
UNIVERSITEIT
GENT FACULTY OF SCIENCES

DEPARTMENT GEO LO G Y AND SOIL SCIENCE

HYDRO-METEOROLOGICAL INFLUENCES ON 
THE BEHAVIOUR AND NATURE OF SEDIMENT 

SUSPENSIONS IN THE BELGIAN-DUTCH 
COASTAL ZONE

M a t t h ia s  B a ey e

Thesis subm itted in partial fu lfilm en t o f the requirem ents fo r 
the degree o f Doctor in Sciences, Geology

Academic Year 2011-2012

?C V ( î













UNIVERSITEIT
GENT

Hilli
FACULTY OF SCIENCES 

DEPARTMENT GEOLOGY AND SOIL SCIENCE

HYDRO-METEOROLOGICAL INFLUENCES 
ON THE BEHAVIOUR AND NATURE OF 

SEDIMENT SUSPENSIONS IN THE 
BELGIAN-DUTCH COASTAL ZONE

HYDRO-METEOROLOGISCHE EFFECTEN OP 
HET GEDRAG EN SAMENSTELLING VAN 

SEDIMENTSUSPENSIES IN DE BELGISCH- 
NEDERLANDSE KUSTZONE

C o-prom oter: Prof. Dr. Vera Van Lancker, Dr. Michael Fettweis

M a t t h ia s  B aey e

Promoter: Prof. Dr. Mare De Batist

Faculty o f Sciences

D epartm ent o f Geology and Soil Science

Research Unit Renard Centre o f M arine Geology

RCM G



To refer to th is  thesis:

Baeye M. 2012. H ydro-m eteorolog ical 
influences on the behaviour and nature 
o f sedim ent suspensions in the 
Belgian-Dutch coastal zone, Ph.D. 
thesis, Ghent Un iversity, Ghent, 
Belgium.

The au thor and the prom oters give the 
au thorization to  consult and copy parts 
o f th is  w o rk  fo r personal use only. 
Every o ther use is subjected to 
copyrigh t laws. Permission to 
reproduce any m ateria l contained in 
th is  w ork  should be obtained from  the 
respective jou rna ls  o r from  the author.





Reading Com m ittee

Prof. Dr. Vera Van Lancker (G hent U n ivers ity /
Managem ent Unit o f the North Sea M athem atical Models, Belg ium ): co-p rom ote r

Dr. Michael Fettweis (M anagem ent Unit o f the North Sea 
M athem atical Models, Belg ium ): co-p rom ote r

Prof. Dr. Robert Lafite (U n ivers ity  o f Rouen, France)

Prof. Dr. Ir . Jaak Monbaliu (KU Leuven, Belgium )

Examination Com m ittee

Prof. Dr. Jacques Vern iers 
(G hent Un iversity, Belg ium ): chairm an

Prof. Dr. Mare De Batist 
(G hent Un iversity, Belg ium ): prom oter, secretary

Prof. Dr. Vera Van Lancker (G hent U n ivers ity /
Managem ent Unit North Sea M athem atical Models, Belg ium ): co-p rom oter

Dr. Michael Fettweis (M anagem ent Unit North Sea 
M athem atical Models, Belg ium ): co-p rom ote r

Prof. Dr. Robert Lafite (U n ivers ity  o f Rouen, France)

Prof. Dr. Ir . Jaak Monbaliu (KU Leuven, Belgium )

Prof. Dr. Frank M ostaert (G hent Un iversity, Belgium )

Prof. Dr. Ir . Renaat D esutter (G hent Un iversity, Belgium )



Table o f contents

Acknow ledgem ents ................................................................................................................... 1
Table o f abbrev ia tions ..............................................................................................................3
Context and ob jectives............................................................................................................ 5
Context, ob jectieven en conclusies....................................................................................7
Chapter 1 In trod uc tion , aim s and thesis s tru c tu re ........................................................13
1.1. Socio-econom ic relevance o f  fine -g ra ined  sed im ent dynam ics .........................14
1.2. H ig h -tu rb id ity  areas in the  sou thern N orth Sea................................................... 15
1.3. Coastal tu rb id ity  m axim um  along the Belg ian-D utch coast.............................. 15
1.4. Coastal hydrodynam ics ....................................................................................................16
1.5. Heterogeneous sed im enta ry  env ironm en t...............................................................18
1.6. SPM characteris tics ...........................................................................................................20
1.7. SPM dynam ics ................................................................................................................... 21
1.8. H igh-concentration m ud  suspensions (HCMS) and flu id  m u d ...........................22
1.9. In fluence  o f  SPM on the s truc tu re  and function  o f  eco-system s ......................22
1.10. A im s .....................................................................................................................................23
1.11. Thesis s truc tu re ...............................................................................................................23
1.12. References....................................................................................................................... 25
Chapter 2 Sedim ent m ob ility  in response to tida l and w ind-d riven flow s along 
the Belgian shelf, southern North Sea................................................................................33
2.1. In tro d u c tio n ....................................................................................................................... 35
2.2. M ethodo logy ......................................................................................................................35
2.2 .1 . S tudy s ite ....................................................................................................................... 35
2.2 .2 . In s tru m e n ta tio n ............................................................................................................37
2.2 .3 . Analysis o f  da ta ..............................................................................................................38
2.3. Results ...................................................................................................................................39
2.3 .1 . W ind and  tida l c ircu la tion da ta .................................................................................39
2.3 .2 . SPM concentra tion and p a rtic le  size ......................................................................41
2.3 .3 . Seabed a ltim e try .......................................................................................................... 42
2.4. D iscussion ............................................................................................................................ 43
2.4 .1 . General tida l and w ind-d riven circu la tion in the s tu d y  area .......................... 43
2.4 .2 . Nature o f  sed im ent in re-suspension ..................................................................... 44
2.4 .3 . Conceptual SPM transp o rt system ......................................................................... 46
2.5. Conclusions.........................................................................................................................46
2.6. Acknow ledgem ents ......................................................................................................... 47
2.7. References ...........................................................................................................................47
Chapter 3 S pa tio-tem pora l varia tion o f surface suspended particu la te  m a tte r 
concentration in the Belgian-Dutch coastal zone.......................................................... 51
3.1. In tro d u c tio n .........................................................................................................................53
3.2. E nvironm enta l s e ttin g .....................................................................................................53
3.2 .1 . Coastal tu rb id ity  m ax im um .......................................................................................53
3.2 .2 . W eather and c lim ate .................................................................................................... 54
3.3. M ethodo logy .....................................................................................................................54
3.3 .1 . MODIS SPM concen tra tion ......................................................................................... 54
3.3 .2 . C lassification and s ta tis tics  o f  SPM concentra tion m aps ............................... 55
3.3 .3 . In -s itu  SPM m easurem ents .......................................................................................56
3.4. Results .............................................................................................................................. 57
3.4 .1 . Average SPM concen tra tion ..................................................................................... 57
3.4 .2 . Average surface SPM concentra tion under d iffe re n t m eteoro log ica l 
fo rc ings ........................................................................................................................................  57
3.4 .3 . Average surface SPM concentra tion fo r  con tras ting  w in te r s itua tions  57
3.4 .4 . Average surface SPM concentra tion fo r  d iffe re n t hydrodynam ic  
cond itions .................................................................................................................................... 57
3.5. D iscussion ............................................................................................................................ 58
3.5 .1 . Evaluation o f  the use o f  MODIS ...............................................................................58
3.5 .2 . W ind-induced CTM dynam ics ..................................................................................  60
3.5 .3 . Weather, c lim ate  and  env ironm en ta l changes ..................................................64
3.6. Conclusions.........................................................................................................................64
3.7. Acknow ledgem ents ......................................................................................................... 64



3.8. References....................................................................................................................... 65
Chapter 4 Sedim ent re-suspension and advection associated w ith  residual 
flows in the  Belgian coastal zone (S -B ight o f the North Sea)...................................69
4.1. In tro d u c tio n ........................................................................................................................71
4.2. S tudy  area background ................................................................................................. 71
4.3. M ethodo logy ......................................................................................................................72
4.3 .1 . B o ttom -m oun ted  acoustic D opp ler cu rre n t p ro file r  (BM-ADCP).................  72
4.3 .2 . T ripod benth ic  observa to ry .......................................................................................73
4.3 .3 . M eteorological-oceanographic s ta tion  and wave buoy ................................... 74
4.3 .4 . Bottom  shear stress estim ates ................................................................................75
4.4. Results ................................................................................................................................. 75
4.4 .1 . T idally- and w ind-d riven flow s .................................................................................75
4.4 .2 . SPM transp o rt................................................................................................................76
4.4 .3 . W ind sea waves and sed im ent re-suspension ................................................... 76
4.5. D iscussion .......................................................................................................................... 80
4.5 .1 . Sub tida l flow s ................................................................................................................ 80
4.5 .2 . T ransport o f  sed im ent suspensions ....................................................................... 80
4.5 .3 . Vertical m ix ing  o f  suspended sed im ents ..............................................................80
4.5 .4 . Disposal o f  m ud ............................................................................................................ 82
4.6. Conclusions........................................................................................................................ 84
4.7. Acknow ledgem ents ......................................................................................................... 84
4.8. References ..........................................................................................................................85
Chapter 5 Hydro-m eteoro log ica l influences and m ultim oda l suspended partic le 
size d is tribu tions in the Belgian nearshore area............................................................89
5.1. In tro d u c tio n ........................................................................................................................91
5.2. S tudy  s ite ............................................................................................................................92
5.3. M aterials and m ethods ..................................................................................................  93
5.3 .1 . Ins trum e n ta tion  and dep loym en t...........................................................................93
5.3 .2 . SPM concentra tion , HCMSs and tu rbu lence ....................................................... 93
5.3 .3 . C lassification o f  PSDs..................................................................................................94
5.3 .4 . M u ltim oda l log -no rm a l d is tribu tion  func tion ......................................................  94
5.4. Results ................................................................................................................................. 95
5.4 .1 . T im e-series .....................................................................................................................95
5.4 .2 . Classification o f  PSDs..................................................................................................98
5.5. D iscussion ..........................................................................................................................  99
5.5 .1 . F locculation: p r im a ry  partic les, flocculi, floes.................................................... 99
5.5 .2 . Erosion: m ixed  sedim ents in  suspension .............................................................102
5.5 .3 . B reaking waves and a ir  bubbles ............................................................................. 104
5.6. Conclusions........................................................................................................................ 106
5.7. Acknow ledgem ents ......................................................................................................... 106
5.8. References ..........................................................................................................................107
Chapter 6 Mine burial in the seabed o f h igh -tu rb id ity  area (Belgian coastal
zone) -  find ings from  a firs t expe rim en t.......................................................................... I l l
6.1. In tro d u c tio n ........................................................................................................................113
6.2. E nvironm enta l cond itions ..............................................................................................113
6.3. M ethodo logy fo r  data collection and analysis ........................................................ 114
6.3 .1 . Mine bu ria l expe rim en t (BRM).................................................................................114
6.3 .2 . M eteorological, oceanographic s ta tion  and wave buoy .................................. 115
6.3 .3 . Benth ic obse rva to ry ...................................................................................................  116
6.3 .4 . Acoustic surveys ...........................................................................................................118
6.3 .5 . H ydrodynam ic num erica l m odel............................................................................. 118
6.4. Results ...............................................................................................................................118
6.4 .1 . Mine bu ria l...................................................................................................................... 118
6.4 .2 . M eteorological in fluence ............................................................................................ 118
6.4 .3 . Suspended p a rticu la te  m a tte r  (SPM).................................................................... 119
6.4 .4 . Seabed characteris tics ................................................................................................122
6.5. D iscussion .......................................................................................................................  122
6.5 .1 . Mine bu ria l b y  scour-and-deposition cycles ....................................................... 123
6.5 .2 . Mine bu ria l b y  trans ien t HCMS................................................................................124



6.6. Conclusions..........................................................................................................................126
6.7. Acknow ledgem ents ........................................................................................................... 127
6.8. References ........................................................................................................................... 127
Chapter 7 M onitoring the effects o f disposal o f fine sedim ents from  
m aintenance dredging on suspended particu la te  m a tte r concentration in the 
Belgian nearshore area.............................................................................................................131
7.1. In tro d u c tio n .........................................................................................................................133
7.2. S tudy  area ............................................................................................................................134
7.3. M ateria l and m ethods ...................................................................................................... 134
7.3 .1 . D redging expe rim en t....................................................................................................134
7.3 .2 . In -s itu  m o n ito rin g ......................................................................................................... 136
7.3 .3 . S ta tis tica l analysis .........................................................................................................136
7.4. Results ...................................................................................................................................137
7.4 .1 . Near fie ld  m on ito rin g ....................................................................................................137
7.4 .2 . Far fie ld  m o n ito rin g .......................................................................................................138
7.4 .3 . S tatis tics o f  SPM concen tra tion ..............................................................................  140
7.5. D iscussion ..........................................................................................................................  142
7.5 .1 . Wave in fluence ............................................................................................................... 142
7.5 .2 . Ebb-flood dynam ics .......................................................................................................143
7.5 .3 . Im p a c t o f  disposal.........................................................................................................144
7.6. Conclusions..........................................................................................................................146
7.7. Acknow ledgem ents ........................................................................................................... 146
7.8. References ........................................................................................................................... 146
Chapter 8 Synthesis - new insights in the dynam ics o f sed im ent suspensions, 
associated w ith  the  coastal tu rb id ity  m axim um , Belgian-Dutch coastal
zone.................................................................................................................................................151
8.1. N a tu ra l va riab ility  o f  sed im ent suspensions ..........................................................  152
8.2. HCMS appearances in the  coastal tu rb id ity  m ax im um ....................................... 154
8.3. Cohesive and non-cohesive sed im ent dynam ics in the CTM zone ................... 155
8.3 .1 . Com bined-use o f  acoustic and op tica l in s tru m en ts ...........................................155
8.3 .2 . Conceptual nearshore sed im ent transp o rt sum m a ry ........................................158
8.4. SPM concentra tion and HCMSs as ind ica tors to de tect env ironm en ta l 
changes ..........................................................................................................................................158
8.5. References ........................................................................................................................... 161
Chapter 9 Conclusions and fu tu re  research perspectives............................................ 165
9.1. Conclusions..........................................................................................................................166
9.2. Future research perspectives ........................................................................................ 168





Acknowledgem ents

1



Melissa

Prof. Dr. Mare De Batist, Vera Van Lancker, Michael Fettweis, George Pichot 

My parents Luc and Jenny, fam ily  and friends

Mare, Sonia, M aarten, Mario, Koen, David, Lies, Andres, Prof. Em. Dr. Jean-Pierre 
Henriet, T ine, Thomas, Prof. Dr. David Van Rooij, Sébastien, W illem , Philipp (Ugent- 
RCMG)

Prof. Dr. George Voulgaris, Mary, Gwen, N irnim esh, Tim  (CPSD lab, U n iversity o f South 
Carolina)

André, Lieven, Joan, Jean-Pierre, Kevin, Bieke, B rig itte , Dries, Fritz, Sébastien, Griet, 
K a trijn , Jean-Sebastien, Ruth, Bouchra, Karien, Yolande, Quinten (MUMM)

Hans, Dré, W im , Michiei, Roeland (VLIZ)

Yves Dupont (CPF IMM PDOST)

Thom as, Ralf (BWB -  FWG)

Jeroen, Isabelle, Peter, Katrien, R indert, S tijn , Dries, Jasper, K ristien, Maarten, Ann

2



List o f abbreviations

3



ABS: Acoustic Backscatter S trength
ADCP: Acoustic Doppler Current P rofiler (R D Instrum en ts® ) 
ADP: Acoustic Doppler Profiler 
ADV: Acoustic Doppler Velocim eter

BM-ADCP: Bottom  Mounted Acoustic Doppler Current Profiler 
BRM: Burial Registration Mines

CT: Conductiv ity , Tem perature 
CTD: Conductiv ity , Tem perature and Depth 
CTM: Coastal T u rb id ity  M aximum 
CV: Coefficient o f Variance

D50: Median Grainsize 
doy: day o f year

ETM: Estuarine T u rb id ity  Maximum

HCMS: H igh-Concentrated Mud Suspension 
Hs: S ign ificant W aveheight 
HW: High W ater

LED: Light Em itting Diodes
LISST: Laser In -s itu  Scattering and Transm issom eter 
LW: Low W ater

m ab: m eter above bed
MLLWS: Mean Lowest Low W ater at Spring tide 
MODIS: Moderate Resolution Im aging S pectrorad iom eter 
MOW: M inisterie van Openbare W erken

NAO: North A tlan tic  Oscillation
NAOwi: North A tlan tic  Oscillation W in ter Index
NTU: Nephelom etric T u rb id ity  Units

OBS: Optical Backscatter Sensor 
OM: Organic M atter

PP: Prim ary Particles
PSD: Particle Size D istribution

sonar: sound navigation and ranging 
SPM: Suspended Particulate M atter

tdm : ton dry  m atte r 
TKE: Turbu lent K inetic Energy 
TMZ: T u rb id ity  Maxim um  Zone 
Txxx: True North

4



Context and objectives

5



Context

In the southern Bight o f the North Sea, the Belgian coastal zone corresponds large ly to 
a coastal tu rb id ity  m axim um  (CTM) zone, extending between Ostend and the 
W esterscheldt estuary. Suspended particu la te m a tte r (SPM), m ain ly  orig ina ting  from  
input th rough the S tra it o f Dover, settles o ff the Belgian coast before leaving Belgian 
waters towards the  northeast. Some o f the fine m ateria l is buffered into the 
W esterschelde. The so-called coastal tu rb id ity  m axim um  is present perm anently, and 
is due to congestion in the residual transport along the Belgian coast. SPM from  local 
erosion o f the seabed con tribu tes fu rth e r to the increased tu rb id ity  levels in the CTM 
zone. SPM is continuously deposited and re-suspended; though sign ificant varia tions 
occur during tida l (sem i-d iu rna l) cycles and during neap-spring cycles (luna r). Also, 
seasons and m eteorological conditions have an influence on SPM behaviour.
The seabed in the CTM zone consists m ain ly  o f sand- and c lay-dom inated cohesive 
sedim ents. The large reservo ir o f soft- to m edium -consolidated Holocene mud is partly  
covered w ith  sands and fresh ly  deposited mud and /o r h igh-concentrated mud 
suspensions (HCMS). S ign ificant am ounts o f flu id  mud and HCMS are also found in the 
navigational channels; as such sign ificant s ilta tion is expected. Navigation accessib ility 
is ensured through intensive dredging o f fine m ateria l in these areas.
Besides the economical aspect, w a te r tu rb id ity  and HCMS and /o r flu id  mud 
occurrences w ill also affect the ecological system : SPM contro ls the underw ater light 
fie ld , hence, the prim ary  production and developm ent o f phytop lankton ; SPM and 
HCMS can sm othe r benthic organism s and habita ts, resu lting in a reduction in the 
production and d ive rs ity  o f species.

O bjec tives

Main ob jectives were: (1) increase in knowledge on tem pora l va riab ility  o f SPM w ith in  
the CTM zone; (2) increased understanding in the spatial va riab ility  o f the extent of 
the CTM zone; (3) gaining new insights in the dynam ic behaviour o f HCMS, and its 
influence on near-bed processes; (4) eva luating the use o f optical and acoustic sensor 
m easurem ents in revealing the vary ing SPM nature w ith in  the CTM zone; and (5) 
d istinguish ing anthropogenic con tribu tions to SPM concentration from  the natural SPM 
va riab ility  through tim e.

Conclusions

see 9.1

Keyw ords: Suspended pa rticu la te  m a tte r; coastal tu rb id ity  m ax im um ; na tu ra l 
va riab ility ; advection ; w ind c lim a te ; s torm iness; NAO; pa rtic le  size d is tr ibu tion ; h igh ­
concen tra ted m ud  suspensions; m ud  disposal; m ine bu ria l
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Context

De Belgische kustzone bevindt zich in de zu ide lijke bocht van de Noordzee, en is 
gekenm erkt door de aanwezigheid van een tu rb id ite itsm ax im u m  gelegen tussen 
Oostende en het m ondingsgebied van de W esterschelde. De deeltjes in suspensie zijn 
hoofdzake lijk  a fkom stig  van aanvoer door de S traa t van Dover, en voora leer ze verder 
noorde lijk  ge transporteerd w orden, blijven ze een t ijd  voor de kust aanwezig. Een 
frac tie  van deze fijne  sedim enten zijn ook aanwezig in de W esterschelde. Het 
zogenoemde tu rb id ite itsm ax im u m  aan de kust is perm anent aanwezig, en is 
gerelateerd aan een opstopp ingseffect in het residueel transport langsheen de 
Belgische kust. De deeltjes in suspensie v inden hun oorsprong ook terug in lokale 
erosie van de zeebodem, w ant ze z ijn continu onderhevig aan bezinking en re- 
suspensie; echter, s ignificante varia ties in hun concentraties komen voor tijdens eb- 
vloed cycli, alsook tijdens  dood-spring tij cycli. Het gedrag van suspensiem ateriaal 
w ord t ook nog beinvloed door seizoenen en m eteorologische om standigheden.
In de tu rb id ite itsm axim um zone bestaat de zeebodem hoofdzake lijk  u it cohesieve 
sedim enten m et een bepaald gehalte aan zand e n /o f klei. Het gro te reservo ir aan 
zacht to t m edium  geconsolideerde klei, van Holocene ouderdom , is grotendeels bedekt 
m et zand en recent slib e n /o f hooggeconcentreerde slibsuspensies. S ignificante 
hoeveelheden aan v loe ibaar slib en hooggeconcentreerde slibsuspensies worden ook 
teruggevonden in de navigatiekanalen, m et een be langrijke verslibb ing ais gevolg. De 
toegang to t de havens w o rd t verzekerd door het in tensie f baggeren van slib.
Afgezien van het economisch belang, is er ook een ecologisch aspect, nam elijk : 
troebelheid van w a te r en het voorkom en van hooggeconcentreerde slibsuspensies 
en /o f v loe ibaar slib beïnvloeden het onderw aterlich treg im e en bijgevolg ook de 
prim aire  groei en de on tw ikke ling van fy top lankton . Verder zullen bodem organism en 
en habita ts verstoord worden, m et een reductie in de groei en d ive rs ite it van 
specifieke species ais resultaat.

Objectieven

Hoofdobjectieven van het onderzoek om va tten : (1) een be langrijke  toenam e in de 
kennis om tren t de va ria b ilite it van het suspensiem ateriaal gerelateerd aan het 
tu rb id ite itsm ax im u m  doorheen de t i jd ;  (2 ) onderzoek naar de ru im te lijke  va riab ilite it 
van het tu rb id ite itsm ax im u m  langsheen de Belgische kust; (3) verw erven van nieuwe 
inzichten om tren t het dynam ische karakte r van hooggeconcentreerde slibsuspensies 
en de invloed op bodem processen; (4) evalueren van het gebru ik  van optische en 
akoestische sensorm etingen naar aanleiding van varia ties in de sam enstelling van het 
suspensiem ateriaal gerelateerd aan het tu rb id ite itsm ax im u m ; en (5) onderscheiden 
van m enselijke invloeden op de concentraties aan suspensiem ateriaal van de 
na tuu rlijke  varia ties, doorheen de tijd .

Conclusies

Data verkregen door b ijna -con tinue m ulti-senso r bodem m etingen op drie locaties aan 
de Belgische kust hebben bijgedragen to t een betere kennis om tren t de na tuurlijke  
varia ties en processen van suspensiem ateriaal. Ru im te lijke d is tribu tiepa tronen van 
concentraties aan suspensiem ateriaal, nabij het w a te ropperv lakte , werden verkregen 
via een sate llie t-sensor (M ODIS-Aqua). Analyse van deze kaarten leidde to t betere 
inzichten in de ru im te lijke  varia tie  in g rootte  en positie van het tu rb id ite itsm ax im um . 
Deze in fo rm atie  werd dan vervo lgens geanalyseerd, in com binatie m et hydro­
m eteorologische data. De volgende conclusies werden verkregen:

De residuele strom ingen, evenw ijd ig  aan de kus tlijn , werden in beschouwing genomen 
om twee strom ingsregim es te defin ieren. Een heersende wind m et noordelijke 
com ponent induceert een strom ing langsheen de kust rich ting  het SW (F rankrijk ). 
Deze w indsector kom t 15%  van de t ijd  voor, en bedraagt gem iddeld 7.1 m s '1 (±  3.3 
m s '1). Het tegengestelde residuele strom ingsve ld (rich ting  Nederland) w ord t gestuurd 
door krachtigere w inden vanu it het W-SW (23%  van de t ijd ) ,  nam elijk  9.5 m s '1 ±  4 .3 
m s '1.
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Tijdens het noordoostwaartse strom ingsreg im e w ord t er in het studiegebied een 
toenam e in sa lin ite it en een afnam e in de concentra tie  aan suspensiem ateriaal 
geobserveerd. Dit w o rd t verk laard door advectie van helder, m aar zoutig, A tlantisch 
w a te r doorheen het Engelse Kanaal en de S traa t van Dover dat zich m engt m et de 
kustw ateren. Ais deze w indcond ities krachtig z ijn , dan gaan deze ook gepaard m et 
go lfw erking (gem iddelde go lfhoogte van 0.85 m ). Dat draagt op zijn beurt bij aan een 
sterkere bodem w rijv ingsspanning die de zachte slibafze ttingen zullen eroderen. 
Bovendien, werd er besloten dat onder deze om standigheden het tu rb id ite itsm ax im um  
zich u its tre k t to t  in de Nederlandse wateren (W alcheren) zoals afgeleid u it de kaarten 
van concentratie aan suspensiem ateriaal nabij het w a te ropperv lakte . H ierbij w o rd t de 
zoe tw ate rriv ie rp lu im  (W esterschelde) ook beïnvloed door deze w indcond ities m et ais 
resu ltaa t dat de u itb re id ing  van de p lu im  zeer beperkt w ord t. D it ve rk laa rt waarom  er 
geen re la tie  kon worden afgeleid tussen het tu rb id ite itsm ax im u m  en de 
zoe tw aterp lu im . De W esterschelde ve rtoon t b ijgevolg geen typische tu rb id ite itsp lu im , 
zoals deze voo rkom t in vele m ondingsgebieden (Hum ber, Thames, Elbe e tc.) in de 
zu ide lijke Noordzee. S troom opw aarts transport van m arien suspensiem ateriaal in de 
W esterschelde w o rd t gesuggereerd.
Er werd verder geobserveerd en geconcludeerd dat tijdens zeer krachtige west- 
zuidwest w ind- en storm condities de sam enstelling van het suspensiem ateriaal 
verandert. Nam elijk , de kleine prim aire  deeltjes, en flocculi (g ro te re  vlokken zijn 
opgebroken), m .a.w . cohesieve sedim enten, worden weggetransporteerd naar het NE 
en worden vervangen door een partike lverde ling  dat werd gedom ineerd door f ijn  zand. 
D it resulteerde onge tw ijfe ld  in im plicaties van de gebru ikte  sensoren: de OBS (optical 
backscatter sensor) vertoonde system atisch s te rk  gereduceeerde concentraties aan 
suspensiem ateriaal tijdens deze om standigheden; te rw ijl de akoestische sensoren 
(acoustic Doppler p ro file r/ve loc im e te r) verhoogde concentraties reg istreerden. Het 
laatste type sensoren ve rtoo n t een betere perfo rm ance w anneer de verdeling van 
suspensiedeeltjes (eerder pa rtike lkorre ls  dan v lokken) unim odaal is, en zich in de g ro f 
s ilt -  f ijn  zandfractie bevindt.

De kustw ateren zijn m inder geaffecteerd door de A tlan tische wateren tijdens het 
regim e van residuele strom ing naar het zuidwesten, en zijn dan bijgevolg m inder 
salien. De zoe tw aterp lu im  van de W esterschelde (+  Rijn-Maas systeem ) bre id t zich 
zeewaarts u it, alsook naar het zuidwesten. Het tu rb id ite itsm ax im u m  kom t opnieuw 
niet overeen m et de zoe tw aterp lu im , aangezien de kern van troebelheid zich 
geisoleerd bevindt tussen Oostende en Zeebrugge, dus zonder du ide lijke  verb ind ing 
m et de W esterschelderiv ier. In ve rge lijk ing  m et het vorige strom ingsregim e zijn de 
concentraties aan suspensiem ateriaal hoger. Ook werden m ulti-m oda le  
partike lverde lingen (p rim a ire  deeltjes, floccu li, m icroflocs, m acroflocs) waargenom en 
die de dynam ica van cohesieve sedim enten, nam elijk  v lokkenvorm ing en ontb ind ing, 
verk laren . Om wille van de voorkom ens van deze fijne  suspensiem ateria len, en van de 
afwezigheid van zandig m ateriaal zullen de optische sensoren algemeen een goede 
benadering van de concentratie geven. W anneer ech ter de frac tie  aan m acrovlokken 
toeneem t, dan zal de optische sensor de concentra tie  aan suspensiem ateriaal m inder 
nauw keurig meten.
Er werd dus besloten dat e lk s trom ingsregim e, tengevolge van de versch illende hydro­
m eteorologische factoren, overeenkom t m et een typische aard van 
suspensiem ateriaal. De concentra tie aan suspensiem ateriaal is hoofdzake lijk  in 
verband te  brengen m et de advectie en dus de verdeling van waterm assa's. De 
sa lin ite it, geassocieerd m et de w aterm assa 's, zal daarom  goed corre leren m et de 
concentra tie aan suspensiem ateriaal.

Storm en kom en het meeste voor in het seizoen m et sterke hydrodynam ische condities 
(w in te rs ), en de daarm ee gepaardgaande w indgolven zullen de bodem in het re la tie f 
ondiepe studiegebied affecteren. De grootste golven zijn typisch gerelateerd aan 
w inden u it het noorden, dat door een re la tie f gro te fetch  een langere go lfperiode 
vertonen. Zoals eerder verm e ld, genereren de krachtige w inden u it het SW ook golven 
m et een periode rond de 4 s. De langere periodegolven u it het noorden vertonen 
vanzelfsprekend gro te re  go lf-o rb ita le  snelheden die een verhoogde re-suspensie van 
bodem m ateria l zal teweegbrengen. Dit heeft ais gevolg dat het tu rb id ite itsm ax im um  
zeer om va ng rijk  w o rd t, en bovendien de hoogste concentraties aan suspensiem ateriaal
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w ord t vertoond. Er werd gesuggegereerd dat de gro te slibp laa t in de kustzone, en de 
zachte slibafze ttingen in de navigatiekanalen geërodeerd worden tijdens deze 
m eteorologische condities.

Een zeer s ignificante u itb re id ing  van het tu rb id ite itsm ax im u m  langsheen de kust en in 
de rich ting van de Nederlandse wateren werd geobserveerd in de w interm aanden die 
overeenkom en m et ta lr ijk e  en krachtige w inden u it het SW. W interperiodes m et 
aanz ien lijk  m inder SW winden resulteren bijgevolg in een du id e lijk  verschillende 
spreid ing van het tu rb id ite itsm ax im u m . Deze analyse werd gerealiseerd door een 
classificatie van kaarten van concentraties aan oppervlaktesuspensiem ateriaa l, op 
basis van de klim atologische index -  Noord-A tlantische oscilla tie, m et dus een 
be langrijke invloed op de spreid ing van het tu rb id ite itsm ax im u m  voo r een periode van 
4 maanden.
Met betrekking to t bodemprocessen heeft deze stud ie bijgedragen to t de voorkom ens 
en het belang van hooggeconcentreerde slibsuspensies aan de bodem. Deze laatste 
vertonen concentraties aan suspensiem ateriaal to t een paar g I'1, en vertonen 
verschillende condities en tijdsperiodes waarin ze voorkom en:

in tra -tidaa l (tijke n te rin g ) 
gerelateerd aan storm en 
doodtij

Het eerste type is kenm erkend voo r het tu rb id ite itsm ax im u m  en werd geobserveerd op 
regelm atige basis (4  keer per dag). De hydrodynam ica is gekenm erkt door een 
getijdene llips dat u itgesproken plat is (typisch voor ondiep w a te r); dus de lange (paar 
uren) fasen van tijke n te rin g , en dus fasen van verm inderde tu rbu len te  energie laten 
g rav ita tione le  bezinking toe van het suspensiem ateriaal u it de w ate rko lom . D it w ord t 
verder ook bewerkste lligd door v lokkenvorm ing, waarb ij gro te  vlokken sneller kunnen 
bezinken. Het tweede type w o rd t gerelateerd aan de im pact van een storm  waarb ij 
go lfw erking de cohesieve slibbodem  vloe ibaar m aakt. Zoals eerder aangehaald zijn de 
concentraties aan suspensiem ateriaal tijdens  storm en typisch toegenom en, mede door 
erosie van slibsedim enten u it de navigatiekanalen. Ook na de passage van storm en 
kan veel suspensiem ateriaal gaan bezinken en dus hooggeconcentreerde 
slibsuspensies veroorzaken. Het laatste type w ord t geassocieerd aan een rustige 
periode van verm inderde tu rbu len te  energie tijdens dood tij, w aarb ij het 
suspensiem ateriaal massaal bezinkt en de zeebodem bedekt w ord t m et 
hooggeconcentreerde slibsuspensies, en eventueel m et v loe ibaar slib. De duur van 
voorkom en w ord t hydrodynam isch gestuurd door storm w erking  e n /o f door het 
opeenvolgende spring tij.

W ereldw ijd lijden havens en navigatiekanalen onder de toeslibb ing door 
hooggeconcentreerde slibsuspensies, en zijn er in tensieve bagger-s to rt program m a's 
nodig om de toeganke lijkhe id  van en naar de havens te garanderen. Een experim ent 
m et betrekking to t  (a lte rna tie f) storten van slib over de strekdam  van de haven van 
Zeebrugge werd u itgevoerd, en er werd daarb ij s tatistisch aangetoond dat 
s to rtac tiv ite iten  ook bijdragen to t de vorm ing van hooggeconcentreerde slibsuspensies 
en /o f v loe ibaar slib op 5 km afstand van de stortp laats. Door een statistische 
benadering werd eerst de na tuu rlijke  varia ties in het com plexe gedrag van 
suspensiem ateriaal onderzocht, om vervo lgens de door de mens geïnduceerde im pact 
te evalueren. Naar aanleiding hiervan werd de concentra tie aan suspensiem ateriaal en 
de voorkom ens van hooggeconcentreerde slibsuspensies voorgeste ld ais ind ica tor voor 
veranderingen in het fysische m ilieu, zowel door m enselijke ingrepen, ais door 
na tuu rlijke  veranderingen (b ijvoorbee ld  de trend van het w indk lim aat).

Tenslotte werd, in het tu rb id ite itsm ax im u m , de kans op begraving van zeem ijnen 
onderzocht door hooggeconcentreerde slibsuspensies; d it m et be trekking to t detectie 
van zeem ijnen en andere objecten op de zeebodem. Een tes tm ijn , u itgerust m et 
optische sensoren, reg istreerde gedurende 3 maanden het dynam ische karakte r van 
deze slibsuspensies. De bevindingen werden teruggekoppeld aan m etingen van de 
m ulti-senso r tripode w aardoor nieuwe inzichten zijn verw orven m et betrekking to t het 
onderzoek naar het gedrag van deze slibsuspensies. Alle types van m unitie
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(ona fhanke lijk  van vorm , densite it, o riën ta tie ) kunnen, bij hoge concentraties aan 
suspensiem ateriaal, door d it mechanism e periodisch worden begraven en blootgesteld. 
Het gevaar d re ig t dat m un itie  n iet gevonden w ord t bij het opsporen in gebieden waar 
hooggeconcentreerde slibsuspensies aanhoudend voorkom en, en daarom  is het 
aangewezen dat deze gebieden verder opgevolgd en geanalyseerd worden. Aan de 
Belgische kust w o rd t het risico hoog ingeschat in het tu rb id ite itsm ax im um  tijdens 
dood tij, aangezien dan begraving langdurig w o rd t ingeschat.

Trefwoorden: Suspensiem ateriaal; tu rb id ite itsm ax im u m ; na tuu rlijke  va riab ilite it;
advectie ; w indk lim aat; s to rm en ; North A tlan tic  O scilla tion; pa rtike lg roo tte ve rde lin g ; 
hooggeconcentreerde slibsuspensies; baggers tortp laa tsen ; zeem ijnbegraving
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Chapter 1

In troduction , aim s and thesis structure
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1 . In troduction

1 .1 . Socio-economic relevance o f fine-gra ined  sedim ent dynamics

Because o f (rap id) sed im entation o f suspended particu la te  m a tte r (SPM) and the 
presence o f flu id  mud (Verlaan and Spahnhof 2000, W interw erp 2005, PIANC 2008, 
van Maren et al. 2009, Manning et al. 2011), shoaling o f m aritim e access routes and 
harbour basins in coastal or estuarine tu rb id ity  m axim um  environm ents is de trim enta l 
fo r th e ir accessib ility. Deposition o f mud in the  dredging areas can be seen as a 
tem po ra rily  storage o f (flu id ) mud (K ineke et al. 1996, Le Hir 1997, W interw erp and 
van Kesteren 2004, S chro ttke et al. 2006, Uncles et al. 2006). Mud is here referred to 
as w a te r-rich  sed im ent typ ica lly  w ith  a considerable am ount o f c lay-s ilt partic les (also 
sand). The harbours o f Zeebrugge (F ig .1 .1 ), Ostend and the m arinas o f Blankenberge 
and N ieuwpoort, and th e ir navigation channels need very regu lar m aintenance 
dredging in order to guarantee accessib ility. M aintenance dredging am ounts up to 
about 10 m illion tons o f d ry  m a tte r per year fo r Zeebrugge and the m a jo r shipping 
lanes (Lauw aert et al. 2009).

Figure 1.1 Sediment transport in the vicin ity o f the harbour o f Zeebrugge. Blue areas 
are masked areas

The dredged m ateria l, which consists o f pure mud in the harbour o r o f sandy mud in 
the navigation channels, is disposed o f at dedicated disposal grounds at sea. The 
OSPAR convention (1992 ; Convention fo r the Protection o f the Marine Environm ent of 
the North-East A tlan tic ) aimed at preventing and e lim inating  po llu tion and at 
pro tecting the m aritim e area against the adverse effects o f human activ ities. A lthough 
disposing o f dredged m ateria l at sea is allowed, a risk rem ains th a t tox ic  substances 
(organic m icro -po llu tan ts  and heavy m etals) associated w ith  the disposal o f dredged 
m ateria l over large areas are present. Detailed knowledge o f SPM dynam ics, including 
its tem pora l and geographical va riab ility , is the re fore  needed.
Several research program m es have been carried out or are ongoing th a t have 
investigated the human im pact caused by dredging and disposal in the Belgian 
nearshore area: MOCHA (BelSPO) (Fettw eis et al. 2007), MAREBASSE (BelSPO) (Van 
Lancker et al. 2007), QUEST4D (BelSPO) (Van Lancker et al. 2011), HCBS-Zeebrugge 
(IMDC 2010); and MOMO (Flem ish A u thorities) (Lauw aert et al. 2009, Fettweis et al. 
2011a).
Several techniques have been proposed to  m in im ize harbour s ilta tion o f which an 
overview  is presented in PIANC (2008) and K irby (2011). In Belgium the focus is on 
op tim iz ing the disposal o f dredged m ateria l (Fettw eis et al. 2011b), on optim izing 
dredging m ethods (B erlam ont et al. 1985, Berlam ont 1989, Fettweis et al. 2011c) and
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on decreasing the sed im entation in the  dredging areas. The la tte r requires 
in fras truc tu ra l adaptations (e.g curren t-de flec ting -w a ll) in order to decrease the w ate r 
exchange and thus the mud input between the harbour basin and its environm ent 
(Fettw eis and Sas 1998, Hofland et al. 2001, Ku ijper et al. 2005, van Maren et al.
2009, 2011). The effic iency o f disposal grounds is defined by physical, economical and 
ecological aspects. In o ther words, an e ffic ien t disposal ground im plies a m inim al 
recircula tion o f the disposed m a tte r tow ards the  dredged areas. As such, a m in im al 
distance between the  dredged area and disposal ground is pre ferred , however, under 
the assum ption th a t the im pact on the  m arine environm ent is negligible. 
Consequently, the re  is no disposal ground tha t covers all three aspects. E ffic iently 
disposing o f dredged m ateria l then requires a m ore dynam ic s tra tegy th a t allows 
choosing the best location, as a function o f the  (pred ic ted) physical im pacts or 
conditions. Potential disposal grounds m ay be chosen in the coastal tu rb id ity  
m axim um , when it can be argued th a t the disposal activ ities do not increase 
s ign ificantly  the tu rb id ity  levels, com pared to the natural background in tu rb id ity  
(Fettw eis and Van den Eynde 2003).

1 .2 .  H ig h -tu rb id ity  a re a s  in th e  so u th e rn  N o rth  Sea

The southern North Sea region is composed o f the Southern B ight, the German Bight 
and also part o f UK w ate rs; 56° north la titude is the northw ard boundary. The overall 
d is tribu tion  o f sa lin ity , and hence w a te r masses de term ine the  d is tribu tion  o f tu rb id ity  
(e.g. Lee and Folkard 1969). Since 1997, m easuring physical oceanographic 
characteristics from  space (ocean colour rem ote sensors; MODIS-Aqua, SeaWiFs; 
MERIS) has become com m on practice to derive mean patte rns o f e.g. surface SPM in 
shelf seas such as the North Sea (Ruddick et al. 2000, van der Woerd and Pasterkamp 
2004, Eleveld et al. 2004, Staneva et al. 2009, Neukermans et al. 2009, Nechad et al.
2010, P ietrzak et al. 2011). The southern North Sea SPM system  is characterized by 
d iffe ren t spatial s tructures o f tu rb id ity  (Fig. 1 .2 ): (1) the 'c lassical' rive r plum es such 
as the Tees, Hum ber, Thames estuary, Wash, Meuse-Rhine, Elbe, W eser and Ems. In 
the northern hem isphere, the freshw a te r-tu rb id ity  plumes tu rn  rig h t due to Coriolis 
forc ing. Exception is the Thames rive r plum e th a t tu rns le ft due to residual circu lation 
(e.g. P ietrzak et al. 2011). In the German B ight, the  coastal waters are affected by 
m ain ly  the  Elbe, W eser and Ems. (2 ) The East Anglian Plume (Prandtl et al. 1993, Dyer 
and M offat 1998) representing offshore deflecting buoyant coastal waters. I t  orig inates 
from  the Thames rive r plum e and crosses the southern North Sea (Holt and James 
1999) towards the German B ight (D yer and M offat 1998). (3 ) The tu rb id ity  area in the 
Belgian-Dutch coastal w a ters which is best described as a coastal tu rb id ity  m axim um  
zone.

