The m ean  grain  
size w as 0.3 and  0.8 m m  a t th e  S4 and  BM-ADCP locations, re 
spectively; it ran g ed  from  0.25 to  0.4 m m  along th e  HM-ADCP 
tracks. The bedform  dim ension in p u ts  in to  th e  m odel (wave
leng th  = 2.5 m; he igh t = 0.35 m) w ere derived from side-scan 
sonar im agery  acquired  during  th e  survey (G a r e l , M a n s o , and  
C o l l in s , 2005).
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F igu re  4. Typical tid a l ellipse, as recorded  by  th e  S4 (a) an d  BM -ADCP ((b): black- near-bed  cu rren ts : grey- n ear-su rface  cu rren ts). The se lected  tid a l 
cycle is th a t  show n in  F igu re  3a. Key: th e  grey vector denotes cu rre n ts  a t th e  beg in n in g  of th e  experim ent: sm all circles re p re se n t 15 m in tim e-steps, 
for th e  c u rre n t vectors (1 hou r-tim e step  for th e  circles filled w ith  black). A rrow s outside th e  ellipse denote th e  direction of th e  vector ro ta tio n . The 
d ashed  line ind ica tes th e  b a n k  axis.

For th e  sed im ent tra n sp o rt calculations, th e  m odel consid
ers th e  velocity profile to  be logarithm ic w ith in  th e  tu rb u le n t 
boundary  layer. T his assum ption  w as te s ted  over a single tid a l 
cycle, b ased  upon th e  BM-ADCP m easu rem en ts. The co rre la
tion  coefficient (r) for th e  ‘goodness-of-fit’ to  a logarithm ic p ro 
file is show n in F igure 3. The tre n d  exists, a t a confidence level 
of 99 %, if r is above a critical value of 0.463 (D a v is , 2002). 
The fit of th e  m easu rem en ts  to  th e  logarithm ic profile is very 
good, w ith  r generally  about 0.9 (F igure 3a.). E xam ples of an 
observed velocity profile a re  p resen ted  in  F igures 3b. and  3c. 
Poor correlation  is observed only a round  th e  slack w aters, 
w hen th e  bed  sed im ent is no t mobile (for exam ple, S o u l sb y  
(1997) considers th a t  significant san d  tra n sp o rt tak es  place 
for tid a l cu rren t in  excess of about 40 cm/s). Therefore, th e  
velocity profiles can  reasonab ly  be considered as logarithm ic, 
for th e  sed im ent tra n sp o rt calculations.

In h e re n t to th e  m ethod  of da ta  acquisition, th e  sam pling 
tim e in te rv a l of th e  F1M-ADCP d a ta  w as no t reg u la r a t fixed 
locations along th e  profile. Thus, in  th is  case, th e  tidally- 
averaged  cu rren ts  and  sed im en t tra n sp o rt w ere ob ta ined  by 
applying a trapezo idal ru le. C oncerning th e  E u le rian  m eas
u rem en ts  (i.e. BM-ADCP and  S4), th e  tida lly -averaged  values 
correspond to th e  m ean, over th e  tid a l cycle w hich w as con
sidered.

RESULTS 

Bottom-mounted instruments
An exam ple of th e  records from  th e  m oored cu rren t m eters, 

du ring  th e  sam e tid a l cycle as F igure 3., is p resen ted  in  F ig 
u re  4. The tid a l ellipses d isplay th e  regional tid a l features, 
i.e. a dom inantly  (anti-clockwise) progressive tid a l wave, w ith  
SW -NE tren d in g  p eak  cu rren ts  ro ta ted  15-25° (clockwise) to 
th e  axis of th e  bank . These observations are  consisten t w ith

