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1. Inleiding

2.1. Voorwerp van deze opdracht

Het MOMO-project (monitoring en modellering van het cohesieve sedimenttransport en
de evaluatie van de effecten op het mariene ecosysteem ten gevolge van bagger- en stor-
topera-tie) maakt deel uit van de algemene en permanente verplichtingen van monitoring
en evaluatie van de effecten van alle menselijke activiteiten op het mariene ecosysteem
waaraan Belgié gebonden is in overeenstemming met het verdrag betreffende de be-
scherming van het mariene milieu van de noordoostelijke Atlantische Oceaan (1992,
OSPAR-Verdrag). De OSPAR Commissie heeft de objectieven van haar Joint Assessment
and Monitoring Programme (JAMP) gedefinieerd tot 2021 met de publicatie van een holis-
tisch “quality status report” van de Noordzee en waarvoor de federale overheid en de ge-
westen technische en wetenschappelijke bijdragen moeten afleveren ten laste van hun ei-
gen middelen.

De menselijke activiteit die hier in het bijzonder wordt beoogd, is het storten in zee
van baggerspecie waarvoor OSPAR een uitzondering heeft gemaakt op de algemene regel
“alle stortingen in zee zijn verboden” (zie OSPAR-Verdrag, Bijlage Il over de voorkoming en
uitschakeling van verontreiniging door storting of verbranding). Het algemene doel van de
opdracht is het bestuderen van de cohesieve sedimenten op het Belgisch Continentaal
Plat (BCP) en dit met behulp van zowel numerieke modellen als het uitvoeren van metin-
gen. De combinatie van monitoring en modellering zal gegevens kunnen aanleveren over
de transportprocessen van deze fijne fractie en is daarom fundamenteel bij het beant-
woorden van vragen over de samenstelling, de oorsprong en het verblijf ervan op het BCP,
de veranderingen in de karakteristieken van dit sediment ten gevolge van de bagger- en
stortoperaties, de effecten van de natuurlijke variabiliteit, de impact op het mariene eco-
systeem in het bijzonder door de wijziging van habitatten, de schatting van de netto input
van gevaarlijke stoffen op het mariene milieu en de mogelijkheden om deze laatste twee
te beperken.

Een samenvatting van de resultaten uit de voorbije vergunningsperiode kan gevonden
worden in het Syntheserapporten over de effecten op het mariene milieu van baggerspe-
ciestortingen (Lauwaert et al. 2016) dat gepubliceerd werd conform art. 10 van het K.B.
van 12 maart 2000 ter definiéring van de procedure voor machtiging van het storten in de
Noordzee van bepaalde stoffen en materialen.

2.2. Algemene doelstellingen

Het onderzoek heeft als doel om de effecten van baggerspeciestortingen op het mariene
ecosysteem (fysische aspecten) te onderzoeken en kadert in de algemene doelstellingen
om de baggerwerken op het BCP en in de kusthavens te verminderen en om een gedetail-
leerd inzicht te verwerven van de fysische processen die plaatsvinden in het mariene ka-
der waarbinnen deze baggerwerken worden uitgevoerd. Dit impliceert enerzijds beleids-
ondersteunend onderzoek naar de vermindering van de sedimentatie op de baggerplaat-
sen en het evalueren van alternatieve stortmethoden. Anderzijds is vernieuwend onder-
zoek vereist om een beter inzicht te bereiken over de fysische processen van slibtransport
en het inschatten van de effecten van het storten van baggerspecie. Dit is specifiek gericht
op het dynamische gedrag van slib in de waterkolom en op de bodem en zal uitgevoerd
worden met behulp van modellen, in situ metingen en remote sensing data.

1) In situ en remote sensing metingen en data analyse

De monitoring van effecten van baggerspeciestortingen gebeurd met behulp van een vast
meetstation in de nabijheid van MOW1, en met meetcampagnes met de RV Belgica (een 4



tal meetcampagnes voor het verzamelen van traject informatie, profielen en de calibratie
van sensoren; en een 10 tal campagnes voor het onderhoud van het meetstation te
MOW?1). De geplande monitoring is gericht op het begrijpen van processen, zodoende dat
de waargenomen variabiliteit en de effecten van baggerspeciestortingen in een correct
kader geplaatst kunnen worden. Een belangrijk deel is daarom gericht op zowel het uit-
voeren van de in situ metingen, het garanderen van kwalitatief hoogwaardige data en het
archiveren, rapporteren en interpreteren ervan. Remote sensing data afkomstig van onder
andere satellieten worden gebruikt om een ruimtelijk beeld te bekomen.

2) Uitbouw en optimalisatie van het modelinstrumentarium

Het tijdens de voorbije jaren verbeterde en aangepaste slibtransportmodel zal verder
worden ontwikkeld. Dit zal parallel gebeuren met de nieuwe inzichten die voorvloeien uit
de metingen en de proces gerichte interpretatie van de metingen.

3) Ondersteunend wetenschappelijke onderzoek

Monitoring gebaseerd op wetenschappelijke kennis is essentieel om de effecten van men-
selijke activiteiten (hier het storten van baggerspecie) te kunnen schatten en beheren. Om
te kunnen voldoen aan de door OSPAR opgelegde verplichtingen van monitoring en evalu-
atie van de effecten van menselijke activiteiten is het ontwikkelen van nieuwe monito-
rings- en modelleeractiviteiten nodig. Dit houdt in dat onderzoek dat de actuele stand van
de wetenschappelijke kennis weerspiegelt wordt uitgevoerd en dat de hieruit voortvloei-
ende nieuwe ontwikkelingen geintegreerd zullen worden in zowel de verbetering van het
modelinstrumentarium als voor het beter begrijpen van het fysisch milieu.

2.3. Onderzoek Januari 2017 — December 2018

In het bijzonder is bij het opstellen van de hieronder vermelde taken rekening gehouden
met de aanbevelingen voor de minister ter ondersteuning van de ontwikkeling van een
versterkt milieubeleid zoals geformuleerd in het “Syntheserapport over de effecten op het
mariene milieu van baggerspeciestortingen (2011)” dat uitgevoerd werd conform art. 10
van het K.B. van 12 maart 2000 ter definiéring van de procedure voor machtiging van het
storten in de Noordzee van bepaalde stoffen en materialen. De specifieke acties in de pe-
riode 2017-2018 zullen uitgevoerd worden om de algemene doelstellingen in te vullen zijn
de volgende:

Streven naar een efficiénter stortbeleid door:

e Optimalisatie van de stortlocaties. Bijkomende simulaties worden uitgevoerd voor het
opzetten van een MER voor een alternatieve stortplaats (zie taak 2.2). Verder zullen
de effecten van een efficiénter verplaatsen van het gebaggerde materiaal te
Nieuwpoort en Blankenberge naar de stortzones (lozen i.p.v. storten) geévalueerd
worden (zie Taak 3.4);

e Onderzoek naar de mogelijkheden voor het opzetten van een operationeel stortmodel
in overleg met aMT (Taak 2.3). Dit model zal geintegreerd worden in de binnen BMM-
OD Natuur beschikbare operationele modellen. Het model zal gebruikt worden om in
functie van de voorspelde fysische (wind, stroming, golven, sedimenttransport,
recirculatie), economische (afstand, grootte baggerschip) en ecologische aspecten op
korte termijn een keuze te kunnen maken tussen de beschikbare stortlocaties.
Hiervoor zal binnen de huidige periode het slibtransportmodel gevalideerd worden op
de geografische variabiliteit van de turbiditeitszones en de flocculatie van het slib.

Continue monitoring van het fysisch-sedimentologische milieu waarbinnen de bagger-
werken worden uitgevoerd (Taak 1) en aanpassing van de monitoring aan de nog op te
stellen targets voor het bereiken van de goede milieutoestand (GES), zoals gedefinieerd



binnen MSFD;

Uitbouw en optimalisatie van het numerieke modelinstrumentarium, ter ondersteuning
en verfijning van het onderzoek (Taak 2.1).

Taak 1: In situ en remote sensing metingen en data analyse

Taak 1.1 Langdurige metingen

Sinds eind 2009 worden er continue metingen uitgevoerd te MOW1 met behulp van een
meetframe (tripode). Met dit frame worden stromingen, slibconcentratie, korrelgrootte-
verdeling van het suspensiemateriaal, saliniteit, temperatuur, waterdiepte en zeebodem
altimetrie gemeten. Om een continue tijdreeks te hebben, wordt gebruik gemaakt van 2
tripodes. Na ongeveer 1 maand wordt de verankerde tripode voor onderhoud aan wal ge-
bracht en wordt de tweede op de meetlocatie verankerd. Op de meetdata wordt een kwa-
liteitsanalyse uitgevoerd, zodat de goede data onderscheiden kunnen worden van slechte
of niet betrouwbare data.

In 2013-2016 werden enkele langdurige metingen uitgevoerd met behulp van een
OBS-5 sensor vastgemaakt aan de AW boei; deze metingen zullen verdergezet worden. De
data geven informatie over de SPM concentratie aan het oppervlak en zijn aldus comple-
mentair aan de bodemnabije metingen met de tripode. De data zijn ook van belang voor
het calibreren en valideren van de oppervlakte SPM concentraties uit satellietbeelden.

Taak 1.2 Calibratie van sensoren tijdens in situ metingen

Tijdens 4 meetcampagnes per jaar met de R/V Belgica zullen een voldoende aantal 13-
uursmetingen uitgevoerd worden met als hoofddoel het calibreren van optische of akoes-
tische sensoren en het verzamelen van verticale profielen. De metingen zullen plaatsvin-
den in het kustgebied van het BCP. De optische metingen (transmissometer, Optical
Backscatter Sensor) zullen gecalibreerd worden met de opgemeten hoeveelheid materie in
suspensie (gravimetrische bepalingen na filtratie) om te komen tot massa concentraties.
Naast de totale hoeveelheid aan suspensiemateriaal (SPM) wordt ook de concentratie aan
POC/PON, TEP, chlorofyl (Chl-a, Chl-b) en phaeofytine (a, b) bepaald. Stalen van suspen-
siemateriaal zullen genomen worden met de centrifuge om de samenstelling ervan te be-
palen.

Taak 1.3 Kwaliteitscontrole van de data

In situ metingen zijn steeds onderhevig aan onzekerheden ten gevolge van random meet-
fouten (gebrek aan precisie), systematische fouten (onnauwkeurigheid), menselijke fouten,
en de statistische variabiliteit van de parameter. De fouten hebben hun oorsprong in de
onnauwkeurigheid en het gebrek aan precisie van het meetinstrument of de procedures
(bv. waterstaalname en filtratie). Doel is om de fout op de verschillende onderdelen van de
metingen (filtratie, calibratie, langdurige trends...) te schatten. Een procedure die de best
practice beschrijft zal worden opgesteld.

Een belangrijk aandachtspunt bij deze langdurige datareeksen is het garanderen van
een gelijke kwaliteit in de tijd van de verzamelde data. De vraag die zich bij onze SPM con-
centratiemetingen stelt is niet zozeer het opmeten van hogere of lagere waarden, moge-
lijks veroorzaakt door het toepassen van een andere stortstrategie, maar het garanderen
dat deze waarden inderdaad veroorzaakt worden door menselijke activiteiten (bv storten)
en niet het effect zijn van natuurlijke fluctuaties. Om kwaliteitsvolle data te kunnen leve-
ren over een lange periode, die gebruikt kunnen worden om langdurige trends te identifi-
ceren, is het nodig om een rigoureuze kwaliteitscontrole uit te voeren. OBS alsook akoesti-
sche sensoren zijn gevoelig aan de samenstelling en korrelgrootte van het gesuspendeerde
materiaal. Dit kan variéren in functie van de boven vermelde frequenties, maar hierom-



trent is er nog geen afdoende duidelijkheid wat de metingen te MOW1 betreft. De weten-
schappelijke vragen die daarom moeten worden, hebben betrekking tot in situ en in lab ca-
libratie van de OBS sensoren en van akoestische backscatter sensoren en de meetfouten.

Taak 1.4: Verwerking en interpretatie van de data

De metingen vergaard tijdens de 13-uursmetingen aan boord van de Belgica en met de tri-
pode worden verwerkt en geinterpreteerd. Hiervoor werden in het verleden al heel wat
procedures (software) toegepast of ontwikkeld, zoals de berekening van de bodemschuif-
spanning uit turbulentiemetingen, entropieanalyse op partikelgrootteverdelingen, de op-
splitsing van multimodale partikelgrootteverdeling in een som van lognormale verdelingen,
het groeperen van de data volgens getij, meteorologie, klimatologie en seizoenen. Deze
methodes zijn opgenomen in de standaardverwerking van de data. De aldus verwerkte da-
ta dienen als basis voor het verder gebruik binnenin wetenschappelijke vragen.

Taak 1.5: Sedimentologie van zeebodem

De sedimentologie van stortplaatsen en referentiezones zal, in samenwerking met het IL-
VO, worden bestudeerd met alternatieve meettechnieken, zoals de Sediment Profile Ima-

ging (SPI).