1 .3 .  C oasta l tu rb id ity  m a x im u m  a lo n g  th e  B e lg ian -D u tch  coast

The te rm  coastal tu rb id ity  m axim um  (CTM) refers to the  persisten t high surface SPM 
concentrations (up to  100 mg I'1) in the Belgian-Dutch coastal zone (Bastin et al. 
1984, Ruddick et al. 2000, Eleveld et al. 2004, Fettweis et al. 2010), w ith  a main 
spatial extension between about Ostend and the W esterscheidt estuary. 
G eographically, the  m outh o f the estuary is s itua ted at V lissingen, a lthough geo- 
m orpho log ica lly the area between Zeebrugge and W alcheren is part o f the m outh. The 
te rm  'coastal tu rb id ity  m ax im um ' is not frequen tly  used in lite ra tu re  (Lee and Folkard 
1969, Fettweis et al. 2010), and corresponds rough ly w ith  an 'es tuarine  tu rb id ity  
m ax im um ' (ETM) in the sense tha t one o r m ore trapp ing mechanism s fo r SPM occur. 
These are not due to  sa lin ity  (ETM), but ra the r due to e.g. congestion in the  residual 
SPM transport (Fettw eis and Van den Eynde 2003). In the shallow Belgian-Dutch CTM 
zone, where w a te r depths range between 0 and 16 m MLLWS (Mean Lower Low W ater 
Springs), the main m orphological en tities  are sandbanks and swales, as also 
navigational channels e.g. tow ards Zeebrugge and the W esterscheldt. These channels 
are m ainta ined at a w a te r depth o f m in im um  15 m MLLWS.
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Figure 1 .2  Emerging patterns o f turb id ity as observed (derived from MODIS-Aqua 
imagery) a t the water surface in the southern North Sea

1 .4 . Coastal hydrodynamics

The m acro-tida l regim e is the  main contro l o f the  hydrodynam ics along the Belgian- 
Dutch coast. Tides are sem i-d iurna l and s ligh tly  asym m etric  w ith a mean tida l range of 
4.3 m a t Zeebrugge during spring tide  and 2.8 m during neap tide . Tidal current 
velocities are o f the  order o f 0 .6 to  1.2 m s 1 in the  coastal zone, w ith m axim um  
velocities o f 1.5 m s"1 around the port o f Zeebrugge. As a consequence, the  bottom  
shear stresses (fric tiona l force exerted by the flow  per un it area o f the  seabed) are the 
largest there . The residual (sub tida l) c ircu lation is known to  con tribu te  to  the long­
te rm  transp ort o f fine sedim ents (m a in ly  c lay-s ilt particles and fine sands), and is 
governed by d iffe ren t forcings:

w ind forcing
tides (through non-linear effects)
vertica l density gradients (tem pera tu re , sa lin ity)

The wind clim ate m ay affect the residual cu rren t vectors resu lting in s ign ificant flows in 
the  surface layer d im inishing w ith increasing w ate r depth (Yang 1998, Lentz e t al. 
1999). Winds orig ina te  m ain ly from  w est-southw est, when A tlan tic  depressions are 
m oving from  west to  east above the Belgian coast (Fig. 1.3).
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Figure 1 .3  Wind climate along the Belgian coastal zone, based on measurements 
between 2000 and 2010 a t Zeebrugge harbour station (data from Ministery o f the 
Flemish Community, Maritime Services, Coastal Division/Hydrography)

The second frequen t wind sector is northeast, as a resu lt o f the developm ent o f a high 
pressure field (between tw o A tlan tic  depressions) th a t moves from  the UK towards 
Central Europe or Scandinavia. O ther wind directions are less abundant, since they are 
transitiona l d irections between the tw o main wind regimes. Since the coastline (as 
indicated by the vertica l lines in Fig. 1.3) is oriented about 65° true  north , strong 
w ind-fo rced flows are present alongshore (Verlaan and G roenendijk 1993, Yang 1998). 
Response tim e o f the North Sea to changes in w ind speed generally varies between 6 
and 34 h (Ish iguro  1983). In lite ra tu re , the existence o f the CTM zone has been 
corre lated w ith  residual flow  circu lation. On a regional scale, the mechanism of SPM 
entering the North Sea through the Dover S tra it open boundary and settling o ff the 
Belgian-Dutch coast has been w idely discussed in lite ra tu re  (Eisma and Kalf 1987, Van 
Alphen 1990, Lafite e t al. 1993, 2000, Gerritsen et al. 2000, Fettweis e t al. 2007). 
However, the fa te  of fine-gra ined sedim ents in the coastal zone is still controversia l. In 
some studies residual cu rren t pa tte rns w ith  large gyres (N ihoul 1975, Gullentops et al. 
1976, Delhez and Carabin 2001) and flow  convergences (Van Veen 1936) are 
hypothesized; these authors plead fo r a closed system to expla in the presence of 
cohesive sedim ents (Fig. 1.4). In o ther studies, detailed hydrodynam ic and sedim ent 
transport m odelling (Fettweis and Van den Eynde 2003), g round-tru thed  w ith  tracer 
tests (Van den Eynde 2004) have been used to argue against the existence of residual 
eddies, or the closed system concept. I t  was shown th a t m ost o f the mud from  the 
Dover S tra it is actua lly leaving the study area towards the northeast, being contro lled 
by tides and m eteorological forc ing. Because o f the decreasing m agnitude of the 
northeast-d irected residual transport and the presence of the island o f W alcheren (the 
Netherlands), a kind of congestion occurs in the sedim ent transport. In com bination 
w ith  the nature o f seabed sedim ents (see 1.5), th is would explain the presence of the 
tu rb id ity  zone.
In fluence o f vertica l density gradients on the CTM fo rm ation , hence the potentia l of 
" the rm o-ha line  c ircu la tion" is negligible. The w a te r column is generally well m ixed 
th roughou t the entire  year (e.g. de R u ijte r e t al. 1987) due to the high tida l 
am plitudes, the strong tida l currents and the low freshw ater discharge o f the River 
Scheldt (yearly  average is 100 m 3 s '1, w ith  a m in im um  o f 20 m 3 s 1 during sum m er 
and a m axim um  o f 600 m 3 s 1 during w in te r). Horizontal density gradients occur in the 
coastal zone and are influenced by the freshw ater ou tflow  of the W esterscheldt 
estuary, m ainly (Lacroix e t al. 2004). They are caused by tida l- and w ind-d riven 
advection and are generally low (sa lin ity  d ifference during a tide is < 1 ; sa lin ity  
d ifference o f 2 occurs in 10% o f the tides).
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Figure 1 .4  Overview o f SPM transport in the southern B ight o f the North Sea (adopted
from Eisma and Kalf 1979); SPM concentration in mg I'1; small arrows are residual 
current patterns (Nihoul and Ronday 1975, Prandle 1978 in Eisma and Kalf 1979); 
contour arrows indicate transport pathways o f SPM; interrupted contour arrows 
(Ramster e t al. 1976 in Eisma and Kalf 1979)are indicative o f flow o f water and SPM 
from the Thames estuary to the English Channel under strong northerly winds; black 
areas are m ud deposits consisting o f >50% o f particles smaller than 50 pm (Bastin 
1974, Jarke 1956 in Eisma and Kalf 1979); dotted areas are deposits consisting o f 
>2% o f particles smaller than 50 pm (Eisma 1966, McCave 1979 in Eisma and Kalf 
1979)

1 .5 .  H e te ro g en eo u s  s e d im e n ta ry  e n v iro n m e n t

Both the geological and sedim entological s itua tion in the  Belgian-Dutch coastal zone is 
com plex. The Palaeozoic basem ent was flooded during Late Cretaceous tim es (Le Bot 
et al. 2003), and the present T e rtia ry  sequence coincides w ith  s ligh tly , northeast 
dipping deposits. These, from  m id-Eocene to upper-P liocene, deposits exh ib it a varying 
sed im ento logy (sandy clay, clay, clayey sand, and sand) w ith  thickness between 10 
and 30 m (De Batist 1989, Ebbing et al. 1992). Further, Q uaternary sedim ents m ain ly 
include the Pleistocene backfilled scour hollows in Palaeogene shelf stra ta  (M ostaert et 
al. 1989, Liu 1990), and the Holocene tida l sandbanks. Thicknesses o f the Q uaternary 
deposits in the coastal zone va ry  between 0 and 10 m, m ain ly  (besides the Ostend 
va lley deposits). More resistant T e rtia ry  layers, such as Boom clay and Asse clay, 
outcrop in the  navigational channel towards the W esterscheldt where the Q uaternary 
cover is absent. The Q uaternary deposits are typ ica lly  sands w ith  sporadic strata of 
shells (o r shell fragm ents ); though near the  Zeebrugge harbour and the V lakte van de
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Figure 1 .5  Thickness (m ) o f Quaternary sediments (Liu 1990, Ebbing e t ai. 1992); 
dotted areas are less than 2.5  m thick; the red polyline corresponds to the 
Westerscheldt estuary; very poor seismic penetration Is found in the grey filled region 
(from Du Four e t al. 2006)

Raan, clay, clay-sand a lte rna tions and peat layers are m ostly  present (Le Bot et al. 
2003, 2005).
The Holocene (in terg lacia l period beginning a t the  end o f the  Pleistocene, i.e. ~11700 
years ago) is characterized w ith  a sea level rise because o f m elting glaciers. The 
shallow parts o f the inundated coastal area allowed the  developm ent o f marshes and 
peat fo rm ation  (Baetem an and Van S trijdonck 1989). In addition, the  Pleistocene 
deposits are largely eroded (Baetem an and Van S trijdonck 1997) and reworked as 
tida lly-induced m ud fla t deposits, estuarine sand plates and beach deposits. Finally, 
during the  last period o f the Holocene, a continuous d isplacem ent and rew orking of 
sedim ents under tida l hydrodynam ics resulted in the presen t-day seafloor m orpho logy 
(p lanar, small and large bed form s) (Eisma and Kalf 1979, Mathys 2009).
The com position o f bo ttom  sedim ents in the  Belgian-Dutch coastal zone is not un ifo rm ; 
it varies from  pure clays to ve ry  coarse sands (Verfa illie  e t al. 2006). The 
heterogeneous character o f the  seabed is natura l, bu t also pa rtly  because o f human 
im pact, such as dredging-disposal activ ities (see 1.1). The sand fraction is pa rtly  re lic t 
and pa rtly  in transport, dependent on the  prevalent bottom  shear stresses. Grain-sizes 
become typ ica lly  coarser in the  offshore d irection (Lanckneus e t al. 2001). Clay and 
s ilt size bottom  sedim ents are also abundant between Ostend and the  River Scheldt 
m outh (Van Lancker e t al. 2007 a, b). In the  last years, several techniques have been 
used to  characterize the nature o f the  m uddy seabed in the  CTM zone: seism ic surveys 
(Missiaen et al. 2002, Mathys 2009), seabed mapping (Van Lancker e t al. 2004) and 
in tensive seabed box coring (Van Lancker e t al. 2004, Fettweis e t al. 2010).
The bed s tructu re , wet bu lk density  and consolidation o f the  cohesive sedim ents have 
been investigated w ith  erosion behaviour m easurem ents (Fettweis e t al. 2005,
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Fettweis e t al. 2010), and allowed establishing the presence o f the fo llow ing bed 
layers: f lu ffy  /  flu id  mud layers (0 .5 -1  Pa; 1100-1200 kg m"3); fresh ly (recently) 
deposited mud (1 -4  Pa; 1300-1500 kg m"3); soft to  medium  consolidated Holocene 
mud (up to  13 Pa; 1500-1800 kg m"3) w ith  in te rca lations o f th in  sand layers (~ 1  Pa). 
From the geophysical surveys in the CTM zone, a mud plate has been identified as a 
d is tinc t un it o f Holocene age pa rtly  covered by sands (M athys 2009). The presence o f 
the mud plate confirm ed ea rlie r observations (Stessels 1866, Van Mierlo 1899, Gilson 
1900, Bastin 1974, Gullentops 1976); fo r Mathys (2009) it is a deposit form ed w ith in  
the last 450 years. This deposit is basically seen as a reworked (Holocene) back barrie r 
deposit. The very  poor seism ic penetra tion o f the un it is because o f m ethane gas 
fo rm ation  in shallow peat layers (Missiaen et al. 2002). The th ickness is on average 
less than 1 m, but m ay reach 5 m in the eastern part. I t  fo rm s the largest reservo ir o f 
fine -gra ined sedim ents in the nearshore area (Fettw eis et al. 2009); it con tribu tes as a 
source o f SPM, m ain ly during storm  events (Fettweis e t al. 2010). However, the 
physical behaviour o f the outcropping consolidated mud (swelling , mass erosion, 
resuspension, weakening) in the area is quan tita tive ly  not known yet.
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Figure 1 .6  Map o f median grain size (based on sedisurf@database ( Van Lancker e t ai. 
2007 a), and sediment data from TNO (NL); black (sem i-) circles are disposai grounds 
o f dredged m aterial (from Du Four e t ai. 2006)

1 .6 . SPM characteristics

Ocean colour sate llite  sensors derive SPM concentra tion fo r the near-surface layer 
from  optical properties o f the sea (e.g. D oerffe r et al. 1994). The degree o f tu rb id ity  
(w a te r c la rity ) is an optical p roperty  o f the  w a te r and is influenced by (1) coloured 
dissolved organic m a tte r (CDOM; e.g. hum ic substances) and (2) suspended
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particu la te  m a tte r (SPM). The la tte r consists o f fine -gra ined m ateria ls (clay, s ilt and 
sand) and is composed o f m inerals (c lay m inerals, quartz, carbonates), organic m a tte r 
(OM) and w a te r (Eisma 1986, Berlam ont et al. 1993). OM consists o f m icro-organism s, 
th e ir m etabolic products, residuals from  dead organism s and faecal pellets (Ham m  
2002, Bhaskar et al. 2005). OM content in the w a te r column w ill de term ine the 
floccu la tion dynam ics (Fettw eis et al. 2006, see 1 .7 ), as w ith  h igher OM con tent the 
SPM floes become larger. Flocculation is caused m ain ly  by the  clay m inerals in te racting 
w ith  each other, w ith  o ther m inerals and w ith  the organic m a tte r resulting in increased 
cohesiveness o f the SPM (Kranenburg 1994, Dyer and Manning 1999, Son and Hsu 
2009). Regarding the  Belgian coastal zone, the SPM consists o f a clay to s ilt ratio of 
~ 1 :4 , median grain size o f the prim ary  partic les (bu ild ing stones o f floes) o f <3pm , 
7 .5%  organic m atte r, and 40%  CaC03 (Fettw eis et al. 2007 b). These figures m ust be 
regarded w ith  caution since m easurem ents were realised at d iffe ren t sample stations 
and under d iffe ren t hydrodynam ica! conditions. Density o f p rim ary  partic les takes into 
account the d iffe ren t fractions (OM, CaC03 and clays and non-clay m inerals) and the 
corresponding densities, and was found to be 2580 kg m '3 fo r the  Belgian coastal zone. 
From a m ineralogical po in t o f view  (Zeelm aekers 2011), the consolidated mud 
deposits, as well as the fresh ly  deposited mud, share the same clay-com position as the 
SPM found in the CTM. Therefore, he suggested th a t constant rew orking o f the older 
m udplate deposits con tribu tes s ign ificantly  m ore tow ards the SPM than previously 
though t. More d is tan t sources o f SPM considered in lite ra tu re  are the erosion o f the 
coastal cliffs in the English Channel (Eisma and Kalf 1987, Lafite et al. 1993, Irion  and 
Z ö llm er 1999, Velegrakis et al. 1999, Gerritsen et al. 2000, Fettweis and Van den 
Eynde 2003), the erosion o f ou tcropping T ertia ry  (Paleogene) clay (Fettw eis et al. 
2009) and the River Scheldt (G ullentops et al. 1976, Nechad et al. 2003).

1 .7 .  SPM  d ynam ics

Generally, SPM partic les undergo various cycles o f re-suspension, se ttling  and 
advection before being deposited m ore offshore and form ing fine -gra ined sedim ent 
deposits (e.g. Gerritsen et al. 2000). SPM dynam ics are contro lled by several forc ings: 
tides, w ind, mean sea level, ocean currents, sources o f sedim ent, the rm oha line  fie lds, 
freshw ater flu x  (S tanev et al. 2009 ); as well as by biological processes (e.g. Nowell et 
al. 1981, A rnd t et al. 2007, März 2009) and human im pact (dredg ing-disposa l cycles), 
typ ica lly  fo r the study area.
The m ost s ign ificant tim e-sca le fo r SPM dynam ics are the tides; the a lte ra tion  o f high 
current velocities and slack w a te r inducing a continuous change in re-suspension, 
m ixing, settling and deposition. Tidal ellipses are m ore elongated tow ards the shore 
and thus the difference between m axim um  and m in im um  currents increases. During 
the periods w ith  m in im um  currents, the  so-called slack w aters (o r slack tides), SPM 
aggregates into la rger floes w ith  h igher se ttling  velocities and thus an enhanced 
settling  and sed im entation occurs (e.g. Dyer 1989, van Leusen 1994). The cohesive 
sedim ents (p redom inan tly  clayey particu la te m a tte r) are re-suspended when current 
velocities increase again. A schem atic overview  is given by Maggi (2005, Fig. 1.7) 
showing the com plexity  and coupling between aforem entioned processes.
From cohesive sed im ent transport (m ode lling) studies, and chemical engineering 
applications (i.e. w a te r pu rifica tion ), floccu lation is ve ry  well known to be contro lled by 
tu rbu le n t shear and tim e  (Toorm an 2001). SPM floes w ill s ta rt breaking up during 
increased turbu lence. In the subtidal tim e-dom a in , neap tida l phases are characterized 
by h igher accum ulation ra te , deposition o f th icke r (flu id ) mud layers, consolidation of 
these layers and a decrease o f SPM concentrations (Fettw eis and Van den Eynde
2003). The subsequent spring tide  conditions w ill re-suspend these tem pora l mud 
deposits.
Floe size (d is tr ibu tio n ) and hence se ttling  ve loc ity  m ay considerably va ry  over the tida l 
cycle, as well as fo r spring and neap tide  (W interw erp et al. 2002, Fettweis et al. 
2006). Also, seasons have an influence on SPM concentra tion , which are m ainly 
expla ined by the higher frequency o f storm s during w in te r (V isser 1969, Cacchione 
and Drake 1982, W illiam s et al. 1999, Ferré et al. 2005, Guillen et al. 2006). H igher 
rive r discharges in spring, and hence high plankton grow th are expected (Terw indt 
1967, Lancelot and M athot 1987, Lacroix et al. 2007) im plying change in SPM 
com position and floe characteristics (van der Lee 2001, März et al. 2010).
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2005)

1 .8 . H igh-concentration m ud suspensions (HCM S) and flu id  m ud

During periods o f decreased tu rbu le n t kinetic energy (neap and slack tides), SPM floes 
settle  out o f the w a te r column resulting in high near-bed SPM concentrations. 
Suspensions w ith  concentrations o f a few 100 mg I '1 to a few  g I'1 are defined as high- 
concentration mud suspensions (W in terw erp  1999). They in te ract w ith  the tu rbu le n t 
flow  fie ld , behave Newtonian (w ith  some increased v iscosity), and are in transport w ith  
the main flow . A strong vertica l, sed im ent-induced, density grad ient (lu toc line) in the 
w a te r column (near-bed) is often associated w ith  HCMS. Related to ETMs, HCMS have 
been described extensive ly  (Ing lis  and Allen 1957, Allen et al. 1980, Faas and W artel 
1985, Odd 1988, van Leussen 1994). HCMS occurrences are also associated w ith  
cu rren t-d riven  sed im ent g ra v ity  flows o ff h igh-load rivers (Friedrichs and W right
2006); however high-load rive r discharges in the Belgian coastal area are not expected 
(Fettw eis et al. 2007). Fluid mud is a suspension o f cohesive sed im ent above the 
gelling poin t (between 10 to 100 g I '1) ; the gelling po in t refers to the concentration 
th a t is favourab le fo r floes to s truc tu re  a ne tw ork (W interw erp and van Kesteren
2004). The rheology o f flu id  mud exh ib its  non-Newtonian behaviour, and can be e ither 
s ta tionary  or mobile. Both HCMS and flu id  mud give rise to large s ilta tion  rates, as 
found in harbour basins and navigational channels (W in terw erp  2002). Another 
m echanism , responsible fo r the  occurrence o f HCMS in the m arine environm ent, is due 
to wave action (de W it and Kranenburg 1997, Li and Mehta 2000, W interw erp et al. 
2001, Fettweis et al. 2010).

1 .9 . In fluence o f SPM on the structure and function o f eco-systems

The ecological function ing o f the coastal system  is am ongst o ther contro lled by the 
w a te r c la rity  and thus by the am ount o f fine -gra ined m ateria l in the w a te r colum n. In 
addition, SPM m ay contro l the transport, re -a c tiv ity  and biological im pacts of 
substances in the m arine env ironm en t (Turner and M illward 2002). For exam ple, SPM 
has a crucial im pact on the  underw ater ligh t fie ld by reducing the available ligh t fo r 
p rim ary  production (Behrenfeld and Falkowski 1997, A rnd t et al. 2011). A dd itionally , 
SPM contro ls the developm ent o f phytoplankton biomass and hence the dissolved 
nu trien ts  in the w a te r column (Cloern 1987, Monbet 1992). Further, SPM dynam ics 
contro l the function ing o f benthic com m unities (M urray et al. 2002) since SPM carries 
a m a jo r part o f the food resources fo r the benthos. Frequent HCMS and flu id  mud
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fo rm ation  m ay affect b io turbation  or b io -irriga tion  modes, both im portan t ecosystem 
functions o f soft substra ta m acrobenthos. B io turbation and b io -irriga tion  are of 
param ount im portance fo r ecosystem  function ing  in fine sandy sedim ents receiving 
high loadings o f organic m a tte r (OM). A decrease in density  o f b io turbators entails a 
decrease in OM buria l, whereas a decline in b io -irriga to rs  im plies less oxygenation of 
the sedim ent and den itrifica tion , an im portan t n itrogen-eu troph ica tion  counteracting 
process in shallow coastal seas. B io turbation and b io -irriga tion  are there fore  key 
transport mechanism s in carbon and nitrogen cycling in shallow seas (Braeckm an 
2011).

1 .1 0 .  A im s

The overall aim  o f th is  PhD d issertation was to increase knowledge on the dynam ics of 
suspended particu la te  m a tte r (SPM) in the  Belgian coastal zone. High am ounts o f SPM 
are associated w ith  the occurrence o f a coastal tu rb id ity  m axim um  (CTM), present 
w ith in  the  Belgian-Dutch coastal zone. The seabed is composed o f a m ix tu re  o f sand 
and m ud; both are re-suspended under various hydro-m eteoro log ica l conditions. 
W ith in the  CTM, the fo rm ation  o f h igh-concentrated mud suspensions (HCMS) is a 
pa rticu lar phenom enon, though its dynam ics and occurrence has up to now, only 
occasionally been investigated. Further the d isserta tion aimed at increasing the 
understanding o f human im pacts on SPM dynam ics. This requires dedicated 
ins trum en ta tion , pre ferab ly m easuring on a quasi-continuous basis. The choice of 
ins trum en ta tion  is critica l in de term in ing  the processes occurring in the w a te r colum n, 
as well as near-bed.

Main questions posed were:

(1) W hat drives the tem pora l va ria b ility  o f SPM w ith in  the CTM zone?

(2) How does (1 ) influence the spatial va riab ility  o f the  exten t o f the  CTM zone?

(3) W hat is the dynam ic behaviour o f HCMS, and th e ir influence on near-bed 
processes?

(4) How will m ixed sedim ents w ith in  the CTM zone influence optical and acoustic 
sensor m easurem ents?

(5) Can anthropogenic con tribu tions to SPM concentration be d istinguished from  the 
natural va ria b ility  th rough tim e?

1 .1 1 .  Thesis s tru c tu re

Research results are d ivided over the fo llow ing "paper chapters":

In Chapter 2 in -s itu  m easurem ents are described at a s ing le -po in t location in the 
Belgian nearshore area. The effect o f w ind on the advection o f the fine-gra ined 
sedim ents and the dynam ics o f h igh-concentrated mud suspensions are investigated 
aim ing at obta in ing new insights in to fine -gra ined sedim ent transport. D ifferent 
techniques have been used, including acoustic m ethods fo r sed im ent transport and 
ensem ble-averaging o f data. In a next chapter, general find ings from  the sing le -po in t 
location described in Chapter 2 are tested against the SPM concentration fie ld results 
in the  Belgian-Dutch coastal zone as m easured from  space (C hapter 3). Sate llite  
images are used to  study the geographical va riab ility  o f the tu rb id ity  m axim um , based 
on m eteoro logy- and clim ate-based classification schemes. In Chapter 4, the  near­
surface sate llite  and near-bed tripod  find ings are com bined to s tudy the behaviour of 
sedim ent suspensions, a im ing at de term in ing the fu ll-w a te r column characteristics 
(sed im ent re-suspension, advection, fluxes and vertica l m ixing degree) by means of 
acoustic Doppler p ro file r datasets. Im plica tions towards used ins trum en ta tion  fo r 
m easuring SPM concentration result from  partic le size d iffe ren tia tion  over tim e. 
Chapter 5 deals w ith  m u lti-m oda l suspended partic le size d is tribu tions under d iffe ren t 
hydro-m eteoro log ica l influences, based on several sta tistica l techniques (Chapter 2
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trea ts on ly the median value o f the partic le size spectrum ). Chapters 6 and 7 are 
combined since both represent applied research. They deal w ith  the fo rm ation  and 
erosion o f h igh-concentrated mud suspensions in the coastal tu rb id ity  m axim um  zone 
w ith  relevance to  m ine buria l, and to  disposal (o f dredged m ud) activ ities, 
respectively. The synthesis (w ith  discussion) chapter (8) is followed by conclusions and 
fu tu re  research perspectives (Chapter 9).
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Figure 1 .8  Overview o f observatory and study locations used in the study area. Extent 
map coincides with MODIS-Aqua SPM concentration maps (Chapter 3). Bathymetry (in 
meters) with MLLWS as reference

Fig. 1.8 shows all m easurem ent locations (MOW1, MOWO, BRM, BLA, VR, and MOW3) 
used in th is s tudy; all o f them  are shallow (<  10 m ). All chapters are published or 
accepted /subm itted fo r publication, resu lting in inevitable overlap regarding 
in troductions and study area descrip tions; though , each chapter can be consulted 
independently from  the others.

For the d isserta tion , in -s itu  data and research results were made available from  the 
fo llow ing research pro jects:

• MOMO (Flem ish Authorities, M aritim e Access): Monitoring and modelling 
o f cohesive sediment transport and evaluation o f the effects o f dredging and 
dumping operations on the marine ecosystem (M anagem ent U nit o f the  
N orth Sea M athem atical Models-MUMM)

The "MOMO" pro ject is part o f the general and perm anent duties o f m onitoring and 
evaluation o f the effects o f all human activ ities on the m arine ecosystem to which 
Belgium is com m itted  fo llow ing the OSPAR convention (1992). The goal o f the pro ject 
is to  study the cohesive sedim ents on the Belgian Continenta l Shelf (BCS) using 
num erical models as well as by carry ing ou t m easurem ents. Through th is , data w ill be 
provided on the transport processes, which are essential in order to  answer questions 
on the com position, origin and residence o f these sedim ents on the BCS, the 
a lte rations o f sed im ent characteristics due to  dredging and disposal operations, natural 
va riab ility , the im pact on the m arine ecosystem , the estim ation o f the net input o f 
hazardous substances and the possib ilities to  decrease th is im pact as well as th is in ­
put.

Fettweis M, Baeye M, Lee BJ, Van den Eynde D, Van Lancker VRM (2011). M onitoring 
en m odellering van het cohesieve sed im enttransport en evaluatie van de effecten op
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het m ariene ecosysteem ten gevolge van bagger- en s to rtopera tie  (MOMO): 
ac tiv ite its rapport (1 ju li 2010 - 31 decem ber 2010). BMM/MUMM: Brussel. 44 pp. + 
appendices.

• QUEST4D (Belgian Science Policy): Quantification o f 
Erosion/Sedimentation patterns to Trace naturaiyi versus anthropogenically- 
induced sediment dynamics (Ugent, MUMM, KUL, WL)

Quest4D targe ts  the Belgian part o f the North Sea to investigate the  seabed ecosystem 
over the past 100 years. Main ob jectives include: (1) Increase in knowledge on natural 
va riab ility  o f seabed nature and processes; (2 ) Establish h istoric baselines, as 
reference situa tions fo r im pact stud ies; (3 ) Q uantification o f ecosystem  changes, on 
the m edium - to lo ng -te rm ; (4) Dem onstration o f human im pact, w ith  case studies 
re la ting seabed changes to both na tu ra lly  and anthropogenica lly induced sedim ent 
dynam ics; (5) Assessing clim ate change scenarios and th e ir effect on seabed 
m anagem ent; and (6) Developm ent o f more susta inable exp lo ita tion stra teg ies o f non­
liv ing seabed resources.

Van Lancker V, Baeye M, Du Four I, Janssens R, Degraer S, Fettweis M, Francken F, 
Flouziaux JS, Luyten P, Van den Eynde D, Devolder M, De Cauwer K, Monbaliu J, 
Toorm an E, Portilla J, Ullman A, Liste Muñoz M, Fernandez L, Kom ijani H, Verwaest T, 
Delgado R, De S chu tte r J, Janssens J, Levy Y, Vanlede J, V incx M, Rabaut M, 
Vandenberghe H, Zeelm aekers E, Goffin A (2011). Q uantifica tion  of 
E rosion/Sedim entation patte rns to Trace the natural versus anthropogenic sedim ent 
dynam ics (QUEST4D). Final Report. Science fo r Sustainable Developm ent. Brussels: 
Belgian Science Policy, 97 pp. +  Annexes.

• M INE BURIAL (Mine Warfare Data Centre group): Belgian Naval Defence, 
Direction Générale Material Resources (DGMR) Mine Counter Measure, and in 
co-operation with Bundesamt fü r Wehrtechnik und Beschaffung - 
Forschungsanstalt der Bundeswehr fü r Wasserschall und Geophysik (BW B - 
FWG, Germany) and Ghent University (Renard Centre o f M arine Geology 
RCMG)

The "M ine B uria l" pro ject aims to evaluate the  tim e  necessary fo r partia l or to ta l burial 
o f ob jects in shallow w a te r (< 4 0 m  depth) by studying the sand dynam ics on the 
Belgian Continental Shelf in both tim e  and space dom ain. Several techniques are used 
to reach th is  goal: tim e-se ries  o f side scan sonar m easurem ents, box-cores fo r 
va lida tion o f acoustic images, and instrum ented m ines at s tra teg ic  locations to 
investigate sm all-scale va riab ility  o f sand dynam ics fo r over several m onths. The areas 
o f analysis are chosen fo llow ing scientific , economical and societal c riteria . The 
research is used fo r m ilita ry  and civil applications regarding the safe ty at sea.
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Abstract

The effect o f hydro-m eteoro log ica l forc ings (tid a lly - and w ind-induced flow s) on the 
transport o f suspended particu la te m a tte r (SPM), on the  fo rm ation  o f h igh­
concentrated mud suspensions and on the occurrence o f sand-m ud suspensions has 
been studied using long-te rm  m u lti-pa ram etric  observations. Data have been collected 
in a coastal tu rb id ity  m axim um  area (southern North Sea) where a m ix tu re  o f sandy 
and m uddy sedim ents prevails. Data have been classified according to varia tions in 
sub-tida l alongshore currents, w ith  the direction o f sub-tida l flow  depending on wind 
direction. This influences the position o f the  tu rb id ity  m axim um ; as such also the origin 
o f SPM. W inds blow ing from  the NE w ill increase SPM concentra tion , w h ils t SW winds 
w ill induce a decrease. The la tte r is related to advection o f less tu rb id  English Channel 
w a te r, inducing a sh ift o f the tu rb id ity  m axim um  towards the NE and the 
W esterscheldt estuary. Under these conditions, m arine mud w ill be im ported and 
buffered in the estuary. Under persistent NE w inds, h igh-concentrated mud 
suspensions are form ed and rem ain present during several tida l cycles. Data show tha t 
SPM consists o f a m ix tu re  o f floes and locally eroded sand grains during high currents. 
This has im plications towards used ins trum en ta tion : SPM concentration estim ates
from  optical backscatter sensors w ill on ly be reliable when SPM consists o f cohesive 
sedim ents on ly ; w ith  m ixtures o f cohesive and non-cohesive sedim ents, a com bination 
o f both optical and acoustic sensors are needed to get an accurate estim ate  o f the 
to ta l SPM concentration.

Keywords: Suspended particulate m atter; m ixed sediments; high-concentrated mud 
suspensions; alongshore sediment transport; acoustic and optical backscattering; 
southern North Sea
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2 . 1 .  In troduction

In coastal areas benthic sedim ents generally consist o f sand and mud m ixtures. The 
m ud:sand ratio influences the trans ition  between cohesive and non-cohesive 
sedim ents and has a m a jo r influence on the  erosion behaviour, on suspended 
particu la te  m a tte r (SPM) concentration and on the  benthic ecological properties 
(W illiam son and Torfs 1996, Torfs et al. 1996, Panagiotopulos et al. 1997, W allbridge 
et al. 1999, F lemming and Delafontaine 2000, van Ledden et al. 2004, Waeles et al. 
2007, Van Hoey et al. 2007). F requently, m ixed sedim ents occur as an a lte rna tion  of 
sand and mud layers. Fan et al. (2004) describe s torm -induced waves as random ly 
occurring erosive forces on the sed im ent bed, producing intense sed im ent m obilization 
leading to the deposition o f sand-dom inated layers. This type o f vertica l segregation 
w ith in  the sed im entary record can on ly occur, if cohesive SPM concentration is 
re la tive ly  low. In case o f high SPM concentration the segregation in sand/m ud 
suspensions occurs when the in itia l mud concentration is sm aller than its gelling point 
(Torfs et al. 1996). Cohesive SPM dynam ics are com plex and are affected by 
hydrodynam ics, waves, w ind, local and rem ote sedim ent ava ilab ility  (i.e. SPM 
sources), bed com position, biological processes, and human im pact (Le Bot et al. 
2010, Van Lancker et al. 2010). Further, in h ig h -tu rb id ity  areas flu id  mud layers may 
be form ed. Fluid mud is a h igh-concentration suspension o f fine -gra ined sed im ent in 
which se ttling  is substantia lly  hindered. Fluid mud consists o f w ater, clay-sized 
partic les, and organic m ateria ls ; it displays a va rie ty  o f rheological behaviours ranging 
from  elastic to pseudo-plastic (McAnally et al. 2007). Massive sed im entation o f f ine ­
grained sedim ents in harbours and navigational channels is often related w ith  the 
occurrence o f flu id  mud layers (Verlaan and S panhoff 2000, W interw erp 2005, PIANC 
2008).
The inner she lf o f the Belgian coast, located in the southern North Sea, is an exam ple 
o f an area where bed sed im ent com position varies from  pure sand to pure mud 
(Verfa illie  et al. 2006). I t  is characterized by elevated SPM concentrations (Fettweis et 
al. 2006) and has been the sub ject o f high anthropogenic stresses due to harbour 
extension, dredging and disposal works, deepening o f navigational channels and 
aggregate extraction (Du Four and Van Lancker 2008, Lauwaert et al. 2009, Van 
Lancker et al. 2010). Understanding o f sed im ent d is tribu tion  and m ob ility  in such 
areas requires the use o f m u lti-pa ram etric  observations. These should account fo r the 
m utual in te raction o f sand-m ud m ixtures as a function o f bed a rm ouring , size fraction , 
sheltering and exposure effects (W iberg et al. 1994, W allbridge et al. 1999, Wu et al. 
2003).
W ith th is  scope in m ind, in -s itu  m easurem ents o f SPM concentration and 
characteristics, as also o f currents have been carried out, using optical and acoustic 
sensors. This approach has already been successfully adopted in various m ixed 
sedim ent environm ents (e.g. Thorne and Flanes 2002, Fugate and Friedrichs 2002, 
Voulgaris and Meyers 2004). The ob jective o f th is  con tribu tion  is to iden tify  the effects 
o f the various hydrodynam ic forc ings (tida l and w ind-induced flow s) on suspended 
sedim ent transport and on the fo rm ation  o f h igh-concentrated mud suspensions 
(FICMS) and flu id  mud layers. Furtherm ore, the forc ing and sed im entary responses are 
analyzed in te rm s o f c lim atological param eters fo r the study site ; as such the find ings 
can be used fo r developing an understanding o f the long -te rm  evolution o f the system , 
and po tentia lly  fo r inclusion in fu tu re  m orphodynam ic models.

2 . 2 .  M e th o d o lo g y

2 .2 .1 .  S tu d y  s ite

Situated in the southern North Sea (Fig. 2.1 a), the Belgian nearshore is characterized 
by h ig h -tu rb id ity  waters (Fig. 2.1 b). Nearshore SPM concentration ranges between 
2 0 -7 0  mg I“ 1 and reaches 100 to  >3 .000  mg I“ 1 near-bed; lower values (< 1 0  mg I“ 1) 
occur offshore (Fettw eis et al. 2010). The m easurem ent s tation BLA
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Figure 2.1 a Map o f southern North Sea, neighbouring countries and Belgian 
continental she lf (grey area); b map o f the southern North Sea with the in-situ SM 
concentration measurement situation BLA and the meteorological station MOWO. The 
background consists o f the yearly averaged surface SPM concentration (mg I'1)  from  
MODIS images (2003-2008); c map o f d50 sand grain size (pm ) in the region o f  
interest (h igh-turb id ity area between Ostend and the Westerscheldt
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Figure 2 .2  Wind rose diagrams showing wind data over fo r IO years (le ft) and wind 
data fo r the period o f measurements (right). Values in m s '1. Black line indicates 
coastline orientation a t the measurement location (BLA)

(B lankenberge) is situated about 5 km SW of the port o f Zeebrugge and is located on 
the eastern part o f a shoreface-connected sand ridge (Fig. 2.1 c). A coastal tu rb id ity  
m axim um  zone (CTM) is present between Ostend and the m outh o f the W esterscheldt 
(Fettweis e t al. 2007). The BLA station is positioned in the TMZ. Sedim ent samples 
near BLA show variab le sedim ent characteristics (fine sand, s ilt/c la y ), w ith  a median 
grain size o f the sand fraction of about 150 pm (Fig. 2.1 c). Tidal regim e is sem i­
diurnal and the mean tida l range at Zeebrugge is 4.3 and 2.8 m at spring and neap 
tide , respectively. A wind rose diagram  (Fig. 2.2, le ft d iagram ) shows data over a 10- 
years period, collected at station MOWO (3.5 km away from  BLA). Southw esterly winds 
dom inate the overall wind clim ate, followed by winds from  the N-NE sector. Maximum 
wind speeds coincide w ith  the southw esterly  w inds; s till, h ighest waves are generated 
under no rthw este rly  winds.

2.2.2. Ins trum entation

An instrum ented tripod was deployed at a w a te r depth of 5 m (location BLA, Fig. 2.1) 
to collect current, sa lin ity  and suspended sedim ent data. The ins trum en ta tion  suite 
consisted of a 5 MHz SonTekR Acoustic Doppler Velocim eter (ADVOcean-Hydra), a 3 
MHz SonTekR Acoustic Doppler Profiler (ADP), tw o DandAR optical backscatter po int 
sensors (OBS), S ea-b irdR SBE37 CT and a Sequoia ScientificR Laser In -S itu  Scattering 
and Transm issom eter 100-X (LISST-100X, Type-C). All data (except LISST) were 
stored in tw o SonTekR Hydra data logging systems. The OBS's were m ounted at 0.2 
and 2 m eters above the bed (he rea fte r referred to as m ab). The ADV velocities were 
measured at 0.2 mab, while the ADP pro file r was attached at 2.3 mab and down- 
looking, m easuring curren t and acoustic in tens ity  profiles w ith  a bin resolution of 0.25 
m. Range o f blank zone under ADP is 0.2 m. Mean values were obtained once every 
10 min fo r the OBS, LISST, and ADV, while the ADP was set to record a profile every 1 
m in; la te r on averaging was perform ed to  a 10 min in terva l to match the sam pling 
in terval o f the o ther sensors. A to ta l o f 198 days o f data have been collected, during 5 
deploym ents, spanning au tum n-w in te r 2006-07, w in te r 2008 and spring 2008 (Table 
2.1 ). The long deploym ents have ensured accurate sam pling of conditions th a t include 
com plete periods o f neap and spring tides, as well as the occurrence o f a va rie ty  of 
m eteorological events.
The voltage o f the OBS was converted to  SPM concentration by calibra tion against 
filte red w a te r samples during several field cam paigns (Fettweis e t al. 2006). A linear 
regression between all OBS signals and SPM concentrations from  filtra tio n  was 
assumed. Data from  the LISST 100C (2 mab) have been analyzed only fo r the 
sedim ent grain size in fo rm ation.
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Table 2.1 Tripod deployments a t BLA site and the median and maximum significant 
wave height (Hs) during the measurement period

Start (dd/mm/yyyy hh:mm) End ((dd/mm/yyyy hhanm) Duration (days) Median (max) Hs (m)

8/11/2006 14:30 15/12/2006 08:30 36.7 0.83 (2.76)
18/12/2006 10:47 7/2/2007 13:17 50.1 0.79 (2.96)
28/01/2008 15:38 24/02/2008 13:18 26.9 0.44 (2.82)
6/3/2008 9:09 8/4/2008 15:29 33.7 0.76 (3.03)
15/04/2008 08:58 5/6/2008 7:48 51 0.46 (1.69)

Besides tim e-series of cu rren t velocities and acoustic am p litude, the ADV was 
configured to also measure and store the distance between sensor and boundary (i.e ., 
seabed). The a ltim e try  o f the ADV was used to  detect varia tion in bed level, as also fo r 
the identification o f deposition and re-suspension of fine-gra ined sedim ents. For the 
study site, decreasing distance between probe and bed boundary can correspond to 
the presence o f HCMS acting as an acoustic reflector. However, the boundary detection 
may fa il, due to a ttenuation  o f the signal (Velasco and Huhta, App. Note).

2 .2 .3 .  Analysis o f data

Current tim e-series (ADV and ADP) were filte red fo r the tida l signal using a low-pass 
filte r  fo r periods less than 33 hours (Rosenfeld 1983, Beardsley et al. 1985). Following, 
the ve loc ity  com ponents were projected onto an along/cross-shore orthogonal 
coordinate system , w ith  the positive alongshore axis oriented to the northeast (65 °) 
and the positive cross-shore axis directed onshore, towards the southeast (155°).
The backscattered acoustic signal s treng th , from  ADP, was also used to estim ate SPM 
concentrations. A fte r conversion to  decibels, the signal strength was corrected fo r 
geom etric spreading and w a te r a ttenuation . Furtherm ore, an ite ra tive  approach (Kim 
e t al. 2004) was used to also correct fo r sedim ent a ttenuation . The upper OBS-derived 
SPM concentration estim ates were used to  em p irica lly  calibrate the ADP's firs t bin. In 
general, the backscattering is affected by sedim ent type , size and com position. All are 
d ifficu lt to quan tify  by sing le-frequency backscatter sensors (Ham ilton et al. 1998). 
L im itations associated w ith  optical and acoustic instrum ents have been addressed in 
lite ra tu re  (Thorne et al. 1991, Ham ilton et al. 1998, Bunt et al. 1999, Fugate and 
Friedrichs 2002, V incent et al. 2003, Voulgaris and Meyers 2004). B rie fly, the optical 
sensors tend to  underestim ate the coarser particles present in the w a te r colum n. 
Acoustic devices produce be tte r estim ates o f mass concentration than optical fo r the 
coarser fraction (Fugate and Friedrichs 2002).

Table 2 .2  Data grouping in terms o f wind forcing cases 0, SWW and NEW and tidal 
range (neap and spring) fo r each wind forcing case

Case Subtidal flow (ur) Number of tidal cycles/% Tidal range Number o f tidal cycles/%

Case 0 (tidal flow, no wind forcing) -0.05<wr<0.05 m s-1 173/46 Neap 79/20.8
Spring 94/24.7

Case SWW: (NE wind forcing) Mr<-0.05 m s 1 100/26 Neap 32/8.4
Spring 68/17.9

Case NEW: (SW wind forcing) «r>0.05 m s”1 107/28 Neap 58/15.3
Spring 49/12.9

Total 380/100 380/100

The flow  data have been used to separate the records in d iffe ren t groups 
corresponding to d iffe ren t hydrodynam ic forcing. All records collected correspond to a 
to ta l o f 380 fu ll sem i-d iurna l tida l cycles. For each tida l cycle the average value of the 
alongshore low-passed flow  was estim ated and subsequently used to characterize the 
tida l cycle in term s o f w ind-d riven flow  (Table 2.2 ). All tida l cycles w ith  an alongshore 
low-passed flow  ranging from  -0.05 to  0.05 m s 1 are considered to represent purely
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tida l forcing conditions; these are herea fter referred to as Case 0 conditions (to ta l o f 
173 tida l cycles, 46%  o f da ta). All rem aining tida l cycles (203 cycles) w ith  a low 
passed a longshelf flow  speed, in excess of 0.05 m s"1, are assumed to correspond to 
periods w ith  s ign ificant influence o f w ind-d riven flows. Negative values correspond to 
flows towards the SW, driven by N-NE winds (Case SWW, to ta l o f 100 cycles), while 
positive subtidal flows, in excess of 0.05 m s 1 (107 cycles), are directed to the NE, 
corresponding to wind forcing from  the SW (Case NEW). In addition to  the above 
classification, each tida l cycle was classified as neap or spring, in te rm s o f the tida l 
range o f the particu lar cycle. Cycles w ith  a tida l range grea te r than the mean range 
(3.6 m) are classified as spring tida l cycles, while cycles w ith  a range less th a t 3.6 m 
as considered neap tida l ranges. This classification has resulted in a to ta l o f 6 
categories o f tida l cycles where each category represents both tida l and wind forcing. 
Tidal cycles, from  each category, were ensem ble-averaged to create a " typ ica l" 
representative tida l cycle fo r each case. Following the m ethodology described in 
M urphy and Voulgaris (2006), the tim e o f data collection from  each tida l cycle was 
converted from  absolute tim e to tida l phase w ith in  the cycle, using the local high w ate r 
slack tim e as a reference tim e. Then data from  each case, fa lling w ith in  the same bin 
(w idth o f 10 m in) o f the tida l phase, were averaged and a mean cycle and associated 
standard erro r were calculated.