previous da ta  se ts available for th e  area, on th e  b asis  of i.n- 
situ  m easu rem en ts  (such as free d rifting  buoy experim ents) 
and  num erica l m odelling o u tp u ts  (V a n  L a n c k e r  et al., 2004; 
and  W il l ia m s  et al., 2000). In  detail, th e  m ain  axis of th e  tid a l 
ellipse lies closer to  th e  o rien ta tion  of th e  depression a t the  
BM-ADCP location, th a n  a t th e  crest (S4). T his observation 
p e rs is ts  over th e  (4 day) period  of th e  records. In  th e  selected 
exam ple (F igure 4.), p eak  flood cu rren ts  (tow ards th e  NE) are 
sim ilar in  m agn itude  to  th e  p eak  on th e  ebb, w ith  fa s te r  cu r
re n ts  observed w ith  g rea te r d istance from th e  bed. Flowever, 
a t bo th  locations, th e  p eak  cu rren ts  la s t longer du ring  the  
ebb, th a n  th e  flood. For exam ple, th e  near-bed  cu rren ts  a re  > 
40 cm/s during  approxim ately  3h45m in of th e  ebb an d  3h of the  
flood (see F igure 3.). Such a difference is im p o rtan t in  te rm s of 
th e  tida lly -averaged  (net) sed im en t tran sp o rt. The tid a l cu r
re n ts  over th e  4 day period  show h igh  v a riab ility  in  th e  peak  
cu rren ts  p a tte rn s , over tim e  and  w ith  location (F igure 5a.). 
Ebb asym m etry  is no t observed for all th e  tides, e.g. Tide 7 in 
F igure 5a., w here th e  flood is prevailing . F u rtherm ore , for any 
given tide, th e  ebb or th e  flood m ay predom inate, depending 
upon location on th e  b a n k  (e.g. Tides 2 or 3, w here th e  tid a l 
asym m etry  is ap p a ren t for one in s tru m en t, only). C onsequent
ly, th e  res id u a l cu rren t vectors show d is tinc t o rientation , de
pending  of th e  tid a l cycle an d  in s tru m e n t considered (Figure 
5b.). A t th e  crest (S4), th e  re s id u a l cu rren ts  a re  constan tly  to 
w ards th e  southw est. In  contrast, th e  res idua l cu rren ts  from 
th e  BM-ADCP d a ta  are  d irected  e ith e r tow ards th e  no rtheast, 
or th e  w est. R esidual cu rren t m agn itudes a re  sim ilar a t both  
locations, of up  to  8 cm/s (F igure 5c.).

D ue to  th e  non-linearity  of sed im ent tran sp o rt, in  response 
to  th e  p revailing  flow conditions, n e t sand  tra n sp o rt p a tte rn s  
do no t correspond necessarily  to  th e  d irections of th e  res idua l 
cu rren ts. The n e t bedload tra n sp o rt d irections a re  e ith e r flood- 
or ebb- dom inated, depending upon th e  tid a l cycle considered 
(F igure 5d.). T ides 6 an d  7 are  ebb an d  flood dom inated, re 
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Figure 5. Comparison of the flow, residual currents and net sediment 
transport, from the S4 (black) and BM-ADCP (grey) data (the vertical 
grey area indicates the particular tidal cycle corresponding to Figures 
3a, 4, and to the HM-ADCP data): (a) near-bed current magnitude 
(arrows indicate the peak ebb currents); (b) residual near-bed current 
direction; (c) residual near-be d current magnitude; (d) net bedload 
transport direction; (e) net bedload transport magnitude.

spectively. In  o th e r cases, th e  m odel ind ica tes opposing n e t 
san d  tra n sp o rt d irections a t  c re s t an d  a t  th e  depression, i.e. 
san d  convergence betw een  th ese  tw o sites. B edload tra n sp o rt 
ra te s  a re  slightly  g rea te r a t  crest, w ith  v a lues up  to  ~0.004 
kg/m /s (F igure 5e.).

Hull-mounted ADCP
T he re s id u a l cu rren ts  com puted from  th e  shipborne ADCP 

data , over a  single tid a l cycle (Tide 4, F igu re  5.), a re  con-

E
a>c
■eoz
5I—=>

UTM Easting (m)

F igu re  7. N e t bed load  tra n sp o r t across th e  b an k , b ased  upon th e  HM- 
ADCP data .

s is ten t w ith  those ob tained  from the  m oorings (F igures 5b., 
5c. and  6.). The vectors are  o rien ta ted  (m ainly) tow ards the 
w est-southw est. Thus, ebb flows predom inate  over th e  study 
area, du ring  th is  tid a l cycle. In  detail, th e  near-su rface  and  
near-bed  res id u a ls  p re sen t sim ilar directions an d  m agn itude  
over th e  c res t (F igure 6.). Probably, the  reduced  w a te r dep th  
a t  th is  location induces a m ore uniform  behav iour of th e  cu r
re n ts  along th e  w a te r colum n th a n  elsew here across th e  bank. 
The near-su rface  res id u a l cu rren t d irections are  deviated  p ro 
gressively clockwise, tow ards the  w este rn  flank of the  bank; 
th is  is associated  w ith  a decrease in  m agn itude  (from 20 cm/s, 
in  th e  E ast, to 10 cm/s, in  th e  W est). In  contrast, th e  n e a r
bed cu rren ts  a re  deflected (clockwise) only over th e  upper lee 
slope and  crest, associated  w ith  the  s trongest res idua ls  (up to 
14 cm/s).