Taak 1.6: TBT analysen
TBT analysen op stalen aangeleverd door het ILVO zullen door het chemisch labo van het

KBIN (Ecochem) worden uitgevoerd. Het betreft de analyse van 6 stalen (2 replica’s).
Taak 2: Uitbouw en optimalisatie van het modelinstrumentarium

Taak 2.1: Verdere ontwikkelingen en validatie van een slibtransportmodel voor het BCP

gebaseerd op Coherens V2

Het tijdens de voorbije jaren verbeterde en aangepaste slibtransportmodel zal worden ge-
valideerd met behulp van de langdurige meetreeksen en de satellietbeelden. Hierbij zal
dezelfde methode als in Baeye et al. (2011) en zoals in taak 1.4 worden gebruikt om de
modelresultaten te groeperen en te klasseren volgens windrichting, weertype en getij. Het
voordeel van deze werkwijze is dat niet zozeer gekeken wordt of de correlatie tussen me-
ting en modelresultaat in één of meerder punt goed is, maar dat globaal nagegaan wordt
of het model de SPM dynamica op het BCP goed kan reproduceren.

Verdere ontwikkelingen aan het model parallel met nieuwe inzichten die voorvloeien uit
de metingen en de proces gerichte interpretatie van de metingen zullen worden geimple-
menteerd in het model.

Taak 2.2: Ondersteuning bij de MER studie van een alternatieve stortlocatie

Op dit moment worden op het BCP vijf stortplaatsen gebruikt voor het gebaggerd materi-
aal afkomstig uit de vaargeulen op zee en de zeehavens: Zeebrugge Oost, S1, S2, B&W
Oostende en Nieuwpoort. Door OD Natuur- BMM werd in het kader van het MOMO pro-
ject onderzoek gedaan naar de efficiéntie van de stortplaatsen. Daaruit blijkt dat de recir-
culatie naar de baggerplaatsen het grootste is vanuit de stortplaats Zeebrugge Oost. Met
behulp van numerieke modellen werden een aantal alternatieve locaties voor de stort-
plaats Zeebrugge Oost bestudeerd. In 2012-2013 werd een terreinproef uitgevoerd om de
resultaten van de numerieke modellering op het terrein te valideren. Uit de resultaten van
de terreinproef bleek dat er aanwijzingen zijn die de resultaten van de numerieke modelle-
ring bevestigen.

OD Natuur-BMM zal in deze studie instaan voor het uitvoeren van de nodige numerie-
ke modelleringen in de eerste helft van 2017. Hiervoor zal gebruik gemaakt worden van
het gelipdatete 3D stromingsmodel dat beschikbaar is bij OD Natuur-BMM. Het model is
opgebouwd in Coherens V2, inclusief sedimenttransportmodule en flocculatiemodel. Meer



specifiek zal de OD Natuur-BMM betrokken zijn bij:

Fase 1 (long list van mogelijke locaties en exploitatiescenario’s opgemaakt worden):
berekening van de recirculatie voor maximaal 10 mogelijke locaties en/of stortscenario’s.
Voor iedere berekening zullen voor een aantal combinaties van hydro-meteo randvoor-
waarden simulaties uitgevoerd worden. Deze randvoorwaarden zijn zo gekozen dat ze op-
timale aansluiting verzekeren met de al eerder uitgevoerde simulaties.

Fase 2 (opmaak Milieu Effect Rapport): Bij de opmaak van het MER zelf is geen speci-
fieke modellering nodig voor de inschatting van de effecten. Indien uit overleg met de ver-
gunningverlenende instanties blijkt dat simulaties moeten uitgevoerd worden ter onder-
bouwing van de gemaakte keuzes (recirculatie bij een bepaalde locatie/stortstrategie) kan
dit uitgevoerd worden.

Taak 2.3: Operationeel stortmodel (vanaf 2018)
Overleg met aMT over het opstellen van een operationeel stortmodel om de noden en de

mogelijkheden te definiéren. Het model zal later (vanaf 2018) kunnen opgesteld worden
en kan dan geintegreerd worden in de binnen BMM-0OD Natuur beschikbare operationele
modellen. Het model zal kunnen gebruikt worden om in functie van de voorspelde fysische
(wind, stroming, golven, sedimenttransport, recirculatie), economische (afstand, grootte
baggerschip) en ecologische aspecten op korte termijn een keuze te kunnen maken tussen
de beschikbare stortlocaties.

Taak 3: Ondersteunend wetenschappelijk onderzoek

Monitoring gebaseerd op wetenschappelijke kennis is essentieel om de effecten van men-
selijke activiteiten (hier het storten van baggerspecie) te kunnen schatten en beheren. Om
te kunnen voldoen aan de door OSPAR opgelegde verplichtingen van monitoring en evalu-
atie van de effecten van menselijke activiteiten is een verdere implementatie van huidige
en het ontwikkelen van nieuwe monitoringsactiviteiten nodig. Meer specifiek gericht op de
activiteit ‘storten van baggerspecie’ worden hier — wat het fysische milieu betreft - turbidi-
teit, samenstelling van de zeebodem, bathymetrie en hydrografische condities beoogd.
Deze taak speelt hierop in door de ontwikkeling van nieuwe tools die de actuele stand van
de wetenschappelijke kennis weerspiegelen teneinde de mathematische modellen te op-
timaliseren en verfijnen.

Taak 3.1: Sedimentuitwisseling tussen de zee en de haven van Zeebrugge

Slib stroomt de haven van Zeebrugge binnen rond HW, wanneer de stroming maximaal is.
Gezien de grote turbulentie op dit moment op zee bestaat het SPM uit voornamelijk kleine
vlokken met een lage valsnelheid. Eens het suspensiemateriaal de haven binnenkomt,
neemt de turbulentie plots af, ontstaan er grotere vlokken en treed er een snelle bezinking
op. Het verloop van de SPM concentratie in de haven zelf is goed gekend (zie onder andere
de SPM concentratie metingen in de haven tijdens de terreinproef en de metingen van de
topsliblaag), maar aan de havenmond zijn minder data beschikbaar om de sediment-
uitwisseling in kaart te brengen en dit tijdens verschillende getij- en meteocondities. In de-
ze taak zal de sedimentdynamica bestudeerd worden gebruikmakend van ADCP transects
gemeten met de RV Belgica, van verticale profielen van SPM concentratie en vlokgrootte in
en uit de haven, en van remote sensing beelden.

Taak 3.2: Microbiologische activiteit en de wisselwerking met sedimentdynamica

Een sleutelelement in het functioneren van kustnabije ecosystemen is de aanwezigheid
van biotische en abiotische partikels. Verticale en dus ook horizontale fluxen van SPM
worden bepaald door hun valsnelheid, die afhangt van de capaciteit van de deeltjes om te
flocculeren. Flocculatie beinvlioedt de grootte van de gesuspendeerde deeltjes en bepaald
daardoor de depositie van het slib. Op zijn beurt wordt flocculatie gestuurd door turbulen-



tie, de SPM concentratie, en de oppervlakte eigenschappen van de deeltjes, die van elek-
trochemische of biologische oorsprong kunnen zijn. Wat dit laatste betreft heeft dit een
wederzijdse invloed tot gevolg tussen het SPM en de primaire productie doordat stoffen
zoals TEPs (transparent exopolymeric particles), die vrijkomen door het fytoplankton en de
bacterién, de vlokgrootte en dus ook de valsnelheid van het SPM beinvlioeden. Het belang
van deze processen voor de slibdynamica in onze kustzone en dus ook voor de aanslibbing
van havens en vaargeulen wordt gegeven door de uitzonderlijk hoge primaire productie in
de Belgische kustzone ten gevolge van eutrofiéring (algenbloei). Dat er een effect is werd
al aangetoond door de metingen te MOW1 die lieten zien dat het SPM zich anders ge-
draagt in de winter dan in de biologisch actieve zomerperiode. In de winter is het SPM be-
ter gemengd in de waterkolom dan in de zomer en treden er dus hogere concentraties op
in de waterkolom. In de zomer bevindt zich meer suspensiemateriaal dicht tegen de bo-
dem en daalt de SPM concentratie in de waterkolom. Dit roept volgende vragen op, in het
bijzonder 1) Hoe moet het modelinstrumentarium (flocculatiemodule) worden aangepast
om deze seizoenaliteit te kunnen modelleren? 2) Wordt de seizoenaliteit in SPM concen-
tratie en biologische activiteit veroorzaakt doordat de algen TEP produceren, dat aanlei-
ding geeft tot de vorming van grotere vlokken en dus een hogere bezinking van het SPM
als gevolg heeft, of daalt eerst de SPM concentratie ten gevolge van fysische processen
(afname van de stormfrequentie in de lente) en start de algenbloei nadat het water minder
troebel is geworden?) De troebelheid in de waterkolom is in de Belgische kustzone altijd
hoog en de lichtindringing is ook in de zomer beperkt. Speelt troebelheid (en dus ook SPM
concentratie) een belangrijke rol bij start van de algenbloei bepaald of is dit eerder een se-
cundair proces?

Het onderzoek zal gericht zijn op het verzamelen van in situ meetdata van TEP, SPM en
Chl concentratie te MOW1 en op andere plaatsen; het analyseren van de data in functie
van boven aangehaalde vragen; het incorporeren van de biologische activiteit in een floc-
culatiemodel en het uitvoeren van modelberekeningen.

Taak 3.3: Overgang kustzone — offshore: Waarom is het turbiditeitsgebied beperkt tot de

kustzone?
Turbulentie samen met de SPM concentratie bepalen de lichthoeveelheid in het water. De
cross-shore stroming in vele kustgebieden is gekenmerkt door landinwaarts gerichte stro-
ming dicht tegen de bodem en een zeewaarts gerichte aan het wateroppervlak (estuariene
circulatie). Het is op dit moment niet duidelijk hoe het Schelde estuarium deze circulatie
beinvloed. Hierdoor wordt het SPM (en het fytoplankton) naar de kust getransporteerd in
de bodemlaag nadat het eerst naar offshore werd getransporteerd in de oppervlaktelaag.
Dit mechanisme is mogelijks verantwoordelijk voor de scherpe gradiént in SPM concentra-
tie langsheen onder andere de Belgische kust en de Westerscheldmonding. Ook turbulen-
tie is gekenmerkt door een gradiént: hoog dicht tegen de kust en afnemend naar offshore
toe. Dit komt overeen met een toename in waterdiepte naar offshore toe. Bij geringere
waterdieptes is de turbulentie hoger, de verticale menging dus sneller en dus de tijd met
lage SPM concentratie korter. Naar offshore toe zal de lichthoeveelheid in de waterkolom
dus toenemen in de oppervlaktelaag omdat de diepte toeneemt. Vanaf een bepaalde diep-
te bereikt het SPM niet meer de oppervlakte tijdens verticale menging. De afname in SPM
concentratie is dus mogelijks een afspiegeling van de gradiénten in diepte en turbulentie.
Dit proces werd aangetoond in andere delen van de Noordzee (Duitse Bocht), maar nog
niet in de Belgische kustzone.

Het onderzoek zal gericht zijn op het verzamelen van in situ meetdata van TEP, SPM en
Chl concentratie op een drietal locaties gelegen op verschillende afstanden van de kust;
het varen van ADCP transects dwars op de kust; en het analyseren van de data. TEP en Chl



zijn een onderdeel van het SPM, die een significante invloed heeft op de seizoenaliteit van
de SPM dynamica.

Taak 3.4: Alternatieve Stortstrategie Nieuwpoort

Er zal ondersteuning gegeven worden aan afdeling kust in verband met het opzetten van
een wetenschappelijke terreinproef om de impact van het verpompen van baggerspecie
uit de haven van Nieuwpoort op een stortzone te evalueren. Details hiervan zullen op een
vergadering van de technische werkgroep besproken worden.

2.4, Gerapporteerde en/of uitgevoerde taken

Periode Januari 2017 — Juni 2017
Taak 1.1: De meetreeks te MOW1 werd verdergezet.

Taak 1.2:  Calibratie van sensoren werd uitgevoerd tijdens campagne 2017/20 (21-
23/06/2017).

Taak 2.1 De bodemschuifspanning gemodelleerd met het hydrodynamisch model werd
gevalideerd met in situ data te MOWL1. Dit is een eerste stap bij de validatie
van een slibtransportmodel voor het BCP gebaseerd op Coherens V2, zie Ap-
pendix 2 van activiteitsrapport MOMO/8/MF/201707/NL/AR/1.

Taak 2.2  Simulaties met de nieuwe versie van het COHERENS V3 model voor de Belgi-
sche kustzone werden uitgevoerd ter ondersteuning van de MER studie voor
een alternatieve stortlocatie, zie Hoofdstuk 2 in activiteitsrapport MOMO/8/
MF/201707/NL/AR/1

Taak 3.2  Waterstalen voor de bepaling van TEP concentratie werden 1-2 wekelijks ge-
nomen te Oostende.

Een 1 klasse flocculatiemodel werd aangepast om biologisch flocculatie te si-
muleren. De resultaten werden gevalideerd met metingen te MOW1, zie
Hoofdstuk 3 in activiteitsrapport MOMO/8/MF/201707/NL/AR/1.

Periode Juli 2017 — December 2017
Taak 1.1  De meetreeks te MOW1 werd verdergezet. Het factual data rapport voor

2016 werd opgesteld.

Taak 1.2  Calibratie van sensoren werd uitgevoerd tijdens campagne 2017/24 (16-
18/08/2017), 2017/34 (21-22/11/2017), 2017/38 (18-21/12/2017).