2 . 3 .  Results

2 .3 .1 .  Wind and tidal circulation data

Wind and wave data were collected by a buoy (Flemish G overnm ent, M aritim e 
Services, Coastal D iv is ion), located at 4 km from  the BLA m easurem ent location. The 
overall wind conditions over a period of 10 years and during the period o f data 
collection is shown in Fig. 2.2. W ind analyses clearly show th a t winds from  the SW are 
the strongest and m ost com m only occurring fo r 33 % of the year. C ross-correlation 
w ith  wave data, recorded by the buoy at w a te r depth o f 8 m MLLWS, indicates th a t 
these dom inant winds from  the SW coincide w ith  an average wave he ight o f 0.85 m 
and period of 4 s (Fig. 2 .3).
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Figure 2 .3  Average significant wave height fo r the three cases under spring 
conditions. Highest waves occur in case NEW meteorological conditions

39



0.5

E
"o CASE 0 NEAPCASEO SPRING

<D
>
(D 1

P  -0.5
CASE SWW  NEAPCASE SWW  SPRING

~ 1o
Î  0-5
>  n

-0.5
CASE NEW SPRING CASE NEW NEAP

12 00 2 4 6 8 10

Time (hours after HW slack)

Figure 2 .4  Ensemble-averages o f sea surface elevation (blue), alongshore (red) and 
cross-shore (green) currents derived from the ADP observations a t 1.25 mab (m s_1)  
fo r cases 0 (a and b), SWW (c and d) and NEW (e and f) and fo r spring (le ft) and 
neap (right) tidal range within each case. The error bars indicate standard error

For the three cases, the sp ring -neap  tida l cycles fo r the near-bed (1.25 mab)
alongshore and cross-shore currents are shown in Fig. 2.4 a-f.
Overall, the cross-shore com ponents are negligible, indicating a h igh ly rectilinear 
current ellipse, aligned w ith  the coastline. Tidal forcing in the study area (Case 0) is 
characterized by an asym m etry  between ebb and flood. The m axim um  flood curren t is 
approxim ate ly  0.75 m s '1 and o f short dura tion , while the  ebb current peaks at 0.45 m 
s '1, but persists longer in tim e ; th is is typica l o f asym m etrica l tida l condition. Neap 
conditions show s im ila r pa tte rns in te rm s o f asym m etry, but w ith  reduced m agnitudes. 
A lthough, w ind forcing was defined in te rm s o f tida lly-averaged subtidal flow  streng th ,
the corre lation between th is flow  and alongshore w ind speed is used to check the
assum ption th a t these flows are predom inantly  (R2= 0 .76 ) driven by the w ind and not 
by baroclinie processes (Fig. 2 .5 ). Case NEW corresponds w ith  stronger w inds than 
Case SWW, som ething expected given the w ind patte rns in th is  area (Fig. 2 .2).
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Figure 2 .5  Relationship between wind-induced flow in the alongshore direction and 
the alongshore wind component
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Exam ination of the tida l va riab ility  o f the sa lin ity  records fo r each case reveals th a t 
overall sa lin ity  is h ighest (33) fo r Case NEW and lowest (30 .5 ) fo r Case SWW (30 .5 ); 
th is  indicates a h igher rive rine influence (W esterscheldt) in the la tte r case (Fig. 2.6 a- 
b). Steady w inds bias the tida l forc ing, because o f the in troduction  o f a w ind-induced 
flow  com ponent. Fig. 2.4 (Case SWW) shows th a t prevailing northeaste rly  winds resu lt 
in increased ebb (33% ) and s ligh tly  reduced flood curren t (15 % ), compared w ith  the 
tida l forcing (Case 0). These effects are m ost pronounced during spring tida l 
conditions. S outhw esterly winds are the  m ost com m on (Case NEW) and tend to  bias 
the ebb-flood curren t pa tte rn s ign ificantly  (Fig. 2.4 e, f). Under spring conditions, the 
ebb curren t is reduced by 33 % , whereas the  flood curren t is enhanced by 13 %.
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Figure 2 .6  Ensemble-averaged tidal variability o f salinity measured a t 1 mab fo r the 
three cases and fo r spring (upper) and neap (lower). The error bars indicate standard 
error

2 .3 .2 .  SPM concentration and partic le  size

For the upper OBS (2 m ab), the  qua lita tive  varia tion  in SPM concentra tion is very 
s im ila r fo r all cases (0, SWW, NEW). Generally, tida l va riab ility  is characterized by tw o 
local m axim a, corresponding w ith  ebb and flood flows, respective ly, w ith  the ebb 
m axim um  being lower than the one during flood (Fig. 2.7 a -f). The flood is 
characterized by a pronounced m axim um , occurring a t the beginning o f the flood 
during spring tide  and is due to  re-suspension. This m axim um  is f irs tly  detected at 0.2 
mab and only la te r a t 2 mab. The occurrence o f such a tim e  lag is well known and is 
related to the tim e  necessary fo r vertica l m ixing (e.g. Bass et al. 2002).
In Cases 0 (Fig. 2.7 a, b) and NEW (Fig. 2.7 e, f) one can observe th a t around 2-3 hr 
and 9 hr, when curren t s trength is high, a vertica l s tra tifica tion  o f SPM concentra tion , 
according the  tw o measuring levels, is lim ited. Vertical s tra tifica tion  rem ains always 
s ign ificant in Case SWW (Fig. 2.7 c, d), w ith  perm anently  h igher SPM concentrations 
present in the lower level than in the upper level.
The th ree cases show d is tinc t d ifferences in SPM concentration at 0.2 mab. Case SWW 
exh ib its d iffe ren t m axim a in SPM concentration during ebb as well as flood, indicating 
m ultip le  re-suspension events; whereas fo r Case NEW the SPM concentration 
m axim um
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Figure 2 .7  Ensemble-averages o f tidally varying SPM estimates from OBS and ADP a t 
0.2 (blue) and 2 mab (green). The error bars indicate standard error

occurs at the end of the ebb and during slack water. The rem aining tim e SPM 
concentration is re la tive ly  low.
SPM concentra tions, derived from  ADP, are also plotted in Fig. 2.7. SPM concentration 
a t 2 mab is very s im ila r to the concentration derived from  OBS, except during flood in 
Case NEW. At 0.2 mab sign ificant differences occur fo r Case 0 and NEW (spring tides), 
where the ADP signal gives s ign ificantly  higher SPM concentrations than the OBS. 
Under neap conditions, the OBS and ADP SPM data coincide well. Case SWW shows fo r 
both spring and neap conditions s im ila r SPM concentrations at 0.2 mab fo r the OBS 
and ADP. These differences between optical and acoustic sensors are suggesting 
va riab ility  in sedim ent size com position th a t leads to d iffe ren t responses by the 
d iffe ren t sensors, som ething we will discuss later.
In -s itu  partic le sizes from  LISST were classified and averaged per case (Fig. 2.8 a-f). 
O verall, the median partic le size varies between 40 and 130 pm. The fact tha t highest 
partic le sizes occur during slack w a te r and lowest during m axim um  velocities indicate 
th a t the main part o f the particles consists o f floes. The median floe size in Case SWW 
(Fig. 2.8 c, d) is reduced during slack w a te r (about 70 pm vs. 100 pm in Case 0). Case 
NEW (Fig. 2.8 e, f) shows a d is tinc t pa tte rn w ith  less pronounced partic le size m axim a. 
H igher standard erro r bars are because o f m ore variab le wave conditions occurring 
during Case NEW.

2 .3 .3 .  Seabed a ltim etry

Seabed level varia tions have been derived from  ADV a ltim e try . Besides the general 
procedure o f averaging and group ing, a reference level has also been introduced in 
order to obtain norm alised a ltim e try  data from  the 5 d iffe ren t tripod m oorings taking 
into account the tripod m ovem ent (p itch and ro ll) and the d ilu te  settling o f the tripod 
into the sedim ent righ t a fte r deploym ent and during h igh-energy m eteorological 
events. The data per Case (0, SWW, NEW) and per spring or neap condition are 
presented in Fig. 2.9 (a -f). The seabed level, on which the ADV acoustic signal reflects, 
m ight e ithe r consist o f sandy m ateria l or strong SPM grad ient when flu id mud or even 
HCMS is present.
For all cases (0, SWW, NEW), vertica l bed level rises are associated w ith  slack waters. 
Seabed rise is on average 5 cm, under spring conditions, whereas during neap tides 
on ly a few cm. Case SWW (Fig. 2.9 c, d) shows a clear seabed rise during the HW 
slack (around 12 hours).
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Figure 2 .8  Averaged median particle size as measured by the LISST 100X-type C. The 
error bars indicate standard error

2 . 4 .  Discussion

M easurements show th a t near-bed hydrodynam ics and sedim ent dynam ics, although 
dom inated by the tida l forc ing, are s ign ificantly  m odified by w ind-induced flows w ith 
d iffe ren t effects, depending on the w ind d irection. Below the effects o f w ind and 
tida lly -d riven  circu la tion, as well as the d is tinc t optical and acoustic response on 
vary ing  SPM concentration and com position, are discussed in m ore detail. Further a 
conceptual sed im ent transp ort model is proposed fo r the area.

CASE 0 SPRING CASE 0 NEAP

CASE SWW SPRING CASE SWW  NEAP

CASE NEW SPRING CASE NEW NEAP

0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time (hours after HW slack)

Figure 2 .9  Averaged seabed level variation derived from ADV a ltim etry with standard 
error bars

2 .4 .1 .  General tida l and w ind-driven circulation in the study area

The wind c lim ate in the  study area is characterized by m ainly SW and NE winds (Fig.
2.2 le ft-r ig h t) a ffecting the direction and strength o f alongshore w a te r mass transport. 
Salin ity records are used as a proxy to iden tify  the source o f w a te r masses (Fig. 2.6 a-
b). The sa lin ity  a t the study site is m ainly influenced by the Scheldt, Rhine and Seine

43



rivers (Lacroix et al. 2004) and has an overall t ida lly  and seasonally averaged mean of
32.2, w ith  a standard devia tion o f 1.1. This sa lin ity  varies as a function o f the tida l 
cycle. For periods o f lim ited w ind forcing (Case 0) the mean sa lin ity  during ebb and 
flood am ounts to 31.5 and 32.3, respective ly. The mean sa lin ity  during periods 
associated w ith  sou thw este rly  w inds (Case NEW) is about 33, indicating advection of 
oceanic w a te r masses from  the  English Channel tow ards the  study site. On the o ther 
hand, during periods o f NE w ind ac tiv ity  (Case SWW) the mean sa lin ity  reduces to
30.5, suggesting the  influence o f freshw ater input, from  m ain ly  the Scheldt River, 
approxim ate ly  30 km away from  the study site (Fig. 2.1).
SPM m easurem ents, under tida l forc ing on ly, show concentration m axim a occurring at 
the end o f ebb (5 hr) and at the beginning o f flood (8h r). The la tte r is a resu lt o f re­
suspension during m axim um  flood currents. The ebb-m axim a are expla ined by the  fact 
th a t the centre o f the tu rb id ity  m axim um  is usually s itua ted in ebb direction o f the 
m easurem ents. Flence, the m axim a during ebb occur when, SPM concentrations 
advected from  the centre o f the tu rb id ity  m axim um , have reached the m easuring 
location. Neap tida l conditions show s im ila r pa tte rns, but w ith  lower SPM 
concentrations. SPM m easurem ents, from  OBS, show th a t Cases SWW (flow  from  NE) 
and NEW (flow  from  SW) correspond w ith  high and lower SPM concentrations, 
respective ly, and show th a t the w ind-d riven alongshore advection has a sign ificant 
influence on SPM concentration. Indeed, ocean w a te r masses, advected into the 
coastal area (Case SWW), have generally lower SPM concentrations than the 
nearshore waters (Fettw eis et al. 2010).
The ebb-flood tida l cycle is typ ica lly  characterized by an increase and decrease in SPM 
concentra tion , driven by accelerating and decelerating currents, respective ly. Flowever, 
m easurem ents indicate s tr ik in g ly  d iffe ren t SPM concentration behaviour near the bed 
(0.2 m ab) between the th ree cases (Fig. 2.7 a -f). The w a te r colum n in the Cases 0 (no 
w ind-d riven advection) and SWW (SW advection) is characterized by good vertica l 
m ixing, as can be seen in Fig. 2.7 (a, b, e, f) at about 2 and 9 hours, when SPM 
concentration at 0 .2 and 2 mab are ve ry  s im ilar. Flowever, in Case NEW (advection 
from  the SW) vertica l m ixing is sustained fo r a longer tim e  in terva l (Fig. 2.7 e, f). The 
vertica l m ixing during w ind-d riven advection from  the NE (Case SWW, Fig. 2.7 c, d) is 
lim ited during both spring and neap tida l conditions; th is  is probably the resu lt of 
h igher mud concentrations and the occurrence o f FICMS (see also be low); the  la tte r 
function ing as a bigger reservo ir o f sed im ent to  be re-suspended and thus m ainta in ing 
a strong vertica l gradient. The decreasing flows around 4 and 10 hours favour settling 
o f particles and results in a decrease o f SPM concentration at 2 mab. Flowever, a 
continuous increase in SPM concentration at 0 .2 mab is on ly present in Case NEW, 
where the m axim um  SPM concentration at 0.2 mab occurs around slack water. In 
Cases 0 and SWW, the  SPM concentration decreases around LW slack and FIW slack, 
indicating the fo rm ation  o f FICMS near the bed. An ex trac t (doy 130 - 144) from  the 
tim e-series (tripod m ooring no. 5) o f vertica l distance between ADV sensor and seabed 
boundary is shown in Fig. 2.10. Q uarte r-d iu rna l peaks o f bed level change occur during 
slack w a te r and consist o f FICMS. They easily reach 10 cm w ith  m axim a o f 15 cm, and 
last fo r at least 50 m inutes (m axim um  o f 3 hours). The general seabed level on which 
these changes are superimposed is also changing in tim e. A round doy 136 -  140, a 
seabed level change occurs under Case SWW, spring conditions and persists over 4 
days (~ 8  tida l cycles). This increase in bed level occurs during high vertica l SPM 
concentration gradients and corresponds w ith  the fo rm ation  o f FICMS.
In Case NEW the SPM concentration is lower and wave conditions on average higher, 
resu lting thus in less favourab le conditions fo r deposition. Depending on how much 
sedim ent was deposited during slack w ate r, a SPM concentration peak in both OBS's is 
shown during Cases 0 and SWW (Fig. 2.7 c, d).

2 .4 .2 .  N a tu re  o f  s e d im e n t in re -su sp en sio n

The nearshore area is characterized by the occurrence o f fine sands (d50: 150 pm ) 
and muds (Fettw eis and Van den Eynde 2003), suggesting th a t m ixed sedim ent 
transport occurs. The w ind-d riven sub-tida l flow  tow ards the NE (Case NEW) increases 
the flood current on average by 13 % and decreases ebb currents by 33 % , compared 
to Case 0 (Fig. 2 .4  a, b, e, f). The enhanced flood curren t is strong enough fo r
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Figure 2 .1 0  Time-series o f distance between ADV sensor and seabed boundary 
(centimetre). Peaks indicate periodic deposits (quarter-diurnai). Around 136-140 , a 
longer persisting HCMS/mud layer is present

re-suspension of the in -s itu  bed m ateria l. The m easurem ents show th a t the OBS- and 
ADP-derived SPM concentrations are d iffe ren t, m ostly during flood. H ighest differences 
occur fo r Case NEW (Fig. 2.7 e, f) , when flood currents are h ighest and reveal th a t 
SPM concentra tion , measured by the acoustic devices is s ign ificantly  higher than by 
OBS. I t  is well known from  lite ra tu re  th a t the OBS tends to underestim ate the coarser 
particles in suspension (Bunt e t al. 1999, Fugate and Friedrichs 2002, V incent e t al. 
2003, Voulgaris and Meyers 2004, Downing 2006). This suggests tha t the h igher SPM 
concentra tion , detected during flood, in the ADP is form ed by the presence of fine sand 
in suspension. This is confirm ed by the partic le size data from  the LISST (a t 2 m ab), 
showing a bimodal size d is tribu tion  during m axim um  flood (Fig. 2 .11).

— CASEO
 C AS E S W W

—  CASE NEW

Particle Size (|jm)

Figure 2 .11 Averaged particle size distributions around maximum flood current under 
spring conditions (8 h a fte r HW slack, see Fig. 2.7). Remark the bimodal distribution in 
case NEW, with one maximum around 45 pm and another one around 150-200 pm. 
The la tte r is caused by the re-suspension o f fine sand during strong flood currents



The firs t mode is s ituated around 35 |jm  and corresponds w ith  the typica l size o f floes 
(Fettw eis et al. 2006), whereas the second mode corresponds w ith  the median grain 
size o f the sand (150 pm ). The rising ta il at fine partic le sizes is due to the  presence of 
partic les fine r than the m easuring range o f the  ins trum en ts  (Agrawal and Pottsm ith 
2000). The fact th a t flood currents are higher, th a t SPM concentrations are lower, and 
th a t the w a te r colum n is w e ll-m ixed during Case NEW, suggest tha t the  parent bed 
(sand) is exposed and not covered w ith  mud. The fact th a t the LISST does not detect 
sand-sized partic les at 2 mab in the  o ther cases suggests m ost probably th a t sand re­
suspension is low er; th is  is confirm ed by the genera lly lower peak currents and the 
fact th a t the bed is during longer periods covered by mud (see below). As such, the 
data suggest the occurrence o f an 'in ve rse ' bed a rm ouring , where a layer o f fine 
sedim ents prevents the erosion o f coarser m ateria l. Sand transport in the tu rb id ity  
m axim um  area is the re fo re  m ainly d irected in flood d irection, w ith  the highest sand 
transport rates during a w ind-d riven advection towards the NE.

2 .4 .3 .  C o n cep tu a l SPM  tra n s p o rt system

A ltim e try  data (Fig. 2.9 a - f and 2 .10) show bed level va ria tions th a t can be explained 
by the fo rm ation  o f FICMS. In Case 0 and NEW (Fig. 2.9 a, e) th e ir occurrence is 
lim ited to slack w a te r periods. The corresponding neap condition cases (Fig. 2.9 b, f) 
show a sim ila r, however, reduced pa tte rn , as re-suspension is lower. In Case SWW 
(Fig. 2.9 c, d and Fig. 2 .10), the  corresponding a ltim e try  patte rn suggests the 
occurrence o f FICMS layers, persistent over several tides. Lower flood currents, 
toge the r w ith  h igher SPM concentra tions, a genera lly  lower wave ac tiv ity  and a 
reduced vertica l m ixing strengthen the a rgum ent th a t a sem i-perm anent FICMS or mud 
layer is form ed. The dam ping o f turbu lence by FICMS layers is a m a jo r mechanism  
m ainta in ing these layers during longer tim e periods (Sherem et et al. 2005, Reed et al. 
2009). Our data show th a t sem i-perm anent FICMS occur when the sub-tida l flow  is 
directed tow ards the SW, m ain ly  under NE wind forcing. These w inds are not very 
frequen t and th e ir  w ind speeds are ra the r reduced. Flowever, we believe th a t th is  type 
o f benthic sedim ent transport is ve ry  im portan t and has im plica tions fo r ob ject burial 
and sed im ent recircula tion in and around the port (Fig. 2 .1). In  Case 0 and NEW, 
FICMS corresponds w ith  deposition during slack w a te r and re-suspension by ebb-flood 
currents. We conclude th a t the va ria b ility  in FICMS and SPM concentration is also 
influenced by shifts in the location o f the high tu rb id ity  m axim um  zone, which is 
contro lled by the w ind clim ate and thus alongshore advection. During Case NEW, the 
TMZ is s itua ted m ore tow ards the northeast and corresponds w ith  SW w inds (m ost 
frequen t w ind sector). For these conditions, no continuous FICMS was found. The 
parent bed consisting o f fine sands w ill be exposed and re-suspension o f the parent 
bed can occur. Under these conditions, m ore m arine fine -gra ined sedim ents are 
entering the  W esterscheldt estuary. Indeed, the W esterscheldt cohesive sedim ents 
show a ve ry  strong m arine signature (> 8 0  % ) (Van Alphen 1990, Verlaan 1998, 
2000), suggesting tha t the estuary serves as a buffe r o f m arine fine -gra ined m a tte r 
(van der Wal et al. 2010). Part o f these fine -gra ined sedim ents is perm anently 
deposited in in te r-tida l areas (Tem m erm an et al. 2003). The fact th a t under SW- 
directed sub-tida l flow , h igher SPM concentrations are measured, suggests the ou tflow  
o f m arine sedim ents from  the W esterscheldt. Fettweis and Van den Eynde (2003) 
proposed th a t the tu rb id ity  m axim um  was form ed by congestion in the sedim ent 
transport along the coast. Our data suggest also th a t the River Scheldt functions as 
storage area o f m arine sedim ents, which are released into the sea under specific 
hydro-m eteoro log ica l conditions (SWW flow ).

2 . 5 .  Conclusions

A to ta l o f 198 days o f in -s itu  data on SPM and currents have been collected in the 
coastal tu rb id ity  m axim um  area o f the Belgian inner shelf. The m easurem ents, made 
in au tum n-w in te r 2006-2007 and w in te r-spring  2008, were averaged and classified 
into th ree  cases, based on the direction and strength o f subtidal advection. The main 
conclusions are:
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1) Near bed hydrodynam ics and SPM dynam ics are p redom inantly  dom inated by 
tida l forcing. G enerally, SPM concentration is s ign ificantly  influenced by 
advection during ebb, whereas during flood local re-suspension is more 
im portan t.

2) A s ign ificant m odification o f the tida l forc ing results from  alongshore 
advection due to w ind-induced flow s and influences the position o f the 
tu rb id ity  m ax im um ; as such also the  origin o f SPM. W inds pers is ten tly  
blowing from  the NE w ill increase SPM concentra tion , due to an increased SPM 
ou tflow  from  the W esterscheldt estuary. SW w inds w ill decrease SPM 
concentrations. The la tte r is related to the advection o f less tu rb id  English 
Channel w a te r to the  m easuring location, inducing a sh ift o f the  tu rb id ity  
m axim um  towards the NE and the W esterscheldt estuary. Under these 
conditions, m arine mud w ill be im ported and buffered in the  estuary.

3) W ith prevailing NE w inds, the increase in SPM concentration results in the 
fo rm ation  o f persistent HCMS. The results have indicated th a t these layers 
m ostly  rem ain present th roughou t the  tida l cycle. Inverse arm ouring occurs, 
as the sandy bed is sheltered from  erosion. SPM consists o f cohesive 
sedim ents only.

4) In  case o f tida l influence and SW prevailing w inds, HCMS occur on ly around 
slack w ate r. SPM consists o f a m ix tu re  o f cohesive sedim ents (floes) and 
locally eroded sand grains during high currents.

5) Regarding ins trum en ta tion , it is shown tha t SPM estim ates from  OBS are only 
reliable when SPM consists o f cohesive sedim ents on ly; w ith  m ixtures of 
cohesive and non-cohesive sedim ents, a com bination o f optical (OBS) and 
acoustic sensors (ADP, ADV) are needed to get an accurate estim ate o f the 
to ta l SPM concentration.
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Abstract

Suspended particu la te m a tte r (SPM) concentration maps, derived from  sate llite  rem ote 
sensing (M ODIS-Aqua) data, were evaluated fo r th e ir use in the  assessment o f coastal 
tu rb id ity  m axim um  (CTM) dynam ics in Belgian coastal waters. The CTM is a dynam ic 
coastal fea tu re  o f which the geographic position and exten t varies under d iffe ren t 
m eteorological, astronom ical and clim atological conditions. Analyses were based on 
group ing-averaging o f SPM concentration maps, using d iffe ren t classification schemes. 
To be tte r spa tia lly  depict the  CTM, en tropy grouping was introduced. This technique 
analyses, per pixel, the to ta l in fo rm ation contained w ith in  the probab ility  d is tribu tion  o f 
SPM concentra tion . Results revealed w ind-induced varia tions in position and extent of 
the CTM, w ith  southw esterly  w inds inducing a largest CTM exten t, in con trast to a 
strong reduction under no rtheaste rly  w inds. C lim ate-induced varia tions were assessed 
contrasting 2 w in ters w ith  opposing indices o f the North A tlan tic  Oscillation (NAO). In a 
w in te r w ith  a positive NAO index, hence s tronger-than-average sou thw este rly  w inds, 
the CTM was extended to the Dutch w aters, whereas the opposite occurred in w in ters 
w ith  a negative NAO index, hence less-than-average sou thw este rly  w inds. To evaluate 
astronom ical forc ing (tides) group ing-averaging was perform ed o f SPM concentration 
maps over a tida l cycle, and spring-neap conditions. A lthough, on ly  part o f the tida l 
cycle can be analysed, due to the sun -synchron ic ity  o f the  MODIS-Aqua sate llite , 
com parison o f the results w ith  in -s itu  data from  a single observatory station showed 
good resemblance. I t  is concluded th a t MODIS-Aqua sate llite  data can be used to 
assess SPM concentration va ria b ility  related to tides, neap-spring cycles, 
m eteorological and clim atological events.

Keyw ords: Coastal tu rb id ity  m ax im um ; M ODIS-Aqua; w ind c lim ate ; tides; en tropy  
analysis; NAO
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3 . 1 .  In tro d u c tio n

Mapping o f suspended particu la te  m a tte r (SPM) concentration from  sate llite  im agery 
has become a valuable source o f data to assess and m on ito r SPM concentration 
d is tribu tion  (T risakti et al. 2005, Nechad et a l., 2010). These sate llite  data have been 
used in various ways and have been combined w ith  in -s itu  m easurem ents (van 
Raaphorst et al. 1998, Ruhl et al. 2001, Fettweis et al., 2007), sedim ent transport 
models (Vos and Gerritsen 1997, Pleskachevsky et al. 2005, Blaas et a l., 2007), or 
have been used in the  ligh t forc ing o f ecosystem  models (Lacroix et al., 2007). SPM 
dynam ics contro l processes such as sed im ent transport, deposition, re-suspension and 
p rim ary  production and the function ing o f benthic com m unities (McCandliss et al. 
2002, M urray et al. 2002). I t  varies as a function o f harm onic forcings such as tides, 
spring-neap tida l cycles and seasons, and random  events such as storm s or human 
activ ities. The in teraction o f cohesive and non-cohesive sedim ents, biological ac tiv ity , 
rem ote or local ava ilab ility  o f fine sedim ents and advective processes fu rth e r 
influences SPM concentration (Velegrakis et al. 1997, Bass et al. 2002, Schoellham er 
2002, Le Hir et al. 2007, Fettweis et al. 2010).
The inner she lf o f the Belgian coast, located in the southern North Sea, is an example 
o f an area where bed sed im ent com position varies from  pure sand to pure mud 
(Verfa illie  et al. 2006). I t  is characterized by elevated SPM concentrations (Fettweis et 
al. 2010) and has been sub ject o f high anthropogenic stresses due to harbour 
extension, dredging and disposal w orks and deepening o f navigation channels (Du 
Four and Van Lancker 2008). Effects o f various hydrodynam ic forc ings (tida l and w ind- 
induced flow s) on suspended sedim ent transport has been investigated, based on in- 
situ data; these indicated th a t a m odification o f the hydrodynam ic forc ing and thus 
SPM concentration results from  alongshore advection, due to w ind-induced flows 
(Baeye et al. 2011, see also Chapter 4). Such Eulerian in -s itu  m easurem ents indicated 
th a t the position o f the coastal tu rb id ity  m axim um , and as such also the origin o f SPM 
changed according to predom inant w ind d irections. Variations in horizontal gradients 
should ideally be m easured w ith  techniques having a high geographical and tem pora l 
coverage, h itherto  not or on ly pa rtia lly  available (Neukerm ans et al. 2009, S irjacobs et 
al. 2011).
Wide swath po la r-o rb iting  ocean colour rem ote sensors such as MODIS-Aqua have 
been used successfully to assess seasonal and in tra -annua l SPM concentration 
va riab ility  (Fettw eis et al. 2007, Eleveld et al. 2008, P ietrzak et al. 2011). The long 
te rm  tim e-se ries  o f MODIS-data fo r some locations in the southern North Sea reveal 
c learly the  dom inant seasonal signal (Nechad et al. 2010). Flowever, irregu lar and 
sho rte r-te rm  varia tions, not d irec tly  linked to seasons, can also be identified in these 
tim e-series. The aim o f th is  paper is to investigate these random  varia tions by linking 
them  to typica l m eteorological, clim atological and tida l conditions in the  tim e  and 
spatial dom ain. Such find ings allow  a separation and recognition o f processes tha t 
contro l th e ir va ria b ility  and can be used fo r understanding the  long-te rm  evo lu tion of 
the system , and po ten tia lly  fo r prediction o f fu tu re  (c lim ate-induced) changes. Further, 
the possible use o f MODIS-Aqua im agery to assess SPM concentration va riab ility  
related to tides, neap-spring cycles, and m eteorological and clim atological events is 
evaluated and com pared to in -s itu  m easurem ents o f SPM concentration.

3 . 2 .  E n v iro n m e n ta l s e ttin g

3 .2 .1 .  Coastal tu rb id ity  m axim um

The study area is located in the southern North Sea, com prising the Belgian-Dutch 
coastal waters and the m outh o f the W esterscheldt estuary (Fig. 3 .1 ). W ater depths 
va ry  between 3 and 15 m MLLWS (Mean Lowest Low W ater Spring) w ith  shallow sand 
ridges, gullies and navigation channels th a t resu lt in an overall com plex, and irregu lar 
ba thym etry  (Fig. 3 .1 ). The seabed consists o f sands m ain ly ; however, a Flolocene mud 
plate exists between Zeebrugge and Ostend (M athys 2009). The coastal environm ent 
is not associated w ith  an aggradational shelf from  rive r ou tpu t; the  m ost im portan t 
sources o f SPM are the erosion o f nearshore Flolocene and recent mud deposits, the 
French rivers discharging in to the  English Channel, and the  coastal erosion o f the
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Cretaceous cliffs a t Cap Gris-Nez and Cap Blanc-Nez (France) (Fettweis et al. 2007, 
Zeelm aekers 2011). The W esterscheldt estuary is considered a storage fo r m ud, ra ther 
than a source o f SPM (Van Maldegem et al. 1993, Verlaan e t al. 1998, see also 
Chapter 2). Cohesive sedim ents are trapped in the coastal tu rb id ity  m axim um  (CTM), 
due to tida l forcing and flocculation o f SPM. Hydrodynam ic and m eteorological forcings 
cause a congestion of the residual transport in the area. Elongated tida l ellipses, w ith 
strong tida l currents and re la tive ly  long slack waters (abou t 1 hour), stim u la te  
flocculation and break-up and thus settling and re-suspension o f fine-gra ined m ateria l.

NORTH SEA

United Kingdom
Netherlands

MOW1

BELGIUM

English Channel

Figure 3.1 Study area location in the southern Bight o f the North Sea (left). Depths 
(every 10 m) in meters Mean Low Sea Level, and the location o f the in-situ  
observatory station (MOW1) and the Westerscheidt estuary mouth (VR) (right)

The astronom ical tides are sem i-d iu rna l w ith  an average range of 4.3 m (2.8 m) at 
spring (neap) tide a t Zeebrugge. Overall, residual w a te r transport is from  southwest to 
northeast. Further, the com plex, irregu lar ba thym etry , toge ther w ith  the freshw ater 
discharges, also influences the mean c ircu la tion, the residual transp ort field and the 
spreading o f the freshw ater in the coastal zone (A rnd t e t a l., 2011). Strong tida l 
currents (up to 1 m .s '1) lead to  a re la tive ly  w e ll-m ixed w a te r column in the coastal 
zone, w ith  sa lin ity  varying between 28 and 34, due to w ind-induced advection of w a te r 
masses and rive r discharges (Yang 1998, Lacroix e t al. 2004).

3 .2 .2 .  W eather and clim ate

The continenta l coasts in the southern North Sea are subjected to a large scale west to 
east c ircu lation o f depressions, and to the developm ent or weakening o f high pressure 
systems. These fluctuations o f the wind field occur a t tim e scales of a few days to one 
week (W ieringa and R ijkoort 1983, Delhez and Carabin 2001). Onshore NW winds are 
associated w ith  m id -la titude  low-pressure system s causing high sea surges, m ainly 
during w in te r periods (U lman and Monbaliu 2010). S outhw esterly winds dom inate the 
wind regim e fo r the decade 2001-2010, followed by northeaste rly  winds (Fig. 3.2 a). 
An increase in the frequency o f w est-southw esterly  winds over the last decades is 
observed (S iegism und and Schrum 2001, Van den Eynde et al. 2011). On a global 
scale, the North A tlan tic  Oscillation (NAO) is responsible fo r much of the observed 
w eather and clim ate va riab ility , especially during w in te r m onths (Decem ber through 
March) (Hurre ll 1995, Hurrell and Deser 2009). This w in te rtim e  NAO exhib its 
s ign ificant m ulti-decada l va riab ility  w ith  positive values indicating anom alously strong 
w este rly  winds and w et conditions over northw estern Europe, whereas negative values 
exh ib it weaker w este rly  flow  and less precip ita tion (Hurrell 1995, Chelliah and Bell 
2004).

3 . 3 .  Methodology

3 .3 .1 .  M O DIS SPM concentration

The Moderate Resolution Im aging S pectro-rad iom eter (MODIS) onboard the Aqua 
sate llite , part o f the NASA Earth O bservation System (EOS), provides 1 to 2 da ily 
images over the North Sea area. These data are used to build up daily maps o f SPM 
concentration. 2539 MODIS images, covering 9 year between July 2002 and December 
2009, have been processed from  Level 1A (NASA/Ocean Biology Processing Group
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website , h ttp ://o cean co lo r.qs fc . nasa ■qov/cq i/brow se.pl?sen=am ) to Level 2, using the 
SeaDAS software (ava ilable a t h ttp ://oceanco lo r.qs fc .nasa .gov /seadas/). This consists 
o f 2 steps: producing the Level IB  data by geo-referencing Level 1A data, and 
subtracting the atm ospheric con tribu tions by a ir molecules and aerosols from  the 
radiances measured by the sensor a t the top of the atm osphere; these yield the L2 
data, where m arine reflectances, pw ( "w" re ferring to w a te r), a t MODIS bands may be 
obtained. Surface SPM concentration (fu rth e r referred to  as "SPM concen tra tion") is 
then retrieved from  Rrs (rem ote  sensing reflectance) a t MODIS centra l band 
wavelength 667 nm, using the a lgorithm  of Nechad et al. (2010): SPM = 362.1 *  pw/  
(1 -  p w  /  0 .17). Finally, Level 2 processing flags (Patt e t al. 2003) are used to m ask out 
the land and cloud pixels and any bad qua lity  pixel (e.g. due to a tm ospheric correction 
fa ilu re , negative reflectance neighbouring clouds, adjacency effects).

Figure 3 .2  a Wind rose diagrams (meteorological convention "wind blowing from ") 
with coastline orientation fo r the period 2001-2010. b Idem , fo r MODIS-Aqua cloud- 
free data images, a t time o f satellite overpass, c Idem , fo r negative NAO winter 
2005/6 and d fo r positive NAO w inter 2006/7. Wind speed in m s '1

3 .3 .2 .  Classification and statistics o f SPM concentration maps

To assess tida l, neap-spring cycles, m eteorological and clim atological effects on SPM 
concentra tion , d iffe ren t classification of SPM concentration maps have been carried 
out. The 2539 MODIS SPM concentration maps have been classified according to neap 
and spring tide , and each map was assigned to its corresponding in tra -tida l phase, 
based on the tim e o f MODIS-Aqua overpass (1 2 :0 0 -1 3 :0 0  GMT). This was achieved 
through 3 steps:

a. The tida l cycles were equally divided in 12 tim e in tervals (~ 1  hour in te rva l),
b. Each tida l cycle was classified as neap or spring, based on the mean tida l 

range a t Zeebrugge (3.6 m ).
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Cycles w ith  tida l range g reater than the mean range are classified as spring tides, 
whereas cycles w ith  range less than 3.6 m are considered as neap tides. The SPM 
concentration maps were assigned neap o r spring maps, based on the  corresponding 
tida l cycles. Therefore, th is  classification scheme has resulted in 24 categories o f SPM 
concentration maps, where each category represents both the  sem i-d iurna l and 
fo rtn ig h t tida l forcing. Per category, all maps were averaged to create a representative 
SPM concentration map fo r each case.
M eteorological effects have been addressed by classifying the sate llite  maps according 
to the w ind regim e, recorded at the m eteorological s tation at Zeebrugge at the 
m om ent o f MODIS-Aqua overpass. This classification was perform ed fo llow ing fou r 
w ind sectors which were defined, based on the overall w ind clim ate measured over a 
decade (Fig. 3.2 a):

a. sector around SSW is the  m ost abundant w ind sector (here a fte r referred to 
as SSW case),

b. the second w ind sector com prises w inds blow ing from  the NNE (NNE case),
c. the th ird  w ind sector encompasses w inds from  m ain ly  the WNW (WNW case),
d. and fina lly  land w inds being the less abundant (ESE case).

Further, c lim atological im pact has been investigated using the North A tlan tic  
O scillation (NAO) indices fo r w in te r SPM concentration maps. The NAO Index Data 
were provided by the  C lim ate Analysis Section, NCAR, Boulder, USA, Hurrell (1995). 
The NAOWI (Decem ber th rough March) tim e-series exh ib its  two consecutive w in ters 
w ith  opposite NAOWI index w ith in  the period o f MODIS-Aqua data collection: -1 .09 in 
w in te r 2 0 05 /6 ; and 2.79 in w in te r 2006/7 .
For each ensemble o f SPM concentration maps, an average SPM concentration map 
was obtained. As a resu lt, the coastal tu rb id ity  m axim um  and its position along the 
coast are evaluated, based on the highest SPM concentration occurrences. More 
enhanced sta tistica l approaches were in troduced by means o f en tropy analysis, 
allow ing be tte r spatial characterization o f the tu rb id ity  m axim um . Entropy analysis is a 
s ta tis tica lly  robust technique fo r grouping geographic data (Johnston and Semple 
1983). Flere, en tropy groupings are used to categorize surface SPM concentration data 
ensembles (w ind and NAO w in te r cases), tak ing into account the  to ta l in form ation 
contained w ith in  the  p robab ility  d is tribu tion  curve o f SPM concentration at every pixel 
(a t which at least 100 data po in ts ex is t; if  not pixel is le ft blank). This analysis was 
carried out w ith  the routine o f Johnston and Semple (1983). Seven en tropy groups of 
m in im um  re la tive en tropy are used to characterize SPM concentration d is tribu tion  fo r 
the entire  study area; en tropy groups 1 to 5 are d is tribu tions th a t are skewed towards 
lower concentrations, group 6 is in te rm ed ia te , and the 7th en tropy grouping (w ith  
highest median SPM concentra tion , and a ra the r norm al d is tribu tion ) defines the 
geographical extension o f the coastal tu rb id ity  m axim um  (see 3 .4 .1 ). The entropy 
analysis defines the CTM area based on sta tistica l properties ra the r than on absolute 
values; th is  allows com paring the geographical extension o f the CTM fo r d iffe ren t wind 
or clim atological s ituations.

3 .3 .3 .  In -s itu  SPM m easurem ents

SPM concentration d is tribu tion  in the w a te r column was m easured, in -s itu , w ith  Optical 
Backscatter Sensors (OBS), m ounted on a w a te r sam pler and CTD (conductiv ity , 
tem pera tu re , depth) fram e and on a benthic tripod. The la tte r was deployed in w a te r 
depths o f 9 m MLLWS at MOW1 station (Fig. 3.1, rig h t). T im e-series o f SPM 
concentration were recorded at 2 m (OBS-SPM1) above the seabed (m ab) fo r a to ta l of 
~260  days. A t the MOW1 location, 16 ship-borne m easurem ents (e.g. w a te r and CTD 
pro filing) were carried out during 1 tida l cycle (about 13 h). W ater samples were 
filte red  and residues were weighted in order to calibrate the OBS's o f both the  benthic 
and the CTD fram e (OBS-SPM2). In -s itu  SPM concentrations were grouped s im ila rly  as 
the sate llite  im ages: per tida l phase and per spring or neap cycle. These were 
com pared w ith  the  tida l phase averaged surface SPM concentrations, derived from  
MODIS at the  m easuring station MOW1.

56



3 . 4 .  Results

3 .4 .1 .  A verage SPM concentration

In Fig. 3.3 a, an average SPM concentration map, based on all SPM concentration 
images, showed a CTM between Zeebrugge and Ostend w ith  a m axim um  SPM 
concentration o f about 50 mg I'1. O ffshore, SPM concentrations were reduced (< 1 0  mg 
I '1). The en tropy CTM group (7, black coloured region in Fig. 3.3 b) defined the CTM as 
an area th a t stretches from  Ostend to the  Dutch-Belgian border (about 40 km ), w ith  a 
median SPM concentration o f 33 mg I '1 (Table 3 .1 ); the corresponding probab ility  
d is tribu tion  o f the SPM concentration was no rm ally  d is tribu ted , unlike the o ther groups 
(Fig. 3.3 c). P robability  d is tribu tions o f SPM concentration fo r the 6 o ther groups were 
skewed towards the  sm aller SPM concentrations.
Only 20%  o f all SPM concentration maps corresponded w ith  c loud-free conditions at 
MOW1 pixel. The w ind under these conditions (Fig. 3.2 b) was com pared to the overall 
w ind rose over the last decade (Fig. 3.2 a) showing globally weaker w inds, w ith  more 
NE and less NW and SSW winds. Therefore, the average surface SPM concentration 
map (based on all SPM concentration im ages) is m ore biased tow ards th is  w eather 
regime.

3 .4 .2 .  A verage surface SPM concentration under d ifferen t m eteorological 
forcings

SPM concentration maps fo r the 4 w ind cases (SSW, NNE, WNW and ESE) had 
d iffe ren t spatial extensions o f the CTM (Fig. 3 .4 ). SSW wind case corresponded w ith  
the largest CTM, including the m outh o f the W esterscheldt estuary. This contrasted to 
the NNE w ind case where the coastal tu rb id ity  m axim um  was reduced to  a small area 
between Zeebrugge and Ostend. The ESE wind case corresponded w ith  a m axim al 
a longshore exten t o f the CTM tow ards France. Median SPM concentrations o f en tropy 
group 7, fo r each w ind case, are given in Table 3 .1 ; the y  indicate th a t SPM 
concentration in the CTM is the  lowest fo r w ind case WNW.