The n e t bedload tra n sp o rt p red ictions are  show n in  F igure 
7. Overall, tra n sp o rt is tow ards the  SW, i.e. th e  general d irec
tion  of the  res id u a l cu rren ts  (F igure 6.). In  detail, th e  po ten tia l 
n e t tra n sp o rt lies sub-paralle l to th e  ba thym etric  contour a t 
the  foot of the  ea s te rn  flank and  veers progressively  45 clock
wise, tow ards the  c res t of th e  bank. In  contrast, th e  tra n sp o rt 
is tow ards the  E-NE over the  w este rn  flank. F u rth e r, d iver
gent tra n sp o rt pa thw ays are  p red ic ted  inside th e  depression. 
The h ighest tra n sp o rt ra te s  (up to 0.014 kg/m/s) are  a t the 
c res t an d  over th e  e a s te rn  flank  of th e  bank, w hich com pare 
w ith  th e  res id u a l cu rren ts.

5 6 8 3 0 0 0 -

5 6 8 2 0 0 0 -
10 CM/S

47 4 0 0 0 4 7 5 0 0 0 4 7 6 0 0 0 4 7 7 0 0 0 4 7 8 0 0 0

UTM Easting (m)

Figure 6. Residual near-bed (white arrows) and near-surface (black 
arrows) currents, based upon the HM-ADCP data.
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DISCUSSION

H ydrodynam ic n um erica l m odelling of th e  tid a l flow, over 
th e  K w inte B ank  area, w as in teg ra ted  over an  11 day period 
(B r iÈr e  et al., th is  volum e) and  over a com plete spring-neap 
tid a l cycle (14.8 days) (Van L a n c k e r  et al., 2004; V a n  d e n  Ey- 
n d e  et al., th is  volume). These m odels describe anti-clockwise 
gyres, cen tred  over th e  ad jacen t swales, w hose position  or 
scale varies w ith  th e  tid a l flow conditions. The near-bed  tid a l
ly-averaged flow m agn itudes an d  directions described h ere  are 
in good ag reem en t w ith  th e  o u tp u ts  of these  models, averaged 
over several tid a l cycles (e.g. B r iè r e  et al., th is  volume). Thus, 
th e  records of th e  p re sen t study  a re  considered to  be typical 
of tid a l flow conditions over th e  bank , i.e. ra th e r  th a n  being 
genera ted  by exceptional (non-tidal) conditions. Ebb p redom i
nance over th e  b an k  appears  to  be m ore im p o rtan t th a n  w as 
considered previously.

R epeated  seafloor m apping  surveys u n d e rtak en  over th e  
K w inte B ank, during  4 years, ind icate  a slow and  constan t 
p ropagation  ra te  (of up to  10 m/yr) for th e  large dunes, to 
w ards th e  N E  (D e g r e n d e l e  et al., th is  volume); th is  is in 
agreem en t w ith  th e ir  asym m etry  (B e l l e c  et al., th is  volume). 
However, n e t san d  tra n sp o rt d irections tow ards th e  SW  are 
(often) proposed in  th e  p re sen t study  (F igure 7.; F igure 5d.). 
These strik in g  differences re la te  to  th e  tim e-scale of th e  obser
vations. From  side-scan sonar data, G a r e l , M a n s o , a n d  C o l 
l in s . (2005) repo rted  elsew here th e  com plete reversa l of sm all 
dunes, on th e  w estern  rim  of th e  depression, during  a single 
tid a l cycle. In  con trast, th e  asym m etry  of th e  la rg e r bedform s 
is indicative of n e t sed im ent tra n sp o rt over a longer tim e  scale 
(B e r n é  et al., 1993; L a n c k n e u s  and  d e  M o o r , 1995). In  th is  
case, th e  bedform  dynam ics is governed by th e  dom inant tida l 
flow and, probably, (sho rter term ) storm  events. F or example, 
based  upon num erica l modelling, V a n  d e n  E y n d e  et al. (this 
volum e) consider th a t  th e  influence of w aves over th e  K w inte 
B ank  m ay a lte r  d rastica lly  th e  direction of th e  res id u a l sed i
m en t tran sp o rt.