Taak 1.3 Een uitgebreide onzekerheidsanalyse van de optische en akoestische sensoren
gebruikt bij langdurige metingen is in uitvoering. Resultaten werden op de IN-
TERCOH conferentie getoond, zie Appendix 1 van activiteitsrapport MOMO/8/
MF/201801/NL/AR/2

Taak 3.2  Waterstalen voor de bepaling van TEP concentratie werden 1-2 wekelijks ge-
nomen te Oostende. TEP werd tijdens de 13 uursmeting als standaard para-
meter opgenomen.

Taak 3.3  De stalen en data genomen tijdens 13 uursmetingen (vanaf 2003 t.e.m. nu) in
de kustzone en offshore werden geanalyseerd om de geografische verschillen
in SPM eigenschappen tussen het kustgebonden turbiditeitsmaximum en het
offshore gebied met lage turbiditeit te beschrijven, zie Hoofdstuk 2 in activi-
teitsrapport MOMO/8/MF/201801/NL/AR/2.

Periode Januari 2018 — Juni 2018
Taak 1.1  De meetreeks te MOW1 werd verdergezet. Het factual data rapport voor

2017 werd opgesteld.

Taak 1.2  Calibratie van sensoren werd uitgevoerd tijdens campagne 2018/01 (23-
26/01/2018), 2018/08 (27-30/03/2018), 2018/13 (15-16/05/2018).

Taak 1.3 De uitgebreide onzekerheidsanalyse van de optische en akoestische sensoren



gebruikt bij langdurige metingen werd afgewerkt en is gerapporteerd in activi-
teitsrapport MOMO/8/MF/201807/NL/AR/3. De bevindingen werden op het
Liege Colloquium voorgesteld, zie Appendix 1 van activiteitsrapport
MOMO/8/MF/201807/NL/AR/3

Taak 3.2  Waterstalen voor de bepaling van TEP concentratie werden 1-2 wekelijks ge-
nomen te Oostende. TEP werd tijdens de 13 uursmeting als standaard para-
meter opgenomen.

Taak 3.3 13 uursmetingen worden uitgebreid naar de kustzone (MOW1) en offshore
(monitoring punt W05 en W08) om de geografische verschillen in SPM eigen-
schappen tussen het kustgebonden turbiditeitsmaximum en het offshore ge-
bied met lage turbiditeit te beschrijven.

2.5. Publicaties (januari 2017 — december 2018)

Hieronder wordt een overzicht gegeven van publicatie met directe betrokkenheid van het
KBIN waar resultaten en data uit het MOMO project in werden gebruikt.

Activiteits-, Meet- en Syntheserapporten

Fettweis M, Baeye M, Francken F, Van den Eynde D. 2018. MOMO activiteitsrapport (1 ja-
nuari— 30 juni 2018). BMM-rapport MOMO/8/MF/201808/NL/AR/3, 61pp + app.

Backers J, Hindryckx K, Vanhaverbeke W. 2018. Rapport van de RV Belgica Meetcampag-

nes en Verankering van Meetsystemen MOMO - 2017. BMM rapport ODNatuur-
MDO/2018-03/MOMO/2017, 164pp + CD.

Fettweis M, Baeye M, Francken F, Van den Eynde D, Lee BJ. 2018. MOMO activiteitsrap-
port (1 juli — 31 december 2017). BMM-rapport MOMO/8/MF/201801/NL/AR/2, 27pp
+app.

Backers J, Hindryckx K, Vanhaverbeke W. 2017. Rapport van de RV Belgica Meetcampag-
nes en Verankering van Meetsystemen MOMO - 2016. BMM rapport ODNatuur-
MDO/2017-04/MOMO/2016, 103pp + CD.

Fettweis M, Baeye M, Francken F, Van den Eynde D, Chen P, Yu J. 2017. MOMO activiteits-
rapport (1 januari — 30 juni 2017). BMM-rapport MOMO/8/MF/201707/NL/AR/1, 32pp
+ app.

Conferenties/Workshops

Fettweis M, Riethmiiller R, Verney R, Becker M. 2018. Uncertainties associated with long-
term observations of suspended particulate matter concentration using optical and
acoustic sensors. 50" International Liege Colloquium on Ocean Dynamics, 28 May-1
June, Liege (Belgium).

Fettweis M. 2018. Long-term and continuous measurements of SPM dynamics in the Bel-
gian nearshore area. Lifewatch Data Analysis Workshop, 22-23 February, VLIZ, (Bel-
gium).

Fettweis M. 2018. Dynamics of SPM on regional scales: Challenges and research opportu-
nities. Workshop on Algae-Silt Interactions, 31 January, Delft (The Netherlands).

Adriaens R, Zeelmakers E, Fettweis M, Vanlierde E, Vanlede J, Stassen P, Elsen J, Srodon J,
Vandenberghe N. 2017. Quantitative clay mineralogy as provenance indicator for the
recent muds located in the southern North Sea. INTERCOH, 13-17 November, Monte-
video (Uruguay). Poster

Fettweis M, Riethmdiiller R, Verney R, Becker M, Backers J, Baeye M, Chapalain M, Claeys S,
Claus J, Cox T, Deloffre J, Depreiter D, Druine F, Floser G, Grinler S, Jourdin F, Lafite R,
Nauw J, Nechad B, Roéttgers R, Sotollichio A, Vanhaverbeke W, Van Hoestenberghe T,
Vereecken H. On best practice for in situ high-frequency long-term observations of
suspended particulate matter concentration using optical and acoustic systems. IN-



TERCOH, 13-17 November, Montevideo (Uruguay).

Shen X, Toorman E, Fettweis M. 2017. A tri-modal flocculation model coupled with TE-
LEMAC for suspended cohesive sediments in the Belgian coastal zone. INTERCOH, 13-
17 November, Montevideo (Uruguay).

Vanlede J, Dujardin A, Fettweis M. 2017. Mud dynamics in the harbor of Zeebrugge. IN-
TERCOH, 13-17 November, Montevideo (Uruguay).

Adriaens R, Zeelmakers E, Fettweis M, Vanlierde E, Vanlede J, Stassen P, Elsen J, Srodon J,
Vandenberghe N. 2017. Quantitative clay mineralogy as provenance indicator for the
recent muds located at the marine limit of influence of the Scheldt estuary. Schelde-
Ems workshop, 16-17 February, Antwerp (Belgium). Poster

Publicaties (tijdschriften, hoofdstuk in boeken)
Adriaens R, Zeelmaekers E, Fettweis M, Vanlierde E, Vanlede J, Stassen P, Elsen J, Srodon J,

Vandenberghe N. 2018. Quantitative clay mineralogy as provenance indicator for re-
cent muds in the southern North Sea. Marine Geology, 398, 48-58. do0i:10.1016/
j.margeo.2017.12.011.

Chen P, Yu JCS, Fettweis M. 2018. Modelling storm-influenced SPM flocculation using a
tide—wave-combined biomineral model. Water Environment Research, 90.
do0i:10.2175/106143017X15131012152799

Fettweis M, Lee BJ. 2017. Spatial and seasonal variation of biomineral suspended particu-
late matter properties in high-turbid nearshore and low-turbid offshore zones. Water,
9, 694. d0i:10.3390/w9090694.



2.0nzekerheden verbonden aan in situ hoogfrequente
en langdurige metingen van SPM concentratie met
behulp van optische en akoestische sensoren

Water clarity is an important parameter to understand marine ecosystems and is mainly
controlled by suspended particulate matter concentration (SPMC). Data on water clarity
collected during the last century, indicate significant local and global environmental chan-
ges due to human activities and climate change (Capuzzo et al., 2015; van Maren et al.,,
2016). The conclusions from these studies are, however, hampered by the often poor qua-
lity of the historical data and the very low time resolution of the measurements with re-
gard to the high dynamic nature of the systems in which the data have been collected. In
view of documenting current and future trends, high quality measurements spanning long
time, large geographical scales and high time resolutions, became a matter of growing im-
portance (Henson, 2014). To detect variabilities in SPMC, networks of observations plat-
forms have been installed worldwide using optical and acoustical sensors as well as sen-
sors that give additional information on shape and size of the SPM, and as the ground
truth reference, gravimetric measurements of filtered water samples (e.g. Butman et al.,
1979; Grabemann and Krause, 1989; Fettweis et al., 1998; Guézennec et al., 1999; Ganju
and Schoelhamer, 2006; Krivtsov et al., 2008; Badewien et al., 2009; Cartwright et al.,
2009; Gray and Gartner, 2009; Palinkas et al., 2010; Garel and Ferreira, 2011; Nauw et al.,
2014; Anastasiou et al., 2015; Fettweis and Baeye, 2015; Jalon-Rojas et al., 2015; van der
Hout et al., 2015; Baschek et al., 2017; Druine et al., 2018). The infrastructure on which
the sensors are attached includes fixed (piles, benthic landers, tripods) and moving plat-
forms (vessels, gliders, AUV, ROV) or a combination of both, and the SPMC may cover the
whole range from oligothrophic to hyperturbid conditions.

Long-term and high frequent data series of SPMC are typically collected indirectly with
unsupervised sensors that measure either the optical beam attenuation as a percentage
of light transmission (Moody et al., 1987; Spinrad et al., 1989; Agrawal and Pottsmith,
2000), the back- or sidescatter intensity of light in volt or the backscatter of sound in dB
(Thorne and Hanes, 2002; Downing, 2006; Rai and Kumar, 2015). The combination of dif-
ferent sensors measuring in environments with high temporal and spatial variations impli-
citly demands adapted pre- and post-measurement procedures in order to obtain homo-
genous data sets. Conversion of the sensor output to physical units (e.g. mass or volume
concentration of particles) results from laboratory and field calibrations, and data post
processing procedures. The whole procedure requires direct measurements in the labora-
tory using calibration against standard turbidity solutions and in the field using SPM mass
concentrations determined through filtration of water samples. The way the sensor out-
put is transformed to SPMC (in g/l) depends further on the modelling techniques used to
relate sensor output to SPMC and is further complicated by the significant variability of
the inherent optical and acoustical properties of the SPM. To guarantee the repeatability,
not only the laboratory procedures, but also the measuring process, from the planning to
the measurements itself and the post processing of the data, needs to be documented
(Lane et al., 2000; Waldmann et al., 2010; Bolanos et al., 2011; Gil et al., 2016).

Direct or indirect measurements of SPMC are inherently associated with a number of
uncertainties along the whole operational chain from planning over laboratory work, to
system problems during mostly unsupervised deployment and to converting the observed
continuous proxy values of optical and acoustic signals to SPMC. Little is found in docu-
mented guidelines or standards that can be applied to long term observation programs of
SPMC in marine and estuarine environments. Recent literature highlights only part of un-



certainties or problems related with the use of optical and acoustical sensors (Rai and Ku-
mar, 2015; Rymszewicz et al., 2017). The aim of this study is goes further as it discusses
potentials, limitations and problems of present practices related with the use of optical
and acoustical sensors in long-term deployments and formulates recommendations that
may form a basis to acquire best quality-assured SPMC data sets. Other uncertainties or
biases in the observation, which are e.g. related to the representativeness of the measu-
ring location within the regional context, the interactions of the measuring infrastructure
with the environment, are not part of this study.

2.1. Methods for long-term in situ SPMC measurements

Long-term in-situ measurements of SPMC in coastal seas and estuaries involve in general
one or several optical and acoustical sensors of similar or different technical specifications
and, as the ground truth reference, gravimetric measurements of filtered water samples.
The combination of indirect and reference measurements require two main calibration
steps (sensor and model parameter calibration) at different moments during the workflow
in order to extract reliable and homogeneous SPMC. These calibration steps are essential
to be able to relate possible changes in calibration constants (sensor and model parame-
ter) to sensor degradation or to natural variability in SPM inherent properties.

2.1.1. Terminology

The terminology related to calibration, turbidity or sensors is not unambiguously used,
e.g. distinction between the two calibration steps is not mentioned explicitly and turbidity
units are wrongly used. A well-defined terminology is important to obtain consistent and
uniform sensor SPMC in long term (and other) measurements, where multiple sensors are
used together (in parallel and in succession).

Sensor calibration refers to the comparison of the output signal of an optical or acous-
tical sensor against a standard in the laboratory (e.g. Thorne et al., 1991; Downing, 2006).
For turbidity this is usually Formazin® or an alternative standard (AMCO clear®, StablCal®),
while for acoustical backscatter intensity a solution of standard spheres with a given size
distribution, concentration and at a given distance from the transducer is used. Acoustic
sensor calibration is not commonly applied for long-term measurements due to practical
difficulties in setting up a laboratory device. Sensor calibration results in converting the
sensor output to various turbidity units (see below) or decibels (dB). During long-term
field operations the sensor calibration constants against a standard may alter, due to e.g.
changes in battery supply, (bio-)fouling, degradation of the measuring window or of the
sensor. Any of these changes in the sensor calibration constants are inherent to the sen-
sors and not to the environment and must if possible be corrected.

Model parameter calibration is the result of a regression of inverse optimization with
sensor signals, ideally from the undisturbed environment, as input and corresponding to
the real SPMC as output. This type of calibration is well distinguished from sensor calibra-
tion as it relies on natural particles (in contrast with Formazin® or an alternative standard
that consist of artificial polymeric particles, see Downing, 2005) and has to be carried out
regularly or each time when the SPM inherent properties change significantly. If the sen-
sors have been well-calibrated then any changes in model calibration constants are caused
by changes in SPM inherent properties. Variabilities in these properties affect the relation
between real SPMC and sensor signal.