Table 3.1 SPM concentrations (m g I'1)  fo r the entropy group 7 (CTM), fo r each case

CASE
MEDIAN

SPM mg r 1
ALL 33
SSW 29
WNW 25
NNE 31
ESE 32

NAOWI 43
NAOWI* 35

3 .4 .3 .  A verage surface SPM concentration fo r contrasting w in ter situations

The w in te r o f 2006 /7  (NAOW I+) corresponded to s ign ificant SW w inds, whereas the 
w in te r o f 2005 /6  (NAOWI ) was characterized by abundant NE w inds (Fig. 3.2 c, d). 
This is reflected in the geographical d is tribu tion  o f the CTM shown in the associated 
SPM concentra tion , and en tropy grouping maps (Fig. 3 .5 ). The CTM during positive 
NAO w in te r conditions had shifted s ign ificantly  towards the  NE and was absent in fron t 
o f Ostend. A negative NAO w in te r coincided w ith  a CTM extending over nearly all the 
Belgian coast, up to the m outh o f the W esterscheldt. Median SPM concentrations 
during NAOWI' were higher (43 mg I '1) than during NAOWI+ (35 mg I '1) (Table 3.1).

3 .4 .4 .  A verage surface SPM concentration fo r d ifferen t hydrodynam ic 
conditions

The influence o f tides and neap-spring cycles on surface SPM concentration is shown in 
Fig. 3.6. Rem ark th a t during neap and spring tide  on ly 7 o f the 12 cases are 
represented. Data are centered around low w a te r (LW) during neap tide  and around 
high w a te r (FIW) during spring tide . SPM concentration was generally h igher during
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Figure 3 .3  a Surface SPM map, as an average o f all MODIS-Aqua data images, b 
Surface SPM map, obtained from entropy analysis grouping SPM concentrations in 7 
classes. Black coloured class (group 7) corresponds to the actual CTM and c 
Corresponding probability distribution curves o f SPM concentration

spring tide than neap tide. Highest SPM concentrations occurred at 4 hours before HW 
(HW -4, i.e. 2-3 hours a fte r LW). During flood the CTM shifted towards the m outh of 
the W esterscheldt estuary.
The tide-induced varia tion  in the MODIS images has been compared w ith  in -s itu  data 
a t MOW1, measured at 2 m eters above bottom  (m ab) and near the surface (Fig. 3.7 a,
c). A tida l ellipse at MOW1 (Fig. 3.7 b, d) shows th a t m axim um  ebb and flood currents 
occurred at LW and HW, respectively. A peak in SPM concentration at 2 mab occurred 
around HW and LW, w ith  the highest SPM concentration (600 mg I 1) around LW. 
Lowest SPM concentrations at 2 mab (100 mg I 1) were observed around slack w ate r 
(HW -3 and HW +3). Surface m axim a and m inim a in SPM concentration (in -s itu  and 
MODIS) occurred la ter than the m axim a and m inim a at 2 mab, due to a settling and 
re-suspension tim e lag. A lthough the MODIS SPM concentration curves were 
incom plete fo r both neap and spring conditions, in -s itu  m in im a/m axim a in SPM 
concentration corre lated well w ith  near-surface data.

3.5. Discussion

3 .5 .1 .  Evaluation o f the use o f M O DIS

Sate llite  data reveal varia tions in surface SPM concentration in the CTM resulting from  
tida l, neap-spring tida l cycle, m eteorological and clim atological forcings. The m ost 
pronounced cycle is related to  seasonal varia tions and is well described in lite ra tu re  
(Fettweis et al. 2007, Van den Eynde et al. 2007, Pietrzak e t al. 2011). W inter SPM 
concentrations are a fac to r 2 h igher than sum m er concentra tions; although SPM 
concentration can vary  during d iffe ren t w in te r periods, depending on clim atological 
conditions. Influences of spring-neap cycles are c learly identified in both the in -s itu
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Figure 3 .4  Representative surface SPM concentration maps fo r the wind cases 
obtained from grouping-averaging MODIS-Aqua data images: SSI/1/ (A), WNW (B), 
NNE (C), ESE (D). Entropy grouping maps fo r the wind cases: SSI/1/ (E), WNW (F), 
NNE (G), ESE (H)

data (Chapter 2; Baeye e t al. 2011), and MODIS data. SPM concentration measured at 
the  surface corresponds to  events o f re-suspension, m ixing, settling and deposition.
For the  re la tive shallow MOW1 location, a tim e  lag o f about 1 hour was identified 
between m axim um  SPM concentration near the bed (in -s itu  data) and a t the surface 
(sa te llite ), which corresponds well w ith  lite ra tu re  (Bass e t al. 2002). In deeper w a te r 
the  tim e  lag is longer, which is also reflected in the general lower surface SPM 
concentration in the  deeper areas, such as the navigation channel tow ards the  
W esterscheldt, s ituated in the  CTM.
MODIS-Aqua cannot be used to  ga ther data during a whole tida l cycle fo r spring and 
neap tides (Doxaran e t al. 2009, van der Wal e t al. 2010). This is a resu lt o f the 24 h 
sam pling in terva l o f the MODIS-Aqua which is 0.84 h shorte r than the  24.84 h period 
o f the  d iurnal tide . Every 15 days the  same phase o f the  tide  is sampled, 
corresponding to  the  period ic ity  o f the  spring -  neap cycles. As a resu lt, parts o f the  
tida l cycle in relation to  spring-neap tides are not captured by sun-synchronous 
sate llites, such as MODIS-Aqua. Therefore, when grouping SPM concentration maps 
(per season, per w ind case, per m onth e tc .) followed by ensem ble-averaging, the  
resu lting SPM concentration maps inhe ren tly  incorporate under-sam pling . In -s itu  data
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show th a t SPM concentration is h ighest during LW at spring tides; a tida l phase th a t is 
never measured by MODIS-Aqua in the study area. The la tte r, toge ther w ith  the fact 
tha t sate llite  images consist o f a subset o f the population, biased towards good 
w eather condition or sp ring -su m m er seasons (Fettweis and Nechad 2011), explain 
also the lower SPM concentrations found in the sate llite  images when com paring to in- 
situ data. Surface sedim ent transport or ligh t in filtra tion  in tu rb id  waters, based on 
these data, w ill thus always underestim ate rea lity.

'Ostend'Ostend

'• ' 'u s te n d‘Ostend

Lon Lon
Figure 3 .5  Representative surface SPM concentration maps fo r two contrasting 
winters: NAOWI- (2005/6) (A) and NAOWI+ (2006/7) (B) and the corresponding 
entropy grouping maps (C) and (D), respectively

3 .5 .2 .  W ind-induced CTM dynamics

V ariab ility  o f SPM concentration is evaluated using the coeffic ien t o f varia tions (CV), 
which is calculated from  the ratio o f the standard devia tion of SPM divided by SPM 
concentration (Fig. 3.8 a). Lower CV is associated to areas w ith  a ra ther low re lative 
SPM concentra tion va riab ility , such as the CTM zone. Two areas can be identified: one 
w ith  a s ligh tly  h igher CV, corresponding to the m outh of the W esterscheldt and the 
V lakte van de Raan and the other w ith  s ligh tly  lower CV situated between Ostend and 
Zeebrugge. The la tte r area shows high SPM concentrations m ore often than the fo rm er 
area. This was already pointed out by Nechad et al. (2003) and Van den Eynde et al. 
(2007 ); however, w ith ou t provid ing a convincing explanation. C urrent analyses relate 
th is  d iffe ren t behaviour to w ind-induced alongshore advection of the CTM zone. For 
instance, the area of the m outh of the W esterscheldt estuary and the V lakte van de 
Raan has, e.g. lower SPM concentrations during NE-E wind conditions (Fig. 3.4 c, g). 
Fig. 3.3 shows also th a t the area between Ostend and Zeebrugge has high SPM 
concentrations during all w ind conditions. The role o f alongshore advection of w a te r 
masses has been investigated, based on near-bed in -s itu  data from  a sta tion near 
Zeebrugge (Baeye et al., 2011). Data have shown th a t w inds blowing from  the SW are 
inducing a subtidal alongshore flow  towards the NE bringing less tu rb id  and m ore 
saline waters orig inating from  the S tra it o f Dover towards the CTM. Higher SPM 
concentration waters are extending m ore towards the NE up to the m outh of the 
W esterscheldt (Fig. 3.4 a, f). Prevailing NE winds reverse the subtida l alongshore flow 
resulting in a decrease of sa lin ity  near Zeebrugge, due to an enhanced ou tflow  of the 
Scheldt estuary (A rnd t e t al. 2011). The la tte r is associated w ith  an increase of SPM 
concentration near Zeebrugge and the fo rm ation  of high concentrated mud 
suspensions (HCMS) near the bed (Baeye et al. 2011). This is in con trast w ith  the 
sate llite  images, which have on average lower surface SPM concentrations in the area 
between Zeebrugge and the m outh of the W esterscheldt under NNE winds. D ifferences 
between rem ote sensing and in -s itu  datasets underline th a t near bed SPM 
concentration dynam ics is pa rtia lly  uncoupled from  processes higher up in the w ate r
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Figure 3 .6  Surface SPM concentration maps fo r in tra -tida l phases (phase interval o f 
about 1 hour) fo r neap (le ft) and spring (right) tidal conditions. Phases with blank 
maps correspond with no o r not enough data. Consequently, low water phases o f 
MODIS imagery occur only under neap tide; high water phases only during spring tide
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Figure 3 .7  Relative SPM concentration per in tra -tida i phase from in-situ (M0W1 
station) measurements (a t 2 m above bed (SPM-0BS1), near surface (SPM 0BS2)) for 
neap (A) and spring (C) tida l conditions, together with MODIS-Aqua in tra -tida l phase 
averages a t M0W1. Tidal ellipse representative fo r the coastal zone between Ostend 
and Zeebrugge fo r neap tide (B) and spring tide (D) conditions

colum n (Fettweis and Nechad 2011).
The CTM fo r the ESE wind case is s ligh tly  more extended tow ards France, which is 
caused by a strong subtidal alongshore flow  towards the SW and an enhanced ou tflow  
o f the W esterscheldt estuary. The CTM en tropy class 7 is not connected w ith  the 
W esterscheldt estuary (Fig. 3.4 d, h) confirm ing earlie r studies th a t considered the 
estuary as not an im portan t source o f SPM (Van Maldegem et al. 1993, Verlaan et al. 
1998). Further, the ESE and the WNW wind cases generate cross-shore w inds inducing 
coastal set-up and set-dow n, respectively. This w ill change the overall w a te r depth and 
consequently the overall SPM concentra tions in the coastal zone (e.g. Flommersom et
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al. 2010). The higher median SPM concentrations fo r en tropy class 7 under ESE winds, 
and the lower median SPM concentration associated w ith  the NW winds (WNW wind 
case) is thus possibly also influenced by coastal set-down (-0 .5  m) and set-up (+ 0 .5  
m ), respectively.
The group ing-averaging o f SPM concentration images per wind case is seasonally 
biased as w inds are not equally d is tribu ted during a year (Jones et al. 1994). Wind 
clim ates per season, based on local wind field data during MODIS overpass, show tha t: 
(1) wind case SSW is we ll-represented th roughou t the year; (2) wind case N-NE is 
representative fo r all seasons, except fo r w in te r; and (3) NNW and ESE wind cases are 
m ore abundant during w in te r and au tum n, than during sum m er and spring. A simple 
averaging o f all MODIS images (Fig. 3.2 a) is the re fore  not a good representation o f an 
average SPM concentration. In Fig. 3.8 (b) an unbiased averaging was carried out, 
based on the weighted averages o f the d iffe ren t wind cases (percentage o f occurrence 
and linear scale). Comparison between Fig. 3.3 (a) and Fig. 3.8 (b) shows th a t the 
CTM is m ore positioned towards the W esterscheldt estuary m outh (Fig. 3.8 c).
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Figure 3 .8  Map o f coefficient o f variation (standard deviation map divided by average 
map) with "0 "  referring to low surface SPM variability, and "1 " to high variability, 
based on ali MODIS-Aqua images (A). Unbiased average surface SPM map based on 
the weighted averages o f the different wind cases (B). Map o f difference in surface 
SPM between A and B (C)
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3 .5 .3 .  W eather, clim ate and environm ental changes

Changes in w eathe r pa tte rns a ffect the coastal hydrodynam ics, and consequently the 
sedim ent transport o f fine -gra ined, cohesive sedim ents. The influence o f contrasting 
NAO conditions during two w in te rs  has a s trik ing  effect on the spatial extension o f the 
CTM zone (Fig. 3 .5 ). Over the last decades, trend analysis o f w ind d irections shows an 
increase o f sou thw este rly  w inds (S iegism und and Schrum 2001, Van den Eynde et al. 
2011). The geographical extension o f the CTM during the last decades was thus more 
often spreading towards the m outh o f the W esterscheldt estuary as before, s im ila rly  to 
w ind case SSW (Fig. 3 .4 ). Flouziaux et al. (2011) fo rm ula ted s im ila r rem arks, based on 
a comparison o f h istorical (100 year) and recent bed samples. These authors have 
related the changes to  m ain ly  port and dredging works th a t have severely a ltered the 
fine -gra ined sed im ent dynam ics; hence also the tu rb id ity  levels in the coastal zone. 
Our data suggest th a t the spatial extension o f the CTM, and thus SPM concentration is 
fu rth e r influenced by natural changes.
The consequences o f varia tions in spatial extension o f the CTM zone which has 
occurred during the last decades m ust now be com pleted w ith  specific analyses, e.g. 
have changes in m acrobenthic species com m unities occurred since they are influenced 
by SPM ava ilab ility , as SPM carries a m a jo r part o f the food resources fo r the benthos; 
however, it m ight tu rn  into an environm enta l stressor when SPM concentrations 
in te rfe re  w ith  species filte ring  and resp ira to ry system s (Rodriguez-Palm a 2011). As a 
result, changes in benthos w ill like ly  reflect both the natural and anthropogenic 
disturbances in coastal environm ents (Dauer et al. 2000, Dauvin et al. 2007).

3 . 6 . Conclusions

The coastal tu rb id ity  m axim um  along the Belgian-Dutch coast is not a sta tic  fea ture. 
The seasonality in the SPM concentration map tim e-series is superimposed by SPM 
concentration varia tions acting on sho rte r tim e  scales. The paper addresses the 
varia tions tha t are induced m ain ly  by m eteorological forcing. W ind direction plays a 
sign ificant role in the position and exten t o f the CTM, as observed at the sea surface. 
Wind fie ld fluc tuations occur over several days and as a consequence, the residual 
transport o f fine sedim ents w ill vary, as well as the position o f the CTM. Southw esterly 
w inds typ ica lly  correspond to a largest spatial ex ten t o f the  CTM, whereas 
no rtheaste rly  w inds impose a reduction. More sign ificant alongshore displacem ent in 
CTM position towards the Dutch coastal waters is seen in w in te r m onths w ith  s tronger- 
than-average sou thw este rly  winds. W in ter periods also ex is t in which SW winds are 
less abundant, resulting in d iffe ren t CTM spatial patterns. The la tte r is based on the 
clim atological index, North A tlan tic  O scillation, even substantia lly  influencing CTM 
position fo r longer periods (4 m onths). Astronom ica l forc ing (tides) was evaluated 
also. The group-averaged, in tra -tida l SPM concentration maps showed good sim ila rities 
w ith  in -s itu  data. I t  is concluded th a t MODIS-Aqua sate llite  data can be used to assess 
SPM concentration va riab ility  related to tides, neap-spring cycles, and m eteorological 
and clim atological events.
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Chapter 4

Sedim ent re-suspension and advection  
associated w ith  residual flow s in the Belgian coastal zone*

* to  be subm itted fo r publication in Journal o f Marine System s (E lsevier)
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Abstract

Residual (e.g. w ind -d riven ) sedim ent fluxes have been studied using a com bination of 
in -s itu  bo ttom -m oun ted  sensors (ADCP, tr ipo d ) allow ing m easuring over the  entire 
w a te r colum n. Flow profiles, SPM concentration and near-bed sedim ent dynam ics are 
discussed, and a vertica l m ixing param eter is introduced in order to  eva luate when 
suspended sedim ents are w e ll-m ixed in the w a te r colum n. The northeast-d irected flow  
regim e exh ib its strong hydrodynam ics, resulting in a good m ixing. A lthough the 
southw est-d irected regim e is also characterized by a good m ixing, the re  is no real link 
w ith  bed shear stresses (hydrodynam ics). Therefore, it is suggested th a t the  nature of 
partic les in suspension also m ust be regarded. The fine r, soft (cohesive) sedim ents are 
like ly  to be suspended m ore or longer com pared to the m ore sandy sedim ents, which 
w ill settle  m ore easily. These results allowed a separation and recognition o f processes 
th a t contro l the va riab ility  o f SPM concentration and th a t can be used as an a ttem p t 
fo r understanding the long-te rm  evolution o f the system .

Keywords: SPM Fluxes; bottom -ADCP; benth ic  tripod ;  vertica l m ix ing
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4 . 1 .  In  tro d uc tio n

Wind stress is an im portan t forc ing m echanism  fo r generation o f flows in the inner- 
shelf, w h ile in oceans, where the Coriolis acceleration dom inates over o ther 
acceleration te rm s, geostrophic flows occur (Lentz et al. 1999, G uttierez et al. 2006, 
Fewings and Lentz 2009). Besides tides and density  gradients, flow s on the continental 
shelf can also be generated from  ba thym etric  va ria tions (Sanay et al. 2007) or from  
pressure gradients associated w ith  cape-attached shoals (McNinch and Luettich 2000). 
W ind induced currents w ill change the residual transport o f w a te r masses and the 
residual currents (Verlaan and G roenendijk 1993, Yang 1998); they  have a sign ificant 
influence on the transport o f particu la te  and dissolved substances in the  w a te r column. 
The im portance o f w ind forcing on sed im ent transport has been discussed in various 
studies (e.g. G rant and Madsen 1986, Lentz 1995, G utierrez et al. 2005).
The fine -gra ined sedim ent dynam ics in the southern North Sea and especially the 
occurrence o f a tu rb id ity  m axim um  zone in the Belgian-Dutch coastal zone have been 
sub ject to m any studies (Van Veen 1936, Nihoul 1975, G ullentops et al. 1976, Delhez 
and Carabin 2001, Van den Eynde 2004). The mud in the Belgian part o f the North Sea 
pa rtly  owes its orig in to the im port o f suspended particu la te  m a tte r (SPM) from  
through the Dover S tra it and pa rtly  to the erosion o f local Holocene mud deposits 
(Fettw eis et al. 2007, Zeelm aeckers 2011). Based on hydrodynam ic data, Fettweis and 
Van den Eynde (2003) concluded tha t the decreasing residual w a te r transport, the 
shallowness o f the  area and the difference in m agnitude between neap and spring tida l 
currents and th e ir  e ffect on the erosion and transport capacity are responsible fo r the 
presence o f the tu rb id ity  m axim um  area. The geographical va ria b ility  o f the tu rb id ity  
m axim um  was investigated in Chapter 3 using sate llite  images and could be linked to 
w ind forcing and direction. Measuring mean pa tte rns o f surface SPM concentration 
from  space has become com m on practice (S tanev et al. 2009, P ietrzak et al. 2011). 
Flowever, SPM concentration from  sate llite  images represents a data set biased 
tow ards good w eathe r conditions (Fettweis and Nechad 2011) and provides only near 
surface data. The aim o f the present study is there fore  to iden tify  residual (e.g. w ind- 
driven) sed im ent fluxes using in -s itu  bo ttom -m oun ted  sensors (ADCP, tr ipo d ) th a t can 
m easure over the en tire  w a te r colum n. ADCP and m u lti-pa ram etric  tripods have been 
successfully used to  m easure current profiles, SPM concentration and /o r near-bed 
sedim ent dynam ics in she lf seas (e.g. Lynch et al. 1997, H o itink and Floekstra 2005). 
The results allow a separation and recognition o f processes tha t contro l the va riab ility  
o f SPM concentration and can be used fo r understanding the  long -te rm  evolution o f the 
system .

4 . 2 .  S tu d y  a re a  b ackg ro un d

The m easuring site MOW1 is located in the Belgian near-shore area in the  v ic in ity  of 
the port o f Zeebrugge (Z, Fig 4 .1 ). A t th is  location, acoustic and optical instrum ents 
have been deployed at a w a te r depth o f about 9 m MLLWS (m ean lowest low w a te r at 
spring tide ) (Fettw eis et al. 2010, Van Lancker et al. 2007). The area is characterised 
by a bo ttom  sed im ent com position vary ing  from  pure sand to pure mud (Verfa illie  et 
al. 2006) and the presence o f a coastal tu rb id ity  m axim um  (CTM) extending between 
Ostend (O) and the  m outh o f the W esterscheldt. Near-shore SPM concentration ranges 
between 0 .0 2 -0 .0 7  g I '1 and reaches 0.1 to > 3  g I '1 near the bed (Fettw eis et al.
2010). Anthropogenic activ ities such as dredging and disposal influence the bed 
com position and the SPM concentration in the  w a te r column (Du Four and Van Lancker 
2008, Lauwaert et al. 2009).
The tida l regim e is sem i-d iu rna l, and the mean tida l range at Zeebrugge is 4 .3 and
2.8 m at spring and neap tide , respective ly. The tida l current ellipses are elongated in 
the near-shore area and become gradually m ore sem i-c ircu lar towards the offshore. 
The current velocities near Zeebrugge (near-shore) va ry  from  0 .2 -1 .5  m s '1 during 
spring tide  and 0 .2 -0 .6  m s '1 during neap tide . Ebb currents are directed tow ards the 
southwest and flood currents tow ards the northeast. The w a te r is well m ixed 
th roughou t the  entire  year and stra tifica tion  due to sa lin ity  or tem pera tu re  gradients is 
not occurring (de R u ijte r et al. 1987). The freshw ater discharge o f the W esterscheldt is 
low (long -te rm  annual mean is about 100 m 3 s '1) and as a consequence, residual flows 
are m ain ly  governed by tida l asym m etry  and w ind forcing (Yang 1998). Dom inant w ind
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patterns include w inds blowing from  the southw est, and from  the northeast. Prevailing 
w inds from  the north are often associated w ith  (pro longed) s to rm y periods. Generally, 
the residual transport o f the w a te r masses is northeast directed (Yang 1998, Van 
Lancker et al. 2007); though fluc tuations exist under the  influence o f changing 
m eteorological conditions.

BELGIUM

France

United Kingdom

English 
Channe

NORTH SEA

Netherlands

Figure 4.1 S tudy  area w ith  locations o f  in te res t (MOW1, MOW3, MOWO, VR) and  
surface SPM concentra tion in m g I '1 (w e igh ted  mean based on w ind c lim ate ) derived  
from  Aqua MODIS sate llite  da ta ; wheel sym bols are disposal s ites near Zeebrugge  
ha rbour (Z )

4 . 3 .  Methodology

4 .3 .1 .  B ottom -m ounted acoustic D oppler current p ro file r ( BM-ADCP)

A 1200 kHz RD I®  ADCP was bo ttom -m oun ted  at MOW1 fo r logging vertica l profiles of 
currents and echo in tensity . Detailed in fo rm ation regarding the deploym ents is 
provided in Table 4.1. A to ta l o f 215 days o f collected data have been used in th is  
study. The tim e-series were averaged to a 1-hour in te rva l, and the  currents were 
decomposed in to an along- and cross-shore com ponent. The along-shore current 
com ponent is positive oriented to the northeast (True North 65°, T065), and the 
positive cross-shore com ponent directed onshore (T155).
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Table 4.1 Details o f  the BM-ADCP deployments

year days
time per 

ping
freq

pings per 
ensemble

time per 
ensemble

average ensemble 
interval

n° BINS bin size
mab 1st 

bin

2006 134-165 3 sec -0.33 Hz 100 5 mln 5min=continuously 30 0.5 1
2007 295-331 0.26 sec -4  Hz 50 13secs 5min 60 0.2 0.72
2008 28-97 0.26 sec -4  Hz 50 13secs 10min 50 0.25 0.81
2010 85-125 6 sec -0 .2 Hz 50 5 mln 10min 51 0.25 0.81
2010 151-185 6 sec -0 .2 Hz 50 5 mln 10min 51 0.25 0.81

Data processing o f the BM-ADCP data included the rem oval o f the last bln from  the 
ADCP pro file  closest to the w a te r surface. Dependent on the sam pling scheme (and 
blanking distance) the  firs t data bin is about 0.7 to 1 m ete r above the bed. Further, all 
tim e-series were low-pass filte red  (33 hours) using a d ig ita l tida l f ilte r  In order to 
rem ove the sem i-d iu rna l tida l signal from  the orig inal data (Beardsley et al. 1985). As 
the tida l range observed is between 2 .8 -4 .3  m, it is sensible to norm alize the vertica l 
distance o f BM-ADCP m easurem ents from  the seabed by the  to ta l w a te r depth; as 
such, the filte ring  a lgo rithm  successfully identifies the h igh-frequency oscilla tions close 
to the  sea-surface. The echo in tens ity  received by the ADCP Is able to  serve as a proxy 
fo r SPM concentration in the w a te r colum n. Based on the general sonar equation (Urlck 
1983, Medwin and Clay 1998), the  signal is corrected fo r beam spreading and w a te r 
a ttenuation  (due to w a te r m olecule re laxation effects):

Target S trength = Received Sound Level +  2xTransm lss lon Loss -  Source Level Power

Changes o f the in terna l ba tte ry  vo ltage over tim e  w ill resu lt In varia tions in the ADCP 
transm it power (Deines 1999). As a consequence o f the ba tte ry  decline, 
com pensational corrections were applied. Ano ther correction o f the  echo backscatter 
fo r the bins in the transducer near-fie ld  (1 -3  bins) was applied to account fo r 
departure from  spherical spreading o r spreading loss (Downing et al. 1995). Particles 
in the w a te r colum n are characterized by a partic le size d is tribu tion  which Influences 
the received echo in tensity . From acoustic theory , the  range o f partic le sizes th a t can 
be detected by the  ADCP is d irec tly  related to the ratio o f the partic le circum ference to 
acoustic wave length, set between 1 and 0.1. For the 1200 kHz ADCP, partic le sizes 
(d iam eters) m ust range between 40 and 400 pm to m eet th is  condition. A short 
deploym ent o f the bo ttom -m oun ted  ADCP, toge the r w ith  a bo ttom -fram ed Sequoia®  
Laser In -S itu  Scattering and Transm issom eter, LISST 100X-typeC at 2 m above bed 
(m ab) was perform ed at MOW1. These s im ultaneous recordings allowed determ in ing 
the ADCP sens itiv ity  tow ards partic le size. Correlation coeffic ients were obtained 
between the corrected ADCP backscatter, m easured fo r the 2 mab bin, and 32 LISST 
partic le size classes (range o f 1.25 and 500 pm ) (Fig. 4 .2 ). The highest corre lation 
(R2> 0 .8 ) corresponded w ith  a partic le size range between 40 and 150 pm. For floes 
la rger than 150 pm , ADCP acoustics and LISST optics m ay react d iffe ren tly , because of 
the partic le shape and density (e.g. Creed et al. 2001).

4 .3 .2 .  Tripod benthic observatory

At a distance o f 50 m eters from  the BM-ADCP, a benthic tripod system  measured SPM 
concentration w ith  an Optical Backscatter Sensor (D&A Ins tru m e n ts®  OBS-3) at 2 
mab, and currents In the lower 2 m eter o f the w a te r colum n w ith  a S on tek®  Acoustic 
Doppler Profiler (ADP). The la tte r is a 3 MHz S on tek®  system , also storing acoustic 
backscatter in fo rm ation . The OBS voltages were converted to SPM concentration using 
a labora tory calibra tion . On its tu rn , OBS SPM concentrations were used to calibrate 
both the upw ard-looking ADCP and dow n-w ard looking ADP. This approach allows 
estim ating the sed im ent flu x  fo r the to ta l w a te r colum n. Also m ounted on the tripod 
system  Is a S on tek®  Acoustic Doppler Velocim eter (ADV) set to record currents and 
bed evo lu tion (a ltim e try ). The la tte r was corrected fo r pitch and roll by the ADV 
(benth ic tr ipo d ). Salin ity  was recorded by the S ea-b ird®  SBE37 CT, except fo r tim e- 
series conducted In 2007. During th a t pa rticu lar deploym ent, sa lin ity  data were 
provided from  a station (VR) 20 km away from  the BM-ADCP m easuring location, by 
Hydro Meteo Centrum  Zeeland-HMCZ (w w w .hm cz.n l).
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Figure 4 .2  Correla tion between ADCP acoustic backscatter and LISST volum e  
concentra tion in each pa rtic le  size class

Table 4 .2  Percentages o f the variance exp la ined by tides a t MOWO (MPO) and MOW3 
(M P3); a, years 2005 -2010 ; b, years 2009 -2010 ; c, years 2009-2011

Sampling station MPO (%) MP3 (%)

Alongshore velocity 94.8a 97.2b
Cross-shore velocity 94.1a 93.6b

Total velocity 96.4a 93.3b
Sea-surface elevation 94.7e 94.2e

4 .3 .3 .  Meteorological-oceanographic station and w ave buoy

Hydro-m eteorolog ical data were provided by the  Agency fo r M aritim e and Coastal 
Services - Hydrography (Flemish A u thorities). W ind data measured at MOWO at 25 
m eter above sea-surface (Fig. 4 .1 ), loga rithm ica lly  converted to  the  standard he ight o f 
1 0  m ( U i o ) ,  have been used to  estim ate w ind stress com ponents by in troducing a 
neutra l (d im ension less) drag coeffic ien t (CDN) (Large and Pond 1981):

C d N  =1-2x10-3, for 4 ms-1 sí7¡qs11 ms-1, 

CI)W =(0.49+0.065-t/lo )x l0 -3, for 11 ms“ 1 < t/10s25 ms“ 1

Currents were measured w ith  the  Aanderaa DCM-12 at MOWO and MOW3 (Fig. 4 .1 ) 
over several years, and were trea ted s im ila rly  as the  BM-ADCP currents. Wave 
characteristics were obtained recorded in the  v ic in ity  o f the  m easuring site (MOW1 and 
MOW3, Fig. 4 .1 ). MOW3 buoy is a d irectional wave rider sensor recording frequency- 
d irectional wave spectrum  data. The o ther wave rider buoy measures only the  
frequency-w ave spectrum  from  which the  sign ificant wave height (H 33), mean wave 
period (TM2) are derived.
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4 .3 .4 .  B o ttom  s h e a r s tress  e s tim a te s

BM-ADCP currents were also used fo r estim ating bottom  shear stress in the constant 
stress layer. This can be obtained using the law o f the wall. A hydraulic bed roughness 
length (z0) o f 0 .2  mm fo r m uddy seabeds and the ADCP firs t bin he ight (z) were used

" = i c ' ln i i r !in the fo llow ing logarithm ic re la tionship (Soulsby 1983, W righ t 1989): K \ z ) w ith
k, Von Karm an's constant (~ 0 .4 ) ;  u, current m easured in ADCP's firs t bin. Further, u»,

r  — /»•7/2
shear ve loc ity  is related to the  current-induced bo ttom  stress, tc, by: c "  *
(p= 10 30  kg n r 3 is the  density  o f seawater). The com bined shear stress was fu rth e r 
calculated tak ing  into account the  wave oscilla to ry m otion. O rbital velocities were 
obtained through solution o f the linear dispersion re la tionship fo r surface g rav ity  
waves using fric tion  fac tor, fw (fo r sed im ent grain size o f 65 pm ) in order to obtain the

wave induced shear stress: 8 (G rasm eijer and Kleinhans 2004). The
com bined or to ta l (cu rren t and waves) shear stress was calculated as fo llows (Nielsen

T 'rw  =  J (  T 'm  +  T 'M ,' COS +  ÍTW • s i l l  ô Ÿ
1986): ! \ ! tak ing into account, O, the angle between
wave propagation and curren t d irection, and m axim um  shear stress, Tm (fo llow ing

Ttt = T: ' 1 +1-2-
Soulsby 1997):

4 . 4 .  R esu lts

4 .4 .1 .  T id a lly - a n d  w in d -d r iv e n  flo w s

Harm onic analysis o f m u lti-yea r tim e-series o f currents and sea-surface elevation at 
MOWO and MOW3 (Fig. 4 .1 ) was conducted using MATLAB®'s T-Tide (Pawlowizc et al. 
2002) th a t allows iden tify ing  tida l constituents. This analysis also reveals tha t tida l 
va riab ility  accounts fo r 93 -97%  and 94%  o f to ta l variance in the  current and sea- 
surface elevation tim e  series, respective ly (Table 4 .2 ). The tida l constituents - M2, S2, 
N2, K2, L2, 0 1 , M4, NU2, MU2 - account fo r 75%  o f the tida l va riab ility  o f the  sea- 
surface e levation. The same percentage o f the  to ta l tida l va riab ility  in the currents 
observations is explained by these constituen ts, toge the r w ith  the  constituen ts: M6, 
2MS6, MS4. The three largest constituents (M2, S2, and N2) are sem i-d iu rna l and the 
m a jo r axes o f the  corresponding tida l ellipses are well aligned in the alongshore 
d irection fo r the locations MOWO (T073) and MOW3 (T082). M agnitudes o f the  tida l 
com ponents reveal f la t ellipses, ra the r than circular.
T im e-series o f low-pass filte red , depth-averaged alongshore currents, m easured fo r 
each BM-ADCP deploym ent at MOW1 were corre lated to alongshore w ind stress 
(Tables 4.3 and 4 .4 ). A strong corre lation (R2= 0 .70 ) was obtained fo r all periods, 
except fo r 2007. The weaker corre la tion (R2= 0 .28 ) in 2007 is explained by the absence 
o f alongshore w ind stress during th a t pa rticu la r deploym ent. Depth-averaged BM- 
ADCP flow  com ponents are p lotted toge the r w ith  w ind stress and sa lin ity  in Figs. 4 .3  
(2006), 4 .4  (2007) and 4.5 (2010). Southwest w inds (2006 - day o f year (doy) 137- 
147; 2010 doy 89) w ith  shear stresses (> 0 .1  N n r 2), acting on the  sea-surface 
generate a northeastw ard flow  th a t is associated w ith  an increase in sa lin ity  (34 ). On 
the o ther hand, w inds blowing from  the north enhance a southw estw ard directed 
subtidal flow  (2006 doy 149-150 and 164; 2007 doy 309, 312, 315 and 317; 2010 doy 
122-123).
These m eteorological conditions correspond w ith  lower sa lin ity  ranging between 30 
and 32. Further, periods w ith  reduced wind stress (< 0 .1  N m '2), regardless the wind 
direction, exh ib it a ra the r w eak negative (sou thw estw ard) flow  (2006 doy 152-165; 
2007 doy 302-308 and 320-325 ; 2010 doy 92-100).
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Table 4 .3  Relation between w ind and  currents a t MOWO s ta tion , R2

Cross-shore 
wind stress

Alongshore 
wind stress

Cross-shore
current

Alongshore
current

Cross-shore wind stress 1 -0.21 0 10 -0.51
Alongshore wind stress 1 -0.23 0.67

Cross-shore current 1 -0.06
Alongshore current 1

Table 4 .4  Relation between w ind and  currents fo r  the BM-ADCP deploym ents, R2

Alongshore flow
2006 2007 2008 2010 2010

Alongshore wind stress 0.74 0.28 0.73 0.63 0.70
Cross-shore wind stress -0.52 -0.56 -0.26 -0.65 -0.71

4 .4 .2 .  SPM transport (Figs. 4 .3 , 4 .4 , 4 .5 , 4 .6 )

Acoustic Backscatter Signal (ABS) measured by acoustic current m eters can be used 
as a proxy fo r SPM concentration. During spring tide  conditions, strong tida l currents 
increase m ixing and turbu lence, leading to an increase in ABS. Superim posed on the 
spring-neap varia tion , s ign ificant m eteorological events (e.g. sou thw este rly  w inds) 
have also an im pact on the  ABS due to increase o f the SPM concentration. On the 
o ther hand, phases o f increased ABS also exist w ith ou t any relation to hydro­
m eteorological forcing (2006 doy 136, 157; 2010 doy 95, 111).
The SPM concentration profiles derived from  ADCP and ADP ABS have been combined 
in order to obtain profiles covering a lm ost the  entire  w a te r column (th is  was on ly done 
fo r tim es-series 2006) fo r which it was a ttem pted to  calculate the SPM fluxes (Fig. 
4 .6 ). The low-pass filte red  SPM concentration exh ib its low -frequency (w ind-induced 
and spring-neap) varia tions. Maxim um  near-bed (between 0 and 1.5 m ab) residual 
concentrations are about 0.6 g I'1. Depth-averaged SPM concentrations va ry  between 
0.2 and 0.3 g I'1 (Fig. 4.7 a). The figures show th a t alongshore SPM fluxes, at tha t 
location, coincide w ith  southwestern or northern w ind events. The to ta l SPM flux  is 
shown in Fig. 4.7 e; one can c learly see the  lower flux  during neap tides (2006 doy 
152-158), and the higher one (about tw ice) during spring tide  (2006 doy 159-165). 
The spring-neap tida l varia tion in the firs t ha lf (2006 doy 135-150) o f the  deploym ent 
is generally characterized by strong positive alongshore flows a lte rna ting  w ith  short 
periods o f reduced or negative alongshore flow  due to  the  prevailing m eteorological 
conditions. Maxim um  depth-averaged SPM transport o f 0.15 kg m '2 s '1 occurs during 
spring tides. On average, the  lower 1.5 m o f the w a te r column accounts fo r 35 %  of 
the to ta l sed im ent flux  (Fig. 4.7 g).

4 .4 .3 .  W ind sea waves and sedim ent re-suspension

Wave characteristics were available during the en tire  tim e  span o f MODIS data image 
collection (abou t 7 .5 years between 2002 and 2009; MODIS-Aqua SPM Retrieval: see 
Chapter 4 ), and each variab le was assigned to each MODIS overpass (1 2 :0 0 -1 3 :0 0  
GMT) resu lting in a tim e  series o f 2539 data points (i.e. num ber o f processed MODIS 
SPM im ages). The wave population o f waves trave lling  from  the north (T315-T360 and 
T000-T045) and w ith  heights > 1 .5m  was involved fo r g roup-averaging MODIS SPM 
concentration maps. This resulted in a data set o f 76 MODIS-SPM images. Wind 
d irection, measured at the  m eteorological sta tion MOWO, was gathered based on the 
tim e  o f MODIS-Aqua overpass. Waves s ta rt to become im portan t in re-suspension o f 
bed sedim ents when sign ificant wave heights exceed 1.5 m at the m easuring site 
(Fettw eis and Nechad 2011). The increase in SPM concentration is visib le along the 
coast, see Fig. 4 .8  where the SPM concentration in the area is shown derived from
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MODIS images. The coastal tu rb id ity  has an average SPM concentration at MOW1 of 
about 50 mg I '1, which is s ign ificantly  h igher than the 30 mg I '1 found in the  yearly  
averaged image (Fig. 4 .1 ).

4 . 5 .  Discussion

4 .5 .1 .  Subtidal flow s

A t the m easuring location (MOW1), tida l residual flows are always directed tow ards the 
southwest under weak (< 0 .1  N m '2) w ind stress conditions. Evidence from  
hydrodynam ic m odelling shows th a t the m easuring site is influenced by the 
W esterscheldt estuary, counterbalancing the northeast-d irected residual transport 
which is generally found in the  coastal zone o f the southern B ight (Lacroix et al 2004, 
Fettweis et al. 2007). Our data confirm  thus the s ign ificant influence o f the 
W esterscheldt estuary on the hydrodynam ic c ircu lation up to at least Zeebrugge and 
MOW1. During weak SW w ind periods, the re  is inertia  against th is  c ircu la tion, directed 
to the SW (e.g. 2007 /300 -301  and 20 10 /1 19 -120 ). Flowever, a no rth -no rtheas t wind 
enhances these flows.

4 .5 .2 .  Transport o f sedim ent suspensions

Bottom  stress under the influence o f currents and waves was com puted, and 
corre lated w ith  depth-averaged SPM concentration from  BM-ADCP deploym ent of 
2006. SPM concentrations during the ebb are s ligh tly  h igher than during flood (Fig. 4.9 
a). A good corre lation between bo ttom  shear stress and SPM concentration should be 
expected if SPM concentration is m ain ly  due to re-suspension by bo ttom  shear stress. 
This is not the case (R2 = 0.50) po in ting to o ther in fluencing factors such as the 
ava ilab ility  and consolidation degree o f the  cohesive sedim ents and the  fluc tuations in 
horizontal advective flux  o f fine sedim ents (e.g. Dyer 1994). In th is  perspective, the 
alongshore advection is considered (Fig. 4 .9  b). Ebb coincides w ith  h igher SPM 
concentrations fo r both positive and negative subtidal flow  regim es. The observed 
hysteresis is due to sed im ent en tra inm ent and se ttling , and the  advection o f the 
sedim ent concentration grad ient. The corre lation between the depth-averaged, low- 
pass filte red  SPM concentration and bed shear stress y ie lds a good positive 
re la tionship regarding the negative flow  regim e (R2= 0 .74 ) since the spring-neap 
varia tion  is not rea lly overprin ted by m eteorological forc ing, un like the positive flow  
regim e case (R2= 0 .40 ). Periods w ith  s tronger low-pass filte red  negative flow  are 
corre lated w ith  h igher SPM concentration due to local re-suspension and advection. 
The tida lly - and w ind-d riven m otion o f coastal w a ters is reflected in the sa lin ity . Under 
southwest w inds, the oceanic saline w a te r is pushed th rough the  S tra it o f Dover into 
the Belgian coastal zone. On the  o the r hand, northern w inds tend to  spread out 
riverine , freshw ater from  the Scheldt-Rhine-M euse estuaries along the  Belgian coast 
(Yang 1998, Lacroix et al. 2004, A rnd t et al. 2011). I t  is suggested th a t the negative 
flow  will also advect sedim ents from  the  estuary tow ards the  southwest, expla ining 
R2 = 0.74. Since sedim ents present in the lower Scheldt are m arine (Verlaan and 
Spanhoff 2000), an episodic buffering o f sedim ents under prolonged periods of 
southwest w inds was suggested (Terw indt 1977, Van Alphen 1990, Baeye et al. 2011). 
SPM will then subseguently be released under changing hydro-m eteoro log ica l 
conditions (N and NE w inds). In addition, the freshw ater discharge (m easured at 50 
km upstream ) was evaluated during the ADCP deploym ents, and continuous but low 
discharging (~ 8 0  m 3 s '1) indicate th a t rive rine  SPM ou tpu t events were not like ly  to be 
measured in the  BM-ADCP tim e-series.