In  th e  short-term , th e  p re sen t d a ta  ind icate  p revailing  ebb 
and  flood san d  tra n sp o rt pathw ays, on each flank  of th e  bank, 
respectively; as such, san d  convergence up  to  th e  crest (F ig
u re  7.; F igure 5d.). T his p a tte rn  is consisten t w ith  th e  m odel
ling re su lts  of B r iè r e , R o o s , and  C a r e l , (th is volum e) an d  V a n  
d e n  E y n d e  et al. (th is  volume). Previously, L a n c k n e u s  et al. 
(1992), and, m ore recently, B e l l e c  et al. (th is  volume), a rrived  
a t th e  sam e in te rp re ta tio n , b ased  upon bedform  asym m etries. 
L a n c k n e u s  et al. (1992) consider th a t  a reas  in  w hich th e  n e t 
san d  tra n sp o rt direction is controlled, e ith e r by th e  flood or 
th e  ebb p h ase  of th e  tide, varies significantly  w ith  tim e. Such 
v a ria tions a re  consisten t w ith  fluc tuations in  th e  n e t t r a n s 
p o rt directions, observed a t th e  m ooring sites, over various 
tid a l cycles (F igure 5d.).

The stab ility  m odel proposed by H u t h n a n c e  (1982a, b) 
depicts sand  convergence up  to  a b an k  crest, in  response to 
tid a l rectification of th e  flow. A t th e  K w inte B ank, th e  angle 
observed (som etim es) betw een  th e  crest of th e  large and  (su
perim posed) sm all bedform s, suggests veering  in  th e  sand  
tra n sp o rt pathw ays, tow ards th e  crest (e.g. F igure 6 . in  B e l l e c  
et al., th is  volume). However, as no ted  by D y e r  and  H u n t l e y  
(1999), acceleration  and  refraction  of tid a l flows over san d 
b an k s  have proved to  be difficult to identify  in  th e  field. Diffi
culties arise  from th e  highly  localised n a tu re  of th e  flow re frac
tion. Good exam ples of tid a l rectification o rig inate  from O cean 
Surface C u rren t R ad ar m easu rem en ts  over th e  M iddelkerke

Bank, w hich lies ad jacen t to  th e  K w inte B ank  (F igure 1.) (W il 
l ia m s  et al,, 2000), and  from  sh ipbom e ADCP m easu rem en ts  
ob tained  across th e  Sham bles B ank, in  th e  E nglish  C hannel 
(B a s t o s , P a p h it is , and  C o l l in s , 2004). Following th e  approach 
of B a s t o s , P a p h it is , and  C o l l in s . (2004), HM-ADCP d a ta  w ere 
u sed  to  identify  deflection of th e  flow over th e  bank . Peak  
ebb an d  flood cu rren t velocities th roughou t th e  w a te r col
um n  w ere tran sfo rm ed  in to  perpend icu la r along-bank (posi
tive tow ards th e  NE) and  across-bank (positive tow ards the  
NW) com ponents, an d  d isplayed in  a 50 m horizontal- an d  1 m 
vertical-reso lu tion  grid  (F igure 8.). A cceleration of th e  across- 
b an k  com ponent, to ge ther w ith  re ta rd a tio n  of th e  along-bank 
com ponent over th e  bank, can  be observed along some of the  
tracks. T his flow p a tte rn  is consisten t w ith  tid a l rectification 
over th e  bank, providing a m echanism  for th e  convergence of 
san d  tow ards th e  crest. Thus, a p a r t of th e  m ain tenance  proc
esses of th e  b an k  can be described successfully by th e  sea bed  
stab ility  model.