Sample SPMC is the SPMC obtained from filtration and gravimetric measurements of
water samples. As the real SPMC cannot be measured by any direct method we will use
the sample SPMC as our reference SPMC, as it is by a lesser degree influenced by the inhe-
rent particle properties of the SPM (Neukermans et al., 2012a; Rottgers et al., 2014).



Sensor SPMC is a surrogate obtained by an acoustical or optical backscatter sensors or
other type of sensors. Depending on the methods different surrogates of SPMC are obtai-
ned. In case of long-term measurements different sensor SPMCs are often obtained that
represents surrogates or proxies that are not necessarily the same (e.g. Rai and Kumar,
2015; Rymszewicz et al., 2017).

Turbidity refers to the optical water cloudiness caused by suspended particles and dis-
solved substances, which scatter and absorb light (Downing, 2005; Ziegler, 2003; Gray and
Gartner, 2009). Turbidity has not a Sl unit, is not uniquely defined and differs according to
the applied protocols. It is thus an arbitrary unit that is incomparable to measurements
taken at other times and places or with different turbidity meters, which diminishes the
comparability of turbidity data for scientific purposes (Downing, 2006). The ISO Method
7027 (1SO, 1999) and the American EPA Method 180.1 (EPA, 1993) estimate turbidity in
Formazin Nephelometric Units (FNU) or Nephelometric Turbidity Units (NTU), respective-
ly. The optical sensor to be used is a nephelometer and must measure side-scattered light,
i.e. at 90°, with a difference between the two norms regarding the source light wave-
length: 860 nm is prescribed for 1SO, 400 to 600 nm for EPA. Both refer to a Formazin®-
equivalent turbidity value. In case an alternative standard is used, then it should be expli-
citly stated that turbidity refers to the alternative standard-equivalent NU or TU. The unit
of the Formazin® (or of another) standard is generally —for historical reasons - given in
NTU although the solution is established following the ISO or EPA protocol. In an ISO-
compliant Formazin solution of 1000 "NTU" an ISO-compliant side-scattering sensor will
measures 1000 FNU, whereas an EPA-compliant side-scattering sensor will measure ano-
ther value in NTU. The difference between FNU and NTU is mainly due to the spectral
range of lights that are emitted by the instruments.

Optical Backscatter Sensors (OBS) measure the particle backscattering of light at diffe-
rent angles of detection (120°-165°, or even including side and forward scattering depen-
ding on the type of sensor); although highly correlated, the turbidity measured by an OBS
and a Nephelometer is not necessarily the same; e.g. Nechad et al. (2016) report a large
variability in the relationship between in situ side- and back-scattering coefficients in the
lower turbidity range (<20 FNU) and a drastic decrease with increasing turbidity. Turbidity
from backscatter devices should be expressed in Formazin Backscatter Units (FBU) for the
near IR (830-890nm) light (ISO Method 7027) and Backscatter Turbidity Units (BTU) for
the EPA Method 180.1 (Dogliotto et al., 2016; Nechad et. al, 2016). Often FTU (Formazin
Turbidity Unit) or NTU are used as unit without specifying how the instrument measures
the sample (side, back or forward scattering) or which protocol it follows (ISO or EPA). By
adapting the correct units the confusion on protocol or scattering angle can be avoided.

2.1.2. Inherent properties of the SPM

SPM consists of a mixture of clay to sand sized particles in suspension that comprise with
varying amounts minerals from physico-chemical (e.g. clay minerals, quartz, feldspar) and
biogenic origin (e.g. calcite, aragonite, opal), and living (bacteria, phyto- and zooplankton)
and non-living organic matter (fecal and pseudo-fecal pellets, detritus and its decomposed
products from microbial activity such as mucus, exopolymers), see Table 2.1 and Figure
2.1. SPMC measurements are only meaningful if they can be measured with sufficient ac-
curacy using samples and sensors, a condition that is often attained in coastal seas and es-
tuaries. Particles are considered in suspension as long as they do not form an intercon-
nected matrix of bonds that prevents mobility; this corresponds to a concentration that is
below the gelling point (McAnally et al., 2007). The lower limit in concentration corres-
ponds to the detection limit of the instrumentation or sampling; the upper limit is theore-
tically just below the gelling point when the particles are so close together that settling is
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substantially hindered and a two-layer stratified flow with a distinct density interface
remains (Ross and Mehta, 1989; Winterwerp and van Kesteren, 2004), practically the up-
per limit depends on the sensor specifications and on the difficulties to measure in the
very near-bed layer where these high concentrated layers are found. For many sensors,
the upper limit is O(10g/1), far below the gelling point concentration O(50g/l).

Table 2.1: Bulk mineralogical composition (in %) of the SPM in the English Channel and
southern North Sea sampled with a centrifuge during transect or anchoring of the vessel.
Offshore Somme mouth, Dover Strait, Calais, Zeebrugge and north of the Rhine mouth.
Qtz=Quartz; Kspar =K-feldspar; Plag=Plagioclase; Carb=Sum of Calcite, Mg-rich Calcite, Do-
lomite, Aragonite; Am=Amorphous fraction (organic matter and biogenic opal); Hal=Halite;
NClays=Sum of non-clay minerals; Kaol=Kaolinite; Chl=Chlorite; 2:1=Sum of 2:1 clays and
micas; Clays= Sum of Kaol+chl+2:1. The samples have been collected with a centrifuge (wa-
ter intake about 4 m below surface) during transects or anchoring of the RV Belgica and
analysed with XRD (data from Adriaens et al., 2018).

Qtz | Kspar Plag Carb | Am ‘ Hal NClays | Kaol Chl 2:1 Clays‘

Somme 29 2 3 30 15 5 86 <1 <1 10 10
Dover Strait 22 3 2 21 18 7 84 2 4 20 26
Calais 10 1 <1 29 22 3 66 <1 2 31 33
Zeebrugge 20 1 5 24 10 2 61 2 4 33 39
Rhine offshore 29 4 1 21 12 3 70 1 2 27 30
Rhine nearshore 17 4 2 21 16 1 61 2 1 35 38
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Figure 2.1: Organic matter (OM) content in the SPM from the Seine estuary and the Gulf of
Lions (left) determined through Loss-on-Ignition (LOI) and Particulate Organic Carbon con-
tent from the Southern Bight of the North Sea (right) determined through element analy-
sis. The OM data are about four times larger than the POC data (Grove and Bilotta, 2014).
Both data set show that largest variation in organic matter content occurs at low SPMC.

Depending on the seafloor composition (cohesive and non-cohesive sediments), the vi-
cinity of sediment sources, the hydrodynamics, the measuring height above the bed and

POC content as % in SPM)



biological activity, the composition of the SPM may change with time. Sand grains are ge-
nerally limited to the near-bed layer (bed-load), while fine-grained sediments can be
found all over the water column. The fine particles, such as clay minerals, other charged
particles and polymers in suspension may become attached to each other (flocculation) to
form fragile structures or flocs with compositions, sizes, densities, and structural com-
plexities that vary as a function of turbulence, chemical environment (salinity) and bio-
chemical composition (e.g. Eisma, 1986; Dyer and Manning, 1999; Droppo et al., 2005;
Fettweis and Lee, 2017). While the size of the building particles of flocs is of the order of a
few um, fully developed flocs may grow up to a few hundreds of um or more; larger flocs
have generally higher water content, higher organic content and lower density.

Changes in the concentration and the composition of the SPM influence the optical
and acoustical properties and if not calibrated for these conditions also the sensor SPMC.
Further to changes in composition the SPMC is generally higher in the estuarine and
nearshore areas (10 mg/l up to O(1-10 g/l), due to resuspension and erosion of bed mate-
rial, river inputs, coastal erosion, and estuarine circulation, than in more offshore deeper
areas of the continental shelf (<10 mg/I). As a consequence, SPM properties and concen-
tration fluctuate on a broad range of temporal and spatial scales with different magnitu-
des and exhibit substantial gradients along estuaries and with distance from the coast
(Fettweis et al., 2006; Becker et al., 2013; Maerz et al., 2016).

2.1.3. Sensors used to obtain long-term SPMC time series
2.1.3.1 Sensitivity of optical sensors to inherent particle properties

Various measurements of inherent optical properties (IOPs), which do not change with
changing light field in water, are used as surrogate to SPMC. Optical sensors rely on pro-
pensity of SPM to interact with light (at a given wavelength A) through absorption a(4)
and scattering b(A). For long-term measurements, the attenuation or the scattering at a
given angle are mainly used to obtain the SPMC surrogates. The attenuation coefficient, ¢
[m'l], at a given wavelength, 4, is the ratio of the radiant flux, /, lost from a beam of infini-
tesimal width, to the incident flux E, per unit distance is

1(A)

=15 (1)

The volume scattering function (VSF) denoted by (4, 8) [m™ sr'], which describes the
amount of radiant intensity 1(1) [W sr'] scattered in a given direction 6, by an infinitesi-
mal volume dv, relative to the direction of the incident irradiance E(1) [W m?] (i.e. radi-
ant flux coming from all directions, at wavelength 1) is

aI1(1,0)

B(LO) = T2 (2)
The spectral absorption and scattering coefficients, a(1) (m™) and b(1) [m™] verify
c(A1) = a(Ad) + b(1). The scattering defined as the integral of (4, ) over all directions is

b(A) = 2m [ B(4,6) sin(6)do 3)
The spectral side-scattering coefficient by(1) [m™] is equal to (4, 90°). The spectral back-
scattering coefficient b, (1) [m™] is the integral of B(8) over the backward directions:

b, (1) = 21 fx B(A,0) sin(0)do (4)

Available sensors can differ in wavelength and backscattering angle. Particles backscat-
tering of light, b, (1), is theoretically calculated as the integration of VSF covering all
backward directions. Boss and Pegau (2001) and Berthon et al. (2007) showed that b, is
highly correlated to B at angles between 120°-140°. A good approximation for b, () is to
be estimated from b;, (4, 140°), while Chami et al. (2006) found that the increase of § at



6 > 150° can significantly impact the backscattering. The backscattering of particles at
large wavelengths (A>700nm) gives the best estimations for SPMC (Downing, 2006; Boss
et al., 2009). The effects of absorptions by particles and colored dissolved organic matter
is high at shorter wavelengths (Yentsch, 1962) and can impact (back)scattering or turbidity
estimation by sensors that use light source emitting at short wavelengths, as was high-
lighted by Sutherland et al. (2000) and Downing (2005). In more turbid waters, high parti-
cles absorption impacts more the estimation of backscattering coefficient even at longer
wavelengths and should be properly corrected for (Doxaran et al., 2016). As mentioned
above, ISO Method 7027 (ISO, 1999) and EPA Method 180.1 (EPA, 1993) estimate turbidity

T in Formazin Nephelometric Units (FNU) or Nephelometric Turbidity units (NTU), respec-
B(90°)
BF(90°)
a unit of Formazin, at prescribed wavelength. However, other types of optical sensors,

tively, suchas T = where 8F(90°) [m‘l] is the volume scattering function at 90° of

such as backscatter sensors, are widely used to measure turbidity and hence to estimate
SPMC. In terms of sensor calibration, i.e. based on successive dilution of a standard soluti-
on, this does not causes problems as the sensor output will be compared, and then asso-
ciated, to the standard solution that can be expressed in a turbidity unit. This calibration
must then be used for quality control to ensure the stability of the intrinsic sensor perfor-
mance, and possible drifts induced by electronic failure or damages on optical windows
that may induce maintenance and repair. The main issue comes when these instruments
measure turbidity in situ or from natural water samples as IOPs (i.e. scattering efficiency
K) and hence the VSF are dependent on particles shape (Slade et al., 2013), particles size
and density, refractive index (Mishchenko et al., 2002; Boss et al., 2004), and color (Su-
therland et al., 2000; Hatcher et al., 2000).

Generally, b(1) = K(A,7)N(r)mr?, where K is the scattering efficiency factor for non-
absorbing particles, N the number density of particles, and r the particle radius. For
spherical particles SPMC = %N p r3, where p is the dry density (i.e. particle mass divi-

ded by the particle volume), resulting in a ratio of turbidity to SPMC that is inversely pro-
portional to the particle radius and density (Sutherland et al., 2000):
SPMC

3
b= 3 k(A,7) p (5)

The SPM dry density (proportional to the excess density) can, depending on the particle

composition, be anywhere in between the range of well below 100 kg m™ for the organic
flocs and up to 2650 kg m™ or more for the individual mineral particles. In case the SPM
consists of flocs the variations in density and size can be very large, with the densest flocs
having the smallest size and vice versa. With this consideration, the dependence of b on pr
is weaker than 1/r (Bowers et al., 2009) but can still be significant (Gibbs, 1985; Babin
etal., 2003; Baker and Lavalle, 1984). This demonstrates that a change in the composition
of particles and/or their shape, size and density affects the turbidity measured by a
backscatter sensor (e.g. Binding et al., 2005; Neukermans et al., 20012b; Zhang et al.,
2014; Druine et al., 2018), but also indicates that the model parameter calibration of opti-
cal backscatter instruments using a single optical property (backscattering coefficient or
beam attenuation) against sample SPMC is often successful over a wide range of particle
sizes (Boss et al., 2009b; Bowers et al., 2017).