4 .5 .3 .  Vertical m ixing o f suspended sedim ents

M eteorological conditions have also an influence on the  vertica l m ixing o f SPM in the 
w a te r colum n; th is  depends on the se ttling  velocities and on the vertica l m ixing 
processes (P leskachevsky et al. 2011). Vertica l m ixing is calculated as the  ratio 
between near-surface to near-bed SPM concentrations (Fig. 4 .7 d). The data show tha t 
a good vertica l m ixing (high ra tio ) is associated w ith  the m a jo r southw est w ind events 
occurring in the firs t part o f the 2006 tim e-series (b lue h igh lights).
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In between these events, less energetic conditions increase SPM settling  out o f the 
w a te r colum n and accordingly the near-bed SPM concentration. Under these w ind (SW) 
conditions, a positive corre la tion exists between vertica l m ixing param eter and the 
low-pass filte red  bed shear stress (R2= 0 .64 ). However, during negative alongshore 
flow  (red h igh ligh t) a negative corre la tion (R2= - 0 .45) was found po in ting to no 
re lationship between good m ixing and increased bed shear stress (like the positive 
flow  reg im e). Possibly, p rom inent near-bed processes, such as the  fo rm ation  o f h igh­
concentrated mud suspension and flu id  mud layers also exist during strong negative 
flow  hydrodynam ics. The overall degree o f vertica l m ixing under negative flow  
conditions rem ains high, and is expla ined by the associated partic le size spectrum  tha t 
is now dom inated by fine r (s ilt-s ize) particles requiring less energy (necessary) to be 
in re-suspension. The particles during northeast-d irected flow s are typ ica lly  coarser, 
im ply ing rapid se ttling  o f the particles (fine  sands) during less energetic phases. 
HCMSs are m ost im portan t towards vertica l m ixing capacity o f the w a te r colum n when 
considering the  sedim ent transport in tida l tim e  dom ains; since the cyclic (qua rte r- 
d iu rna l) HCMS occurrences w ill be m ostly  filte red  out in the subtida l signal. Fig. 4 .10 
(top) shows the seabed evo lu tion (ADV a ltim e try ) w ith  the sho rt-te rm  occurrence of 
HCMSs, especially under sou thw est-d irected flows (2006 from  doy 146 on). HCMSs 
reach the ADV sam pling volum e, in which currents are m easured, indicating HCMS 
layers o f at least 20 cm th ick.
Sate llite  images w ill always underestim ate SPM concentration and transport due to the 
strong vertica l gradients in SPM concentration (Fettw eis and Nechad 2011). This 
means also th a t the  surface CTM zone as observed in sate llite  images is genera lly less 
extended than the near-bed CTM. Figs. 4.1 and 4.8 show the m ixing, as observed at 
the surface, fo r average conditions (based on w ind c lim ate) and fo r storm  conditions 
(w inds w ith  northern com ponent, and waves > 1 .5  m ). Under averaged conditions (Fig. 
4 .1 ), the  navigational channels have lower surface SPM concentration than its 
surroundings. This is explained by the deeper w a te r depth in the channels than in the 
surroundings (15 vs. 10 m MLLWS); w a te r depth being a con tro lling fac to r in the 
vertica l sedim ent d is tribu tion  (e.g. Hom m ersom  et al. 2010). Under no rtherly  storm s, 
however, the SPM concentration is high in the whole area. Fettweis et al. (2010) have 
argued th a t the soft mud deposits in the navigational channels are re-suspended 
during such storm  conditions. The la tte r is thus confirm ed by sate llite  images (Fig. 4 .8  
vs. Fig. 4 .1 ). The seabed evo lu tion, derived from  the ADV (Fig. 4 .10 ) was plotted 
toge the r w ith  the wave-induced bo ttom  stress (Fig. 4 .10, bo ttom ). The 2-days lasting 
northern storm  (20 06 /1 49 -150 ) resulted in seabed erosion o f at least 5 cm. A fte r the 
storm  the SPM was settling  again resu lting in fo rm ation  o f HCMS (o r flu id  m ud) layers 
o f a lm ost 10 cm, these layers rem ained until the end o f the deploym ent. Bed erosion 
also occurred under southwestern w ind events. The short te rm  HCMS layers (up to 20 
cm ) occur in association w ith  these events (vertica l w h ite  lines); though it m anifests 
on a m ore regular basis in the negative flow  regim e (Fig. 4 .10 from  2006/147 
onwards). The CTM, under the negative flow  regim e, is there fore  m ore like ly  re lated to 
the fo rm ation  o f HCMS layers w ith  a th ickness o f m ore than 20 cm (on flu id  m ud); 
these occur typ ica lly  during slack tides (see Chapters 2 and 6). I t  is known from  
lite ra tu re  (Mehta 1989, W interw erp and van Kesteren 2004) th a t flu id  mud is hard to 
en tra in , and tends to dampen tu rbu le n t energy. This possibly also con tribu tes to the 
negative corre la tion between the m ixing param eter and the bed shear stress fo r th is  
flow  condition.

4 .5 .4 .  Disposal o f m ud

Subtle fluc tuations in depth-averaged sedim ent concentrations w ith ou t any observed 
change in hydro-dynam ica l forc ing have been observed in the  data (see above,
4 .4 .2 .). Possibly they are linked to small scale processes. Plausible m echanism  fo r 
these varia tions is tho ugh t to be disposal o f dredged m ateria l on a nearby disposal site 
(east o ff Zeebrugge), where between 60 x IO 3 and 120 x IO 3 tons o f d ry  m a tte r has 
been disposed during the BM-ADCP m ooring in 2006. Disposal o f fine-gra ined 
sedim ents resu lt in an increase o f SPM concentration in a la rger area (Van den Eynde 
2004, Fettweis et al. 2011). However, based on the  current BM-ADCP tim e-series no 
d irect evidence o f im pact o f disposal o f dredged m ateria l could be established.
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f lu x  (% ) ; h, low -pass filte re d  (res idua l) bed shear stress (Pa). Blue h igh lig h t re fers to  
the enhanced pos itive  (NEW) flow  reg im e phases, and re d  is the negative flow  reg im e
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4 . 6 .  Conclusions

W ind-driven flow s were qu an tita tive ly  investigated, and considered to be im portan t in 
the study area. T im e-series (40 days each) o f BM-ADCP current profiles, as well as 
acoustic backscatter data were studied in te rm s o f sed im ent transport (fluxes). An 
approxim ation o f fu ll w a te r column SPM fluxes through com bined use o f ADP and BM- 
ADCP was realised. Based on the  alongshore flow  d irection, two flow  regim es were 
characterised in te rm s o f sed im ent f lu x  and vertica l m ixing. The negative flow  regime 
(SWW Case; tow ards France) corresponds to decreased sa lin ity  and increased tu rb id ity  
(h igher SPM concen tra tion ). The nature o f SPM is cohesive and the w a te r colum n is 
vertica l m ixed; however, th is  m ixing is not hydrodynam ically  contro lled. Linked to th is  
flow  d irection, storm  waves (from  the no rth ) resu lt in the largest ex ten t o f the coastal 
tu rb id ity  m axim um  as observed at w a te r surface. Enhanced erosion o f the seabed and 
m ixing capacity are the main responsible m echanisms. The positive flow  regim e (NEW 
Case; tow ards the Netherlands) readily shows increased sa lin ity , but decreased 
tu rb id ity . This regim e is characterized by vertica l m ixing o f the  w a te r colum n, and high 
SPM fluxes. The long -te rm  evo lu tion o f the system  is the re fo re  dependent on the 
m utual occurrence o f the flow  regim es, and thus on the  w ind clim ate.
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Abstract

Suspended particu la te  m a tte r (SPM) concentration and partic le size d is tribu tion  (PSD) 
were assessed in a coastal tu rb id ity  m axim um  area (southern North Sea) during a 
com posite period o f 37 days in January-A pril 2008. PSDs were m easured w ith  a LISST 
100X and classified using en tropy analysis in te rm s o f subtida l alongshore flow . The 
PSDs during tide -dom ina ted conditions showed d is tinc t m ultim oda l behaviour due to 
floccu la tion, revealing th a t the build ing blocks o f floes consist o f p rim ary  particles 
(< 3  pm ) and flocculi (15 pm ). Flocculi com prise clusters o f clay m inerals, whereas 
p rim ary  partic les have various com positions (calcite, clays). The PSDs during storm s 
w ith  a NE-directed alongshore subtidal current (NE storm s, Case NEW) are typ ica lly  
unim odal and characterised by m ain ly  granu lar m ateria l (s ilt, sand) re-suspended from  
the seabed. During storm s w ith  a SW -directed alongshore subtidal current (SW 
storm s, Case SWW), by con trast, m ain ly  floccu lated m ateria l can be identified in the 
PSDs. The find ings emphasise the  im portance o f w ind-induced advection, alongshore 
subtidal flow  and high-concentrated mud suspensions (HCMSs) as regulating 
mechanism s o f SPM concentra tion , as well as o ther SPM characteristics (cohesiveness 
or com position o f m ixed sed im ent partic les) and size d is tribu tion  in a h igh -tu rb id ity  
area. The direction o f subtida l alongshore flow  during SW storm  events results in an 
increase in cohesive SPM concentration, HCMS fo rm ation , and the arm ouring o f sand; 
by contrast, there is a decrease in cohesive SPM concentra tion , no HCMS fo rm ation , 
and an increase in sand and silt in suspension during NE storm s.

Keywords: Suspended pa rticu la te  m a tte r; pa rtic le  size d is tr ibu tion ; s ta tis tica l
hand ling ; coastal tu rb id ity  m ax im um ; w ind im pact; seabed variations
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5 . 1 .  In  tro d uc tio n

Knowledge o f the  size d is tribu tion  o f suspended particu la te  m a tte r (SPM) is needed to 
understand and predict sedim ent dynam ics (Eisma 1986, van Leussen 1994, Curran et 
al. 2007, Mikkelsen et al. 2007, W in ter et al. 2007, Bowers et al. 2009, Lee et al.
2011). Natural SPM com prises m any d iffe ren t substances w ith  tim e- and site-specific 
concentrations and can be subdivided in to inorganic and organic fractions. The 
inorganic fraction  consists m ain ly  o f clay m inerals as well as carbonates and o ther 
non-cohesive m inerals (B erlam ont et al. 1993, Fettweis 2008); the organic fraction  of 
SPM is p reva lently  made o f m icro-organism s and th e ir m etabolic products, as well as 
the rem ains o f dead organism s and faecal pellets (Mari and Burd 1998, Hamm 2002, 
Bhaskar et al. 2005). Sedim ents in coastal areas generally consist o f sand and mud. 
The m ud-sand  ratio  influences the trans ition  between cohesive and non-cohesive 
behaviour, and has a m a jo r influence on erosion, SPM concentra tion , SPM com position 
and benthic ecological properties (W illiam son and Torfs 1996, Panagiotopoulos et al. 
1997, van Ledden et al. 2004). In such areas, SPM reflects the bed com position and 
m ay consist o f a m ix tu re  o f cohesive and non-cohesive m ineral partic les (M anning et 
al. 2010). Close to a sandy seabed, SPM is like ly  to also contain re-suspended m ineral 
gra ins, whereas higher in the w a te r colum n or in m uddy environm ents SPM occurs 
typ ica lly  in the fo rm  o f floes composed o f aggregates o f m ain ly  clay m inerals, organic 
m a tte r and w ate r. Mud and sand can be deposited as a lte rna ting  layers when mud and 
sand settle  e ither separate ly from  independent suspension o r s im ultaneously. The 
la tte r im plies segregation due to se ttling  o f sand grains th rough the non-consolidated 
mud layer (van Ledden et al. 2004).
Floes va ry  in size on short tim e-sca les (e b b -flo o d ), as they are form ed by collisions 
due to d iffe rentia l se ttling  o f sm aller particles w ith  cohesive properties in low- 
turbu lence regim es, and are ruptured by shear in h igh-tu rbu lence regim es (L ick et al. 
1993, van Leussen 1994, W interw erp 1998). W ith increasing tu rbu le n t shear, 
breakage o f floes generates sm aller partic les/flocs but re-suspension o f b igger 
deposited m inerals can generate la rger particles and floes in suspension. SPM is 
there fore  like ly  to have a m ultim oda l partic le size d is tribu tion  (M ikkelsen et al. 2007, 
M ietta et al. 2010, Lee et al. 2011, Verney et al. 2011), which reflects the fast 
tem pora l changes in floe sizes due to varia tion  in tu rbu le n t shear as well as the 
overlapping d is tribu tions o f floes and m ineral gra ins in m ixed sedim ent environm ents 
under s trong ly  vary ing  shear stresses.
Linder labora tory conditions, Manning et al. (2010) have shown th a t floccu lation 
influences the deposition and se ttling  o f sand-m ud m ixtures. L ittle  data are, however, 
available th a t deal w ith  re-suspension o f sand, mud and sand-m ud m ixtures in natural 
environm ents. The aim  o f th is  w ork  is there fore  to present in -s itu  m easurem ents in an 
area w ith  m ixed bed sedim ents and to exam ine the  influence o f tides, w ind and wave 
effects on the partic le size d is tribu tions (PSDs) o f floes and g ranu lar particles. 
Furtherm ore, the potentia l fo r mud and sand fractions to occur s im ultaneously in 
suspension is discussed, as th is  can con tribu te  to knowledge on the long-te rm  
evo lu tion o f a system , notab ly in te rm s o f conceptual and m athem atica l models. 
Understanding o f sed im ent m ob ility  in such environm ents requires the use o f m u lti- 
param etric observations supported by m athem atica l m ethods. The observations should 
account fo r the m utual in te raction o f sand and mud in suspension as a function o f bed 
arm ouring , sheltering and exposure effects, erosion and re-suspension, and 
floccu la tion dynam ics (W iberg et al. 1994, W allbridge et al. 1999, Wu et al. 2003). The 
fra g ility  o f floes makes them  d ifficu lt to sam ple, and m easurem ents o f floe properties 
should re ly on h igh-resolution in -s itu  techniques em ploying, fo r exam ple, LISST, floe 
cameras and holographic cameras (van Leussen 1994, Agrawal and Pottsm ith 2000, 
Manning et al. 2006, Mikkelsen et al. 2006, Benson and French 2007, Graham and 
N im m o-Sm ith 2010).
W ith th is  scope in m ind, in -s itu  m easurem ents o f SPM concentra tion , PSDs, and also o f 
currents were carried out in Belgian coastal w aters (southern North Sea) by means of 
optical and acoustical sensors. PSDs provide essential in fo rm ation on floe and partic le 
dynam ics, as emphasised by M ikkelsen et al. (2006). In the  present study, statistica l 
m ethods (en tropy  analysis, f ittin g  o f PSDs w ith  sum m ed log-norm al functions) and 
ensem ble-averaging have there fore  been applied to classify PSDs and to establish links 
w ith  the underly ing processes. S im ila r m easuring approaches (e.g. Fugate and
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Friedrichs 2002, Thorne and Hanes 2002, Voulgaris and Meyers 2004, H o itink and 
Hoekstra 2005), sta tistica l m ethods (Jonasz and Fournier 1996, Mikkelsen et al. 2007) 
and averaging (M urphy and Voulgaris 2006) have been successfully adopted in various 
m arine environm ents.

5 . 2 .  Study site

Measurem ents were carried out in the Belgian nearshore zone (Fig. 5.1) in the 
southern b ight o f the North Sea, characterised by bottom  sedim ents vary ing  from  pure 
sand to pure mud (Verfa illie  et al. 2006) and by h igh ly tu rb id  waters. Nearshore SPM 
concentration ranges between 0 .0 2 -0 .0 7  g I '1 and reaches 0.1 to >3 g I '1 near the 
bed; lower values (< 0 .01  g I '1) occur offshore (Fettweis et al. 2010).

Figure 5.1 Map o f  the  Belgian coastal area (sou thern  North Sea), show ing yea rly  
averaged surface SPM concentra tion (m g d ry  w t P1)  de rived from  m odera te  reso lu tion  
im ag ing spectro rad iom ete r (M ODIS) im ages o f  2 0 0 2 -2 0 0 9  (ex trac te d  from  Nechad e t 
ai. 2010), the tr ipo d  m easurem ent s ta tion  a t B lankenberge (B ia) and the wave 
m easurem ent s ta tion  a t Bol van H eist (B vH ); coordinates are in °N la titude  and °E 
long itude

The tida l regim e is sem i-d iu rna l, and the mean tida l range at Zeebrugge is 4 .3 and
2.8 m at spring and neap tide , respective ly. The tida l current ellipses are elongated in 
the nearshore area and become gradually  m ore sem i-c ircu lar towards the offshore. 
The current velocities near Zeebrugge (nearshore) va ry  from  0 .2 -1 .5  m s '1 during 
spring tide  and 0 .2 -0 .6  m s '1 during neap tide . Ebb currents are d irected towards the 
southwest and flood currents towards the northeast.
S ou th-w este rly  w inds dom inate the overall w ind clim ate, fo llowed by w inds from  the 
NE sector. M axim um  w ind speeds coincide w ith  the sou th-w este rly  w inds; 
nevertheless, the highest waves are generated under no rth -w este rly  w inds. Salin ity 
varies between 28 and 34 PSU in the coastal zone, due to w ind-induced advection of 
w a te r masses and rive r discharge (Lacroix et al. 2004, Fettweis et al. 2010).
The effect o f hydro-m eteoro log ica l forc ing (tide - and w ind-induced flow s) on SPM 
transport and the  fo rm ation  o f h igh-concentrated mud suspensions (HCMSs) has been 
investigated by Baeye et al. (2011) fo r the Belgian nearshore area. They report tha t 
w inds blowing from  the N-NE increase and those (how ever no storm  w inds) from  the 
SW decrease the overall SPM concentration at the m easurem ent site. The la tte r is 
related to advection o f less tu rb id  English Channel w ater, inducing a sh ift o f the 
tu rb id ity  m axim um  tow ards the NE and the W esterscheldt estuary. Under these 
conditions, m arine mud is im ported into the estuary. Under pro tracted NE w inds,
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HCMSs are form ed and can persist during several tida l cycles.
The m easurem ent s tation Blankenberge is s itua ted about 5 km SW o f the port of 
Zeebrugge, in the eastern part o f a shoreface-connected sand ridge (W enduine Bank) 
at about 1 km from  the shore (Fig. 5 .1 ). The w a te r depth varies between about 6 and 
10 m at th is  location. Sedim ent samples near Blankenberge show variab le sedim ent 
characteristics w ith  a median grain size o f about 150 pm.

5 . 3 .  M aterials and methods

5 .3 .1 .  Instrum entation  and deploym ent

Data were collected between January and April 2008 over a com posite period of 
37 days, using a tripod to m easure currents, sa lin ity  as well as SPM concentration and 
PSD (see Table 5.1, and figu re  captions fo r dates). The ins trum en ta tion  suite consisted 
o f a 5 MHz SonTek Acoustic Doppler V elocim eter (ADV Ocean-Hydra), a 3 MHz SonTek 
Acoustic Doppler Profiler (ADP), tw o D&A optical backscatter po in t sensors (OBSs), a 
Sea-bird SBE37 CT and a Sequoia Scientific LISST (laser in -s itu  scattering and 
transm issom etry) 100 X type C. All data (except LISST) were stored in tw o SonTek 
Hydra data logging systems.
The LISST was m ounted at 2 m eters above the  bed (he rea fte r referred to as m ab) and 
the OBSs at 0.2 and 2 mab. ADV velocities were m easured at 0.2 mab, w h ile the ADP 
pro file r was attached at 2.3 mab and dow n-looking, m easuring current and acoustic 
in tens ity  profiles w ith  a bin reso lution o f 0.25 m. Mean values were obtained every 
10 m inutes fo r the OBS, LISST and ADV, while the ADP was set to record a profile 
every 1 m inu te ; subsequent averaging was perform ed at a 10 -m inu te  in te rva l to 
match the sam pling in terva l o f the o ther sensors. The long deploym ents ensured 
accurate assessments o f conditions over com plete neap and spring tides, and included 
a va rie ty  o f m eteorological events.

Table 5.1 Modal size (p m ) and vo lum etric  fractions (% ) o f  p r im a ry  partic les  (PP), 
flocculi, m icroflocs and m acroflocs fo r  the en tro py  groups o f  the tw o deploym ents (cf. 
Fig. 5 .5 ). Mode 1 (PP) and m ode 2 (floccu li) have a fixed  size o f  3 and 15 pm  
respective ly

PP Flocculi Microflocs Macroflocs

Group 1 6% 43% 46 pun, 47% 230 \xm, 4%

Group 2 2% 25% 58 pun, 68%, 271 pun, 5%

Group 3 1% 16% 87 pun, 80% 360 pun, 3%

Group 4 1% 15% 119 pun, 69% 339 pun, 16%

5 .3 .2 .  SPM concentration, HCMSs and turbulence

The OBS and ADP backscattered signals were used to estim ate SPM concentration. 
OBS vo ltage readings were converted in to SPM concentration by calibration against 
filte red  w a te r samples during several field cam paigns (Fettw eis et al. 2006). A linear 
re lationship was assumed between all OBS signals and SPM concentrations from  
filtra tio n . A fte r conversion to decibels, the  ADP backscattered acoustic signal strength 
was corrected fo r geom etric spreading and w a te r a ttenuation . Furtherm ore, an 
ite ra tive  approach (K im  et al. 2004) was used to  correct fo r sed im ent a ttenuation . The 
highest OBS-derived SPM concentration estim ates were used to em p irica lly  calibrate 
the ADP's f irs t bin. As varia tions in SPM com position and size were not taken into 
account, the ADP backscatter signal was calibrated in te rm s o f'ave rage 'S P M . 
L im ita tions associated w ith  optical and acoustic ins trum en ts  have been addressed by 
Thorne et al. (1991), Ham ilton et al. (1998), Bunt et al. (1999), Fugate and Friedrichs 
(2002), Voulgaris and Meyers (2004) and Downing (2006). In general, acoustic
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backscattering is affected by sedim ent type, size and com position. All these 
param eters are d ifficu lt to quan tify  by s ing le-frequency backscatter sensors (Ham ilton 
et al. 1998). OBSs have p rim arily  been designed to be m ost sensitive to SPM 
concen tra tion ; size effects are an order o f m agnitude lower than those of 
concentra tion , and floccu lation effects are even sm aller (Downing 2006). Compared to 
optical devices, acoustic devices are m ore sensitive to coarser grain sizes and thus 
produce be tte r estim ates o f the mass concentration o f the  coarser granu lar fraction . 
B rie fly, when SPM com position changes from  ve ry  fine m ateria l to s ilt- or sand-sized 
grains w ith ou t changes in concentra tion , then the SPM concentration derived from  
acoustic and optical backscattering w ill d iffe r. An ADP calibrated fo r fine m ateria l w ill 
have a stronger backscattering and, thus, it produces an apparently  h igher 
concentration when the SPM becomes coarser. By con trast, under these circum stances 
the optical backscatter signal w ill decrease, resu lting in an apparent decrease in SPM 
concentration.
Besides the tim e-se ries  o f current velocities and acoustic am plitude, the ADP was also 
configured to  m easure and store the distance between sensor and seabed (Baeye et 
al. 2011). The a ltim e try  o f the ADP was used to detect va ria tion  in bed level, and also 
fo r the iden tification o f deposition and re-suspension o f fine -gra ined sedim ents. For the 
study site, decreasing distance between the probe and the bed boundary can 
correspond to the presence o f HCMSs acting as an acoustic reflector.
The h igh-frequency ADV m easurem ents (m easuring rate o f 25 Hz) were used to 
decompose the ve loc ity  in te rm s o f a mean and a fluc tua ting  part. The variance of 
ve loc ity  fluc tuations served to calculate the  tu rbu le n t kinetic energy (TKE), th is  being a 
m easure o f turbu lence in tens ity  (Pope et al. 2006).

5 .3 .3 .  C lassification  o f  PSDs

Two m ethods fo r the classification o f partic le size spectra were applied. The one uses 
the flow  data to  separate the LISST records into d iffe ren t groups corresponding to 
d iffe ren t hydrodynam ic forcing. The collected tim e-series were filte red  fo r the tida l 
signal using a low-pass f ilte r  fo r periods less than 33 h, and decomposed in to along- 
and cross-shore com ponents. The alongshore low-pass flow  served to characterise the 
tida l cycle in te rm s o f w ind-d riven flow . Three cases were iden tified , one corresponding 
to pure tida l flow  (Case 0) and tw o to periods w ith  s ign ificant influence o f w ind-d riven 
flow s: case SW (o r Case SWW cf. Chapter 2) has w inds from  the NW-NE resulting in 
residual alongshore currents directed tow ards the SW; case NE (o r Case NEW cf. 
Chapter 2) has w inds from  the SW and residual alongshore currents d irected towards 
the NE. Moreover, each tida l cycle was classified as neap or spring depending on the 
pa rticu lar tida l range. This classification has resulted in a to ta l o f six categories o f tida l 
cycles, where each category represents both tida l and w ind forcing. Tidal cycles from  
each category were ensem ble-averaged to create a representative tida l cycle fo r each 
case (cf. M urphy and Voulgaris 2006, Baeye et al. 2011 fo r a m ore detailed description 
o f the m ethod).
The o ther m ethod o f classification entails en tropy analysis to eva luate the randomness 
o f an event (such as a partic le size d is tribu tion ) and to assign the event to a group 
w ith  s im ila r characteristics. Applied to PSDs, en tropy analysis allows grouping the  size 
spectra w ith ou t assum ptions about the shape o f the spectra and is there fore  suited fo r 
analysis o f un im odal, bimodal as well as m ultim oda l d is tribu tions (W oolfe et al. 1998). 
Entropy analysis has been successfully applied to grain size d is tribu tions from  
sed im entary deposits (Forrest and Clarke 1989, W oolfe and M ichibayashi 1995, Woolfe 
et al. 1998, Orpin and Kostylev 2006) and to LISST partic le size d is tribu tions of 
suspended m a tte r (M ikkelsen et al. 2007, K rivtsov et al. 2011). Our analysis was 
carried ou t w ith  the  FORTRAN routine o f Johnston and Semple (1983) extended w ith  a 
m odule to calculate the optim al num ber o f groups using the Calinski-Harabasz pseudo 
F -sta tistic (Orpin and Kostylev 2006, S tew art et al. 2009). The results are presented 
as an averaged and norm alized PSD fo r each group.

5 .3 .4 .  M u ltim o d a l lo g -n o rm a l d is trib u tio n  fu nctio n

M athem atical functions such as sum m ed log-norm al d is tribu tion  functions can be used 
to describe PSDs. This approach was applied to decompose the averaged and
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norm alized PSDs from  en tropy analysis into a sum o f fou r log-norm al functions, in 
o rder to quan tify  the vo lum etric  fraction  o f p rim ary  partic les, flocculi, m icro- and 
m acro-flocs. This fou r-leve l ordered structu re  results from  flocculation o f clay m inerals, 
as reported by van Leussen (1994). The m ultim oda l log-norm al d is tribu tion  function 
can then be w ritten  as an in tegra ted d is tribu tion  function o f fou r log-norm al 
d is tribu tion  functions (W hitby 1978, Jonasz and Fournier 1996, Sun et al. 2002,

1 f in ( p m i ï '

l n ( ö - , )  J

where D is the partic le d iam eter, W the vo lum e concentra tion , D  the  geom etric

mean d iam eter, a, the geom etrical standard devia tion, and W  the vo lum etric  fraction

of an Zth unim odal PSD. The DistFit™ software (Chim era Technologies, Forest Lake MN, 
USA), which has been w ide ly  em ployed in analyzing aerosol partic les, was used to 
generate the best fits , defined as the  m in im um  errors between fitte d  and measured 
PSDs (W hitby 1978, Flussein et al. 2005). For tw o modal peaks, fixed sizes o f 3 pm 
(low est size class o f the LISST) and 15 pm were chosen; the modal peaks o f the 
b igger fractions were variab le (1 5 -2 0 0  and 20 0 -5 00  pm ). The standard deviations 
were allowed to  va ry  between 1 and 2.5. The choice o f param eters is based on 
assum ptions and experiences (cf. Makela et al. 2000, Lee et al. 2011).

5 . 4 .  Results

5 .4 .1 .  T im e-se ries

The SPM concentration derived from  the  ADP (2 mab) and OBS (2 and 0.2 m ab), the 
median partic le size derived from  the LISST, the along- and cross-shore subtidal flow , 
and the seabed a ltim e try  derived from  the ADP are presented in Fig. 5.2 and 6.3 fo r 
the tw o deploym ents. Note th a t the alongshore flow  is positive when it is directed 
tow ards the NE and negative towards the SW. Positive cross-shore flow  is directed 
tow ards the shore.
Two storm s were registered during the January-Februa ry  2008 deploym ent. The firs t 
occurred on days 30.5 to 32.5 (1 -2  February) and had a sign ificant wave he ight (Hs) 
o f up to  2.8 m. The second was on days 3 5 -3 7  (Hs= 1.5 m ; see Fig. 5 .2). The wind 
direction during both storm  events was variab le from  the  SW to the W and NW at 
tim es o f peak wave heights. The w ind during and before these tim e  periods was 
generally blowing from  the SW -W , resu lting in a positive subtidal alongshore flow ; 
these are there fore  called NE-ward storm s (NE storm s). During the  rest o f the 
deploym ent, the s ign ificant wave heights were lower (Hs< 1.5 m) and the w ind blowing 
m ain ly  from  the SW and W.
SPM concentration at 2 mab (OBS) varied between 0.01 and 1.5 g I '1 during the 
calm er periods, w ith  d is tinc t neap-spring  tida l varia tions. The SPM concentration at 
both 0.2 and 2 mab (OBS) decreased to  less than 0.1 g I '1 during the firs t storm  (days 
3 0 .5 -3 2 .5 ). The SPM concentration derived from  the ADP was generally lower than 
th a t o f the OBS (2 m ab), except during the onset o f the  storm s when the 2-m ab OBS 
signal decreased, whereas the backscattered ADP signal increased. The SPM 
concentration from  the ADP during the firs t storm  is s ign ificantly  corre lated w ith  the 
wave height, and the tida l signal is hard ly  distinguishable.
The varia tions in median partic le size (D 50: 20 to >180 pm ) during calm 
m eteorological conditions were typ ica lly  associated w ith  the  tida l current varia tions. 
Largest floe sizes occurred around slack w a te r and sm allest ones during m axim um  
currents. The LISST data show s ign ificantly  d iffe ren t m edian partic le sizes and partic le 
size varia tions during the  storm  periods.

d W  _  -A  W,
Hussein et al. 2005): X  rz—. “ 7 \ e xP

d u  f i  V  27 iln  (<t( )
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Figure 5 .2  Janua ry-F ebrua ry  2008 dep loym ent (28 /01  15 :38  to 11 /02  1 3 :4 0 ): tim e- 
series o f  w ind ve loc ity  and d irection (w in d  from  0°= N , 90°=E , 180°=S , 2 7 0 °= W ) a t 
Bol van H e ist; w a te r dep th ; sub tida l alongshore (pos itive  towards the NE, negative  
towards the  SI/KJ and cross-shore flow  (pos itive  onshore, nega tive  o ffsho re ); 
s ign ifican t wave he ig h t and D50 o f  pa rtic le  size d is tr ibu tion ; seabed a ltim e try ; and  
SPM concentra tion from  OBS (0 .2  and 2 m ab) and ADP (2  m ab)
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Figure 5 .3  M arch -A pril 2008 dep loym en t (0 6 /0 3  09 :09  to 08 /04  1 5 :2 9 ): tim e-series  
o f  w ind ve loc ity  and d irection (w ind  from  0°= N , 90°=E , 180°= S , 2 7 0°= W ) a t Bol van 
H eist; w a te r dep th ; sub tida l alongshore (positive  towards the NE, negative towards the  
SIV) and cross-shore flow  (positive  onshore, negative o ffsho re ); s ign ifican t wave 
he ig h t and D50 o f  pa rtic le  size d is tr ibu tion ; seabed a ltim e try ; and SPM concentration  
from  OBS (0 .2  and 2 m ab) and ADP (2 m ab)

The m axim a o f D50 were sm aller and the m inim a bigger than during periods w ith 
m ainly tida l forc ing (D50: 3 0 -6 0  pm on days 3 1 -3 2 .5 , and 4 5 -7 0  pm on days 3 5 -3 7 ). 
The typ ica l quarte r-d iu rna l tida l signal in D50 has disappeared during the f irs t NE



storm . The distance between the ADP and the seabed (a ltim e try ) increased during 
both NE storm s, and varied as a function o f tides from  day 38 on, when the  w eather 
was calm. The M arch-A pril 2008 deploym ent was characterised by generally stronger 
w inds (see Fig. 5 .3). S ign ificant wave heights o f up to 2.5 m were recorded between 
days 70 and 73 (1 0 -1 3  March) during a period o f SW wind tu rn ing  tow ards the W. This 
storm  and a short period around days 7 9 -8 1  (1 9 -2 1  March) are associated w ith  
positive subtida l alongshore flow  and are also classified as 'NE sto rm '. S im ilar to the 
firs t two storm s (days 3 1 -3 2 .5  and 3 5 -3 7 , Fig. 5 .2 ), the SPM concentration at 2 mab 
derived from  the OBS was lower than th a t from  the ADP backscattered signal. The SPM 
concentration at 0.2 mab was also low. The a ltim e try  increased during both NE storm s. 
The next storm s were all characterised by no rtherly  w ind d irections (N E -N -N W ). This 
type o f w ind direction generates a negative subtidal alongshore flow  directed towards 
the SW and, there fore , these are called SW -ward storm s (SW storm s). They occurred 
on days 7 6 -7 9  (1 6 -1 9  March) and days 8 1 -8 5  (2 3 -2 5  March). The Hs reached values 
o f 2 m (day 76 ), 3 m (day 81), 2.7 m (day 84) and 1.8 m (day 88).
The SPM concentration (OBS) was high during the  whole period, especially around 
days 8 1 -8 8 , whereas the  SPM concentration from  the ADP was always lower 
(< 0 .2 5  g I-1), which is in contrast w ith  the observation made during the NE storm s of 
February and March. The SPM concentration at 0 .2 mab reached high values (> 3  g I-1), 
po in ting to  the occurrence o f an FICMS. The la tte r is confirm ed by the genera lly lower 
a ltim e try  (and higher seabed) during the period. The data show also th a t periods w ith 
negative alongshore flows (SW storm s) are related w ith  decreasing a ltim e try ; 
however, lowest a ltim e try  was a fte r the  storm . The tida lly  averaged SPM concentration 
at 2 mab (OBS) varied between 0 .6 -1 .0  g I-1 at 2 mab and between 1 .6 -3 .0  g I-1 at 
0.2 mab. The median partic le size o f the SPM during the  SW storm s was s im ila r to tha t 
o f the NE s torm s; sm aller m axim a and la rger m inim a (2 0 -6 0  pm ) were observed than 
during the m eteorological calm periods (1 5 -1 5 0  pm ). However, the m edian partic le 
size during the NE storm s (days 7 0 -7 3  and day 32) was c learly d iffe ren t from  th a t of 
the SW storm s (days 8 1 -8 5 ). The NE storm  at the end o f the tim e-series (day 88, 28 
March) is d iffe ren t from  the previous in the sense th a t ADP and OBS SPM 
concentrations show s im ila r behaviour. The storm  fo llowed a period w ith  prom inent 
HCMS layers and ev iden tly  was too short fo r the floes to be transported away from  the 
site.

5 .4 .2 .  C lassification  o f  PSDs

The PSD groupings according to alongshore currents are shown in Fig. 5.4. As PSDs 
represent averages o f large am ounts o f data, which show typica l behaviour related to 
prom inent hydro-m eteoro log ica l conditions, the sho rt-te rm  events such as storm s are 
filte red  out. M ultim odal d is tribu tions caused by fo rm ation  o f m acroflocs occurred 
during ebb and were typ ica lly  associated w ith  case 0 (no w ind) and case NE. They are 
m ore obvious during h igh-energy conditions (spring tide ). M u lti-m oda lity  due to the 
occurrence o f a rising ta il in the lowest size classes o f the LISST or a peak in the 
d is tribu tion  around 150 pm occurred at peak flood ve loc ity  (m ost obvious fo r SW 
spring tide ).
Entropy analysis revealed th a t the optim al num ber o f en tropy groups was 4. The 
averaged PSDs per group are shown in Fig. 5.5, and the corresponding tem pora l 
d is tribu tions o f the groups in Fig. 5.4. In con trast w ith  the grouping based on 
alongshore currents (Fig. 5 .4 ), the entropy-based grouping involves m athem atica l and 
not physical characteristics. Nevertheless, the  results show th a t the en tropy groups 
correspond w ith  specific conditions during a tida l cycle and during storm  periods, 
indicating a trans ition  from  unim odal d is tribu tions w ith  rising ta ils in the lowest size 
classes towards m ultim oda l d is tribu tions w ith  gradually  h igher probabilities of 
occurrence o f macroflocs. The shape o f group 1 is convex fo r the  lower size classes 
and concave fo r the la rger sizes. The shape o f the  d is tribu tions in the next size classes 
becomes gradually  m ore concave in the  lower and m ore convex in the la rger size 
classes. The d iffe ren t groups o f partic le size d is tribu tions obtained, using the entropy 
m ethod, have been fitte d  w ith  a sum o f fou r log-norm al functions. The vo lum e fraction 
and geom etric mean o f the fou r modes are presented in Table 5.1 and Fig. 5.7. The 
finest partic les represent 1 -6 %  (p rim a ry  partic les) and 1 5 -4 3 %  (floccu li) o f the 
vo lum e fraction , the m icroflocs have modes between 4 6 -1 1 9  pm and represent 4 7 -
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Figure 5 .4  Classification o f  PSD as a function  o f  a longshore sub tida l currents: 
averaged PSD du ring  one tida l cycle a t 2 m ab fo r  (from  top to bottom ) case 0 (no  
wind), case SW  (S W -d irected alongshore sub tida l cu rre n t) and case NE (NE-d irected  
alongshore sub tida l cu rren t) a t (from  le ft to righ t) spring and neap tide

80%  o f the volum e fraction , and the m acroflocs have a mode o f 23 0 -3 60  |jm  and a 
vo lum e fraction  vary ing between 4 -1 6 % .

5 . 5 .  Discussion

The d iffe ren t en tropy groups as well as the  low-pass filte red  tida l PSDs indicate a 
trans ition  between bimodal d is tribu tions w ith  rising ta ils in the lowest size classes and 
m ultim oda l d is tribu tions w ith  gradually  b igger partic le sizes when turbulence 
decreases. This behaviour is well described in the lite ra tu re  (e.g. Manning et al. 2006; 
Mikkelsen et al. 2007; M ietta et al. 2010; Verney et al. 2011) and is typ ica lly  
associated w ith  tida l forc ing. PSDs during storm  conditions or o ther h igh-energy 
conditions (m axim um  flood currents during spring tide ) are d iffe ren t and show 
unim odal o r m ultim oda l d is tribu tions. Below some points are discussed in m ore detail 
to explain these as a com bination o f flocculation processes and erosion events o f non- 
cohesive sedim ents.

5 .5 .1 .  Flocculation: prim ary  particles, flocculi, floes

Several characteristic behaviours o f the PSDs were identified by curve fittin g  analysis. 
The PSDs have a m a jo r modal peak o f m icroflocs and additional peaks, such as a rising 
ta il in the  lowest size class (p rim a ry  partic les), and hum ps o f small partic les (flocculi) 
and m acroflocs (Fig. 5 .7 ). The data show th a t the m acroflocs in the Belgian nearshore 
area have a geom etric mean between 23 0 -3 60  pm and the m icroflocs between 4 6 -  
119 pm. S ign ificant am ounts o f m acroflocs occur on ly in group 4. The m icrofloc 
population was characterised by a gradual sh ift o f the PSD towards bigger size classes 
at tim es o f decreasing currents.
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Figure 5 .7  Modal sizes and vo lum etric  fractions o f  p r im a ry  partic les, flocculi, 
m icroflocs and m acroflocs in the  fo u r en tro py  groups du ring  both deploym ents

The rising ta il in the lowest size classes is due to the presence o f partic les up to  10 
tim es sm aller than the sm allest size bin (i.e. 0 .2 5 -2 .5  pm ), as well as the occurrence 
o f non-spherical particles (O.A. M ikkelsen, personal com m unication). Andrews et al.
(2010) report th a t fine 'o u t o f range ' particles affect the  en tire  PSD, w ith  a sign ificant 
increase in the vo lum e concentration o f the firs t two size classes o f the LISST, a 
decrease in the next size classes and, surp ris ing ly , a small increase in the largest size 
classes. 'O u t o f range ' particles (< 2 .5  pm ) cause an erroneous size d is tribu tion  
(Andrews et al. 2011). The ris ing ta il in our data corresponds w ith  ve ry  fine particles 
resu lting from  floe breakage. The curve fittin g  at the 3 pm mode is thus a re lic t o f the 
inaccuracy o f the LISST ins trum en t fo r fine particles. The volum e fraction  calculated 
fo r th is  size d is tribu tion  should the re fo re  be in te rpre ted as an indication fo r the 
presence o f ve ry  fine partic les or prim ary  particles. P re-trea tm ent o f fine sedim ents is 
needed in order to m easure the  grain size o f individual clay partic les (Huang 1989); 
th is  suggests th a t in m arine w aters clay m inerals occur as clusters (w ith  sizes of 
15 pm ) o f a few crysta ls, as well as individual crystals. Chang et al. (2007) m ention 
th a t on ly the fraction  < 8  pm (analysed a fte r p re -trea tm en t in the labora tory) is 
present in floes. This, tog e the r w ith  the fac t th a t the  median grain size o f the SPM 
from  the study area is about 2 pm (Fettw eis 2008), confirm s th a t our flocculi (15 pm ) 
consist o f clusters o f clay m inerals ra the r than silt-s ized partic les, which are hardly 
broken down to prim ary  partic les (c lay m inera ls), even under high shear (M ietta 
2010). The data show th a t p rim ary  partic les o f possibly d iffe ren t com position 
(calcareous partic les, clay m inerals) and flocculi occur as build ing blocks o f the floes. 
This could expla in w hy fracta l theo ry  based on a single type o f p rim ary  partic le is not 
able to accurate ly describe floccu lation (Kranenburg 1994, Fettweis 2008).
The PSDs are dom inated by p rim ary partic les, flocculi and m icroflocs at m axim um  
flood ve loc ity , suggesting pa rtia lly  d isruption o f m icroflocs in to p rim ary particles and 
flocculi, and nearly com plete disappearance o f the frag ile  m acroflocs (Fig. 5.4 and 
5 .7 ). The fac t th a t m acroflocs are still found at high current velocities (en tropy  groups 
1 and 2) can possibly be expla ined by the  occurrence o f fine 'o u t o f range ' partic les, as 
reported by Andrews et al. (20 10 ); the actual vo lum e concentration o f macroflocs 
during these events is thus probably lower. The TKE as a function o f median partic le
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size (D50) is shown in Fig. 5.8 fo r d iffe ren t s itua tions. TKE is low during calm w eather 
conditions (Fig. 5.8 a ); the fact tha t a hysteresis relation is observed during ebb and 
flood indicates th a t floe size is p rim arily  a function o f turbu lence and available 
residence tim e (W in terw erp  1998). Macroflocs are form ed during slack w ate r, when 
turbu lence is low, but also during ebb, when currents are still s ign ificant but less so 
than during flood. The la tte r suggests th a t m ild turbu lence below a threshold favours 
collision and enhances floccu la tion. When turbu lence becomes too high above the 
threshold, then floes are d isrupted.