The (dredged) depression  h a s  been  found to  affect th e  
sh o rt-te rm  near-fie ld  hyd ro -sed im en t dynam ics. The d is tinc t 
o rien ta tio n  of th e  m ain  axis of th e  tid a l ellipses, over th e  de
p ression  (BM-ADCP) an d  a t th e  c res t (S4), suggests a c h an 
n e lisa tio n  of th e  p eak  (tidal) c u rre n ts  over th e  depression  
(F igure 4.). The veering  of th e  c res t of th e  very  large  dunes, 
in side  th e  depression, is ind ica tive  of a p e rs is te n t p a tte rn , 
p red o m in an tly  in  th e  flood direction, in th e  long-term . B e l l e c  
et al, (th is  volum e) suppo rt th is  in te rp re ta tio n , b a sed  upon 
m orphological an d  sedim entological considera tions. H ow ev
er, th e  d ifferences in  th e  observed  tid a l e llip ses m igh t re la te  
to  site  effects, e.g. th e  position  of th e  in s tru m e n t w ith  respect 
to  th e  very  large  dunes; ad d itiona l m easu rem en ts , includ ing  
m oored c u rren t-m e te rs  to g e th e r w ith  sw ath  ba th y m etry , a re  
req u ired  to  in v es tig a te  th is  po in t. Besides, n ea r-b ed  p eak  
c u rre n ts  show, on occasions, specific flow p a tte rn s  inside  th e  
depression; th e se  a re  re s tr ic te d  to  th e  depression, suggesting  
a local effect, as p roposed by D e g r e n d e l e  et al, (th is  volum e). 
For exam ple, th e  across-bank  com ponent of th e  flood flow 
w ith in  th e  depression  (F igure 8a.), is s tro n g er n e a r  th e  bed  
th a n  in  th e  overlying cells. M oreover, th e  across-bank  com 
p o n en ts  of th e  p eak  ebb flow, in side  an d  above th e  depression  
a re  in  opposite d irec tions (F igure 8c.). In  b o th  exam ples, th e  
n ea r-b ed  across-bank  flow is en hanced  to w ard s th e  crest, in 
th e  trough . In  th is  way, localised  sed im en t tr a n sp o r t m ay 
be sign ifican tly  affected. Such flow p a tte rn s  a re  n o t observed 
sy s tem atica lly  in  th e  records. T he ir significance in  te rm s  of 
n e t sed im en t tr a n sp o r t an d  m orphological evolution  of th e  
depression  should  be considered  on th e  b a s is  of a d a ta  set 
w ith  a h ig h e r vertica l reso lu tion  (i.e. < 1 m). N onetheless, 
d ivergen t n e t san d  tr a n sp o r t d irections a re  p red ic ted  inside 
th e  depression  (F igure  7.), ind ica ting  n e t erosion, over th e  
tid a l cycle stud ied . S ince th e  depression  h a s  no t recovered 
since ex trac tio n  ceased  (D e g r e n d e l e  et a l ,  th is  volum e), e ro 
sion induced  by d ivergen t n e t san d  tr a n sp o r t m ay be a p e r 
s is te n t active process, inside th e  depression .

CONCLUSIONS

The processes w hich govern sandbank  dynam ics in  the  
long-term  are  difficult to identify, on th e  b asis  of short-term  
hydrodynam ic m easu rem en ts. In  th e  p re sen t study, tidally- 
averaged  cu rren ts  and  res idua l sed im ent tra n sp o rt p a tte rn s  
a re  com puted, for th e  K w inte B ank, by using  m oored and
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sh ipborne c u rre n t m e te r da ta . T he re su lts  con tribu te  to  u n 
ders tan d in g  th e  m ain tenance  processes of th e  bank , an d  th e  
near-fie ld  hydro-sed im ent dynam ic im pact of san d  extraction , 
a t  th is  p a rt ic u la r  location.

T he tidally-induced, short-term , san d  tra n sp o rt p a tte rn  
over th e  K w inte B ank  is cha rac te rised  by  san d  convergence 
tow ards th e  c res t of th e  bank . The location of th e  convergence 
zone varies, in  th e  short-term , according to  th e  p revailing  tid 
a l flow characteristics. Sed im ent tra n sp o rt over each  flank  of 
th e  b a n k  is governed by  a  d is tinc t p h ase  of th e  tide. D uring  
p eak  flood an d  ebb flows, tid a l rectification, in  response to  en 
hanced  b ed  friction, provides a m echan ism  for th e  veering  of 
san d  tow ards th e  c res t of th e  bank . As such, th e  sea b ed  s tab il
ity  m odel described by  H u t h n a n c e  (1982a, b) accounts, a t  leas t 
partia lly , for th e  b a n k  m ain ten an ce  process.

T he p resen ce  of th e  d red g ed  dep ressio n  affects, on a lo
ca l bas is , th e  sh o r t- te rm  hyd ro d y n am ics a n d  sed im en t 
tr a n s p o r t  p a tte rn s .  T he collected  d a ta  su p p o rt th e  concept 
of c h a n n e lisa tio n  of p e a k  tid a l  flows, a t  th is  p a r t ic u la r  lo
ca tion . In  add ition , w ith in  th e  depression , th e  c ro ss-bank  
com ponen ts of th e  p e a k  n ea r-b e d  c u rre n ts  a re  e n h an ced  to 
w a rd s  th e  c re s t of th e  b an k . D iv e rg en t n e t  sa n d  tr a n s p o r t  
is  in d u ced  w ith in  th e  tro u g h . H ence, th e  dep ressio n  expe
r ien ced  n e t  erosion  over th e  t id a l  cycle considered . M ore 
d a ta  a re  n eed ed  to  d e ta il  th e  s tru c tu re  of th e  flow w ith in  
th e  tro u g h , a n d  to  in v e s tig a te  th e  m orphodynam ic  evo lu tion  
of th is  fe a tu re  over th e  long-term .
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