2.1.3.2 Sensitivity of acoustical sensors to inherent particle properties

Acoustics devices commonly used in coastal areas, i.e. ADVs or ADCPs are primarily de-
signed for current velocity measurement. Similarly to optical devices, the emitted acoustic
wave, at a given frequency, interacts with particles in suspension while propagating in the
medium and are backscattered to the receivers (Thorne and Hanes, 2002). The recorded



volume backscattering strength (S,, in dB) is a proxy of the SPM concentration, but is also
strongly modulated by SPM features such as size, density and shape, depending on the
acoustic wavelength. Originally used in sandy environments (Sheng and Hay, 1988; Thorne
and Hanes, 2002), these devices are now routinely deployed in fine sediments environ-
ments (e.g. Gartner, 2004; Hoitink and Hoekstra, 2005; Tessier et al., 2008; Sahin et al.,
2013). The sonar equation (Urick, 1975) is commonly used to relate S, (in dB) and SPMC
concentration, including acoustic signal correction for geometry compensation, spherical
spreading, and water and particle attenuation:

% = SL—20log;o(¥R?) — 2 fOR(aW(r) + ay(r))dr + BI + 10log, ((pR2 WTS) (6)

and

BI = 10logy, (22

Ps Vs @)
where S/N is the signal to noise ratio (dB) received by the device. After Gostiaux and Van
Haren (2010), Mullison (2017) specifies the values of S/N in function of the raw echo read-
ings (in counts) of the ADCP devices. SL is the source level (dB); R is the along-beam dis-
tance from transducers, a,, and a, respectively the water and sediment attenuation, ¢ the
angular aperture; ws the cell size and ¢ the near field correction. &, p; and v; are particle
features: backscattering cross section, particle dry density and volume respectively.

Similarly than optical devices, the relationship between the acoustic backscatter and
SPMC strongly depends on the nature, size, density and shape of the particles, either flocs
or grains, both for the estimation of the particle attenuation and for the calculation of the
backscattering cross section (Ha et al., 2009; Salehi and Strom, 2011; Rouhnia et al., 2014),
achieved using theoretical acoustic models (Thorne and Hanes, 2002; Stanton, 1998).
However, contrary to optical devices, the sensor calibration is not routinely (often never)
operated due to the difficulty to access requested laboratory facilities. Hence this step is
often skipped and quality check is based on comparison with other in situ sensors or SPMC
samples.

2.1.3.3  Conversion of optical and acoustical sensor output to SPMC

The relationship between OBS or nephelometer signal and SPMC is almost linear as long
as the sensor is not deployed in highly concentrated waters (Downing, 2006), and the sim-
plest model is a linear regression model. The same holds for single point acoustical sen-
sors (ADV) or for the first bin of a profiling acoustical sensor, where the target volume is
very close to the sensors. As far as SPMC are lower than several g/l, a direct empirical rela-
tionship can be built such as log;o(SPMC)~S,, where S, can be related to the signal/noise
ratio (Fugate and Friederichs, 2002; Voulgaris and Meyers, 2004; Verney et al., 2007; Ha et
al., 2009; Salehi and Strom, 2011).

For profiling acoustic sensors the sonar equation should be considered to correct for
the signal loss along the acoustic path. The conversion factor from counts to dB, as com-
monly used in acoustics, is typically provided by the manufacturer. Close to the transduc-
er, the acoustic signal has to be corrected for near-field effects (Downing et al., 1994) and
for ringing effects that may affect the first bins, in particular when blank distance is set too
small by in the configuration parameters. Corresponding data cannot be corrected and
should be discarded (Muste et al., 2006). A formulation for the water absorption coeffi-
cient was proposed by e.g. Francois and Garrison (1982a, 1982b) and later simplified by
Ainslie and McColm (1998), who showed that their result did not differ from the original
equation more than the accuracy error. The sonar equation yields the so-called water-
corrected backscatter, which is a property of the suspension at all locations along the
acoustic path. Subsequent processing depends on the SPMC. In case of moderately turbid



environment, i.e. lower than 100mg/I, sound attenuation by SPM is usually neglected as it
is one or two orders of magnitude lower than the water absorption coefficient (Ha et al.,
2011). SPMC is then either determined by applying an appropriate calibration, similar to
single point optical sensors, or by a theoretical acoustic model. In the latter case, physical
properties of the transducer and of the SPM must be exactly known, which are rarely
available. If SPMC exceeds 100mg/I, sediment absorption should be considered. While the
calibration is performed to calculate SPMC profiles, these are in turn required correcting
backscatter for sediment attenuation. This is solved by iterative methods (Thorne et al.,
1994; Holdaway et al., 1999). A critical point is that the sediment absorption coefficient is
assumed to be known a-priori, which is somewhat contradicting. The actual calibration is
correcting for unknown backscattering properties of particles in suspension, while these
are implicitly assumed to be known calculating the sediment absorption coefficient (Beck-
er et al., 2013). This technique is efficient but requires assumption or knowledge about
SPM characteristics (size, density) and is based on the choice of an acoustic model
adapted to the observed SPM, and may in some specific case exponentially propagate un-
certainties and fail to estimate SPMC.

When sediment attenuation must be accounted for, theoretical acoustic model must
be built, simulating the physical interactions between particles and the acoustic signal
(Sheng and Hay, 1988, Medwin and Clay, 1998). These models were originally designed for
sand particles and hence considering particles in suspension as rigid spheres (Thorne and
Hanes, 2002). They fail to represent low density aggregated SPM, and a first model de-
rived from works by Stanton (1998) could be applied. Recent developments achieved to
adapt a hybrid acoustic model for flocs, through a transition between quasi-rigid primary
particles and floc-like fluid-elastic spheres (McDonald et al., 2013, Thorne et al., 2014). Dif-
ferences between models mainly appear in the methodology to calculate the total scatter-
ing and backscattering cross section as well as the compressibility of flocs and their ability
to interact with sound. For more details, see Thorne et al. (2014). This hybrid model was
successfully applied by Sahin et al. (2017) to an estuarine environment with SPMC larger
than 1g/I.

2.1.4. Existing international guidelines and standards

In the European context the only guidelines exist for OSPAR's Joint Assessment and Moni-
toring Programme (JAMP), see JAMP (2012). They refer to the ICES TIMES report by Yeats
and Brligmann (1990) that deals with the collection methods of water samples. The Trila-
teral Monitoring and Assessment Program for the Wadden Sea (TMAP) mentions suspen-
ded matter concentration as a supporting, not mandatory parameter in their handbook on
nutrients, see TMAP (2009). The handbook explicitly refers to the corresponding guideli-
nes of JAMP. HELCOM (2015) also treats SPMC as a co-factor in water analysis and again
keeps its determination by filtration according to ISO (1997) and includes as an indirect
measure for SPMC, the Secchi depth. ICES itself stipulates only guidelines for data formats.

In a global framework, the I0C-EU-BSH-NOAA-(WDC-A) International Workshop on
Oceanographic Biological and Chemical Data Management dealt with a number of bio-
geochemical bulk parameters, but does not contain SPMC in the variable list. GOOS so far
does not present best practice manuals. For the ARGO program QC manuals for bio-Argo
particle backscattering measurements are yet in development (Schmechtig et al., 2015),
the main purpose of these measurements is the use of the backscattering coefficient as
proxy for POC concentration (I0CCG, 2011); which will possibly limit the usefulness of such
QC systems to coastal seas and estuaries. NOAA is responsible for numerous monitoring
programs along the US coasts, but does not provide standards for SPMC measurements in
official documents. In some technical reports, however, the methods to obtain SPMC are



State parameter
Particle size in situ

described, always using gravimetric analyses of water samples (e.g. Pait et al., 2015)

For the large-scale integrated ocean and coastal ocean observatories, such as 100S
(https://www.ioos.us/) and IMOS (http://www.imos.org.au/), no guidelines for best prac-
tice of SPMC measurements are put forward. SPMC is not part of operational real-time
observation, but at least in the case of IMOS, SPMC data sets based on water samples are
regularly created at reference stations (e.g. Lynch et al., 2008).

Table 2.2: List of additional state parameter needed to interpret the results of long-term
SPMC measurements with more accuracy and completeness.

Method

Laser diffractometer, holography, optical camera systems

Type
sensor

Particle size in lab

Grain size analysis (primary particle size) water, centrifuge sample

Particle composition

LOI: Organic matter
Element analysis: POC, PON
XRD: Mineral composition .
. . water, centrifuge sample
Pigment analysis: Chlorophyll
Colorimetric analysis: TEP concentration

Electron microscopy

Particle composition

Fluorimeter: Fluorescence
. . . . sensor
Primary production: Fast Repetition Rate Fluorimeter

Particle shape

Holography, floc camera sensor

Electron microscopy

water sample

Turbulence High frequency Acoustic Doppler Sensor sensor

Currents Acoustical Doppler Sensor sensor

Waves Acoustic Doppler Profiler, Wave rider, floater sensor or station
Density Conductivity, Temperature sensor

Water level Pressure sensor; tide gauge sensor, station
Distance to bed Acoustic altimeter sensor

Meteo from relevant meteo stations station

The U.S. Geological Survey provides a number of documents comprising guidelines for
the sampling (Edwards and Glysson, 1999), for the lab analysis of the samples (Matthes et
al., 1992; Shreve and Downs, 2005), for the proper layout and operation of field stations
and sensors to meet accuracy and precision requirements (Wagner et al., 2006), and how
to compute time series of SPMC and their related loads using proper statistical regression
models between turbidity and sample SPMC and evaluating their outcomes (Rasmussen et
al., 2009). The latter was expanded for acoustical backscatter measurements (Topping and
Wright, 2016). These guidelines were developed for measurements in rivers, but many of
them can be transferred to estuaries and coastal seas in a straight forward way, except
that ones need to take into account that the conditions in estuarine and coastal ocean wa-
ters differ in two major aspects. Firstly, the field stations are generally more remotely lo-
cated from the landside and much harder to access and to maintain. Secondly, the SPM
exhibit much higher variability on texture and composition. Fluvial SPM consists predomi-
nantly of mineral matter with generally minor changes in particle size and composition,
except during high river runoff, when particle size may significantly change. Estuarine and
marine SPM on the other hand exhibits significant inherent variability in composition, co-
hesiveness and size, which increases the occurrence of uncontrolled uncertainties, the
need for additional instrumentation (see Table 2.2) and the number of model parameter
calibrations to perform.

20




2.2 Sources of uncertainties

Uncertainties, as described in Ramsey and Ellison (2007) and I1SO (2008; 2017), hamper da-
ta quality and may arise from mal-functioning of sensors (2.2.1), the environment influ-
encing the sensors without changes in SPMC (2.2.2), SPMC sample collection and analysis
(2.2.3), modelling of sensor output to sample SPMC (2.2.4), the variability of the model
that relates sample and sensor (2.2.5), and additional uncertainties arising from human er-

ror and uncontrolled environmental boundary conditions (2.2.6).

2.2.1. Sensor related uncertainties

Sensor related uncertainties occur if the sensor output changes over time unrelated to
changes in inherent particle properties or SPMC. Concerning optical backscatter sensors
this is caused by variations in voltage supply, changes in the transmittance of the window
that is the interface between the sensor and the water or other degradations. Concerning
acoustical backscatter sensors the main sensor related uncertainty is related to battery
power. The reason that no other sensor related uncertainties are documented is due to
the limited availability of facilities to test acoustic sensors in a lab, and that in contrast to
optical sensor, no standards and norms exists so far to test and calibrate acoustical
backscatter sensors. Other uncertainties may arise from the drift of the internal clock of
the sensor or the data logger in particular in case of long term monitoring.

2.2.1.1  Drift of a sensor with time

Optical sensors are subject to gradual decreasing transmittance of the sensor window dur-
ing deployment due to damages caused by the collision of particles. Therefore the factory
calibration parameters should be used with care and be checked regularly. After intense
and occasional usage during several years the slope between factory calibration and
Formazin recalibration of 11 Seapoints agreed on the average within 1% but showed
standard deviation of 15%. Figure 2.2 shows a comparison between an OBS3+ factory cali-
bration and a sensor calibration obtained after 329 and 421 days highly turbid (SPMC >
1g/l) sea water. Using the factory calibration constants without recalibration would indi-
cate an apparent increase of the turbidity. Any of these changes in the calibration con-
stants are inherent to the sensors itself and the need of recalibration has to be specified
by the user based on the required precision.