5 .5 .2 .  Erosion: m ixed sedim ents in suspension

The rising ta il in the finest classes o f the en tropy spectra is associated w ith  high- 
energy events (g roup 1 in Fig. 5.5 , 5 .6) and indicates floe breakage. I t  was there fore 
surprising to see th a t, during SW storm  conditions, on ly a small rising ta il was 
detected in the  finest size classes o f the LISST. The PSD was log-norm a lly  d is tribu ted , 
alm ost un im odal, and the  main mode
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Figure 5 .8  Turbu lent k in e tic  energy (TKE) as a function o f  m edian pa rtic le  size: a 
neap tide (day 28), b NE storm  (day 32)

rem ained a lm ost constant in size (D 5 0« 50  pm ; see en tropy group 2 occurring 
dom inantly  around days 32 and 71; Fig. 5.5, 6 .6 ). NE storm s were characterised by 
lower SPM concentra tions derived from  the OBS than from  the ADP a t 2 mab (Fig. 5.2,
5 .3 ), suggesting th a t the com position and size of the SPM has pa rtia lly  changed from
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flocculated fine -gra ined m ateria l to silt-s ized grains. The la tte r is confirm ed by the 
d is tinc tly  d iffe ren t PSD m easured during these events (Fig. 5.5 , 5 .6 ), as well as by the 
observation th a t TKE has a lm ost no effect on partic le size (Fig. 5 .8  b, c), in con trast 
w ith  calm w eather (Fig. 5 .8 a) and SW storm  conditions (Fig. 5.8 d).
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Figure 5 .8  (continued) Turbu lent k in e tic  energy (TKE) as a function o f  m edian  
pa rtic le  size: c NE sto rm  (da y  71 )  and d SW sto rm  (days 80 -81  )

Furtherm ore, the a ltim e try  signal increased, pointing to erosion events and, thus, 
disappearance o f fine -gra ined m ateria l. The low SPM concentration derived from  the 
OBS during the NE storm s is thus m ost probably caused by changes in the size and 
com position o f SPM, expla ining the apparent decrease in SPM concentration (Downing
2006). I f  com position would not have changed, then one would expect an increase in 
optical backscattering during h igh-energy events as floes break up, resu lting in an 
apparent increase in SPM concentra tion (Agrawal and Traykovski 2001). The fac t tha t, 
during NE storm s, PSDs and acoustical and optical backscatter signals varied 
d iffe ren tly  can be explained only by a decrease in concentration o f flocculated m ateria l 
and by changes in the  com position o f SPM due to wave-induced re-suspension o f 
coarser bed m ateria l. Prevailing SW winds enhance NE-directed subtidal flow , which 
generally resu lts in a decrease in SPM concentration at th is  site due to advection o f 
lo w -tu rb id ity , h igh -sa lin ity  w a te r from  the English Channel towards the m easurem ent 
site (Baeye et al. 2011). The la tte r is confirm ed by the increase in sa lin ity  observed 
during th is  period. The lower concentration of floes expla ins the absence o f a rising ta il
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in the  PSD spectra (Fig. 5.9 a, b) during the  s torm , in con trast w ith  the PSDs at tim es 
o f m axim um  flood currents.
During SW storm s (days 8 1 -8 5 , Fig. 5 .3 ), a d iffe ren t behaviour was observed: SPM 
concentration derived from  the OBS increased, whereas th a t derived from  the ADP did 
not show sign ificant changes. The PSDs during th is  storm  were m ostly  characterised 
by a prom inent rising ta il in the  sm allest size classes (see dom inance o f group 1 in Fig. 
5.6 around SW storm s, and Fig. 5.9 c, d). The shape o f the PSD during the SW storm  
varied from  m ore convex in the lower size classes and m ore concave in the bigger 
sizes tow ards gradually m ore concave in the lower size classes and more convex in the 
higher size classes when currents decreased (see Fig. 5.9 c, d). This is typ ica lly  
associated w ith  floccu la tion (M ikkelsen et al. 2007).
Compared to NE storm s, the h igher concentration o f floes observed during SW storm s 
is related to d iffe ren t subtidal alongshore flow  d irections (see above). The observed 
increase in SPM concentration in the OBS signal at 0.2 and 2 mab is thus m ainly 
caused by the advection o f fine m ateria l in to the study area. SW storm  conditions are 
often associated w ith  the occurrence o f persistent FICMS layers (Fettweis et al. 2010). 
The la tte r is confirm ed by the higher seabed level derived from  ADP a ltim e try  (Fig.
5 .3 ); th is  is typ ica lly  associated w ith  FICMS fo rm ation , as reported by Baeye et al.
(2011). These authors argue th a t they act as inverse arm ouring and prevent sand and 
s ilt from  being eroded. Non-cohesive grains are detected only if the  turbu lence is high 
enough to lift the partic les up to 2 mab. The seabed consists o f sand and silt and is 
generally not covered by FICMSs during NE storm  conditions, as SPM concentrations 
are generally lower due to the advection o f less tu rb id  English Channel w ate r. I t  is 
under these conditions th a t sand and silt dom inate the SPM (SW storm , Fig. 5.9 a, b).
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Figure 5 .9  H ourly  PSD du ring  a tida l cycle fo r  two NE storm s (a, b), and du ring  flood  
(c) and ebb (d ) fo r  a SW  storm

5 .5 .3 .  Breaking waves and a ir  bubbles

A ir bubbles are inev itab ly  linked w ith  the presence o f w ind-d riven sea waves. 
Ind iv idua l bubble clouds are generated by breaking waves and persist fo r several 
m inutes (Thorpe 1995). The size o f bubbles varies s trong ly  and can range between 
tens o f pm up to a few  cm (Deane and Stokes 2002); as such, it fa lls pa rtia lly  into the 
size range o f the LISST. As the  m easurem ent site is situated in shallow w aters (6 m 
MLLWS), the occurrence o f a ir bubbles during storm s could possibly influence the 
m easurem ents. A t a w a te r depth o f 6 -1 0  m, waves s ta rt to break if  the wave height 
divided by w a te r depth is bigger than 0.78 (CEM 2003);
th is  occurs fo r wave heights > 4 .7  m and indicates tha t, during the  recorded storm s 
when the sign ificant wave heights reached up to 3 m, the  waves were only 
occasionally breaking around low w ater. I t  is the re fore  not ve ry  like ly  th a t a ir bubbles 
s ign ificantly  influenced the vo lum e concentration and size d is tribu tion  o f SPM.
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The find ings th a t two d iffe ren t types o f storm s w ith  s im ila r wave heights and periods 
produced d iffe ren t PSDs and th a t SPM concentration was high fu rth e r suggest tha t 
erosion and floccu la tion processes, ra the r than a ir bubble en tra inm ent, are dom inating 
the observed PSDs.

5 . 6 .  Conclusions

Analysis o f PSDs toge the r w ith  the in te rp re ta tion  o f acoustica lly and op tica lly  derived 
SPM concentration and a ltim e try  allowed iden tify ing  differences in SPM com position 
during storm  conditions. The data show the im portance o f w ind-induced advection, 
alongshore subtidal flow  and HCMS fo rm ation  as regulating mechanism s o f SPM 
concentra tion , as well as o ther SPM characteristics (cohesiveness or com position of 
sedim ent partic les) and size d is tribu tion  in a h igh -tu rb id ity  area, ra the r than solely 
turbu lence shear from  currents and waves. The fo rm er is the  clue to  expla in the 
d iffe ren t behaviour o f SPM concentrations from  ADPs and OBSs and the observed 
differences in PSDs during d iffe ren t storm s. W ind direction and strength influences the 
subtidal alongshore flow  and results in an advection o f the coastal tu rb id ity  m axim um . 
This is associated w ith  an increase in cohesive SPM concentra tion , the fo rm ation  o f 
HCMSs and the arm ouring o f sand during SW storm s, or w ith  a decrease in cohesive 
SPM concentra tion , no HCMS form ation  and an increase in sand and s ilt in suspension 
during NE storm s.
Particle size d is tribu tions were generally m ultim oda l and consisting o f p rim ary 
partic les, flocculi, m icroflocs and macroflocs. During NE storm s, however, PSDs were 
unim odal and consisting o f m ain ly  granu lar m ateria l (s ilt, sand) re-suspended from  the 
seabed, whereas during SW storm s flocculated m ateria l was still being identified in the 
PSDs. The data suggest th a t tw o populations o f p rim ary  partic les (< 3  pm and flocculi 
15 pm ) coexist and are the bu ild ing blocks o f floes. Flocculi consist o f clusters o f clay 
m inerals, whereas p rim ary partic les are o f various com positions (calcite, clays).
Mixed sedim ents were found in suspension at 2 mab at tim es o f m axim um  flood 
currents at spring tide  and during storm s. A t the m easurem ent site, th is  occurs more 
p rom inen tly  when the w inds are blowing from  the SW -W . The size d is tribu tion  o f the 
local bed sedim ents is thus in fluencing the SPM size d is tribu tion  on ly when HCMSs are 
not present and when turbu lence induced by currents (m axim um  flood currents) or 
waves is strong enough to bring sand or s ilt in to suspension. Floes are disappearing 
from  the m easurem ent site when w inds are blowing from  no rtherly  d irections (N W - 
NE), due to  advection.
The s tudy has shown tha t f irs t estim ates o f SPM com position can be made using 
available sensors; the  resu lts remain neverthe less qua lita tive . Detailed analysis o f the 
m ineralog ical and organic com ponents is, however, necessary to understand SPM 
dynam ics. Q uantita tive  analytical techniques have been developed in the laboratory 
(Zeelm aekers 2011), but are not available fo r the collection o f in -s itu  tim e-series. A 
new generation o f de tectors and sensors is needed, based on the d iffe ren t optical and 
acoustical properties o f ve ry  heterogeneous SPM com ponents. The study also 
underlines the necessity o f developing common and standardized m ethodolog ies fo r 
processing acoustic and optical backscatter signals. This is especially needed fo r sound 
form ula tions and in te rp re ta tions o f long -te rm  changes in SPM concentration and 
com position a t a given locality, and in order to m eaningfu lly  com pare data from  
d iffe ren t localities collected by em erging coastal and ocean observatories.
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Abstract

The seabed o f the North Sea is covered w ith  am m unition  dating back from  W orld Wars 
I and I I.  W ith increasing human in terference (e.g. fisheries, aggregate extraction , 
harbour related activ ities), it fo rm s a th rea t to the safe ty at sea. In th is  study, tes t 
m ines were deployed on a sandy seabed fo r three m onths to investigate m ine burial 
processes as a function o f hydrodynam ic and m eteorological conditions. The m ine 
experim ent was conducted in a shallow (9 m ), m acrotida l environm ent characterized 
by h igh ly tu rb id  waters (yea rly  and depth-averaged suspended particu la te  m a tte r 
concentration o f 100 mg I'1). Results showed some va ria b ility  o f the overall m ine 
buria l, which corresponded w ith  scouring processes induced by a (sub -) tida l forcing 
mechanism . The main buria l events however were linked to s to rm -re la ted  scouring 
processes, and subsequent m ine roll in to the resu lting pit. Two storm s affecting the 
m ines during the 3-m onth  experim ent resulted in enduring increases in burial volum e 
to 60%  and 80% , respective ly. More cyclic and ephem eral burial and exposure events 
appear to be linked to the local hydrodynam ic regim e. During slack tides, suspended 
sedim ent settles on the  seabed, increasing the buria l volum e. In between slack tides, 
sedim ent is re-suspended, decreasing the burial volum e. The tem pora l pa tte rn o f th is  
never reported burial m echanism , as m easured op tica lly , m im ics the cyclic ity  o f the 
suspended sedim ent concentration as recorded by u ltrasonic signals at a nearby 
benthic observatory. Given the s im ila rity  in response signals at the two sites, we 
hypothesize th a t the  fo rm ation  o f h igh-concentrated mud suspensions (HCMS) is a 
mechanism causing sho rt-te rm  burial and exposure o f m ines. This sho rt-te rm  burial 
and exposure increase the chance th a t m ines are 'm issed ' during tracking surveys. 
Test m ines con tribu te  to our understanding o f the se ttling  and erosion o f HCMS, and 
thus shed a ligh t on generic sed im entary processes.

Keywords: M ine b u ria l expe rim en t; scou ring ; suspended pa rticu la te  m a tte r; h igh ­
concen tra ted m ud  suspension; slack tides
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6 .1 .  In troduction

W orld W ar I and I l-e ra  explosives are scattered over the seabed o f the North Sea and 
form  a th re a t to the sa fe ty at sea. A w ide va rie ty  o f w arfare am m unition  m ay be 
encountered and exposed w ith  increasing human activ ities at sea (e.g. fisheries, 
dredging, harbour construction and w ind-fa rm  deve lopm ent). Mine detection is a 
p rio rity  in French, Belgian and Dutch waters. However, m ines are usually not detected 
when they are com ple te ly covered w ith  sedim ent, thus rem aining a potentia l risk 
associated w ith  all ac tiv ities th a t d is tu rb  the seabed (NRC 2003).
Mine buria l processes are com m only categorized into the fo llow ing two groups: im pact 
and post-im pact burial (W ilkens and Richardson 2007). Burial by im pact is w e ll-know n 
from  lite ra tu re  (M ulhearn 1995, Chu et al. 2002, Abelev et al. 2007, Aubeny and Han
2007), and occurs when the m ine (o r ob ject) fa lls free ly  through the  w a te r colum n. As 
the am ount o f burial is dependent on the bearing strength o f the seabed sedim ent, 
burial by im pact occurs m ostly  in areas w ith  poorly consolidated m uddy sedim ents. 
Post-im pact m ine burial is typ ica lly  occurring in sandy bottom s and is m ainly 
associated w ith  sand-w ate r-ob ject in teractions. As such, burial by scour is w e ll-know n 
in the fie lds o f m ine detection (e.g. Jenkins et al. 2007), m aritim e archaeology (e.g. 
Saunders 2005, Quinn, 2006) and m arine engineering, such as seabed pipelines (e.g. 
Akoz et al. 2010). Scour occurs due to d isturbance in the wave- or tide -induced flow  
caused by presence o f obstacles such as pipelines. I t  typ ica lly  m anifests itse lf at the 
upstream  face o f the ob ject (Saunders 2005, Garcia et al. 2009), and dim inishes 
downstream  o f the obstacle, where scour-re la ted depressions grade in to depositional 
fea tures (Inm an and Jenkins 2005). The im pact o f waves on exposed m ines accounts 
fo r m ost m ine burial (e.g. Plager 2000, Voropayev et al. 2003, Hay and Speller 2005, 
Cataño-Lopera and Garcia 2006 a, Friedrichs and Trem banis 2006, Geurts et al. 2007, 
Grill i 2007, T raykovski et al. 2007, T rem banis et al. 2007, W ever and Luehder 2007). 
I t  forces the ro llover o f m ines into scour pits, especially during storm s. A second post­
im pact burial mechanism  is related to m igration o f m egaripples, causing periodical 
burial and exposure o f ob ject (W ever 2003, Cataño-Lopera and Garcia 2006 b, Cataño- 
Lopera et al. 2007, W ever and Luehder 2007, Garcia et al. 2009). This type o f process 
occurs irrespective o f the presence o f the ob ject, and also results from  o ther changes 
in the  (overa ll) seabed m orpho logy, such as those resulting from  seasonal changes in 
wave clim ate (Richardson and Briggs 2000, Jenkins et al. 2007). Add itional burial 
mechanism s discussed in the lite ra tu re  are burial by flu id iza tion  associated w ith  wave- 
induced fa ilure in the sedim ent surrounding the m ine (e.g. Brandes and Riggs 2002, 
2004), and biological ac tiv ity  (Richardson and Briggs 2000).
The present study focuses on m ine burial processes and on the  p red ic tab ility  o f mine 
burial in h ig h -tu rb id ity  areas. A m ine experim ent was conducted in a m ain ly  sandy 
seabed env ironm en t situated in Belgian coastal area (southern North Sea). The area is 
also characterised by the  occurrence o f h igh-concentrated mud suspensions (HCMS) 
(IMDC and WL 2007, Baeye et al. 2011). The la tte r are responsible fo r the sho rt-te rm  
burial o f the tes t m ine, a m echanism  th a t has to our knowledge never been described 
before. In the paper a detailed analysis is given o f the  da ily pa tte rns o f m ine burial 
and exposure by the fo rm ation  and erosion o f HCMSs superimposed on the longer- 
te rm  burial contro lled by storm  waves. The paper also suggests th a t tes t m ines can be 
used as an a lte rna tive  ins trum en ta tion  to study the  dynam ics o f HCMS in high- 
tu rb id ity  areas.

6 . 2 .  Environm ental conditions

The Belgian coastal zone is shallow  (0 -15  m below Mean Lower Low W ater Spring 
(MLLWS)) w ith  seabed sedim ents vary ing  from  pure sand to pure mud (Verfa illie  et al. 
2006). H ighly tu rb id , coastal waters occur between N ieuw poort and the W esterscheldt 
rive r m outh (Fig. 6 .1 ). Suspended particu la te  m a tte r (SPM) orig inates m ain ly  from  
im port from  the Dover S tra it and from  erosion o f Holocene mud layers in the coastal 
zone (Fettweis and Van den Eynde 2003). SPM concentrations m ay reach > 3 .0  g I '1 
close to  the  bed. Mean tida l range at Zeebrugge is 4 .3 m (2.8 m) at spring (neap) tide 
and m axim um  curren t velocities exceed 1.0 m s '1. Tidal ellipses are com m only well- 
aligned w ith  the coastline o rien ta tion . Typica lly, tides are responsible fo r more than 
90%  o f the to ta l variance observed in the  tim e-series data o f tida l elevation. The
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associated am plitudes o f the M2 and S2 dom inant and sem i-d iu rna l constituen ts are
1.8 and 0.5 m, respective ly (M ouchet 1990). The rest of the to ta l variance is explained 
by the occurrence of w ind-induced flows. S ign ificant sea set-up occurs w ith  prevalent 
w inds blowing from  NW, and sea set-down occurs w ith SE winds. Wind forcing tends to 
bias the residual flow  pattern (Yang 1998), and the SPM circu lation along the  Belgian 
coast (Fettw eis et al. 2006, Fettweis et al. 2007, Baeye et al. 2011). Southwest w inds 
are associated w ith  recurring low-pressure w eathe r system s (depressions) m oving 
from  the A tlan tic  Ocean towards Europe. High wind speeds m ay occur th roughou t the 
year; however, s ign ificant s torm s are abundant in the period O ctober until March. 
Thus, s ign ificant wave heights are typ ica lly  largest during fall and w in te r m onths in the 
southern North Sea. S a lin ity  (range o f 28-34 in the nearshore) varies w ith  tides and 
wind forcing, and is fo rtn ig h tly  m odulated (Lacroix et al. 2004). W inds blowing from  
the NE-E wind sectors coincide w ith decreasing sa lin ity , as the influence o f the 
W esterscheldt estuary increases. On the o ther hand, sa lin ity  increases under SW 
winds, when less tu rb id , open-A tlan tic  w aters enter the study area through the English 
Channel.
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Figure 6.1 Location o f  the m ine expe rim en t (BRM) in the southern B ight o f  the North  
Sea. The ba thym e try  (MLLWS) and m ud con ten t o f the sandy seabed sam ples are 
given fo r the Belgian Coast, zone. O ther m on ito ring  s ta tions  in the area a t the tim e o f 
the experim ent were MOWO (O ceanographic s ta tion ), MOW1 (ben th ic  observa to ry) and  
BLA (investiga ted  site  in Baeye e t aI. 2011 - C hapter 2 )

6.3. M ethodology fo r data collection and analysis

6 .3 .1 .  Mine buria l experim ent (BRM)

A mine buria l experim ent was conducted using test m ines developed by the 
Forschungsanstalt der Bundeswehr fü r W asserschall-und Geophysik (FWG, Fig. 6 .2 ). 
The test m ines have a d iam eter (D ) of 0.47 m, are 1.7 m in length and weigh 509 kg 
(apparent w e igh t in w a te r 238 kg). Mine m otion (p itch and ro ll) is recorded via a bu ilt- 
in, th ree -ax is  accelerom eter. The m ines were designed w ith three rings consisting o f 
24 optical sensor pairs (LED bridges). These are equally spaced around the m ine a t 
15° in te rva ls, both in the m iddle and at e ithe r end; th is  results in a range o f vertica l 
burial resolution o r vertica l bed evolution varia tions between 0.2 and 3 cm. The LED 
bridges rely on optical ligh t transm ission over a short path of 4 cm. "1 "  recordings
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Figure 6 .2  (le ft) P re-dep loym ent photo  o f  the tes t m ines. The white b a r in the low er 
le ft  corner represents 20 cm. (right) BRM cross-section w ith D (47  cm ), d iam eter, and  
ph i, the angle between two successive LED housings. Mine bu ria l d iam e te r re fers to  
the he ig h t o f  the m ine (o r  m ine ring ) bu ried  w ith respect to the low est LED p a ir

correspond to sedim ent hindering light propagation, whereas "0 "  recordings 
correspond to proper ligh t propagation. The conceptual model o f recording m ines in 
sandy environm ents is based on the presence o f bedform s (ripples, m egaripples) tha t 
would cover the m ine partia lly  or com ple te ly, and tem pora lly  (dependent on the 
m igration speed o f the (m ega-) ripples). On the o ther hand, hydrodynam ics (tida l 
currents, storm  waves) w ill also a ffect the burial stage o f the m ine, i.e. by scour. The 
signal per ring corresponds to the bed evolution measured vertica lly . When a sequence 
o f burial and exposure is read in the signal from  the three d iffe ren t rings, then 
typ ica lly  one may state th a t ripples are passing the mine. The recording in terva l o f 15 
min in th is  experim ent sets the lim it o f the tim e resolution. Variations occurring at 
periods less than 15 min are not fu lly  characterized, and per 15 min in te rva l, only the 
fina l resu lt o f pitch, roll and the num ber o f buried sensor pairs is recorded (W ever and 
Luehder 2007). Mine burial is given e ither by the d iam eter B (per ring ), or by the to ta l 
m ine burial volum e (in % ) taking into account all rings. The burial d iam eter is 
calculated as fo llow :

w ith  n, the num ber o f buried sensors ("1 "  recordings) and cp the angle in terval o f 15° 
(Fig. 6.2 , righ t). T im e-series data o f m ine burial were low-pass filte red to analyze 
longer-te rm  (> 33  hours) va riab ility  (see also 6 .3 .2 ). No "b ad " recordings, caused by 
b io-fou ling , were observed. The m ines were deployed on a sandy seabed in w a te r 
depths o f 9 m -MLLWS. At the experim ent's  onset (Septem ber 25th, 2008 or year day 
269), sonar im agery o f the seabed revealed tha t both m ines were oriented 115° True 
North (Fig. 6 .3 ). The m ine records lasted 104 days un til January 6th, 2009.

6.3.2. Meteorological, Oceanographic station and  wave buoy (MOWO)

During the m ine experim ent, current data were collected at MOWO, a measuring pole 
located about 1 km from  the BRM site and in w a te r depths o f 10 m -MLLWS. An 
upw ard-looking Doppler cu rren t m eter (A anderaa® , DCM-12, 600 khlz) records burst 
data at 10-m inu te  sam pling in terva ls, w ith  a ping rate o f 4 Flz. The tim e-series was 
low-pass filte red to rem ove trends (i.e. tides) occurring at periods less than 33 hours 
(Beardsley et al. 1985). Each point was replaced w ith  a weighted average o f 33 hours 
on e ither side o f the centra l point. Further, the tw o horizontal cu rren t com ponents 
were rotated into a long- and cross-shore orthogonal coordinate system . The positive 
cross-shore axis is directed landward (T °155 ), and the positive longshore axis is 
northeastw ard (T°65). W ind speed and directions (m eteoro log ica l convention) were 
recorded at 25 m above MLLWS at MOWO, and converted fo llow ing the oceanographic 
convention. Wind shear stresses were estim ated using the adjusted w ind data fo r 10 m 
above MLLWS (U i0) and by in troducing a neutra l drag coeffic ien t (C Dn) (Large and Pond 
1981):
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C  d n  =1-2 10 3 , fo r 4 m s '1 < U10 < 11 m s '1,

C DN =  (0.49 + 0.065 U w  ) IO-3, fo r 11 m s '1 < U10 < 25 m s '1.

Figure 6 .3  Im age  o f  the te s t m ines on the seabed, as ob ta ined  b y  MCMV (m ine  
coun te r m easure vessel) hu ll-m o un te d  sonar. Both m ines are o rien ted  115° true  no rth  
( tow a rd  the top o f  the page), and the y  are s itua ted  abou t 150-200 m eters from  the  
sonar

6 .3 .3 .  Benthic observatory

During part o f the m ine experim ent, a benthic tripod was deployed at a m ore inshore 
location (MOW1, see Fig. 6 .1 ) w ith  same w a te r depth (9 m -MLLW S) fo r a tim e period 
o f 25 days (days 322 -  347). A SonTek® 3 MHz Acoustic Doppler Profiler (ADP) (2.25 
m ab), a SonTek® 5 MHz Acoustic Doppler V elocim eter (ADV) (0 .35  m ab) and two 
D&A® Optical Backscatter Sensors (OBS) (2.25 & 0.25 mab) recorded on the  tripod 
( h ttp ://w w w .m um m .ac .be /E N /M o n ito ring /B e lg ica /tr ip od .ph p ). All tim e-series data 
were stored in two SonTek® Hydra data logging system s. Calibration o f the  OBS's was 
carried ou t fo r several tida l cycles in the nearshore area; a linear regression between 
OBS-NTU and SPM concentrations from  w a te r sample trea tm e n t was obtained (cf. 
Fettweis 2008). In  addition to  the currents, the ADV also m easured continuously the 
distance between the  sensor and the top  o f the  5 MHz acoustic detection layer. 
However, when HCMSs near the bed (even tua lly  flu id  m ud) reach the ADV m easuring 
volum e, both the current m easurem ents and boundary layer detection m ay become 
erroneous. Defining the acoustic boundary layer is known to perform  well fo r a sandy 
seabed (Velasco and Huhta 2010); however, recently  it was also used successfully in 
de lineating the upper boundary o f a poorly defined mud beds (Baeye et al. 2011).
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I t  is d ifficu lt to detect th is  type o f boundary because it is a strong concentration 
grad ient (lu toc line) ra the r than a sharp w a te r-sed im en t in terface. To overcom e the 
issue o f fa iling  ADV boundary detections, Baeye et al. (2011) used a technique based 
on the ADP backscatter in tensity . I t  considers the firs t high return in the backscattered 
signal (i.e. beam has h it the boundary), then it selects 5 bin values on e ither side of 
the m axim um  value, and fits  a quadratic equation to them . The location o f the 
m axim um  value found, represents the top o f the 3 MHz acoustic detection layer. 
Further, a classification o f 40 tida l cycles was realized fo r a mean tida l range o f 3.6 m 
and distinguish ing neap tides and spring tides.

6 .3 .4 .  A coustic  su rveys

Repeated surveys were conducted to m on ito r the changing seabed m orpho logy, and to 
visualize the  mine burial stage and heading o f the m ines. D iffe rent ins trum en ts  were 
used: an autom ated underw ater vehicle (AUV-REMUS100 w ith  900 kHz frequency 
sonar), a po le-m ounted m ulti-beam  system  (EM1002s, 100 kHz) and towed side-scan 
sonar (KLEIN 3000 series, 100 and 500 kHz).

6 .3 .5 .  H y d ro d yn am ic  n u m e ric a l m o d e l

The currents, surface elevation and tu rbu le n t k inetic  energy were m odelled using an 
im plem entation o f the COHERENS V2.0 hydrodynam ic model to the Belgian 
Continental Shelf. This 3D model (OPTOS-BCZ) solves the con tinu ity  and m om entum  
equations on a staggered sigma coordinate grid w ith  an exp lic it m ode-sp litting  
trea tm e n t o f the barotrop ic and baroclinie modes. A descrip tion o f the COHERENS 
model can be found in Luyten et al (1999) and Luyten (2011). OPTOS-BCZ covers an 
area between 51°N and 51.92°N  and between 2.08°E and 4.2°E . The horizontal 
resolution is 0 .7 1 ' (long itude) and 0.41' (la titu de ), corresponding to a grid size of 
about 800 m. Boundary conditions o f w a te r e levation and depth-averaged currents fo r 
th is  model were provided by the operational models OPTOS-NOS (covering the North 
Sea) and OPTOS-CSM (covering the North-W est European Continental Shelf) o f the 
Managem ent Unit o f North Sea M athem atical Models (see w w w .m um m .ac.be). Pison 
and Ozer (2003) and D u jard in et al (2010) validated the current velocities o f OPTOS- 
BCZ using ADCP m easurem ents. The bottom  shear stress fo r currents alone was 
determ ined using the  calculated curren t ve loc ity  in the lowest layer o f the model and 
using a bottom  roughness length o f 0 .35 cm. The la tte r is based on the m ost 
s ign ificant seabed ripples or dunes (i.e. in te ract m ost w ith  the  flow ). Therefore, the 
roughness length is given by the ratio  between the square o f the dunes he ight and 
th e ir wavelength . The aim o f using the model is estim ating  the hydrodynam ics at the 
m ine site, since no in -s itu  recordings o f currents were realized.

6 . 4 .  Results

6 .4 .1 .  M in e  b u r ia l

The tim e-series data derived from  mine rings 1 and 3 (ou te r end rings) recordings 
show high va riab ility  over tim e  (Fig. 6 .4 ). Their low-passed signals show an opposite 
burial behaviour indicating opposing trends o f increased burial and exposure occurring 
at the m ine ends. The sho rte r-te rm  ( in tra -tid a l)  varia tions are m ore easily observed in 
Fig. 6.5 , which shows only fou r tida l cycles w ith  corresponding near-bed current 
com ponents. A t m axim um  ebb and flood (see h igh ligh ts in Fig. 6 .5 ), one signal 
corresponds to m ore exposure and the o ther w ith  increase in buria l. This pattern 
occurs fo r a lm ost 75%  o f the tim e , corresponds w ith  re la tive bed-level changes o f 10- 
15 cm around the mine.

6 .4 .2 .  M e te o ro lo g ica l in flu en ce

SSW-SW winds were the strongest and m ost abundant during the  experim ent, 
fo llowed by w inds blowing from  the NW sector. NE and E w inds were weaker and less 
com m on. The wind changed direction frequen tly , w ith  drops in pressure and low sea
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and the corresponding longshore and cross-shore currents (b) fo r  a pe riod  o f 2 days 
(~ 4  tida l cycles). The currents were recorded a t 3 m eters above bed

surface levels corresponding to  periods w ith  southerly winds. M eteorological 
observations show evidence of tw o storm s th a t forced sizable sho rt-te rm  increases in 
sea level and sign ificant wave he ight (figs. 6 .6 , 6 .7 ). During these storm s, which 
represent on ly 1% of the m onitoring tim e, the s ign ificant wave he ight (averaging 0.8 
m w ith  a mean period o f 4 s) increased to m ore than 2.5 m.
S ign ificant mine burial is associated w ith  the passage o f these storm s. A firs t storm  
im pacted the area in October 2008 (days 275-277), generating s ign ificant wave 
heights o f m ore than 2.5 m (Fig. 6 .8 ). M inor m ine roll was recorded, toge the r w ith 
increased m ine buria l. In addition, a reorien tation was like ly to be induced by the 
storm  action (as observed in sonar images between both storm s). A second storm  
event, w ith  wave heights of up to 3.5 m, h it the area in Novem ber 2008 (days 326- 
328). As a result, the m ine rolled 90°. During both storm s, sho rt-te rm  form ation  of 
scour pits and the associated exposure o f the ou te r ends of the mines were followed 
by the m ines rolling into the pits. They settle a t a g reater depth re la tive to the seabed. 
Increased burial fo llowed when the wave energy returned to fa ir-w ea the r values and 
the scour p it qu ickly filled up w ith  sedim ents.
When com paring low-passed mine behaviour to w ind-stress m easurem ents, it is clear 
th a t wind direction is one of the param eters govern ing longer-te rm  mine burial (Fig. 
6 .9 ). During periods o f E-NE winds (w ind stress toward the W-SW) ring 1 was buried 
deeper than ring 3. During periods o f prevailing SW w inds, the opposite was true. 
Therefore, m eteorological conditions m ay explain the con tribu tion  o f wind forcing to 
mine burial behaviour on the longer te rm .

6 .4 .3 .  Suspended particulate m a tte r (SPM )

The acoustic layer detection derived from  the acoustics on the benthic tripod show 
good agreem ent w ith  the m ine burial data (Fig. 6 .10). The ADV signal is hard to read, 
since its tim e-series is discontinuous, explained by e ither a ttenuation  of the acoustic 
signal and /o r an increase in HCMS thickness reaching and d is turb ing the ADV sampling 
volum e. A lthough the match is fa r from  perfect, the three signals show synchronous 
periodic rises and falls o f the top o f the boundary layer. The rises correspond w ith  SPM 
settling ou t o f the w ate r colum n during ebb slack tide (i.e. slack w ate r a fte r high 
w ate r, red high lights in Fig. 6 .10) and flood slack tide (i.e. slack w a te r a fte r low w ater, 
blue high lights in Fig. 6 .10). This is observed under both spring and neap tide phases 
(Figs. 6.11 and 6.12).
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Generally, SPM concentration (2 mab) is in line w ith  the tida l forc ing, w ith  re­
suspension peaks at m axim um  ebb and m axim um  flood, and SPM settling during slack 
tide. The observed rises o f the boundary layer reach up to  25 cm around ebb slack tide 
and up to  7 cm at flood slack tide. SPM concentrations at 2 mab are s ign ificantly  
d iffe ren t from  those at 0.2 mab; the la tte r also reflecting the boundary layer rises and 
falls.

6 .4 .4 . Seabed characteristics

The mine experim ent was conducted 9 km o ff the coast where large, N-S oriented 
sand dunes define the overall underw ater landscape. These bed form s are several 
m eters in he ight and hundreds of m eters in length (see black lines fo r mapped sand 
waves in Fig. 6.1 near "BRM"). Sm aller dunes (m egaripples) w ith  a m axim um  height of 
0.5 m and wave length o f a few m eters are superimposed on these dunes. No-well 
defined bed form s were visib le on the acoustic data collected during the mine 
experim ent. However, a survey conducted a fte r the m ine stopped recording when its 
ba tte ry  died (January 2009) showed m egaripples o f up to 30 cm in he ight and up to 7 
m in wave length. Seabed samples collected w ith  a box-corer in the p rox im ity  o f the 
mine and by divers d irec tly  around the m ine. Sand (w ith  in te rca lations of m ud) and 
compacted mud (Holocene) was sam pled, often covered w ith  fresh mud. Rather coarse 
sands (550 pm ), compared w ith  the m edium -gra ined sand (450 pm ) away from  the 
m ine, were found in the d ivers ' samples at the m ine site. Also, a secondary s ilt-g ra in  
size modus was found in the samples.
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Figure 6 .8  M eteorological records fo r  days 26 9 -3 21 : (a) wind stress; (b) atm ospheric
pressure; (c) sea leve l and (d) tem perature . In  the w ind stress tim e-series , north  is
ind ica ted w ith arrow

6 .5 .  Discussion

In lite ra tu re , m ine burial is linked to several processes (cf. W ilkens and Richardson
2007). On a sandy seabed, the m ost im portan t one is burial by scour as a resu lt o f 
sand-w ate r-ob jec t in teractions. Our data show th a t SPM dynam ics is also a possible 
mine burial d river. This process, which has not been linked to mine burial before, may 
be very im portan t in h igh -tu rb id ity  environm ents w ith  th ick  HCMSs. Table 6.1 
sum m arizes all three types o f burial processes (i.e. by HCMS, by scour, by storm  
waves) regarding the ir occurrences and m axim um  burial potentia ls during the 
m onitoring period.

122



50

40

30

 Low-pass Filt Ring 1
—  Low-pass Filt Ring 3

0.2
Wind Stress

-0.1

-0.2
350 355 360 365 370 375

Days from January 1, 2008

Figure 6 .9  E xtract from  the m ine bu ria l tim e-series (days 350-372). Below , w ind  
stress; and above , two bu ria l rings (a t m ine ends)

Table 6.1 Mine bu ria l behav iour (occurrences and bu ria l volum es) fo r  the three types  
o f m ine bu ria l

occurrence (time) max burial (cm)
by scour 75% 15
by HCMS 10% 15
by storm 2% 30

6 .5 .1 .  Mine buria l by scour-and-deposition cycles

W ave-induced scour and subsequent deposition in scour pits are responsible fo r m ost 
o f the m ine buria l, especially on sandy seabeds. The signal o f the m ine burial volum e 
is dom inated by 2 main stages th a t are related to  h igh-energy wave events: (1) 60%  
burial was reached a fte r the firs t sto rm , which im pacted the area a few days a fte r the 
mine was placed on the seabed; (2) 80%  mine burial was reached a fte r a second, 
m ore severe storm . In th is respect, (Cataño-Lopera and Garcia 2006 a) rem arked the 
im portance of the angle of a ttack. In our case, the in itia l angle of 115°T (Fig. 6.3) 
changed during the firs t storm  to 65°T  as revealed from  the acoustic im agery of the 
seabed. This a lignm ent was in correspondence w ith  the storm  waves propagating 
towards the S-SE under the N-NW wind conditions. This new orien ta tion  was 
practically parallel to  the principal axis o f the tida l cu rren t ellipse; as such no fu rth e r 
a lignm ents o f the m ines were observed afterw ards. This leads to sym m etrica l 
conditions o f the flow  and sedim ents around the m ine, s im ila r to  the observations of 
(Cataño-Lopera and Garcia 2006 a, Cataño-Lopera e t al. 2007). I t  is known th a t tida l 
forcing affect the mine ends w ith  scour and deposition cycles on a quarte r-d iu rna l 
basis (Brandes 1999, Brandes and Riggs 2004). Our data show th a t fo r m ost o f the 
tim e no substantia l changes in the to ta l m ine burial volum e occurred. However, 
varia tions in the burial volum e were observed when a w ind-d riven flow  was sustained. 
As a resu lt, enhanced scouring on one mine end occurred over several days (Fig. 6 .9 ). 
As s im ila r w ith  tida l forc ing, flow  vortices in the upstream  end o f the m ine ob ject 
increase scouring (Richardson and Briggs 2000, Saunders 2005, Friedrichs and 
Trem banis 2006). Because o f bedload transport and seabed erosion, w innow ing of 
fine r sand (and s ilt/c lay ) fractions is like ly to occur (Friedrichs and Trem banis 2006). 
This m igh t explain the ra the r coarse sands (550 pm ) in the d ivers ' samples at the 
mine site, collected prior to  m ine recovery.
Based on seabed images (e.g. Fig. 6 .3 ), no m egaripples were observed in the very 
d irect p rox im ity  o f the mine during the experim ent. However, the area m igh t show the 
presence of th is type of bedform s; as such, th is burial mechanism cannot be ju s t ruled 
out. Nonetheless, m egaripple m igration cannot account fo r sho rt-te rm  burial pattern 
because it is a process unrelated to sem i-d iu rna l s lack-tim e periodic ity.
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Figure 6 .10  Tim e-series o f ve rtica l seabed changes by  m eans o f  ADV (a) ,  ADP (b) 
and BRM (c), a, b are recordings a t MOW1, and c a t BRM (nearby MOWO). O ptical and  
acoustic ins trum en ts  de tect HCMS la ye r fo rm ation . ADV shows m any gaps, and the  
ADP shows high rises up to 25  cm. N ear-synchron ic ity  o f  the m ain peaks s trong ly  
suggests th a t HCMS fo rm ation  and d is in tegra tion  p layed a role in the bu ria l and  
exposure o f  the tes t m ine. Blue and red h igh ligh ts  show flood and ebb slack tides , 
respective ly

6 .5 .2 .  Mine buria l by transient HCMSs

W ave-induced scour and subsequent deposition in scour pits are responsible fo r m ost 
o f the m ine buria l, especially on sandy seabeds. The signal o f the m ine burial volum e 
is dom inated by 2 main stages th a t are related to  h igh-energy wave events: (1) 60%  
burial was reached a fte r the firs t sto rm , which im pacted the area a few days a fte r the 
mine was placed on the seabed; (2) 80%  mine burial was reached a fte r a second, 
m ore severe storm . In th is respect, (Cataño-Lopera and Garcia 2006 a) rem arked the 
im portance of the angle of a ttack. In our case, the in itia l angle of 115°T (Fig. 6.3) 
changed during the firs t storm  to 65°T  as revealed from  the acoustic im agery of the 
seabed. This a lignm ent was in correspondence w ith  the storm  waves propagating 
towards the S-SE under the N-NW wind conditions. This new orien ta tion  was 
practically parallel to  the principal axis o f the tida l cu rren t ellipse; as such no fu rth e r 
a lignm ents o f the m ines were observed afterw ards. This leads to sym m etrica l 
conditions o f the flow  and sedim ents around the m ine, s im ila r to  the observations of 
(Cataño-Lopera and Garcia 2006 a, Cataño-Lopera e t al. 2007). I t  is known th a t tida l 
forcing affect the mine ends w ith  scour and deposition cycles on a quarte r-d iu rna l 
basis (Brandes 1999, Brandes and Riggs 2004). Our data show th a t fo r m ost o f the 
tim e no substantia l changes in the to ta l m ine burial volum e occurred. However, 
varia tions in the burial volum e were observed when a w ind-d riven flow  was sustained. 
As a resu lt, enhanced scouring on one mine end occurred over several days (Fig. 6 .9 ). 
As s im ila r w ith  tida l forc ing, flow  vortices in the upstream  end of the mine ob ject 
increase scouring (Richardson and Briggs 2000, Saunders 2005, Friedrichs and 
Trem banis 2006). Because o f bedload transport and seabed erosion, w innow ing of 
fine r sand (and s ilt/c lay ) fractions is like ly to  occur (Friedrichs and Trem banis 2006). 
This m igh t explain the ra the r coarse sands (550 pm ) in the d ivers ' samples at the 
mine site, collected prior to  m ine recovery.
Based on seabed images (e.g. Fig. 6 .3 ), no m egaripples were observed in the very 
d irect p rox im ity  o f the mine during the experim ent. However, the area m igh t show the 
presence of th is type of bedform s; as such, th is burial mechanism cannot be ju s t ruled 
out. Nonetheless, m egaripple m igration cannot account fo r sho rt-te rm  burial pattern 
because it is a process unrelated to sem i-d iu rna l s lack-tim e periodic ity.
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Figure 6.11 Spring tida l-phase averages o f tim e-series data o f currents (a), sed im ent 
suspension (b), and HCMS dynam ics (c). SPM1 and S PM 2 are fo r  0.2 and 2 m ab , 
respective ly
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Figure 6 .12  Neap tida l-phase averages o f  tim e-series data o f currents (a), sed im ent 
suspension (b), and HCMS dynam ics (c). SPM1 and SPM2 are 0.2 and 2 m ab , 
respective ly
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Figure 6 .13  H ydrodynam ic m odel resu lts (m ine s ite ) o f  bo ttom  stress p lo tte d  aga inst 
the m ine bu ria l volum e indicate th a t phases w ith 90-100 % o f m ine bu ria l coincide  
with slack tides (bo ttom  stresses < 0 .7  Pa) during spring tide phases. Neap tide phases  
do n o t show any increased bu ria l
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Figure 6 .14  Model resu lts o f slack tide ra tio  ove r two tida l cycles (neap tide , righ t 
and spring tide , le ft). Slack tide is here defined as when bo ttom  shear stresses are  
less than 0 .7  Pa; th is is in accordance w ith erosion resistance m easurem ents o f bed  
sam ples taken in the s tudy area (Fettw eis e t ai. 2010). Blue is 0%  and red 100%  tim e  
ra tio . Figure illus tra tes the high tem pora l va riab ility  (con tras t between neap and  
spring) in hydrodynam ics and in the po ten tia l o f  m ine bu ria l by HCMS as such

6 .6. Conclusions

Tim e-series data recorded by a tes t m ine has been analyzed in com bination w ith 
hydrodynam ic and m eteorological recordings, and a shorte r tim e-series data of 
suspended sedim ent concentration. Nearby the port o f Zeebrugge, the study area is 
characterized by h igh ly tu rb id  waters. However, the sandy seabed seems to be 
responsible fo r a well-know n burial process th a t is related to  scour by storm  waves. 
This process accounts fo r m ost o f the m ine burial volum e (60 and 80% ). Tidal forcing 
will also account fo r some scour o f the seabed around the m ine. Furtherm ore, the 
hydrodynam ic patte rn present in the study area can be biased by changing wind 
conditions. As a resu lt, subtidal flow  forcing is acting on the m ine as well.
Superimposed on the mine burial by scour signal, a more cyclic (qu a rte r-d iu rna l) burial 
signal occurred pre ferab ly during spring tide phases. Benthic observations o f SPM 
concentration and changing seabed evo lu tion have shown th a t during slack tides, the 
mine is covered w ith  HCMS layer. An acoustic (3 MHz) detection m ethod reveals these 
bed boundary level changes (up to 25 cm ), in accordance to w hat is observed by the 
optics-based tes t mine m easurem ents. The potentia l o f the tes t m ine detecting HCMS 
layers has been proven by the authors, and m ine burial by trans ien t HCMS is 
introduced. The la tte r has im plications towards m ine hunting strateg ies. In order to 
assess the possib ility  th a t m ines in HCMS areas are missed during tracking surveys,
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additional experim ents w ill have to be conducted in areas w ith  mud suspensions of 
various th ickness and stab ility . Areas and circum stances where HCMSs are re la tive ly  
persistent should be m onitored and analyzed in detail as part o f fo llow -up  studies. For 
Belgium , the  areas w ith  highest risk are closest to shore during neap tides, when 
burial is po ten tia lly  the m ost prolonged.
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Abstract

The im pact o f continuous disposal o f fine -gra ined sedim ents from  m aintenance 
dredging works on the  suspended particu la te  m a tte r concentration in a shallow 
nearshore tu rb id ity  m axim um  was investigated during dredging experim ent (po rt of 
Zeebrugge, southern North Sea). Before, during and a fte r the experim ent m onitoring 
o f SPM concentration using OBS and ADV a ltim e try  was carried out at a location 5 km 
west o f the disposal site. A statistica l analysis, based on the concept o f populations 
and sub-sam pling, was applied to eva luate the effect. The data revealed th a t the SPM 
concentration near the  bed was on average more than 2 tim es higher during the 
dredging experim ent. The disposed m ateria l was m ain ly  transported in the benthic 
layer and resulted in a long -te rm  increase o f SPM concentration and form ation  o f flu id 
mud layers. The study shows th a t SPM concentration can be used as an ind ica tor of 
environm enta l changes if representative tim e-series are available.

Keyw ords: D redged m a te ria l d isposal; dredg ing;  f lu id  m ud ; SPM concen tra tion ; 
suspended sed im ents; m on ito ring
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7 . 1 .  In  troduction

The W ater F ram ework D irective (2000 /60/E C ) and recently  adopted EU Marine 
S tra tegy Fram ework D irective (2008 /56/E C ) (see e.g. Borja 2005, Devlin et al. 2007) 
identifies human induced changes in the  concentration o f suspended particu la te  m a tte r 
(SPM) as one o f the  main po llu tants. Disposal o f fine -gra ined dredged m ateria l at sea 
has a vary ing  im pact on the m arine env ironm en t (N ichols 1988, Bray et al. 1996, Hill 
e t al. 1999, O 'Connor 1999, Sm ith and Rule 2001, Lohrer and W etz 2003, S im onini et 
al. 2005, Lee et al. 2010) and constitu tes an im portan t problem  in coastal zone 
m anagem ent (OSPAR 2008). Dredging activ ities can be classified as e ither 
m aintenance or capital dredging. M aintenance dredging typ ica lly  involves the periodic 
or continuous rem oval o f sedim ents deposited in navigation channels and harbours as 
a resu lt o f natural processes. Capital dredging is associated w ith  deepening or w ith  
construction activ ities and consists thus o f civil engineering w orks lim ited in tim e. Very 
often , ports and navigation channels are situated in coastal or estuarine tu rb id ity  
m axim um  areas and suffer from  rapid sed im entation o f fine -gra ined m ateria l (PIANC
2008), necessitating frequen t m aintenance dredging and disposal operations. The 
e ffect o f increased tu rb id ity  due to  disposal operations on the ecosystem  are well 
docum ented in lo w -tu rb id ity  (< 1 0  mg I 1) w aters (e.g. Orpin et al. 2004 ); but less 
obvious in coastal and estuarine areas where suspended particu la te  m a tte r (SPM) 
concentration is high as well d ifferences between m inim a and m axim a. Dredging and 
disposal effects are site-specific  (W are et al. 2010) and require the understanding of 
the site-specific  dynam ics in order to eva luate environm enta l im pact o f dredging and 
disposal works. In case o f m ainly non-cohesive m ateria l is the im pact o f disposal of 
dredged m ateria l at sea m ost sign ificant at the seabed (Du Four and Van Lancker 
2008, Okada et al. 2009) and the im pact on the environm ent m ay rem ain near-fie ld 
and sho rt-te rm  (Fredette and French 2004, Powilleit et al. 2006). When cohesive 
sedim ents are disposed then sign ificant increases in tu rb id ity  m ay occur in the w ate r 
column (Flossain et al. 2004, Van den Eynde 2004, Wu et al. 2006) depending on the 
mode, tim in g , quan tity , frequency o f the disposal ac tiv ity  (Bolam  et al. 2006).
The SPM dynam ics contro l processes such as sed im ent transport, deposition, re­
suspension, p rim ary  production and the  function ing o f benthic com m unities 
(McCandliss et al. 2002, M urray et al. 2002). I t  varies as a function o f seasonal supply 
o f fine -gra ined sedim ents, the  in teraction between cohesive and non-cohesive 
sedim ents, biological ac tiv ity , rem ote or local ava ilab ility  o f fine sedim ents, advective 
processes, erosion, deposition, storm s, and human activ ities (Velegrakis et al. 1997, 
Bass et al. 2002, Schoellham er 2002, Le Hir et al. 2007, Fettweis et al. 2010). 
Deepening o f channels and construction o f ports increases deposition o f fine-gra ined 
sedim ents and has as consequence an increase o f m aintenance dredging and thus an 
increase o f SPM concentration in and around the disposal site (T ru itt 1988, Collins 
1990, Wu et al. 2006). During slack w a te r and a fte r storm  periods flu id  mud layers 
m ay be form ed by se ttling  o f suspended m atte r o r flu id iza tion  o f cohesive sedim ent 
beds (Maa and Mehta 1987, van Kessel and Kranenburg 1998, Li and Mehta 2000). 
Massive sed im entation o f fine -gra ined sedim ents in harbours and navigation channel is 
often related to the occurrence o f flu id  mud layers (Fettweis and Sas 1999, Verlaan 
and Spanhoff 2000, W interw erp 2005, PIANC 2008, Van Maren et al. 2009, De Nijs et 
al. 2009). Fluid mud is a high concentration aqueous suspension o f fine-gra ined 
sedim ent w ith  SPM concentrations o f tens to hundreds o f gram s per litre  and bulk 
densities o f 1080 to 1200 kg n r 3; it consists o fw a te r, clay-sized partic les, and organic 
m ateria ls ; and displays a va rie ty  o f rheological behaviours ranging from  elastic to 
pseudo-plastic (Mac Ana lly et al. 2007).
The aim o f th is  paper is to present and discuss the im pact o f continuous disposal of 
fine -gra ined sedim ents on the SPM concentration and on the  flu id  mud dynam ics in a 
shallow nearshore tu rb id ity  m axim um  area during a one m onth dredging experim ent. 
The experim ent took place in the po rt o f Zeebrugge (Belgian coastal area, southern 
North Sea) in the  fram ew ork  o f studies conducted by the Flemish M in is try  o f Public 
W orks and M obility  to develop m ore cost e ffective m ethods fo r dredging flu id  mud. 
M onitoring o f the effects on SPM concentration was required as the dredged m a tte r 
was disposed at sea at a location closer to the shore and the port com pared to  the 
existing disposal sites. Previous studies have used num erical sim ulations to investigate 
the spatial d is tribu tion  o f m ateria l disposed o f in the sea (e.g. Gallacher and Flogan
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1998, Bai et al. 2003, Van den Eynde 2004), but even w ith  recent progress in 
sedim ent transport m odelling (e.g. Sanford 2008) lim ita tions related to accurately 
sim u lating the dynam ics o f flu id  mud layers and the  in teraction between the bed and 
the w a te r column rem ain. In situ m on ito ring  provides a good op po rtun ity  fo r 
investigating the im pact o f fine -gra ined m a tte r dispersal behaviour and its fa te  due to 
disposal operations. In situ m easurem ents o f SPM concentration before, during and 
a fte r the dredging experim ent have been carried out at about 5 km from  the disposal 
site toge the r w ith  sedim ent density and ba thym etrica l surveys at the  dredging location 
and the disposal site. As the he terogene ity  and com plexity  o f the SPM concentrations 
are high, due to  th e ir natural high va riab ility , sta tistica l m ethods have been used to 
characterize tem pora l SPM concentration varia tion  in a way th a t it can be used as 
ind ica tor fo r changes induced by human activ ities.

7 . 2 .  S tu d y  a re a

The Belgian-Dutch nearshore area (southern North Sea, cf. Fig. 1.2, Fig. 2.1 b) is 
shallow (< 1 0  m Mean Lower Low W ater Springs, MLLWS) and characterised by 
sedim ent com position vary ing  from  pure sand to pure mud (Verfa illie  et al. 2006). SPM 
form s a tu rb id ity  m axim um  between Ostend and the m outh o f the W esterscheldt (cf. 
Fig. 4 .1 ). M easurem ents indicate varia tions in SPM concentration in the nearshore area 
o f 2 0 -7 0  mg I '1; reaching 100 to 3000 mg I '1 near the  bed; lower values (< 1 0  mg I '1) 
occur in the offshore (Fettw eis et al. 2010). The m ost im portan t sources o f SPM are 
the French rivers discharging into the English Channel, coastal erosion o f the 
Cretaceous cliffs at Cap Gris-Nez and Cap Blanc-Nez (France) and the erosion of 
nearshore Flolocene mud deposits (Fettw eis et al. 2007). Tides are sem i-d iu rna l w ith  a 
mean tida l range at Zeebrugge o f 4 .3 m at spring and 2.8 m at neap tide . The tida l 
current ellipses are elongated in the nearshore area and become gradually more sem i­
circu lar fu rth e r offshore. The current velocities near Zeebrugge (nearshore) va ry  from  
0 .2 -1 .5  m s '1 during spring tide  and 0 .2 -0 .6  m s '1 during neap tide ; m ore offshore 
they range between 0 .2 -0 .6  m s '1 during spring tide  and 0 .1 -0 .3  m s '1 during neap 
tide . Flood currents are directed tow ards the Northeast and ebb currents tow ards the 
Southwest. W inds blow predom inantly  from  the southwest and the highest waves 
occur during no rth -w este rly  w inds. S ign ificant wave heights in the  nearshore area 
exceed 1.5 m during 10% o f the  tim e. The strong tida l currents and the low fresh 
w a te r discharge o f the W esterscheldt estuary (yea rly  average is 100 m 3 s '1 w ith  
m inim a o f 20 m 3 s '1 during sum m er and m axim a o f 600 m 3 s '1 during w in te r) resu lt in 
a w e ll-m ixed w a te r column w ith  ve ry  lim ited sa lin ity  and tem pera tu re  s tra tifica tion .
On average 4 .4 6 x l0 6 ton d ry  m a tte r (tdm ) is dredged annually in the port of 
Zeebrugge to m ainta in navigation depth ; th is  represents about 60%  o f the to ta l 
am ount o f m aintenance dredging in the  Belgian nearshore area (Lauw aert et al. 2009). 
The dredged m a tte r consists o f m uddy sedim ents and is disposed on the disposal sites 
S I (47 % ), Zeebrugge Oost (44% ) and S2 (9% ), see Fig 7.1. The sedim entation rate in 
the ou te r port o f Zeebrugge is, on average, about 1.7 tdm  m '2 per year. In 2007 and 
2008, respective ly, 0 .7 x l0 6 tdm  and 0 .3 x l0 6 tdm  o f sedim ents were dredged in the 
A lbert I I  dock (Fig. 7 .1 ).

7 . 3 .  M a te r ia l a n d  M eth o ds

7 .3 .1 .  D red g in g  e x p e rim e n t

Dredging w ith  tra ile r hopper suction dredgers and open w a te r disposal o f the dredged 
m ateria l at designated locations, is ine ffic ien t fo r flu id  mud and incur substantia l costs 
(PIANC 2008). An au tom atic  m ethod to in te rcep t and pum p away flu id  mud using 
s ta tionary  pum ping system  was evaluated by Berlam ont (1989) fo r mud from  the port 
o f Zeebrugge. A s im ila r approach was adopted fo r the dredging experim ent, except 
th a t a cu tte r suction dredger was used instead o f s ta tionary  pum ping system s. The 
experim ent too k  place in the A lbert I I  dock s itua ted in the  ou ter port o f Zeebrugge 
between 5 May and 2 June 2009 (Fig. 7 .1 ). The dredger continuously dredged fo r 
periods o f a few days up to a week at a fixed location and a fixed depth before being 
moved to another location. The dredged m a tte r was pumped using floa ting  pipelines 
over the harbour breakw ater into the sea (see Fig. 7 .1 ). The pum ping capacity was
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Figure 7.1 D eta il o f  the  Zeebrugge area show ing the  m easurem ent s ta tion  a t 
Blankenberge blue triang le ), the wave m easurem ent s ta tion  a t Bol van H eist (purp le  
do t), the location o f  the disposal s ite  du ring  the fie ld  experim ent (re d  do t), the M0W1  
site  (b row n s ta r), the A lbe rt I I  dock and the ex is ting  d isposal sites (green circles o r  
ha lf-c irc les). The background consist o f  b a th ym e try  and o f  the dredg ing and disposal 
in te n s ity  (scale is from  0 to  > 4 .5  tdm  m '2)  fo r  2008 (in  ton d ry  m a tte r TDS)
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3000 m 3 h '1, resu lting thus -u s in g  the average density o f the pumped m a tte r 
(includ ing salt and sed im ent) o f 1.055 t  m '3 -  in 6 0 x l0 3 tdm  o f sedim ents th a t have 
been disposed during the duration o f the experim ent. As the  density recordings o f the 
dredge m ateria l were inaccurate, th is  should be seen as an estim ate . The aim o f the 
experim ent was to investigate w hethe r the th ickness o f the flu id  mud layer w ith  a 
density lower than 1200 kg m '3 could e ffic ien tly  be reduced. This density  is derived 
from  ship m anoeuvrab ility  studies th a t aided in the redefin ition o f the level o f dredging 
required (D e lfo rte rie  et al. 2005, PIANC 2008).

7 .3 .2 .  In -s itu  m onitoring

The m on itoring  during the disposal experim ent is divided in near and fa r field 
m easurem ents. The near fie ld m easurem ents consisted o f ba thym etrica l surveys in the 
dock and at the  disposal site and w eekly mud density surveys in the A lbert I I  dock 
(Fig. 7 .1 ). Density pro file  m easurem ents were carried out in situ using a gam m a-ray
densitom eter th a t was pushed in the mud layer. Bathym etrica l surveys were
perform ed da ily  w ith  33 /210  kHz echo sound m easurem ents along fixed transects and 
w eekly w ith  m ultibeam .
The fa r field m on ito ring  was carried ou t at a fixed location near Blankenberge 
(51 .33°N  3.11°E) situated about 1 km offshore and 5 km west o f the  disposal site (Fig.
7 .1 ) using a tripod which was developed fo r collecting tim e-series (up to 50 days) of
SPM concentration and current ve loc ity . The w a te r depth at the site is about 6 m
MLLWS and the seabed consists o f fine sand (D50 = 150 pm ) w ith  ephem eral mud 
patches on top. The tripod  was deployed fo r 240 days during 6 m easuring periods 
before, during and a fte r the experim ent, see Table 7.1. 17%  o f the data have been 
collected during o r sho rtly  a fte r the fie ld experim ent. A SonTek 5 MHz Acoustic Doppler 
Velocim eter (ADV) Ocean, a Sea-Bird SBE37 CT system  and two D&A OBS3 sensors 
were m ounted on the fram e, one at about 0 .2 and the o ther one 2 m above bottom  
(m ab). Field calibration o f the OBS sensors have been carried out during several tida l 
cycles carried ou t in the nearshore area in o rder to obtain SPM concentration. A Niskin 
bottle  was closed every 20 m inutes, thus resu lting in about 40 samples per tida l cycle. 
Three sub samples were filte red  on board o f the vessel from  each w a te r sam ple, using 
pre-w eighted filte rs  (W hatm an GF/C). A fte r f iltra tio n , the filte rs  were rinsed once w ith  
Milli-Q  w a te r (±50 m l) to rem ove the salt, and dried and weighted to obtain the SPM 
concentration. A linear regression between all OBS signals and SPM concentrations 
from  filtra tio n  was assumed. The m easuring volum e o f the ADV was s itua ted at 0.2 
mab. The a ltim e try  o f the ADV was used to detect va ria tion  in bed level due to the 
occurrence o f flu id  mud layers. Decreasing distance between probe and bed boundary 
m ay correspond w ith  the presence o f flu id  mud acting as an acoustic reflector. 
However, the boundary detection m ay also fa il, due to a ttenuation  o f the signal before 
reaching the  bo ttom  (Velasco and Huhta, App. Note SonTek).

7 .3 .3 .  S tatis tica l analysis

Varia tion in SPM concentration at B lankenberge is related to tides, storm s, seasonal 
changes and human im pacts. SPM concentration can be defined as a statistica l 
population. We can consider the  measured SPM concentration tim e-series as sub­
samples th a t are characterised by statistica l properties, such as m edian, geom etrical 
mean, standard devia tion and probab ility  density d is tribu tion . Fettweis and Nechad 
(2010) have shown th a t SPM concentration has a log-norm al d is tribu tion . The 
probab ility  density d is tribu tions o f the d iffe ren t sub-sam ples, consisting o f the  d iffe ren t 
tim e-series or o ther sub-sam ples, were there fore  fitte d  using log-norm al d is tribu tions, 
and the X2 tes t p robab ility  calculated to assess how well the  d is tribu tion  fits  a log­
norm al one. By doing so statistica l properties can be calculated so th a t inferences or 
extrapo la tions from  the sub-sam ple to the population can be made. E.g. if the data 
series collected during d iffe ren t periods have s im ila r log-norm al d is tribu tions, 
geom etric means and standard devia tions, then we could conclude th a t - w ith in  the 
range o f natural va ria b ility  and m easuring uncerta in ties - these data series represent 
s im ila r sub-sam ples o f the whole SPM concentration population. Consequently, if 
disposal o f dredged m ateria l has a sign ificant im pact on SPM concentration then th is 
should be detectable in the differences between the sta tistica l param eters o f the sub-
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sample collected during the dredging experim ent and o f the whole population.
I t  is well known th a t waves have an im portan t im pact on cohesive sedim ent transport 
processes on continenta l shelves (e.g. Green et al. 1995, Cacchione et al. 1999, 
T raykovski et al. 2007, Fettweis et al. 2010). In order to assess th is  e ffect, sub­
samples o f the SPM concentration data have been selected based on bo ttom  wave 
orb ita l velocities. The wave orb ita l ve loc ity  at the bottom  was calculated from  
sign ificant wave he ight m easured at the station "Bol van Heist" (Fig. 7 .1 ), the 
measured w a te r depth and the JONSWAP spectrum  o f waves (Soulsby 1997). Sub­
sam pling o f the data series allows filte ring  ou t the effects o f random  storm s from  the 
harm onic SPM concentration varia tions caused by tides. The sta tistica l properties of 
sub-sam ples representing w eather conditions can thus be calculated and the  SPM 
concentrations can be corre lated w ith  sea state conditions.

Table 7.1 Tripod deploym ents a t B lankenberge and the m edian and m axim um  
s ign ifican t wave he ig h t (Hs)  du ring  the m easurem ent period. Period 6a corresponds  
w ith the  dredg ing experim ent

Start (dd/mm/yyyy 

hh:mm)

End ((dd/mm/yyyy 

hh:mm)

Duration

(days)

Median (max) Hs 

(m)

1 08/11/2006 14:30 15/12/2006 08:30 36.7 0.83(2.76)

2 18/12/2006 10:47 07/02/2007 13:17 50.1 0.79(2.96)

3 28/01/2008 15:38 24/02/2008 13:18 26.9 0.44(2.82)

4 06/03/2008 09:09 08/04/2008 15:29 33.7 0.76(3.03)

5 15/04/2008 08:58 05/06/2008 07:48 51.0 0.46(1.69)

6 04/05/2009 09:59 15/06/2009 11:49 41.9 0.57(1.89)

6a 05/05/2009 12:00 02/06/2009 07:00 27.8 0.55(1.89)

6b 09/06/2009 00:00 15/06/2009 11:49 7.5 0.42(1.12)

The statistica l analysis is based on the assum ption th a t the  data collected before and 
a fte r the dredging experim ent (periods 1-5 and 6b in Table 7 .1 ) are representative fo r 
the SPM concentration at th is  location. 15% , 38%  and 47%  o f the m easurem ents are 
s itua ted in au tum n, w in te r and spring, respectively.
As the SPM concentration is highest during autum n and w in te r and lowest during 
spring and sum m er (Fettw eis et al. 2007, Dobrynin et al. 2010), the  m easurem ents 
are well d is tribu ted over the high and low SPM concentration periods. The median 
s ign ificant wave he ight (Hs) during the tripod m easurem ents (m easured at the wave 
station "Bol van Heist", Fig. 7.1 b) was 0.54 m, w ith  0 .50 m, 0.61 m and 0.53 m 
during spring, au tum n and w in te r, respective ly. These values correspond well w ith  the 
median Hs during the period 2006-2009 o f 0 .50 m (whole the period), 0 .48 m (spring), 
0.62 m (au tum n) and 0.60 m (w in te r), supporting thus the assum ption of 
representativeness.

7 .4 .  Results

7 .4 .1 .  N ear fie ld  m onitoring

The dredging e ffo rt caused rapid (o rder o f hours) fo rm ation  o f eone form ed craters 
centred on the cu tte r head location (Fig. 7 .2 ), which disappeared again a fte r relocation 
o f the  cu tte r. In flu x  o f sedim ent related to shipping activ ities and spring tide  caused at 
some occasions the  filling -up  o f the cra ter during a short period. The dredging caused 
a local deepening o f the 1200 kg m '3 density surface, however the influence remained 
local and did not s ign ificantly  changed the  depth o f the flu id  mud density fie ld in the 
dock, the re fo re  the evaluation o f the dredging experim ent was negative in te rm s of 
e ffic ien tly  reducing the thickness o f the flu id  mud layer (see Lauwaert et al. 2009).
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7 .4 .2 . Far fie ld  m onitoring

The tim e-series fo r periods 1, 5 and 6 are shown in Fig. 7.3, 7.4 and 7.5. Generally, 
the SPM concentration signal is dom inated by quarte r-d iu rna l varia tions due to  ebb- 
flood. The data show th a t the m axim um  SPM concentrations during a tida l cycle were 
som etim es up to 50 tim es higher than the m in im um  concentrations. The spring-neap 
tida l signal is often overprin ted by wave effects and can only be identified clearly 
during calm m eteorological conditions. The very  high SPM concentrations measured 
near the bed during w in te r and autum n are related to storm s and suggest tha t high 
concentrated benthic suspension layers have been form ed th a t may stay fo r a few 
days. The ADV a ltim e try  data show quarte r-d iu rna l varia tions in bed level during 
periods w ith  SPM concen tra tion ; th is is explained as fo rm ation  and re-suspension of 
flu ffy  layers during slack waters.

Legend  
Bathymetry 
depth (m)

Figure 7 .2  B athym etrica l m ap o f  the 210 kHz echo soundings in the A lb e rt I I  dock  
and the successive position o f the cu tte r suction dredger (1 -4 ) during the experim ent. 
The ba thym etrica l survey was carried ou t when the dredger was opera ting in position  
2. In  position 1 a re lic t dredging c ra te r is visible

Period 1 is characterized by the occurrence of d iffe ren t storm s (Fig. 7 .3). On 12-13 
Novem ber (day 316-317), a NW storm  (w inds blowing from  NW) generated sign ificant 
wave heights o f about 2.8 m. The highest SPM concentrations were registered only 
about one day a fte r the storm  by the OBS at 0.2 mab and about two days a fte r by the 
OBS at 2 mab (Fig. 7 .3 ). The OBS data at 0.2 mab are characterised by very high 
m inim a in SPM concentrations (> 0 .8  g I 1). The OBS at 2 mab measured an increase in 
SPM concentration on ly during a short period a fte r the storm . This indicates tha t 
vertica l m ixing was lim ited. ADV a ltim e try  shows a vertica l rise o f the acoustic 
reflective boundary a fte r the storm  (day 317 to 321) indicating the fo rm ation  of a flu id 
mud. Its  appearance coincided w ith  low wave ac tiv ity  and decelerating currents 
associated w ith  neap tide. The flu id mud layer disappeared around day 321 due to 
h igher wave ac tiv ity  and accelerating currents. The a ltim e try  signal shows then a bed 
boundary fluc tua ting  w ith  the quarte r-d iu rna l tida l currents; the change in a ltim e te r 
he ight on day 336 is probably caused by erosion o f the sandy bed. During the 
deposition event on day 344, the sea floo r as detected by the ADV a ltim e try  raised 
about 10 cm, due to  fo rm ation  o f flu id mud.
Period 5 (April -  June 2008) was characterised by low m eteorological d isturbances. 
SPM concentration follows tida l and neap-spring tida l signal w ith  h igher SPM 
concentration around days 108-114, 124-130 and 142-144 (Fig. 7 .4). A clear sh ift 
between the signal o f the OBS at 0.2 mab and a t 2 mab is observed from  day 132 on 
(May 2008). The highest SPM concentrations occur a t 0.2 mab during neap tide , 
whereas at 2 mab the highest values are around spring tide , indicating th a t SPM was 
deposited during neap tide and re-suspended during spring tide.
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Figure 7 .3  Tripod m easurem ents o f 8 N ovem ber - 6 Decem ber 2006 (p a rt o f  
m easuring pe riod  1). From up to down: depth be iow  w a te r surface (m ) and s ign ifican t 
wave he ights a t Bol van Heist; ADV a ltim e try ; and SPM concentra tion derived from  
OBS a t 0.2 m ab (SPM1 )  and 2 m ab (SPM2). Satu ra tion  o f  the OBS is a t 3 .2 g I'1

The acoustic bed boundary rem ained at the same distance a fte r s tab ilization o f the 
tripod at the beginning o f the deploym ent. Deposition and consecutive re-suspension 
occurs as tem pora l events coinciding w ith  the ebb-flood tida l signal during neap tides 
and the ava ilab ility  o f SPM. During the deposition events, the sea floo r as detected by 
the ADV a ltim e try  raised on average by 10 cm, due deposition of mud. From day 140 
on SPM concentration decreased, resu lting in no increase of the acoustic bed 
boundary. May 2009 was m arked by a lte rna ting  W-SW and E-NE and re la tive ly  high 
wave conditions as compared to a s im ila r period in May 2008 (Table 7.1, Fig. 7.4 and 
7.5 ). During the experim ent the SPM concentration at 0.2 mab was s trik ing ly  high, 
w ith  tide-averaged values ranging from  0 .3 -1 .6  g I 1. These high values rem ained until 
one week a fte r the end of the dredging experim ent before decreasing to  tide averaged 
values lower than 0.5 g I 1. The high SPM concentrations in May 2009 are on ly pa rtia lly  
due to higher waves. SPM concentration at 2 mab d iffe rs from  the near-bed one, and 
reveals a dynam ic contro lled by tida l and neap-spring tida l va ria tion , whereas near the 
bed high concentrated mud suspension or flu id mud layers have dom inated the 
sedim ent dynam ics. The ADV a ltim e try  revealed also the decrease in acoustic bed 
boundary o f 8-10 cm during neap tide (fo r day 134-139 and 153-159). For both 
periods mud was deposited because favourab le hydro-m eteoro log ica l conditions 
prevailed (i.e. low wave ac tiv ity  and decelerating curren ts ); the mud layers remained 
during several days. A fte r cessation of the disposal opera tions, the SPM concentrations 
a t 0.2 mab remained still very  high during 1 week and disappeared toge ther w ith  the 
flu id mud layer.
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Figure 7 .4  Tripod m easurem ents o f 15 A pril -  23 May 2008 (p a rt o f  m easuring period  
5). From up to down: depth be low  w a te r surface (m ) and s ign ifican t wave he ights a t  
Bol van Heist; ADV a ltim e try ; and SPM concentra tion derived from  OBS a t 0.2 m ab  
(SPM1) and 2 m ab (SPM2). A fte r day 142, no SPM1 data are available. S aturation o f  
the OBS is a t 3 .2  g i '1

7 .4 .3 . Statistics o f SPM concentration

For each o f the 6 m easuring period p robab ility  d is tribu tions were constructed fo r SPM 
concentration at 0.2 and 2 mab toge the r w ith  fitted  lognorm al d is tribu tions. The 
geom etric mean (x * ) ,  median (D50) and m u ltip lica tive  standard deviation (s *)  of 
these d is tribu tions, toge ther w ith  the X 2 tes t results is shown in Table 7.2, some of the 
d is tribu tions are presented in Fig. 7.6. I f  the X 2 tes t p robab ility  is low (p < 0 .0 5 ), then 
the d is tribu tion  would not correspond w ith  a log-norm al one. The results confirm  th a t 
all d is tribu tions are log -norm ally  d is tribu ted. The results show th a t the mean SPM 
concentration during autum n and w in te r (periods 1, 2, 3, 4) is generally higher than 
during spring (period 5). The mean and median SPM concentration at 0.2 mab during 
the field experim ent (period 6 a) is s ign ificantly  h igher than during any o f the o ther 
periods, whereas at 2 mab the same order o f m agnitude is observed than during a 
w in te r situa tion (periods 1, 2 and 3). During the field experim ent (5 May -  2 June) the 
mean increased to 612 mg I 1 (0 .2  m ab), i.e. more than tw ice the mean value before 
and a fte r the experim ent; but remained nearly s im ila r a t 2 mab (150 mg I 1 vs. 128 
mg I 1).
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Figure 7 .5  Tripod m easurem ents o f  4 May - 1 5  June (m easuring pe riod  6). The fie ld  
experim ent lasted from  5 May u n til 2 June. From up to down: depth below  w a te r 
surface (m ) and s ign ifican t wave he ights a t Bol van Heist; ADV a ltim e try ; and SPM 
concentra tion derived from  OBS a t 0.2 m ab (SPM1) and 2 m ab (SPM2). Satu ra tion  o f  
the OBS is a t 3 .2  g i '1

Table 7 .2  Median (D 50) and geom etric  mean SPM concentra tion (x * )  in m g I '1 during  
the 6 deploym ents (Table 7 .1 ) toge the r w ith the X 2 te s t p ro ba b ility  (p ) com pared w ith  
a lognorm al d is tribu tion  and the m u ltip lica tive  s tandard  devia tion (s *) . 1-5, 6b 
corresponds w ith  a ll the data before and a fte r  the dredging experim ent (6a)

0.2 mab 2 mab

data 1 2 3 4 5 6a 6b 1-5,6b 1 2 3 4 5 6a 6b 1-5,6b

D50 341 288 199 321 280 672 345 281 137 143 116 150 106 150 158 131

X * 340 308 183 290 258 612 319 279 144 149 105 150 102 150 135 128

s* 2.9 3.0 2.4 3.0 2.7 2.6 2.2 2.9 2.3 2.3 2.5 2.5 2.4 2.3 2.3 2.4

P 1.00 0.57 0.77 0.96 0.82 0.99 0.37 0.93 0.93 0.94 0.59 0.99 0.94 0.99 0.12 0.99

The results o f sub-sam pling the SPM concentration data using as selection criterion a 
bottom  wave orb ita l ve loc ity  (Uw) sm aller than 0.03 m s 1 and bigger than 0.3 m s 1 
are shown in Tables 8 .3 -8 .4 , respective ly. The X 2 tes t p robab ility  is fo r some periods 
lower than 0.05, th is is due to the fact th a t the sub-sam ple does not contain suffic ient 
data. An Uw o f 0.03 m s 1 (0.3 m s '1) corresponds to a s ign ificant wave he ight o f about 
0.5 m (1.5 m) in 8 m w ate r depth.
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Table 7 .3  Median (D 50) and geom etric  mean SPM concentra tion ( x * )  in m g I '1 during  
the 6 deploym ents (Table 7 .1 ) and wave o rb ita l velocities Uw < 0.03 m /s. Also shown  
is the X 2 tes t p ro b a b ility  (p ) o f  the d is tribu tions  com pared w ith a lognorm a l one and  
the m u ltip lica tive  standard  devia tion (s *) . 1-5, 6b corresponds w ith a ll the data before  
and a fte r the dredg ing expe rim en t (6a)

0.2 mab 2 mab

data 1 2 3 4 5 6a 6b 1-5,6b 1 2 3 4 5 6a 6b 1-5,6b

184 310 206 217 259 559 306 250 91 209 137 126 113 141 130 134

X* 221 341 181 203 239 470 269 237 103 196 116 127 103 142 121 124

s * 2.7 2.5 2.3 3.3 3.1 3.0 2.2 2.8 2.5 2.1 2.5 2.8 2.6 2.4 2.3 2.6

P 0.02 1.00 0.49 0.59 0.84 0.99 0.38 0.95 0.18 0.66 0.32 0.83 0.70 0.99 0.11 0.86

The results show th a t the  mean SPM concentration at 0.2 mab is generally lower 
during low wave ac tiv ity , except fo r period 2 and 3, whereas at 2 mab no clear relation 
can be observed. Before and a fte r the  fie ld experim ent, lower wave influence is not 
s ign ificantly  changing the mean SPM concentration at 2 mab. The low mean SPM 
concentration during m easuring period 3 is the resu lt o f calm w eathe r (Hs = 0.46 m ). 
The corre la tion between median SPM concentration and SPM concentration during 
higher wave action (Uw > 0.3 m s '1) is on ly  obvious fo r periods 1 and 6 (Table 7 .4 ). For 
the o ther periods, the mean has s im ila r values (period 4 and 5) or is even lower than 
the mean fo r all data (Table 7.2).

Table 7 .4  Median (D 50) and geom etric  mean SPM concentra tion ( x * )  in m g T1 during  
the 6 deploym ents (see tab le 1 )  and wave o rb ita l velocities Uw > 0.3 m s '1. A lso shown  
is the X 2 tes t p ro b a b ility  (p ) o f  the d is tribu tions  com pared w ith a lognorm a l one and  
the m u ltip lica tive  standard  devia tion (s *) . 1-5, 6b corresponds w ith a ll the data before  
and a fte r  the dredg ing expe rim en t (6a). For pe riod  5  and  6b, n o t enough data  
correspond w ith these wave conditions to g ive  s ta tis tica l m ean ing fu l values

0.2 mab 2 mab

data 1 2 3 4 5 6a 6b 1-5,6b 1 2 3 4 5 6a 6b 1-5,6b

D50 763 197 98 303 595 244 178 117 57 167 177 130

X* 609 237 115 288 651 270 197 114 61 162 169 129

s * 2.5 2.6 2.2 2.5 2.1 2.8 2.0 1.8 2.0 2.1 2.2 2.1

P 1.00 0.09 0.07 0.98 0.99 0.52 0.13 0.40 0.08 0.37 0.46 0.91

The cum ula tive frequency d is tribu tions o f SPM concentration are shown in Fig. 7.7. The 
probab ility  to have a SPM concentration at 0 .2  mab higher than the median SPM 
concentration during the fie ld experim ents is on average 0.21 (periods 1-5, 6b), w ith  
0.06 (period 4) and 0.30 (period 1) being the  two extrem e probabilities. A t 2 mab the 
probabilities are on average higher (0 .43 : periods 1-5, 6b) and the extrem e values are 
closer toge the r (period 5: 0.32 -  0 .52: period 6b).

7 .5 .  Discussions

In th is  study, the results based on tim e-series m easurem ents at a fixed location 
before, during and a fte r an experim enta l disposal o f dredged m atter, indicated a 
sign ificant h igher SPM concentration during the disposal. Below we argue th a t the 
increase is not due to  natural va riab ility . The probab ility  o f having a SPM concentration 
h igher than the m edian SPM concentration at 0 .2 mab during the field experim ent is 
low.

7 .5 .1 .  Wave influence

SPM transport on m any shelves is m ain ly  contro lled by currents and waves and high 
concentrated mud suspensions o r flu id  mud layers are form ed in wave-dom inated 
areas (Li and Mehta 2000). The corre la tion between median SPM concentration and
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SPM concentration during higher wave action ( Uw > 0.3 m s '1) is on ly obvious fo r 
periods 1 and 6a (Table 7 .4 ). For the  o ther periods, the median has a s im ila r value 
(period 4) or an even lower value than the median fo r all wave conditions (Table 7 .2 ). 
This is in contrast w ith  observations made at MOW1 (Fig. 7 .1 ) s itua ted about 7 km 
offshore and at a w a te r depth o f about 10 m MLLWS, where the median SPM 
concentration was c learly corre lated w ith  wave orb ita l ve loc ity  (Fettweis and Nechad 
2010). The differences in median SPM concentrations as a function o f wave orb ita l 
ve loc ity  cannot be expla ined by the fu rth e r offshore location and thus lower wave 
influence (Harris and W iberg 2002) or differences in wave clim ate during the 
m easurem ents. I t  points to our opinion to a tim e-lag  occurring between waves and 
SPM concentrations at B lankenberge and thus to m ain ly  advection o f suspended 
m a tte r from  elsewhere as SPM source ra the r than local erosion. The m ain ly  non-local 
sedim ent ava ilab ility  toge the r w ith  the fact th a t the  median SPM concentration during 
the dredging experim ent (period 6a) was always higher (also fo r the sub-sam ples w ith  
Uw > 0 .3 and Uw < 0 .03, see Table 7 .2 -7 .4 ) than during the o ther periods, strengthen 
the argum ent th a t the high SPM concentration during th is  period was caused 
s ign ificantly  by the disposal o f dredged m ateria l.
As the median Hs during the dredging experim ent (period 6a) was higher than during 
the same season in 2008 (Table 7.1) we could expla in the high SPM concentrations 
during May 2009 (Fig. 7 .5 ) as being pa rtia lly  due to h igher wave ac tiv ity . Increase in 
SPM concentrations rem ained, however, lim ited to the near bed, suggesting tha t 
vertica l m ixing due to waves was low. Fettweis et al. (2010) report th a t wave effects 
on SPM concentration are s tarting  to become sign ificant when Fls exceeds 2 m as the 
th ick  packages o f Flolocene and recent m uddy sedim ents, found in the area, are then 
eroded. I t  is the re fore  not ve ry  like ly  th a t the May 2009 storm s (m axim um  Fis < 1.8 
m) have eroded suffic ien t sedim ents to expla in the increase in SPM concentrations.

7 .5 .2 .  E b b -flo o d  dyn am ics

During a tida l cycle, several peaks in SPM concentration are observed; generally, two 
peaks occurred during ebb and one during flood. The firs t ebb peak is generally lower 
and occurred when the increasing current ve loc ity  has reached a critica l value fo r re- 
suspending the flu ffy  layer. The second one occurred at the end o f ebb and is a 
consequence o f settling. This is confirm ed by the fact th a t the SPM concentration peak 
at 0.2 mab is generally observed a fte r the peak at 2 mab. Maxima in SPM 
concentration during flood occurred generally a fte r slack w a te r and point thus to  re­
suspension; the SPM concentration at 2 mab occurred a fte r the peak at 0.2 mab. The 
mean o f the  SPM concentration m axim a during a tide  was at least 1.7 tim es higher 
during the dredging experim ent than during the o ther periods (0.2 mab: 2670 mg I'1 
vs. 1566 mg I'1; 2 mab: 941 mg I'1 vs. 552 mg I '1), whereas the mean o f the m inim a 
was s im ila r (0 .2  mab: 109 mg I'1 vs. 99 mg I '1; 2 m ab: 35 mg I'1 vs. 40 mg I '1). These 
processes o f re-suspension and rapid deposition have also been identified in the ADV 
a ltim e try  data. The OBS m easurem ents indicated th a t the SPM concentration was 
generally h igher during ebb at 0 .2  mab, whereas at 2 mab it was generally h igher 
during flood. This was m ore pronounced during m easuring period 6a, where the 
highest peaks at 0.2 mab occurred m ore frequen tly  during ebb than flood. The SPM 
during the disposal experim ent was thus concentrated in the near bed layer ra the r 
than being well m ixed in the  w a te r colum n, as was also observed by others (e.g. Wu et 
al. 2006, Siegel et al. 2009). The ebb-dom inance o f the  near-bed SPM concentration 
indicates tha t SPM transport o f fine sedim ents was from  the disposal site tow ards the 
m easurem ent location; the m easurem ent location is s itua ted in ebb direction o f the 
disposal site. The SPM concentration and a ltim e try  data both suggest tha t a lutocline 
or benthic plum e was form ed during the  fie ld experim ent and th a t the fa te  o f the flu id 
mud layer was contro lled by the  differences in bo ttom  shear stress during neap and 
spring tida l periods.
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Figure 7 .6  P robab ility  density  d is tribu tion  o f the SPM concentra tion data a t 0.2 mab  
( le ft)  and 2 m ab (r ig h t) fo r  periods 1, 5, 6a (du ring  dredging experim ent) and a ll data  
except those during the dredging experim ent (1 to 5 and 6b) and the corresponding  
log -norm a l p ro ba b ility  density  functions (periods 2 -4  are n o t shown), see Table 1. The 
data are b inned in classes o f  50 m g I~1, the dashed lines correspond to the geom etric  
mean  x *  t im es /ove r the m u ltip lica tive  standard  devia tion  s *

7 .5 .3 .  Im p a c t o f disposal

The natural va riab ility  o f SPM concentration in the area is very  high, which is indicated 
by the high m u ltip lica tive  standard deviations o f the probab ility  d is tribu tions (Table
7.2 ). Orpin e t al. (2004) argue th a t the natural va riab ility  o f the system could be used 
to define the lim its  o f acceptable tu rb id ity  levels during dredging or disposal 
operations. Such an approach assumes th a t a sho rt-te rm  increase (several hours) th a t 
falls w ith in  the range of natural va riab ility  will not have any sign ificant ecological 
effect. Orpin e t al. (2004) developed th is s tra tegy fo r coral com m unities, which are
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Figure 7 .7  (continued) Cum ulative p ro ba b ility  d is tribu tion  o f SPM concentra tion  
m easured a t 2 m ab and 0.2 mab. The black line (1 to 5, 6b) shows the data no t 
collected during the fie ld  experim ent ±  one standard  devia tion (th in  b lack lines) and  
the g rey one during the fie ld  experim ent (6a), see Table 7.1

much m ore sensitive to tu rb id ity  than the Macoma balth ica  com m unity  found in the 
h igh -tu rb id ity  area o f the study site (Degraer et al. 2008). Changes in species density 
or faunal com m unity  m ay be a ttribu tab le  to changes in sedim ent com position and 
increased SPM concentration. Nevertheless, applying the same tr igg e r to indicate 
acceptable upper lim its  o f SPM concentration in the w ate r colum n (2 mab) indicates 
th a t the increase is w ith in  natural va riab ility  o f the system . However, we found tha t 
the cum ula tive frequency o f SPM concentration at 0.2 mab during the dredging 
experim ent was not included w ith in  one standard deviation o f the curve fo r all the data 
not collected during the field experim ent (Fig. 7 .7 ), showing th a t s ign ificant change in 
tu rb id ity  and possibly bed sedim ent com position over a large area occurred. The 
results suggests th a t if the site would be used as perm anent disposal site fo r 
m aintenance dredging w ork then the SPM concentration in the near bed layer toge ther

6a (May 2009) 
1-5, 6b 
Stand, dev.

6a (May 2009) 
1-5, 6b 
Stand, dev.
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w ith  deposition o f mud would increase and m ight thus nega tive ly  affect the 
m acrobenthos o f a la rger area. Van Hoey et al. (2010) report th a t on the  disposal site 
Zeebrugge Oost (Fig. 7 .1 ), s itua ted west o f the  port, lower m acro-benthos and 
epibenthos densities were found than elsewhere in the  area.

7 . 6 . Conclusions

Harbour au thorities  worldw ide are obliged to dredge th e ir m a jo r shipping channels, 
and subsequently to dispose the dredged spoil offshore. In th is  study an analysis 
m ethod, based on the concept o f sta tistica l populations, was applied to eva luate the 
effects o f disposal operations on SPM concentration in the Belgian nearshore area. The 
m ethod provides a too l to account fo r the com plexities associated w ith  natural 
dynam ics and the need to evaluate quan tita tive ly  human im pact. SPM concentration 
can be used as an ind ica tor o f environm enta l changes if  su ffic ien tly  long tim e-series 
are available tha t are representative o f the natural va riab ility . The m a jo r site-specific 
conclusions o f the  s tudy are: the  area has a ve ry  high natural va riab ility  o f SPM 
concentration (m in -m ax: 10 - 3300 mg I'1) ; the SPM concentration near the bed (0.2 
mab) was exceptiona lly  high (m edian was m ore than 2 tim es h igher) during the 
dredging experim ent. Waves were not identified as being responsible fo r the high SPM 
concentra tions; the  disposal site was situated in ebb-d irection o f the m easuring 
location. During the experim ent, a generally h igher SPM concentration near the bed 
during ebb and at 2 mab during flood was observed, suggesting th a t the disposed 
m ateria l was m ain ly  transported  in the benthic layer. The tim e-lag  between high wave 
heights and high SPM concentration suggests fu rth e r th a t the SPM has been advected 
tow ards the m easuring location ra the r than eroded locally; the disposal results in a 
long -te rm  increase o f SPM concentration near the bed at the m easuring location. This 
toge the r w ith  ADV a ltim e try  suggest th a t flu id  mud layers have been form ed during 
whole the disposal experim ent ra the r than being lim ited to neap tida l or storm  
conditions as observed during the o ther periods.
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Chapter 8

Synthesis - new insights in the dynamics o f sedim ent suspensions, associated 
w ith  the coastal tu rb id ity  m axim um , Belgian-Dutch coastal zone
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A synthesis and discussion are provided on the understanding o f suspended particu la te 
m a tte r (SPM) dynam ics in the Belgian-Dutch nearshore zone. A coastal tu rb id ity  
m axim um  (CTM) characterizes th is  area; still d iffe ren t processes contro l its dynam ics. 
A pa rticu lar phenom enon is the fo rm ation  o f h igh-concentrated mud suspensions 
(HCMS), im pacting on near-bed processes.