Variations in voltage supply result in a drift, which is unrelated to variations in SPMC or
inherent particle properties. In clear water the output of e.g. an OBS3+ will be a minimum
voltage, increasing to a maximum voltage at the maximum turbidity range. The sensor
needs to be fed by a constant minimum voltage in order to give good data. Lower voltage
supply results in an apparent decrease in turbidity. Figure 2.3a shows an OBS3+ in low (0-
2000 BU) and high (0-4000 BU) range that has been fed with different input voltages while
measuring in a standard of 2000 Amco-Clear®-equivalent BU. For an input voltage of more
than 6 V the low range registers a constant value of 5.1 V (saturation), while the high
range registers about half of it (2.5 V). If the supplied voltage decreases, the signal regis-
tered by the OBS3+ decreases as well. An example of a time series collected with a cor-
rupted and a well-functioning sensor is illustrated in Figure 2.3b. Due to an insufficient
voltage supply the recorded SPMC signal was on average about 90% lower than it should
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Figure 2.2: Factory and in lab sensor calibration of two OBS3+. The laboratory calibration
was done after 421 (8729) and 329 (8849) days of measurements in high turbid (SPMC >
1g/l) sea water during 2014-2016. The solid lines are the 2" order polynomial fittings pro-

vided by the factory, the dashed lines are the 2" order fittings after recalibration.
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Figure 2.3: (a) Power provided by an external source to a OBS3+ measuring in a solution of
2000 AmcoClear® equivalent BU. When the voltage drops below 6 V, the sensor registers
low voltage output values. (b) SPMC time series measured with a OBS3+ that was attached
to a SonTek Hydra for storage and battery supply. The system was replaced on day 118.7
by a similar system. The first system was not providing the minimum of 6V to the OBS. The
second system worked correctly. In blue is shown the corrected time series.

be. After sensor calibration with lower voltage supply the data could be corrected. Battery
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power affects also acoustical backscatter sensors (Tessier et al., 2008). From the regis-
tered battery voltage during the deployment the emitted power can be converted into the
correction factor P, calculated as P,,,=10log(P?)/R, with R the electrical resistance. If on-
ly one of the transducers of profiling acoustical sensors supplies more or less power than
the others, then this can be corrected using the other transducers (Tessier, 2006).

2.2.1.2 Sensitivity of sensors

Some optical backscatter sensors, such as an OBS3+, are dual range sensors having both a
low- and a high-range output. The two measuring ranges increase the resolution of the
measurements, but each output is more accurate when its designed turbidity range mat-
ches its calibrated range. The RMS error between high and low range output depends on
the turbidity, e.g. for an averaged turbidity around 20 the low range (500 BU) recordings
during a tidal cycles differed by about 2% with the high range ones (2000 BU). When in-
creasing the ranges (low: 1000 BU, high 4000 BU) then the relative difference increased to
24%. The optimal range is to be chosen according to the expected range of turbidity va-
lues in the field.

2.2.1.3 Inter-sensor variability

The aim of multi-sensor calibration is to generate a reliable model parameter calibration
to estimate SPMC at long-term monitoring stations by repeated field surveys and to rec-
ord variabilities caused by the use of similar types of sensors. Figure 2.4 shows the result
of a simultaneous calibration of three OBS3+ sensors during a tidal cycle. The RMSE be-
tween the three OBS3+ sensors, which have been calibrated against the same sample
SPMC, was 2.6% for 1 Hz sampling and 2% for an averaging over 60s. The difference be-
tween sensor outputs is changing during the course of the measurements. This points to
small scale variations in the SPMC (sensor are located about 50 cm from each other) and
to different sensitivities of the individual sensors. These examples presented strengthen
the necessity of sensor calibration (difficult to achieve for profiling acoustic sensors) and
model calibration for each sensor separately.

100 T T T T T T T T 10
averaging over 60s: RMSE=2.04% | —OBS T8557
a0 | —OBS T8430 19
OBS T8849
80 | —RMSE -18
70 - 77
60 |- 6
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Figure 2.4: Inter-sensor variability between three OBS3+ sensors measuring at about 50 cm
from each other during a tidal cycle (Belgian nearshore area).The sensors have been cali-
brated using the same sample SPMC The differences between the OBS’s change during the
course of the tide. This points possibly to variations in the SPMC (sensor are located about
50 cm from each other) or to different sensitivities of the individual sensors.
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2.2.2. Environmental related uncertainties

Environmental related uncertainties occur when the acoustic or optical backscatter sensor
output changes over time unrelated to changes in inherent particle properties or SPMC or
when the sensor measures outside its designated range. The former occurs when the sig-
nal is attenuated by biofouling or the occurrence of air bubbles. The latter occurs, e.g. in
case of an OBS, when the emitted light beam is strongly attenuated and backscattered
light decreases with increasing sediment concentration, resulting in an ambiguous inter-
pretation of the signal (Downing, 2006; Sottolichio et al., 2011).

2.2.2.1 Biofouling

Biofouling or other type of fouling can limit the accuracy and quality of long-term SPMC
measurements within a week, depending on the season and the environment. Biofouling
occurs in four phases starting with the development of an organic film, followed by prima-
ry and secondary micro colonizers and finally tertiary colonizers attach to the microfouling
film (Abarzua and Jakubowski, 1995). The impact of the different phases on the recorded
signal remains difficult to estimate and can result in a temporary or permanent increase of
the backscattered signal due to additional reflection or a decrease due to attenuation
(Kerr et al., 1998; Delauney et al., 2010). Increase of the backscattered signal can also be
caused by plant or artificial (e.g. fishnet) filaments trapped by the measuring infrastruc-
ture and constantly or ephemerally influencing the detection volume. There are several
methods and reasons to protect the sensors against biofouling (Ridd and Larcombe, 1994;
Manov et al., 2004; Whelan and Regan, 2006). The most obvious reason is to obtain good
quality data. Another one is that the fouling development on the whole measuring infra-
structure can disturb the properties of the study site. For example, the growth of epi-
fauna on the infrastructure may influence the measurements as they trap, accumulate
and temporarily release SPM (Baeye and Fettweis, 2015). Effectively biofouling results in a
gradual and continuous drift of the signal over time together with an apparent decrease in
sensitivity (Dolphin et al., 2000; Downing, 2006; Jourdin et al., 2014). Permanent bio-
fouling events will gradually change the backscatter intensity and can only be corrected if
a non affected reference sensor is at hand. The reference sensor can be single beam
acoustic or optical backscatter sensor or a not-affected beam of an acoustic profiler. The
onset of a change in the SPMC signal due to biofouling is difficult to identify and therefore
should be based on the hypothesis that the observed changes cannot anymore be ex-
plained by known physical behavior of SPMC variations.

Figure 2.5 is an example of epi-fauna (barnacles) growing on an OBS that resulted in an
increase of backscatter intensity until saturation and thus an overestimation of the SPMC.
The timing of biofouling was estimated at the point where the ratio of the affected sensor
to a non affected one started to increase monotonically. Acoustical sensors are less sensi-
tive to biofouling than optical sensors. Nevertheless biofouling has been observed on
moored up-ward looking ADCPs. A straightforward identification of these events is possi-
ble by computing the maximum backscatter ratio (Jourdin et al., 2014). In absence of bio-
fouling the ratio will have values close to the sensor noise (typically 1 dB). A drop of up to
10 dB has been observed in ADCP moorings deployed off the French coast (Jourdin et al.,
2014), while in an ADCP mooring off the Belgian coast a gradual drop of more than 20 dB
in backscatter strength have been recorded. A value of 10 dB leads to under-estimation of
the suspended sediment concentration by one order of magnitude, over the entire acous-
tic profile. If only one beam of an ADCP is affected by biofouling, this can be corrected by
applying the median function to all beams as explained in Jourdin et al. (2014). Figures 2.6
is an example of permanent biofouling resulting in a gradually decrease of the backscatter

24



strength during the mooring, while in Figure 2.7 shows episodic biofouling events.
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Figure 2.5: The time series collected in the Belgian nearshore area show the OBS derived
SPMC at 0.2 and 2 mab (left axis) and the ratio between SPMC at 0.2 and at 2mab (right
axis). The thick lines are the low-passed filtered data. The OBS at 0.2 mab was covered by
barnacles, while the one at 2 mab was not affected by biofouling. The low-pass filtered ra-
tio indicates that biofouling started to affect the OBS at 0.2 mab from about day 134 on-
ward. The OBS at 0.2 mab saturated during the measuring period when the SPMC exceed-
ed about 1.6 g/I.
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Figure 2.6: 35-day time series of maximum backscatter ratio (up) and the backscatter
strength (down) recorded by an upward-looking 1.2 MHz RDI ADCP (5"’ bin at about 1.5 m
above the ADCP is shown) moored offshore the Belgian coast. Changes in the maximum
backscatter ratio occurred from day 165 onward. Superposed are quarter-diurnal varia-
tions in R, of the order of 2-3 dB that result from the deposition of fine sediments during
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slack water and the subsequent erosion during increasing currents. The recovered ADCP
was massively fouled by barnacles, tube building worms and hydrozoa.
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Figure 2.7: 9-day time series of the backscattering strength vertical profile recorded by an
upward-looking 500 kHz ADCP (Nortek ADP) moored on the sea bottom at 20 m depth in
the Bay of Vilaine, South of Brittany (France). The surface oscillation corresponds to the
tidal elevation. a) Volume backscatter strength measured by the transducer 1. At day 152
a biofouling event caused a sudden drop in all backscatter values of the profile, by nearly
10 dB. Following, backscatter values rise again and drop again until day 153. b) Maximum
backscatter ratio R,. Biofouling events on other transducers are identified at days 149 and
151. c) Median backscatter strength. The median allows a computation of a backscattering
strength without perturbations by the biofouling.

2.2.2.2 Saturation and ambiguity problems

SPMC in the field may vary from several mg/I to a few g/I. At these ranges, the OBS output
increases with SPMC, and the gain setting is adjusted by the manufacturer for an opti-
mized sensitivity at the expected concentrations in the field. However for very high SPMC
values, saturation occur and the OBS output will show a plateau as long as SPMC remains
above the saturation range as illustrated in Figure 2.5. The individual setting of certain
probes can be adjusted (see §2.2.1.2) to broaden the range of SPMC before saturation,
but this operation is limited for water where concentration exceeds several g/I.

For many OBS probes, beyond the saturation range, the output signal decreases with
increasing concentration as was first observed in the field by Kineke and Stenberg (1992).
They attributed this trend to the partial blockage of the emitted beam by highly concen-
trated suspensions, the reduction of the scattering volume relative to the area of detec-
tion. Figure2.8 shows typical bell-shaped backscatters curve, meaning that a given OBS
output can correspond to two possible SPMC values. The two values that can be obtained
(i.e. the up and over response) depend on the sensitivity of the individual sensor. This bell-
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shaped response can be particularly useful when measuring very high concentrations (Sot-
tolichio et al., 2011). Because of this ambiguity, the determination of SPMC in highly con-
centrated waters (>4 g/l) is not always possible. A correction is possible in case of vertical
profiles, where SPMC is continuously increasing downward (Kineke and Sternberg, 1992).
However, this does not help in case of time series, obtained by one probe at fixed height
above the bed. The use of a second probe above the other helps to solve the ambiguity of
one of the two probes. Acoustic backscattering shows the same type of response than op-
tical probes, and the ambiguity issue apply thus also to acoustic devices, such as single
point ADV sensors (Ha et al., 2009; Sottolichio et al., 2011).
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Figure 2.8: Typical bell-shaped backscatters curve of an OBS (Sottolichio et al., 2011),
meaning that a given OBS output can correspond to two SPMC values. The figure shows
how this ambiguity can be solved by using two superimposed sensors. Left: when the upper
probe records lower turbidity than the lower probe, upper concentration is solved, but the
lower remains unsolved. Right: when the upper probe records higher turbidity than the
lower one, lower concentration is solved, but the higher remains ambiguous and unsolved.

2.2.2.3  Effects of air/gas bubbles

Due to the high acoustic impedance or the very different refractive indices between gas
and water, the volumetric backscattering strength measured by acoustical sensors or the
scattering efficiency measured by an optical sensor is sensitive to the presence of air or
gas microbubbles (1 to 500 um in radius) in water. These bubbles are mainly generated at
the sea surface by wave breaking or white-capping (e.g. Schwendeman and Thomson,
2015) and as a consequence the backscattering strength also depends on the sea state in
addition to SPMC (e.g. Klein, 2003; Downing, 2006; Puleo et al., 2006). The finest bubble
population of typical size less than 50 um in radius penetrates deeper within the water
column where it can remain in near-equilibrium suspension (e.g. Randolph et al., 2014).
Outside the surf zone, bubbles can be carried down in form of plumes or patches by con-
vergent fronts or wind-induced down-welling to depths up to 30 m (Wang et al., 2016).
The vertical distribution of wave bubbles decays exponentially with depth resulting in a
similar decrease of the backscattering strength at lengths scales of 0.5 to 5 m (Wang et al.,
2016). Expressed in decibels the backscattering intensity displays a linear decrease with
depth (e.g. Wang et al., 2011) and this property together with measurements of the wind
speed (U,o) and wave height in parallel can be used to discard parts of profiles affected by
wave bubbles, see the example in Jourdin et al. (2014).

2.2.3. Sample related uncertainties

Sample related uncertainties occur during collection and analysis of the sample SPMC, i.e.
the filtering and weighing. A diversity of methods and equipment are used to collect water
samples, such as Niskin bottles, Go-Flow bottles and stand-alone or on-board sea water
pump or suction systems. The bottles attached on a CTD system (vertical), Rosette (verti-
cal) or other profiling frame (horizontal), or the intake for the pump system should be in
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the vicinity of the sensors, which are deployed for model calibration. To our knowledge no
conclusive investigations have been published so far on sampling devices for fine-grained
(cohesive) SPM in turbulent coastal and estuarine waters.

Standard protocols for dry mass SPMC determination (Strickland and Parsons, 1968;
Pearlman et al. 1995) and additional procedures to partition SPMC into its organic and in-
organic content (e.g. loss on ignition, element analysis) are straightforward: They include
filtering a specific volume through a pre-weighed filters, washing of sample filters to re-
move salt, drying, and weighing of the filter to determine the dry mass of the SPMC. In
early years, paper filters were used; later membrane filters (Banse et al., 1963) have been
in use, while nowadays often glass-fiber filters (type GF/F or GF/C) are used. A critical step
in the determination of SPMC is the removal of the salt in filters from seawater samples
(Banse et al., 1963). Additional uncertainties are related to the determination of the dry
mass and filter volume and the amount of structural water in minerals (Barillé-Boyer et al.,
2003), see Stavn et al. (2009) for an overview. Most uncertainties are related to a constant
mass offset (salt, weight and volumetric determination) and are, hence, relatively small
when enough mass of particulates (several milligram) is collected on the filter. The collec-
tion of a sufficient mass is easy to achieve in turbid nearshore or estuarine waters domi-
nated by mineral material, but more difficult in low turbid organic-rich waters or e.g. dur-
ing a Phaeocystis bloom. In the latter case the gelatinous algal colonies may clog the filter
before enough material is collected and prevent the removal of the salt. In cases were the
sample mass on the filter is not very high, errors due to salt are significant (Banse et al.,
1963; Stavn et al., 2009; Rottgers et al., 2014). In cases were the sample is turbid (>100
mg/l), the main uncertainty is often caused by the difficulty to homogenize the sample
prior to subsampling and filtration (Fettweis 2008). Methodological improvements include
the optimization of the filtration volume and cleaning of the filter margin after the funnel
is removed (Neukermans et al., 2012a); the correction of the salt mass bias using proce-
dural control filters (Stavn et al., 2009), the filling of the filter margin with salt-free water
before filtration and the determination of a SPMC free of the salt-bias using a set of dif-
ferent sample volumes (Réttgers et al., 2014).

The uncertainty in sample SPMC decreases with increasing SPMC as shown for a data
set of about 2500 sample SPMC from the Belgian nearshore obtained with the method of
triplicates with the same volume using GF/C filters. The uncertainty (expressed as the
RMSE of the triplicates divided by the mean value) is highest (8.5%) for sample SPMC low-
er than 5 mg/l and decreases with increasing SPMC to 6.7% (<10 mg/), 3.5% (10-50 mg/I)
and 2.1% (>100 mg/l). This error corresponds to the uncertainty introduced if only one
replica was used instead of three replicas. In case of triplicates the error is limited by ex-
cluding sample SPMC with a RMSE exceeding a threshold value. The need of subsamples
with different volumes versus subsamples with the same volume has been checked from
samples collected in three stations with different turbidity in the southern North Sea. The
estimated slope, i.e. the SPMC, has an uncertainty that can be higher than 1 mg/I| (>30%)
for clearer waters (SPMC about 3 mg/l) and then it drops to about 0.3 mg/I for SPMC of
about 11 mg/l (3%) or 25 mg/l (1%). Using the method with the same volume, the uncer-
tainty is about 0.3 mg/l (10%) for the clearest sample, about 0.4 mg/l (4%) for SPMC
around 11 mg/Il and about 0.8 mg/l (3%) for SPMC of around 25 mg/I. The relative differ-
ence between the estimated SPMC using this method and the different volume method
(applied three times, and averaged) is about 11% for clear waters, 6% and 4% for higher
levels of turbidity. One should consider that the uncertainty (standard deviation) of the
SPMC through averaging of triplicates with the same volume is not the same uncertainty
as obtained via the slope determination in the different volume method. The latter in-
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cludes a measurement and a systematic error due to the offset by salt, while the same
volume method provides only a measurement error. The systematic error is ignored in the
same volume method, which explains the apparent lower uncertainty of this method, es-
pecially at low SPMC as compared to the different volume method. The method with dif-
ferent volumes is more accurate, the latter holds especially in low turbid waters, where
the effect of salt is important (Rottgers et al., 2014).

2.2.4. Relating sensor output to sample SPMC

Modelling techniques establish a statistical relationship between turbidity or acoustical
backscatter intensities and reference SPMC data. This relationship is applied to convert
the time-series of turbidity or acoustical backscattered signal into SPMC. The reference
SPMC should preferably be the sample SPMC (ISO, 2014), however, for acoustic devices
such as an ADCP a calibration against in situ water samples is challenging, as samples are
often difficult to collect next to the profiling sensor and as the property of the SPM may
change over the water column. For these cases the SPMC derived from optical sensors is
often used as reference. This procedure will add additional uncertainty to the model.

The first part of this section (§2.2.4.1 and §2.2.4.2) deals with a purely technical as-
pect, i.e. the biases involved with the choce of the linear regression model. The second
part addresses uncertainties that are caued by systematic changes of the particle IOPs or
IAPs that will result in varying proportional factors between the detected signal and SPMC
that are not detected during the generally short calibration periods (§ 3.4.3). Very often,
these cover only a tidal cycle in the pre- or post-measurement phases using, e.g. a rosette
with Niskin bottles or a water pump. A general bias in the model parameter calibration re-
lation may be caused by the spatio-temporal mismatch between the sample and the sen-
sor, by local changes in the turbulence and floc size caused by the sampling device or by
the calibration period that is not necessarily representative for the whole unsupervised
time series. The latter may result from changes of the particle properties within the same
area, due to variable meteorological and hydrodynamic conditions that lead to the resus-
pension of particles of different size, composition, shape and dynamic modification of the
particle characteristics due to flocculation processes. The third part (§2.2.4.4) deals with
the inconsistencies between parallel optical and acoustical data that are caused by the un-
correlated and random variations in the IOPs and IAPs.

2.2.4.1  Modelling techniques for optical and acoustical sensors

The relationship between optical sensor output to SPMC or the acoustic backscatter to the
10log;o(SPMC) can be modelled using a linear model (see §2.2.3). The model can be ap-
plied to the linear domain or the log-log transformed domain (the latter only for turbidity
data). Mostly, after quality checks of the data, linear regression finds optimal regression
parameters by minimization of the squared differences between the values of the depen-
dent variable and the regression line (X2 method, further called LSQ). In general, however,
different options for the linear regression method can be considered that lead to different
values in the regression parameters for the same data set and different levels of predicta-
bility of SPMC from optical turbidity or acoustic backscatter intensity.

The first option is the choice of the independent (explanatory) and dependent (re-
sponse) variable. As one finally wants SPMC as a function of turbidity, mostly SPMC is used
as dependent variable. On the other hand, as turbidity depends on SPMC and not vice ver-
sa, causality requires turbidity as dependent variable to compute SPMC from turbidity us-
ing the inverse of the regression. As another option, one may regard both SPMC and tur-
bidity as only statistically, but not causal dependent on each other. This situation may be
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adequate for cases where water sampling locations and turbidity detections volumes dif-
fer by typically more than the coherence lengths of the SPMC in the observation area.
Then the minimization of the difference between data and regression line should take
place perpendicularly to the regression line solving an Eigenvalue problem. This method
leads to symmetric results no matter whether SPMC or turbidity is the dependent or inde-
pendent variable.

In most real data sets, the assumptions for linear regressions, i.e. the residuals are
normally distributed, linear along the zero line, and of constant variance across the range
of the dependent variable (homoscedastic), are not met (e.g. Gilbert, 1987). Often, the da-
ta sets may contain outliers, i.e. data that do not follow the pattern of the other observa-
tions beyond the tails of normal distributions. Ordinary least-squares fitting then can have
undesired sensitivities both in best model parameter or confidence interval estimations. In
this study, two examples of robust fitting are contrasted with ordinary least-squares. The
Theil-Sen estimator is a non-parametric method that determines model slope m by the
median of the slopes through all data pairs of data points and then computes the inter-
cept from the median of all data pair residuals y;-mx; (Wilcox, 2001). The second method is
the “iteratively reweighted least squares” (further called Robust) in which the weighted
sum of the absolute differences between the regression line and the dependent data is
minimized with the weight being the inverse of the differences in the former iteration step
(Press et al., 1989).

To overcome the problems with data heteroscedasticity, log,, - transformations of the
variables can be applied, a decision that should be based on the examination of the model
residuals (Helsel and Hirsch, 2002). This transformation has also the advantage that the
distribution of data along the independent variable is more homogeneous as there is very
often a bias in the coastal water sample data sets towards lower concentrations. The re-
transformation of the regression line into the original units introduces a bias that arises as
the regression estimates are computed from means in log units unequal to the mean in
original units. Helsel and Hirsch (2002) recommend the usage of the non-parametric
“smearing” estimator

Ber =Z=l™ (8)
introduced by Duan (1983) as bias correction factor (BCF) with n the number of samples,
and e; the residual of sample i in log-units. This BCF is not symmetric when using the Ei-
genvalue regression in the log space as SPMC and turbidity have different units.

An example of the different methods and the exchange of dependent and independent
variables is shown in Figure 2.9 for the calibration of an OBS against sample SPMC. The
next example shows the direct calibration of an ADCP (1 MHz Nortek AWAC) against sam-
ple SPMC in a moderately turbid environment (<100 mg/I) is shown in Figure 2.10. The di-
rect calibration with sample SPMC was performed for the surface and bottom samples
separately as they originate from different population of particles in suspension, i.e. sur-
face plume and bottom resuspension. The data are from a coastal observatory located at
the mouth of the Seine estuary and consists of a bottom station equipped with an ADCP
and a Wetlabs NTUSB optical backscatter sensor (Wetlab OBS) and a surface buoy measur-
ing turbidity with a similar Wetlab NTUSB sensor. Seasonal field campaigns are conducted
each year to collect surface and bottom water samples and perform CTD and turbidity ver-
tical profiles (OBS3+ sensor).
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Figure 2.9: Relating sample SPMC to sensor output using different linear regression models
for the actual and the log transformed data. The data have been collected in the Belgian
nearshore area and consist of 26 sample SPMC and corresponding turbidity values from a
Seapoint OBS. The solid lines correspond to the relationship BU=f(sample SPMC) and the
dash lines to sample SPMC=f(BU).

In Figure 2.11 the model calibration of two acoustic sensors (3 MHz Sontek ADP with
series number M284 and M947) is shown using the OBS-derived SPMC as the reference
SPMC. The data is from a one year time series in 2013 collected in the turbid Belgian near-
shore area at about 2 m above the bed (Fettweis et al., 2016). Both acoustic sensors have
measured about half of the period at a burst rate of 15 minutes and all the available OBS
and ADP data pairs have been used for the model calibration (M284: 12280; M947:
14923). The OBS sensors have been calibrated twice during the period against sample
SPMC. The model calibration (M284: R?=0.4; M947: R?=0.6) shows strong scatter in the da-
ta and thus a high uncertainty in the acoustic derived SPMC. Additional examples for cali-
bration of long-term ADCP measurements are given by e.g. Fugate and Friedrichs (2002),
Gartner (2004), Tessier et al. (2008) or Dufois et al. (2014).
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Figure 2.11: Relating OBS derived SPMC to the backscatter intensity of the first bin of two
Sontek 3 MHz ADP profilers (M284, M947) using linear regression models. The data set
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models (Least square, Eigenvalue, Theil-Senn, Robust fit and each one with interchanging
dependent and independent variables), the dashed lines are the regressions lines (M284:
R?=0.4; M947: R?=0.6).
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2.2.4.2 Uncertainty due to the choice of the linear regression model

To estimate the uncertainties introduced by the choice of a specific regression method,
we applied fifteen different combinations of regression methods to eleven data sets using
the three minimisation schemes plus the Theil-Sen estimator, exchanging turbidity and
SPMC as independent variable and with and without log;, -transformations of the data.
The data sets consist of pairs of sample SPMC and turbidity collected at various location
with Hach nephelometers (North Sea, English Channel, Mediterranean Sea, French Guiana
coast, Gironde estuary, Rio de la Plata) and Seapoint sensors (Wadden Sea, North Sea,
Oosterscheldt, Weser estuary). The variability of the resulting regressions increases con-
siderably with decreasing R’ of the data set. In Figure 2.12 the percentage range of slopes
(maximum — minimum) of the regression functions as SPMC=f(Turbidity) is computed for
the not-transformed (i.e. linear scale) and the log,q — transformed data for different values
of the normalized turbidities following

Turbyorm = (Turb—< Turb >)/std(Turb) (9)

where <> is the average and std the standard deviation of the turbidities in each data set.
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Figure 2.12: Mean spreading of the slopes of the regression lines (maximum — minimum)
with respect to the normalized turbidity (Turbp..m) as a function of the mean R? over all re-
gressions (mean regression over the 7 regression models in the linear domain). The slope
of the curve for Turb,,.,=0 is close to zero. For higher and lower Turb,,,, values the spread-
ing and thus the uncertainty increases. The uncertainty of the model increases with de-
creasing R2

The spreading of slopes increases significantly with decreasing R® from 0% for R2=1, to
10% for R®=0.93 and 30% for R’=0.60 at Turby-m=2 (typically the 95% percentile of the
turbidities). At the center of the turbidities (Turby,,»=0) the spreading of slopes is close
to zero, as expected. For cases, where the calibration data represent only a limited range
of the totally observed turbidities in the time series, the spreading at higher values of tur-
bidity should also be taken into account, e.g. at Turby,,n=8 the percentage spreading of
slopes amounts to more than 50%.