Main questions are:

(1) W hat is the  tem pora l va riab ility  o f SPM concentration w ith in  the  CTM zone?

(2) W hat is the  spatial va riab ility  o f the exten t o f the CTM zone?

(3) When and how are HCMSs form ed? W hat is the re  influence on near-bed processes?

(4) Can acoustic and optical sensors be used to estim ate the com position o f SPM, 
especially in case o f m ixed (sand-m ud) sedim ents?

(5) Can anthropogenica lly-induced changes in SPM concentra tion , due to e.g. disposal 
activ ities, be d istinguished from  the natural va riab ility?

These five  questions are addressed in fou r topics. A firs t top ic  relates to  the natural 
SPM dynam ics in the CTM zone. A second top ic is on the fo rm ation  o f HCMS, w ith  a 
focus on near-bed processes. A th ird  top ic is on the m ixed-sed im ent environm ent in 
the CTM zone, and the im plications on optical and acoustic m easurem ents o f tu rb id ity . 
Finally, in a fou rth  top ic, SPM concentrations and HCMS layers are proposed as 
indicators o f environm enta l changes.

8.1. N atu ra l variab ility  o f sedim ent suspensions

In the  Belg ium -Dutch coastal zone high SPM concentrations occur th a t are h igh ly 
variab le in tim e. The natural va ria b ility  is related to overall SPM dynam ics (re ­
suspension, se ttling ), as well as to CTM-associated processes (advection), both acting 
on d iffe ren t tim e-sca les:

• In tra -tid a l (tides)
• Sub-tida l (m eteoro log ica l, spring-neap, seasonal)
• Long-term  c lim atic  influence (NAO)

The knowledge o f these processes is critica l to understand the CTM system , to reveal 
natural trends, and to distinguish those from  tu rb id ity  increases, induced by hum an- 
related activ ities. Long-term  observations are available in the v ic in ity  o f Zeebrugge 
harbour allow ing investigation o f th is  va riab ility . I t  is w e ll-know n th a t advection of 
w a te r masses influences physical param eters such as sa lin ity  and SPM concentration in 
fro n t o f the Belgian coast (e.g. Lacroix et al. 2004). Both param eters are proxies fo r 
describ ing the horizontal d is tribu tion  o f d iffe ren t w a te r masses as was shown in Baeye 
et al. (2011) (C hapter 2), Fettweis et al. (2010), and Chapter 4.
The m arine w aters from  the English Channel th a t en ter the North Sea through the 
Dover S tra it have high sa lin ity  (> 3 4 ) and generally low SPM concentrations. The 
coastal zone includes the region o f freshw ater influence from  the Scheldt rive r (and 
Rhine-Meuse), which is characterized by lower sa lin ity  (28 -32 ) and high SPM 
concentrations. These w a te r masses can be advected under the influence o f w ind and 
tides. Therefore our data showed th a t high SPM concentrations are often m ore closely 
related to advection (Velegrakis et al. 1997, B lewett and Huntley 1998), ra the r than to 
instantaneous bed shear stress (S tanev et al. 2009). On a longer te rm , 2 periods, i.e. 
a high tu rb id ity  (la te  fall until early spring) and a low tu rb id ity  period (la te  spring until 
early fa ll) can be distinguished, corresponding to h igh-energy seasons (m ore storm  
ac tiv ity ) and low -energy periods (less storm  ac tiv ity ). O ther processes (w a te r 
tem pera tu re  and biological ac tiv ity , rive r runo ff and sed im ent load) are corre lated w ith  
seasons, but they are o f m inor im portance. G roup-averaging procedures and entropy
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analysis (s ta tis tica l trea tm e n t) were used tak ing  into account classification param eters 
th a t incorporate va ria b ility  induced by:

• subtidal flow  direction and s treng th ;
• alongshore and cross-shore w ind com ponents (local w ind fie ld );
• North A tlan tic  Oscillation Index (NAOwi) (con trasting  w in te rs ); and
• storm iness (linked to w inds w ith  north com ponent)

All 4 param eters are related to the  w ind clim ate, but correspond to d iffe ren t tim e- 
scales. Regarding the firs t 2 param eters, two cases are considered, based on 
differences in advection (no rtheast- against southw est-w ard alongshore flow  reg im e). 
B rie fly, one can state th a t the northeast-w ard flow  corresponds to sustaining 
southwest w inds, resu lting in an overall decreased SPM concentration background. 
Further, m a jo r southw est w ind events re-suspend bo ttom  sedim ents (com bined wave 
and current in te raction) showing peaks in SPM concentration. Under these 
hydrodynam ic conditions, in -s itu  re-suspension o f m ixed sedim ents (cohesive 
sedim ents and fine sands) can occur, and the CTM is extended m ore towards the 
Dutch coastal zone (en tropy  based analysis o f MODIS-Aqua derived SPM maps in 
Chapter 3). The southw est-w ard flow  reg im e, typ ica lly  under w inds blowing from  the N 
to NE sectors, tends to decrease the spatial ex ten t o f the  CTM, but increases the SPM 
concentration. Here, it was observed th a t the  advective sed im ent f lu x  is the m ajor 
process. The role o f the W esterscheldt rive r on SPM input is considered as m inor, since 
freshw ater ou tflow  is low (Fettw eis et al. 2007a). Several authors have suggested tha t 
the estuary acts as a tem po ra ry  sink o f fine -gra ined (m arine) sedim ents, ra the r than 
being a s ign ificant source o f fine -gra ined (fluv ia l) sedim ents (Terw indt 1977, Van 
Alphen 1990, Verlaan and Spanhoff 2000). A rnd t et al. (2011) studied the 
W esterscheldt estuary freshw ater plum e dynam ics; they concluded th a t during 
prevailing w inds w ith  north com ponent (SW -ward flow  regim e) the  fresher w a te r 
region extends m axim al towards the SW; whereas under sustained SW w inds the 
plum e is much reduced, and retrea ted in the estuary. The synoptic SPM concentration 
maps regarding the tw o regim es are thus not linked to the  observed freshw ater 
Scheldt rive r 'p lum e '. In addition, the  CTM zone exten t under the SW ward flow  regime 
is not connected w ith  the Scheldt rive r m outh. Therefore, the  CTM is not a typica l river 
plum e system , but is ra the r governed by the  local hydrodynam ics along the  coast.
The storm iness affecting the study area is also an im portan t con tribu to r fo r sedim ent 
re-suspension (Fettweis et al. 2010). S torm iness is related to the  NAO index which 
expla ins m ost o f the va ria b ility  in w ind clim ate during Decem ber to March (NAO w in te r 
index = NAOwi Hurrell (1995 )) provid ing the  fo llow ing synthesis:

• Sustained negative phases in the w in te r index are genera lly  associated 
w ith  dry  and calm weather, w ith  observations o f weaker and more 
variab le w inds; and

• Positive phases: w e tte r, s to rm ie r w eather over Europe, w ith  increased 
abundance o f sou thw este rly  winds.

Varia tion in the NAOwi index (- or + )  can be a proxy to expla in the varia tion in the 
spatial d is tribu tion  o f SPM along the coast. In chapter 3, it was found th a t the 
influence o f contrasting NAO conditions during tw o w in te rs  has a s trik ing  effect on the 
spatial extension o f the CTM zone. Further, the storm iness in the North Sea w ill also 
resu lt in the developm ent o f high waves trave lling  from  the North (large fe tch ). These 
waves are energetic, and w ill easily s tir up bottom  sedim ents. These m eteorological 
events are the  m ost extrem e conditions fo r the Belgian-Dutch coastal zone, w ith  a 
m axim al CTM spreading and SPM concentrations (see Chapter 4).
Over the last decades, trend analyses o f w ind d irections show an increase of 
sou thw este rly  w inds (S iegism und and Schrum  2001, Van den Eynde et al. 2011) in the 
southern North Sea. The geographical extension o f the CTM during the last decades 
was thus m ore often spreading towards the  m outh o f the  W esterscheldt estuary/D utch 
waters as before, w ith  a buffe ring o f SPM into the rive r system  (e.g. T erw indt 1977).
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8 . 2 .  HCMS appearances in the coastal tu rb id ity  m axim um

Direct evidence o f h igh-concentrated mud suspensions (HCMS) was found in bottom  
samples. However, th is  study allowed iden tify ing HCMS in the  coastal tu rb id ity  
m axim um , th rough a com bination o f d iffe ren t ins trum en ta tion :

• op tica lly  (Optical Backscatter Sensor (OBS), Burial Recording Mine 
(BRM))

• acoustica lly (Acoustic Doppler V elocim eter (ADV), Acoustic Doppler 
Profilers (ADP))

The w a te r column is typ ica lly  characterized by high near-bed SPM concentrations 
decreasing tow ards the sea surface. Evidence derived from  OBS points to the existence 
o f HCMS. This s tudy showed th a t the  optical-based BRM is also able to  m easure HCMS. 
W ith nowadays acoustic ins trum en ta tion  bo ttom  detection routines have become 
available th a t are able to track  bed evolution. Good bottom  boundaries, such as hard 
bottom s (sand, concrete), generate w e ll-defined peaks, in con trast to HCMS or flu id 
mud provid ing gradual trans itions in th e ir density grad ient. S till, it  is possible tha t a 
layer o f h igher concentration sedim ent is developing and triggers  the peak-finding 
rou tine (pers. com m unication Velasco). In Chapter 2, it was suggested th a t a strong 
vertica l sed im ent-induced density grad ient acts as an acoustic re flec to r associated to 
the presence o f HCMS. The generation o f very high SPM concentrations near the  bed 
im plies th a t s ign ificant am ounts o f fine -gra ined sedim ents have to be re-suspended 
and /o r eroded (see Chapters 3, 4 and 6). Spatial va ria b ility  in the extension o f the 
CTM zone, as well as in the SPM concentra tion , contro ls the extension, fo rm ation  and 
the duration o f HCMS occurrence. HCMS are related to d iffe ren t tim e-sca les:

1. random  events, such as storm s;
2. low -energy conditions (e.g. neap tides; overall w eak (land) w ind conditions 

(typ ica lly  <0.1  N m '2); and
3. slack w a te r phases

Waves m ay flu id ize and erode cohesive mud beds (Maa and Mehta 1987, De W it and 
Kranenburg 1997, Li and Mehta 2000, S ilva-Jacinto and Le Hir 2001). In the Belgian 
nearshore area, it was found th a t during o r a fte r a storm , the  SPM concentration 
increases s ign ificantly  and HCMS are form ed (evidence from  OBS on benthic tripo d ). 
HCMS types 2 and 3 d iffe r from  each o ther in te rm s o f the duration o f the HCMS 
occurrence (days vs. hours); HCMS layers form ed during neap tides tend to last 
several days and are called sem i-perm anent HCMS layers in Chapter 2. In the much 
sm aller tim e  w indow  o f slack w aters, trans ien t or rapid HCMS m ay occur if SPM 
concentration is su ffic ien tly  high. The la tte r is typ ica lly  associated w ith  settling and re­
suspension cycles occurring on a quarte r-d iu rna l tim e  scale. The characteristics o f the 
near-bed curren t ellipse w ill de term ine the tim e o f se ttling  and re-suspension. In the 
nearshore area (CTM zone), the tida l ellipses are e longated, w ith  m ore pronounced 
slack waters. The circu lar ellipses, typ ica lly  occurring offshore, have less pronounced 
slack w a te r phases. The a ltim e try  o f the  ADV was configured to m easure the vertica l 
va ria tions in seabed level, used to detect deposition and re-suspension o f fine-gra ined 
sedim ents, and m ore specifica lly the presence o f HCMS. Often a fa ilure o f the bottom  
boundary detection o f the  ADV was observed, th a t was expla ined by a ttenuation  o f the 
acoustic signal due to too high SPM concentration. Therefore the to ta l a ttenuation  of 
the signal o r the fa ilu re  o f the bottom  detection in the ADV indicates HCMS occurrence. 
In Fig. 8.1 , tim e-series o f ADV 5 MHz attenuated signal o f bed detection is corre lated 
w ith  w ind data, tida l range and current velocities. This pa rticu lar tim e-series com prises 
the d iffe ren t types o f HCMS favouring conditions, and corresponds in 52%  o f the  tim e 
to the occurrence o f HCMS. A t about day 308, a HCMS occurred associated w ith  a 
sou thw este rly  s torm . During neap tide , around days 300-306, a long -te rm  HCMS layer 
(~ flu id  m ud) was perceived under sustained sou therly , weak w inds (eventua lly  
backing to  easterly  w inds and weak northern w inds). During th is  period, the ADV 
currents m easurem ents failed, as also the m easuring volum e was situated in the 
HCMS, which was at least 20 cm th ick  (20 cm corresponds to the  distance o f the
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m easuring vo lum e o f the ADV above the bed). S ho rt-te rm  slack w a te r HCMS 
occurrences are observed th roughou t the firs t 6 days.
Table 8.1 lists up the percentage o f tim e  th a t the  ADV failed in sensing the bottom  fo r 
all benthic tripod  m oorings (a t sites nearby the harbour o f Zeebrugge - BLA and 
MOW1). HCMSs were present about 10%  o f the tim e  at both m ooring stations. 
Further, HCMS layers occurred th roughou t the year. When seasonality o f the  SPM 
concentration tim e-series is considered, HCMS layers occur in about 12 % o f the  tim e 
during the h igh-energy season, and in about 5 % during the low -energy season. The 
la tte r indicates the high ly reduced SPM ava ilab ility  under those conditions, as also the 
lack o f storm  periods.
HCMS fo rm ation  m ay be responsible fo r fast and massive s ilta tion  o f the navigation 
channels, the access channel to  the port o f Zeebrugge (Pas van het Zand), and the 
port o f Zeebrugge itself. Massive s ilta tion is often observed during or a fte r storm  
events. Indeed, soft mud deposits m ay be re-suspended from  the navigation channels 
during s to rm y periods (see Chapter 4, Fettweis et al. 2009, 2010). This release o f f ine ­
grained sedim ents con tribu tes to the  fo rm ation  o f HCMS layers in the ad jacent areas 
and to massive s ilta tion a fte r the storm  in the dredging areas. The m easurem ents 
carried out in the fram ew ork  o f an a lte rna tive  disposal o f dredged m ateria l practice 
revealed another HCMS form ation  (Chapter 7). The disposal o f mud caused a long­
te rm  and sign ificant increase in SPM concentration in the benthic layer. Evidence from  
ADV boundary detection (a t least 32%  o f the  m ooring period) strengthens the  idea of 
HCMS layers form ed during the disposal o f mud.
HCMS processes have an influence on ob ject and m ine burial applications (Chapter 6). 
From the tes t m ine burial experim ent, conducted at a site at the offshore edge o f the 
CTM zone, a cyclic burial signal was found th a t was associated w ith  HCMS form ation  
during slack tide  (1 -2  hours). The study suggested th a t longer-te rm  burial o f the 
ob ject by HCMS m ay occur, depending on the location (o r local hydrodynam ics). 
Hydrodynam ic m odelling has shown th a t m ost o f the CTM zone is considered as a risk 
area fo r periodic m ine burial by HCMS layers (Legrand et al. 2011).

8 . 3 .  Cohesive and non-cohesive sedim ent dynam ics in the CTM zone

8 .3 .1 .  Comhined-use o f acoustic and optical instrum ents

A suite o f optical and acoustic sensors, m ounted on various p la tfo rm s (tripod , bo ttom - 
m ounted), was used to study sedim ent processes in the coastal tu rb id ity  m axim um  
zone. By com bining all available data sets, it was possible to  im prove the 
understanding o f the behaviour o f cohesive and non-cohesive sedim ents and the ir 
dynam ics, and to m on ito r the occurrence o f HCMS layers. I t  is suggested th a t cohesive 
and non-cohesive SPM dynam ics m ay occur s im u ltaneously in the study area under 
s torm  and enhanced flood phase conditions. Consequently, partic le fraction  separation, 
due to d iffe rentia l se ttling , m ay lead to an a lte rna tion  o f sand and mud layers. Indeed, 
seabed cores showed often tha t th in  sand layers overtop Holocene mud layers, but 
also th a t HCMS or flu id  mud layers occur on top  o f sand layers. This has im plications 
tow ards erosion, as shown by e.g. van Ledden et al. (2004) and Le Hir et al. (2007). 
S torm -induced waves, and associated sedim ent m obilization, lead to deposition of 
sand-dom inated layers (s to rm  deposits). As a resu lt, the  sand layer m ay act as a 
reservo ir fo r fine -gra ined m ateria l (Chapter 2). On the o ther hand, HCMS m ay also 
pro tect the sand from  being eroded in the CTM zone, due to inverse arm ouring . The 
partic le size d is tribu tion  (PSD) o f the SPM is discussed in Chapters 2, 4 and 5. 
D ifferent classification techniques (en tropy, group-averag ing) revealed a d is tinct 
(m u lti-m oda l) behaviour in PSD during tide -dom ina ted and m a jo r w ind (o r s torm ) 
conditions. Particle size class spectra are dom inated by m icro-flocs w ith  a rising ta il in 
the lower size classes during m axim um  flood currents, suggesting partia l d isruption of 
m icro-flocs in to p rim ary  partic les. Surpris ing ly, in the  case o f sustained w inds (or 
s torm -induced w inds) blow ing from  the southwest (typ ica lly  associated w ith  increased 
wave action, and m ost abundant w ind sector fo r the s tudy area), it was found th a t the 
Laser In -S itu  S catter- and Transm issom eter (LISST-100), or in -s itu  partic le sizer, 
revealed the absence o f p rim ary  particles. Particle size d is tribu tions were log-norm al 
and shifted tow ards the s ilt to fine sand range. The OBS-3 system atica lly  showed 
reduced SPM concentrations under these conditions, whereas increased SPM
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Table 8.1 (le ft) M0W1 m oorings w ith  percentage o f  tim e  w ith  expected HCMS 
occurrence, and (right) BLA m oorings

deployment % of Time Failed 
start end Bottom Detection

07/02/05 08/02/05 6%
04/04/05 15/04/05 23%
22/06/05 12/07/05 14%
22/11/05 05/12/05 28%
13/02/06 27/02/06 7%
15/05/06 15/06/06 29%
10/07/07 19/07/07 2%
17/11/08 12/12/08 29%
09/02/09 19/03/09 24%
26/03/09 29/04/09 4%
06/11/09 08/12/09 9%
11/12/09 25/01/10 22%
25/01/10 25/03/10 16% deployment % of Time Failed

25/03/10 20/05/10 9% start end Bottom Detection

20/05/10 23/07/10 6% 08/11/07 15/12/07 20%
18/10/10 17/11/10 52% 28/01/08 24/02/08 8%
17/11/10 15/12/10 27% 06/03/08 08/04/08 20%
15/12/10 11/01/11 27% 15/04/08 05/06/08 7%
31/01/11 21/03/11 23% 04/05/09 15/06/09 32%

concentrations were derived from  the  ADP. These results are com pared to independent 
observations from  the LISST-100, revealing a sh ift in the partic le size spectrum  
tow ards the  sand fraction . Optical and acoustic sensors are indeed sensitive to 
changes in the partic le size d is tribu tion  (Thorne et al. 1991, Lynch 1997, Ham ilton et 
al. 1998, Creed et al. 2001, Fugate and Friedrichs 2002, Voulgaris and Meyers 2004, 
Downing 2006). Generally, acoustic back-scatterance is m ore sensitive fo r la rger solid 
partic les than the OBS. The sens itiv ity  o f the  instrum ents (OBS-3, ADCP) fo r d iffe rent 
partic le sizes was investigated. First results are presented in Chapter 4 where, the 
corrected backscatter, derived from  the bo ttom -m oun ted ADCP, was corre lated w ith  
the LISST. I t  was found th a t partic le sizes, ranging between 40 and 100 pm , are m ost 
accurate ly measured by the  ADCP. This is in agreem ent w ith  the theory  indicating tha t 
acoustic signals are m ost sensitive fo r ka ~ 1, k  being the  frequency o f the acoustic 
signal and a the partic le d iam ete r (e.g. Lynch et al. 1997). A s im ila r analysis was 
perform ed by com paring the OBS-3 ou tpu t vo ltage to the d iffe ren t partic le sizes 
measured by the LISST-100 (Fig. 8 .2 ). A m axim um  (R2 > 0 .90 ) is obtained fo r the 
partic le sizes 25 to 80 pm , but decreases s ign ificantly  fo r sizes la rger than 80 pm. 
Subsequently, th ree  individual size classes o f the LISST are p lo tted against OBS-3 
vo ltage and rem arkab ly, the h igher size classes correspond readily to 2-phase 
response curves (i.e. two d iffe ren t volum e concentration population curve) (Fig. 8 .3 ). 
This also expla ins the decrease in corre lation degree, and pleads fo r cohesive sedim ent 
dynam ics. Flocculation w ill lead to increasing volum e concentration o f the floes. On the 
o ther hand, the  lower curve (less steep slope) agrees w ith  the presence o f fine-gra ined 
m ateria l (fine sands) th a t is in suspension at 2 mab. Acoustics be tte r estim ate mass 
concentration since it is insensitive to density and size o f floes (Gibbs and W olanski 
1992, Bunt et al. 1999, Fugate and Friedrichs 2002, Hatcher et al. 2011). The acoustic 
backscatter-concentra tion is based on the  mass concentration o f the sm aller 
constituen t p rim ary  particles.
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Figure 8 .2  C orrelation between OBS o u tp u t voltage and LISST volum e concentra tion  
fo r  each pa rtic le  size class ( to ta l o f  32 classes, ranging between 2 .5  and 500 pm )

8 .3 .2 .  Conceptual nearshore sedim ent transport

An extract from  a spring-neap cycle tim e-series has been selected to show the 
d iffe ren t s itua tions th a t are representative fo r the processes occurring in the CTM zone 
(Fig. 8 .4 ). Most o f the find ings described above and in previous chapters are brie fly 
schematized regarding SPM behaviour (concentra tion and nature) and HCMS 
occurrences:

Event I  (day 28-30) & V (day 37 -42 ): coastal w aters; low energetic conditions (wind 
speeds < 10 m s '1); spring tida l excursion (see large sa lin ity  and transm ission 
oscilla tions); cycles o f ebb floe fo rm ation  and flood floe breakup; wide m ulti-m oda l 
partic le size spectrum  (or m ultip le  partic le size popu lations); slack w a te r HCMS; long 
ebb phase allow ing cohesive partic les to floe toge ther up to sizes o f 500 pm.

Event I I  (day 30 -31 ): m ore oceanic w a te r input (increase in sa lin ity ); strong sou th ­
w este rly  w inds; fine sands and decrease in (to ta l) volum e concentration (sand has 
higher dens ity ); decrease in the OBS-3 response; increase in acoustic backscatter; 
increased un i-m odal partic le size d is tribu tion  (note tha t the partic le size d is tribu tion  is 
m easured 2 m ab); vertica l segregation in the sand frac tion ; the h igher in the w ate r 
column the sm aller the sand partic les; absence o f cohesive sedim ents; floes are 
broken, and transported away from  the m easuring locations by w ind-induced flows 
(SW w inds).

Event I I I  (day 32 -33 ): storm  event (w inds w ith north com ponent); increased SPM 
concentra tion ; fine sands in suspension (since cohesive sedim ents were broken up and 
largely transported tow ards the northeast during event I I ) ;  the cohesive sedim ent 
layer becomes exposed and flu idized as HCMS.

Event IV  (day 33 -36 ): medium  energetic conditions (w ind speeds ^ lO rn s '1); neap 
tida l signal in the cohesive SPM dynam ics is less pronounced; post-storm  HCMS 
form ation  during neap tide (day 34).

8 . 4 .  SPM concentration and HCMSs as indicators to detect environm ental 
changes

E nvironm ental changes are often inferred from  changes in benthic com m unities (Dauer 
et al. 2000, Dauvin et al. 2007). SPM may be a d rive r of such change since it carries a 
m a jo r part o f the food resources, though high concentrations m ay in te rfe re  w ith 
species filte ring  and resp ira to ry system s (Rodriguez-Palma 2011). However, SPM 
concentration is known fo r its high spatial and tem pora l variab ility . Hence, it rem ains 
u tm ost challenging to d istinguish na tu ra lly - from  anthropogenically-induced 
disturbances. From long-term  change analysis of the spatial d istribution and relative 
abundance of macrobenthic species w ith in the Belgian part o f the North Sea, SPM was
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indeed hypothesized as being a main d rive r o f environm enta l change (Van Lancker et 
al. 2011). Comparing the periods 1899-1908 and 1994-2008, it was shown tha t bivalves, 
to le rant to higher mud contents, expanded, whilst bivalves typica lly thriv ing in clean 
sands, reduced significantly in the ir d istribution and relative abundance. These findings 
agreed well w ith the suggestion of a human-induced increase of tu rb id ity , which has likely 
resulted in transient deposition of higher amounts of surficial mud (Fettweis et al. 2009, 
Houziaux et al. 2011). Macrobenthos analyses pointed also to  a higher am ount o f species 
contributing more evenly to  bivalve species richness, as compared to  the historical 
situation. A probable effect o f eutrophication o f the area, during the second half o f the 
20th century was hypothesized, as also the influence of NAO cyclicity. The la tte r was 
investigated in relation to  the W esterscheldt river discharge, but no significant correlation 
could be found (Van Lancker et al. 2011).
The human-induced increase in tu rb id ity  was attributed mainly to  increasing port and 
dredging works a ltering the fine -gra ined sedim ent dynam ics (Fettw eis et a l., 2009). 
However, data, presented in chapter 3, suggest also th a t the CTM zone has become 
more sign ificant (i.e. increased spatial extension and SPM concen tra tion ), due to  an 
increasing frequency o f occurrence o f SW winds (Van den Eynde et al. 2011). As such, 
hum an-induced changes in SPM concentration are fu rth e r influenced by changes in 
natural conditions.
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Figure 8 .4  T im e-series: w ind d irection (° , m eteoro log ica l convention) ,  w ind speed (m  
s '1) ,  wave he ig h t (m ), sa lin ity  (PSU), LISST-100 tu rb id ity  (in % ), LISST-100 pa rtic le  
size d is tribu tion  (PSD) (in  pL L '1) ,  low-pass filte re d  LISST-100 PSD (in pL L ) ,  ADV- 
derived HCMS occurrences (spikes)
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For assessing natural from  hum an-induced va riab ility  in SPM concentration (e.g. 
dredging-disposal ac tiv ities fo r harbour accessib ility o r m arine aggregate extraction) 
su ffic ien tly  long (m on th ly  basis) tim e-series o f SPM concentration in the  CTM zone are 
needed th a t cover the high ly spatial and tem pora l va riab ility  o f the  natural SPM 
concentration. A technique was in troduced (Chapter 7) th a t analysed SPM 
concentra tion , at a specific s ta tion , as a sta tistica l population. Therefore, the 
observational tim e-series (o r subsam ples) could be considered as subsamples o f the 
to ta l population. Fettweis and Nechad (2011) showed th a t SPM concentrations are log- 
norm ally  d is tribu ted , and by considering such sub-populations as a log-norm al 
d is tribu tion  function , conclusions could be drawn concerning the representativeness of 
the sub-population. Using long-te rm  tripod  data, we were able to quan tify  the effect of 
disposal activ ities during a dedicated experim ent (Chapter 7) w ith in  the CTM zone.
From the previous section, it was observed th a t sa lin ity  (low -pass filte red  signal in 
figu re  8.4) and tu rb id ity  (low-pass filte red  transm ission LISST-100) corre lated 
s ign ificantly  (R2= 0 .90 ). I t  is the re fore  suggested th a t long-te rm  sa lin ity  observations 
m ay act as a reference o f the natural va riab ility . F luman-induced episodic influences in 
the SPM concentration tim e-se ries  are expected to diverge from  the sa lin ity  tim e- 
series trend  line. To evaluate th is  oceanographic param eter as potentia l proxy fo r 
natural changes, hence linked to w a te r mass d is tribu tion  only, fu rth e r research is 
needed.
In addition to  the SPM concentration in the w a te r colum n, near-bed processes 
associated w ith  HCMS layers, w hethe r o r not related to disposal o f dredged m ateria l, 
m ay also affect the  hab ita t and benthos population. Physical properties o f the seabed 
(such as grain size, porosity  ...) characterize the substra te which is known to be a 
d rive r o f pa tte rns in d ive rs ity , function and in te g rity  o f benthic com m unities (Cardoso 
et al. 2010).
Therefore, it is expected th a t (m assive) s ilta tion (w ith  HCMS layers) o f the seabed may 
resu lt in the presence o f m ore opportun is tic  species in an area.
In sum m ary, it is recom m ended to fu rth e r eva luate SPM concentration and HCMS 
layers as drivers o f hab ita t and benthos changes. I f  th e ir im portance is confirm ed, 
these aspects should be considered also when op tim iz ing disposal operations o f f ine ­
grained m ateria l from  m aintenance dredging and deepening works. I f  re lationships can 
be established w ith  changes in ecosystem  structu re  and function ing , they have a high 
potentia l to become indicators o f good environm enta l sta tus fo r seafloor in teg rity  
w ith in  Europe's Marine S tra tegy Fram ework D irective (Van Lancker et al. 2011 b, Rice 
et al. 2012).
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Chapter 9

Conclusions and fu ture research perspectives
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9.1. Conclusions

Data from  quasi-continuous m ulti-senso r benthic m easurem ents increased the 
knowledge o f the natural va ria b ility  o f SPM processes fo r three stations in the Belgian 
coastal zone. Together w ith  find ings obtained from  analysis o f surface SPM 
concentration maps, spatial dynam ics o f the coastal tu rb id ity  m axim um  (CTM) zone 
were then captured. Analysis o f the  d iffe ren t data sets (benth ic fram e and tripod, 
sate llite  and vessel), in com bination w ith  hydro-m eteoro log ica l in fo rm ation , resulted in 
reaching the  fo llow ing conclusions:

The alongshore flow  direction was considered to categorize flow  regim es induced by 
w inds. An overall good corre la tion was found between alongshore w inds and flows. I t  
was observed th a t susta ining w inds w ith  a north com ponent (N-NE w inds) induce a 
subtidal flow  tow ards the southwest (tow ards France). This w ind sector accounts fo r 
15% o f the tim e , and its m agnitude is on average 7.1 m s '1 (±  3.3 m s '1). The 
opposite subtidal flow  regim e (tow ards the  Netherlands) is m ain ly  triggered by w inds 
from  the w est-southw est (2 3 % ), and are generally s tronger (9 .5  ±  4.3 m s '1). A 
northeast-d irected flow  reg im e is characterized by increased sa lin ity  and reduced SPM 
concentration. This is because o f the advection o f A tlan tic  w aters (th rough the English 
Channel and S tra it o f Dover) co-m ingling w ith  the  coastal waters in the study area. 
However, these w inds can persist and are strong enough to generate waves (average 
sign ificant wave he ight o f 0.85 m ), resu lting in increased combined (wave and current) 
shear stresses acting on the soft cohesive deposits. In addition, synoptic SPM 
concentration maps under these m eteorological conditions show an extension o f the 
coastal tu rb id ity  m axim um  zone tow ards the Dutch waters. Also, the freshw ater 
'p lu m e ' o f the River Scheldt is influenced by these m eteorological conditions. However, 
in th is  regim e the extension o f the  plum e is lim ited (a lthough freshw ater discharge is 
h igh ); hence there  is no link between the CTM zone and the freshw ater plum e. The 
Scheldt rive r system  is known not to generate a classical rive r (tu rb id ity ) plum e, as 
found elsewhere in the southern North Sea (e.g. Hum ber, Thames, Elbe etc.). Further, 
transport o f m arine fine m a tte r into the  River Scheldt is expected.
During m a jo r w est-southw est w ind events (o r s to rm s), it was observed and concluded 
th a t cohesive sedim ent and the prim ary  partic les and flocculi (la rger floes are 
destroyed) are transported  away tow ards the northeast, and tha t fine sands dom inate 
the partic le size d is tribu tion . This has im plica tions tow ards the used ins trum en ta tion : 
the OBS-3 (optical backscatter sensor) system atica lly  showed reduced SPM 
concentrations under these conditions; whereas, the acoustic response (from  the 
acoustic Doppler ve loc im eter) becomes dom inant since the instrum ent-specific  
properties (e.g. frequency o f ou tpu t s ignal) are m ore sensitive to a un i-m odal partic le 
size d is tribu tion  in the coarse silt -  fine sand range and to solid partic les ra the r than 
floes.

Regarding the sou thw est-d irected flow  regim e, the coastal w a ters are less affected by 
A tlan tic  w aters resulting in lower salin ities. Freshwater from  the Scheldt (and Rhine- 
Meuse) is m ore pushed towards the  south. Again, the CTM zone is not linked w ith  the 
freshw ater plum e, since the  CTM zone is not connected w ith  the rive r m outh. The CTM 
zone itse lf covers now a much sm aller area close to the shore. In the CTM zone, it was 
found th a t SPM background concentrations are genera lly higher. I t  was suggested tha t 
a release o f fine sedim ents from  the  Scheldt River m outh con tribu tes to the  tu rb id ity . 
M ulti-m odal partic le size d is tribu tions are observed and are related to the cohesive 
sedim ent dynam ics, w ith  flocculation and disaggregation processes being more 
im portan t. Because o f these dynam ics, the OBS-3 w ill perform  well, since no sands in 
suspension in terfe re. Nevertheless, floccu la tion w ill a ffect the optical response in a 
negative way, and obtained SPM concentrations w ill be less accurate.
I t  is concluded th a t the study area is subdued to d iffe ren t hydrodynam ic contro ls 
(d iffe re n t flow  reg im es), which on th e ir tu rn  w ill a ffect SPM nature and concentration. 
The SPM concentration is m ain ly  associated w ith  the advection o f w a te r masses, and 
hence sa lin ity  and SPM concentration m ay be considered as co-variables.

Storm iness is m ostly  present during the h igh-energy season (w in te r), and is expressed 
by the m anifestation o f g ra v ity  waves affecting the shallow study area. H ighest waves
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occur w ith  w inds from  the north (+ 2  m waves). A forem entioned, the northeast-w ard 
flow  regim e also includes m a jo r southwest storm  events, and the associated waves 
have a wave period o f about 4 s. I t  is observed th a t the no rtherly  w inds m ay generate 
som ewhat longer-period waves, because o f the  la rger fetch (open North Sea). They 
im pact on the  seabed s ign ificantly , because o f the la rger wave orb ita l velocities. As a 
result, m ore fine m a tte r is resuspended and the  CTM zone extends spatia lly  and 
w itness the highest surface SPM concentrations. I t  is fu rth e r suggested th a t the 
consolidated cohesive (Holocene) m uddy sedim ents o f the large mud plate in the 
coastal zone, and the soft mud deposits in the navigational channels, are eroded under 
these m eteorological conditions.

More sign ificant alongshore displacem ent in CTM position tow ards the Dutch coastal 
waters is observed in w in te r m onths w ith  s tronger-than-average sou thw este rly  w inds. 
W in ter periods also exist in which sou thw este rly  w inds are less abundant, resulting in 
d iffe ren t spatial pa tte rns o f the CTM. The la tte r is based on the clim atological index, 
North A tlan tic  Oscillation (w in te r), even substantia lly  in fluencing CTM position fo r 
longer periods (4 m onths).
Towards near-bed processes, the study revealed the occurrence and im portance of 
h igh-concentration mud suspensions (HCMS) layers. These suspensions have 
concentrations up to a few g I '1. I t  is concluded th a t they m ay correspond to d iffe rent 
tim e-sca les:

in tra -tida l (slack tide ) 
associated to storm  events 
neap tides

The firs t HCMS type is com m on in the  CTM zone and is observed on a regular basis 
(q u a rte r-d iu rn a l), especially when current ellipses are e longated; thus w ith  long 
phases o f slack tide  (i.e . reduced tu rbu le n t energy). The g rav ita tiona l se ttling  o f SPM, 
out o f the w a te r colum n, on the sea bed is fu rth e r enhanced by floccu la tion. The larger 
the floes, the fas te r they w ill settle . The second type has been observed to occur when 
wave-induced shear stresses flu id ize the cohesive and m uddy bed, resu lting in HCMS 
layers. Also, post-sto rm  phases w ith  HCMS layers were observed and were explained 
by the massive am ount o f SPM available in the  w a te r colum n. The sedim ents from  the 
navigation channels con tribu te  to th is  type o f HCMS fo rm ation . The last type is 
associated w ith  reduced tu rbu le n t energy conditions under neap tide  in which SPM 
settles down and covers the  seabed w ith  HCMS (and eventua lly  flu id  m ud), un til the 
subsequent spring tide  w ill resuspend it again. W orldw ide, HCMS are associated w ith  
rapid and massive s ilta tion in harbour basins and navigation channels. As a 
consequence, in tensive dredging-disposal cycles are necessary to ensure the 
accessib ility to the harbours. An experim ent o f a lte rna tive  ways o f disposal o f dredged 
m ateria l included the disposal o f mud over the breakw ater o f Zeebrugge harbour. I t  
has been s ta tis tica lly  proven th a t also the  disposal activ ities induced the fo rm ation  of 
HCMS layers, and possibly flu id  mud, at some distance away from  the disposal site. 
The sta tistica l m ethod allowed accounting fo r the  com plex natural dynam ics and 
showed the need to evaluate human im pact quan tita tive ly . U ltim ate ly , SPM 
concentration can be used as an ind ica tor o f environm enta l changes. Therefore the 
natural va riab ility  m ust be known fu lly , pleading fo r long data series covering 
consecutive hydro-m eteoro log ica l conditions. U ltim ate ly , a s tudy on m ine burial in the 
CTM zone revealed the im portance o f occurrences o f HCMS (flu id  m ud) towards the 
detection o f sea m ines or o the r objects. Optics-based bu ria l-reg is tra tion  m ines can be 
used to detect HCMS layers; th is , in com bination w ith  acoustics from  benthic 
observatories, opens up new avenues in the  research on the behaviour o f HCMS. All 
types o f am m unition  w ill po ten tia lly  (period ica lly) be buried and exposed cyclically 
when suspended sedim ent is abundantly  present, regardless o f shape, density  and 
orien ta tion . The danger o f m issing am m unition  during track ing surveys is greatest in 
areas and under circum stances where and when HCMS are re la tive ly  persistent. The 
la tte r should be m onitored and analysed in detail as part o f fo llow -up  studies. For 
Belgium , the highest risk fo r mine burial is w ith in  the CTM zone during neap tides. 
Burial is then po ten tia lly  the m ost prolonged.
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9.2. Future research perspectives

SPM dynam ics in the  coastal area including the  influence o f the W esterschelde estuary:

• Consequences o f the (lo ng -te rm ) varia tions in the spatial extension o f the 
CTM (coastal tu rb id ity  m axim um ) zone should be fu rth e r com pleted by 
targe ted analyses, e.g. how is the SPM budget o f the W esterscheldt estuary 
vary ing  w ith  m eteo ro logy/c lim ate  and freshw ater discharge; has the SPM 
budget o f the estuary changed?

• S horter tem pora l (several tides) va ria tions in the alongshore position and 
exten t o f the CTM, and advection o f suspension clouds should be investigated 
w ith  grad ient-w ise (alongshore and /o r cross-shore) deploym ent o f several 
identical tripod  system s. Also, in re lation w ith  the function ing o f the 
W esterscheldt (tem pora l storage o f SPM, and followed by SPM release) th is  
m easuring s tra tegy could be considered.

• Organic m a tte r and biological partic les (p lankton) have a strong influence on 
floccu la tion and thus SPM transport. Future research should focus on the 
in teraction o f biological and m ineralogical induced floccu la tion and on the 
effects o f va ria tions in organic m a tte r concentration due to e.g. algae bloom 
on the SPM dynam ics. Is deposition o f SPM enhanced during these periods of 
high organic m a tte r concentration and w hat is th e ir in fluence on the carbon 
cycle? W hat and how have algae blooms, which are caused by eutroph ication 
o f coastal waters from  human activ ities, changed the SPM dynam ics and thus 
the ecosystem?

• Up to know, the  HCMS and flu id  mud dynam ics were investigated in a few 
locations, however density  o f these layers could not be assessed w ith  the 
ins trum en ta tion  used. The m apping o f the  geographical extension and o f the 
occurrence o f HCMS or flu id  mud layers along the Belgian coast (CTM) w ill 
provide in fo rm ation on the  SPM dynam ics in the area. This is especially of 
im portance to understand the s ilta tion  o f navigation channels and harbours as 
a function o f environm enta l and m eteorological conditions; and w ill allow 
im proving measures to reduce dredging volum es. The m apping could be 
carried ou t using free-fa ll penetra ting density probe. During tida l cycles, the 
pene trom eter m easurem ents could also reveal how flu id  mud (o r HCMS) bu ilt 
up and erodes in re lation to the local hydrodynam ics. The m easurem ents may 
fu rth e r reveal the  density  o f the  d iffe ren t mud suspensions/layers allow ing to 
estim ate the  concentration o f the suspensions and thus to calculate which 
part o f the to ta l SPM transp o rt occurs in the benthic layer.

• Further studies on ob jec t/m ine  burial by HCMS/fluid mud should include 
sim ultaneous benthic tripod  m easurem ents toge the r w ith  research (BRM) 
m ines. Then, m u ltiva ria te  sta tistica l approaches m ust be considered and 
fo llow ing param eters m ust then be in tegra ted: tida l range, w ind speed and 
direction, subtidal flow  streng th  and d irection, wave boundary layer, sa lin ity , 
and floccu la tion in order to  iden tify  and predict burial as a function o f various 
param eters.

• Towards anthropogenic activ ities such as disposal o f dredged mud (and 
associated suspended sed im ent p lum es), fie ld cam paigns should be organized 
w ith  hu ll-m ounted ADCP transects m easurem ents nearby or across the 
disposal s ite (s). This data m ust eva luate and support the existing m odelling 
results on the d ispersal/d ispersion o f the  disposed sedim ents (sed im ent 
plum e).

Im prov ing  m easurem ent techniques and accuracy:

• Standardized m ethods fo r the processing o f acoustic and optical backscatter 
signals should be developed. The la tte r is requested to fo rm u la te  sound 
conclusions on long -te rm  changes in SPM concentration and com position at a 
single location, collected by the em erging coastal or sea observatories.

• Towards accuracy o f OBS sensors, it is fu rth e r suggested to deploy OBS 
sensors th a t are calibrated in d iffe ren t ranges, since sign ificant changes in 
suspended concentrations occur in the  CTM zone. This w ill a llow  be tte r
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estim ating sedim ent fluxes during fu tu re  deploym ents. Or calibrate d irectly  
from  OBS signal (vo ltages) to SPM concentration in order to achieve an 
im proved standard e rro r in SPM concentration conversions.

• Varying partic le size spectra and th e ir  influence on m easurem ents o f tu rb id ity  
(OBS, AD(C)P) are often related to floccu lation processes but are also linked 
to the m ineralog ical characteristics. I t  is suggested th a t a com bination of 
d iffe ren t sensors (optics, acoustics, partic le sizer) is necessary in order to 
understand the  nature o f suspensions. Dependent on system  frequency, 
range in partic le size fo r op tim al detection by the sensor m ust be fu rth e r 
studied (e.g. tw o-phase diagram s obtained from  corre lation s tudy w ith  
partic le size data and acoustic backscatter).

• Measurem ents in labora tory and in -s itu  are required in order to define 
acoustica lly the top o f sed im ent suspension layers (i.e. lu toclines related to 
flu id  mud or HCMS layers) as a function o f the acoustic frequency o f the 
ins trum en t and the com position o f the SPM/HCMS. The in -s itu  m easurem ents 
can be carried out using e.g. free-fa ll pene tra ting density  sensors.

• A com bination o f d iffe ren t m easuring techniques, such as hu ll-m ounted ADCP
toge the r w ith  fe rry -bo x  data (e.g. the AUMS system  on board o f the R/V 
Belgica) collected while the vessel is navigating , w ill resu lt in extended data 
sets tha t have been proven to be useful in o ther areas.
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