The slopes and intercepts of linear regression (Eigenvalue method) of the percentage
slope spreading versus R’ can be closely fitted by exponentials and yields the following
formula for the percentage slope spreading (%) as a function of R’ and Turbyorm:

S% = (140 e~035Turbnorm-135) < R2 > +140 (1-e 04 Twrbnorm) — 5 (10)
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This formula predicts the percentage spreading within 5% for an R’ of 0.91 and can be
used to estimate the uncertainties involved with the choice of the regression method ap-
plied based only on R* and dependent on the value of Turbyorm-

To investigate how the type of regression method relates to the mean of all (7) linear
scaled data regressions, we averaged the percentage spreading of each regression method
over all data sets as a function of Turby,,., and displayed it with respect to the mean of
all regressions (Figure 2.13). The deviation of all methods from their mean are nearly zero
at Turby,ym =0, diverge sharply towards negative Turbyymup to +- 50% at Turby rm=-1
(average 10% percentile of the turbidities), and increase again towards higher Turby rm
to a plateau, that depends both of the R’ of the data set and the regression method. For
data sets with R”>0.90, this plateau remains below * 5 percent for all regression methods,
but raises to nearly +-20% for data sets with R% <0.75. Here, the regression methods dif-
ferentiate distinctively from each other, see Figure 12. The LSQ method with turbidity as
dependent variable and SPMC computed from the inverse of the regression , exceeds the
mean regression by +20%, whereas the Eigenvalue and inverse robust fit regression still
remain close to + 5%. All inverse regressions have a positive bias with respect to the mean,
whereas the regressions with SPMC as dependent variable have a negative bias of the
same amount. Hence averaging the direct and the inverse regressions of one method
equals the mean regression.

Within the range of the calibration data (Turb,.,n, between 0 and 1) the percentage
spreading remains below 10% with R? >0.6. At the lower range end of the calibration data
(Turb,orm <-0.5) the relative uncertainties rapidly diverge (Figure 2.13).

The situation is quite different for the regressions performed with logs-transformed
data. The slope of the regression may deviate from 1, resulting in a non-linear power func-
tion after re-transformation. This may result in quite large percentage spreading’s at high
Turby,rm, see Figure 2.13. For data sets with R? <0.75, the spreading exceeds more than
+50% at Turby,,m=8 with no signs to reach a plateau limit at higher Turbyypm. For
R2>0.9, the percentage spreading is much lower with +20% at most and reaching the plat-
eau at Turby,,m= 6. This value still is four times higher than for the regressions with not
transformed data. Within the calibration data range the uncertainties are still higher by a
factor of 2 compared to the not transformed cases, but at the lower end of the turbidities
they are more or less identical as all regressions are forced to cross the origin point.

Of course, the results shown here are valid for any data set independent of the mean-
ing of the variables. This means that the uncertainties involved with the model calibration
of acoustical backscatter data against an OBS derived SPMC are much larger as the exam-
ples in Figure 2.10 and 2.11 show, where the R’is 0.4 and 0.6 respectively. The situation is
even aggravated by the fact that the linear relation is valid for the log of the SPMC. After
raising the data to the power of 10, the uncertainties will increase accordingly and likely
exceed 100 %.

2.2.4.3  Natural variabilities in SPM inherent optical and acoustical prop-
erties

Variabilities in IOPs may occur between different geographical areas or within a same
measuring location. The former is illustrated in Figure 2.14, where the relation between
sample SPMC and Seapoint turbidity is shown for different areas in the North Sea. The
spreading in the data is caused by variabilities in inherent particle properties between the
areas. Additional causes of the differences are inter-sensor variabilities and uncertainties
due to the sampling and filtration protocols. The latter are thought to be of lesser impor-
tance as the differences in slope of the regression lines (German Bight: 1.05 and Ooster-
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schelde estuary: 2.34) is larger than these additional uncertainties. Local variation in the
IOPs have to be considered when turbidity data are compiled on regional scales as a basis
for SPMC mappings, as in the e.g. for coastal observatories that deliver time series of opti-
cal turbidities at different locations.
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Figure 2.14: Sample SPMC as a function of Seapoint turbidity collected at various locations
in the southern North Sea. The regression is calculated with the Eigenvalue model. The
mean regressions are (SPMC=ax+b): all data (R?*=0.88; a=1.53, b=-1); Jade (R?*=0.83;
a=1.96, b=-16), Weser (R?=0.83; a=1.66, b=-20); Hoernum (R?=0.95; a=1.44, b=0); German
Bight (R?=0.99, a=1.05, b=1); Oosterschelde (R?<0.74; a=2.34, b=-3); Belgian coast
(R?=0.60, a=1.91, b=-1).

Intra-tidal variabilities in IOPs at a same location have been observed at various loca-
tions. Figure 2.15a shows that the specific backscatter ratio (i.e. turbidity divided by sam-
ple SPMC) is oscillating with the tides (Becherer et al., 2016). The magnitude and the tidal
signal of the ratio nearly persisted after the storm even though sample SPMC at maximum
currents increased threefold. With respect to the tidal mean this would result in a system-
atic over- and underestimation of the SPMC by 60 % over the tidal cycle. The data indicate
that the product of particle density and radius is four times smaller at slack water than at
maximum currents. This may be largely assigned to the organic content of the particles
that increases with the specific backscatter ratio (Figure 2.15b). Variation in the specific
backscatter ratio may also occur on seasonal time scales as observed in Liverpool Bay
(Jafar-Sidik et al., 2017). These variations are caused by the seasonality of the primary
production and turbulence regime and have changed the ratio by a factor 2.

Another example shows intra-tidal variations in acoustical and optical inherent particle
properties due to occurrence of mixed particles (i.e. sand and mud) in suspension at a
muddy and sandy bed site located in the main tidal channel of a brackish marsh in the
Scheldt estuary (Schwarz et al., 2017). The optical sensor was calibrated with sample
SPMC and the optical derived SPMC was subsequently used to calibrate the acoustic
backscatter sensor. The muddy bed site shows a strong correlation in contrast with the
sandy bed site between acoustical and optical backscatter during the two tidal cycles (Fig-
ure 2.16). These observations indicate constant particle properties during a tide at the
muddy site and changing particle properties at the sandy site, indicating that the SPM at
the muddy site consists mostly of muddy flocs resuspended from the bed, while at the
sandy site sand grains with diameters comparable to those of flocs are eroded into sus-
pension at high flow velocities. Their intermittent abundance will lead to changes in the
IOP’s of the SPM due to their higher specific density, i.e. the increase of rp will lower the
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Figure 2.15: Sample SPMC and turbidity collected in the tidal inlet between two islands in
the German Wadden Sea between 10 and 19 May 2011 (Becherer et al., 2016). Sample
SPMC ranged between 7 mg/| and 500 mg/|, during the storm (14-17/05) no samples have
been taken. (a) Time series of the ratio turbidity/sample SPMC and (b) dependence of the
specific backscatter b = turbidity / sample SPMC on total organic carbon. All samples
shown are taken after the storm, from 17° h through 19" May. Surface data are taken 1 m
below water surface.

ratio of turbidity to sample SPMC (see §2.1.3.1, eq. 5). A storm event recorded at an observa-
tion pole in the Elbe (Baschek et al., 2017, Kappenberg et al., 2018), discloses a further exam-
ple of significant changes in this ratio due to sand grains entrained into the water column. The
ratio of optical turbidity to SPMC derived from water samples taken hourly over a period of
12 hours before, during and after the storm varied from 0.4 during the moderate wind phases
to 0.12 just after the peak of the wind speed (Figure 2.17). Grain- size analysis of the samples
revealed a significant increase of mainly sand around the 90 um fraction. As a consequence,
optical turbidity remained in the range of average tidal
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Figure 2.16: Relation between optical (YSI, type 6920 V2) and acoustical backscatter sensor
(ADV (Nortek, 6MHz) at a muddy (location 1) and a sandy bed site (location 2) located
1200m apart in the main tidal channel of a brackish marsh located in the Scheldt estuary

during 2 tidal cycles (Schwarz et al., 2017).
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Figure 2.17: Changes in the ratio of turbidity to sample SPMC from 0.4 to 0.12 during a
storm period in the Elbe estuary caused by the resuspension of sand grains.

variability during the storm, whereas sample SPMC exceeded this by a factor of five. Simi-
lar observations have been made at other locations where mixed sediments and/or strong
changing current and wave conditions caused sandy material or particle with other ero-

sion characterisics to be resuspended up to the detection volumes of the acoustic and op-
tical sensors (see e.g. Fugate and Friedrichs, 2002; Fettweis et al., 2012).

The examples demonstrated that in-situ calibration with samples are necessary at all
representative locations and phases of the local hydrodynamical and biogeochemical con-
ditions to take the varying composition of the suspended particles into account.
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2.2.4.3 Uncertainties between optical and acoustical derived SPMC

A comparison of the modelled SPMC was performed from different optical and acoustical
sensors, based on the data from the mouth of the Seine estuary (§ 2.2.4.1 and Figure
2.10). The same sample SPMC was used to build models for a moored Wetlabs OBS, a pro-
filing OBS3+ and a moored ADCP (1MHz Nortek AWAC) and the modelled optical derived
SPMC was further used as reference SPMC to build a model for the moored ADCP in order
to estimate and compare model performance and associated uncertainties (Figure 2.18).
Results show that the optical sensors have highest accuracy against sample SPMC (OBS3+:
10%, Wetlab OBS: 40%) and that the acoustical derived SPMC compare well with the
0OBS3+ profiles for the period where both sensors have been calibrated against sample
SPMC. In the same figure the acoustic derived SPMC is compared with the SPMC time se-
ries derived from the Wetlabs OBS’s, thus for periods that are not covered by the field
campaigns dedicated for calibration. The optical and acoustic derived SPMC values signifi-
cantly differ, the ADCP underestimating large optical derived SPMC and overestimating
the lower ones. The acoustic sensor has the larger uncertainty at lowest (400% for SPMC <
5 mg/l) and highest values; in the mid range the uncertainty is about 100% (5 mg/l < SPMC
< 10mg/1) and below 50% (SPMC <75 mg/l). The results also show that the error of the
reference SPMC propagates into the uncertainty of the acoustic derived SPMC, as can be
seen when comparing the ADCP derived SPMC from Wetlabs OBS (20-150%) and OBS3+
(20-50%).

High uncertainties between acoustic and OBS derived SPMC have been observed in the
data from the Belgian nearshore (§ 2.2.4.1 and Figure 2.11), see Figure 2.19. The normal-
ized RMSE associated with the regression model varies between 100-500% (mean regres-
sion is 170%) for the M284 ADP and 90-140% (mean regression is 90%) for the M947 ADP.
The uncertainty is lowest in the mid range SPMC (100-1000 mg/I), with normalized RMSE
between 50-70% (M284) and 45-60% (M947) for the best regression models and higher
for the lower and higher SPMC values.

Both examples indicate that the differences between acoustic and optic derived SPMC
can be very large and that these uncertainties increase when long time series are used for
calibration. These differences are probably caused by variabilities in inherent acoustical
and optical properties of the SPM that occurred over time scales longer than the sampling
surveys, by differences in built-in sensor technology or due to time-delay between sensor
measurements and sample time. In order to improve the correlation, the inherent acous-
tic and optical properties of the particles should be incorporated into the model calibra-
tions.

2.2.5. Additional uncertainties

So far aspects of human interference in the operation chain of long-term measurements
and in the deployments have been neglected. These includes errors directly caused by the
human variability that influence the outcome of the measurements or by the effects of
human activities not related to the operational chain that have an impact on the SPMC.

2.2.6.1 Human errors

As everyone does also the people involved in the operation chain of long-term measure-
ments make errors. These human errors may cover a broad range of failures related to
human malfunction. Humans interfere during the maintenance, the sensor and model pa-
rameter calibration and the collection of sample SPMC. The errors are mistakes that may
result in the not strictly following of the protocol, or simply by bumbling errors, such as
mismeasures, miscalculations, mislabeling, malfunctioning of sensors or instruments.
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Figure 2.19: The model SPMC uncertainty for the ADP’s of Figure 11 expressed as normal-
ized RMSE and normalized residual for different regression models and as a function SPMC.
Negative residuals have a higher ADP-derived SPMC than the OBS-derived one.

Maintenance, water sampling and filtering or sensor exchange often take place under
tough sea state conditions and under time pressure that may result in stress, fatigue and
reduced mental awareness. Under such conditions it is often difficult to strictly obey pro-
tocols and to identify and document, if any, possible deviations and mistakes in an appro-
priate way. Further many of the errors are often only detected after the measurements
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and can therefore not corrected but should be discarded (see e.g. the occurrence of outli-
ers in the model parameter calibration that cannot be explained by natural processes).

2.2.6.2 Uncertainties related to uncontrolled environmental boundary condi-
tions

The objective of all long-term measurements is to document trends or sudden changes of
the monitored parameter. The uncertainties related to uncontrolled environmental
boundary conditions are causing variation in the SPMC that may lead to wrong interpreta-
tion of the observations. Even if the protocols are strictly followed and the uncertainties
described previously minimized, the measurements from the sensors may not reflect the
broader situation as the measuring devices (pile, lander) or the nearby human activities
have an influence on the measurements (Bolanos et al., 2011; Fettweis et al., 2016). Fur-
ther piles, landers or other devices that are in contact with the sea floor may cause local
scour and thus morphological, sedimentological and hydrodynamic changes that affect lo-
cally the concentration and the inherent properties of the SPM (e.g. Baeye et al., 2016).

2.3.  Towards best practice

To come to best practice for long-term monitoring activities of SPMC an accurate docu-
mentation of the successive operations and of the accumulating effect of uncertainties is
required. This means thus not only following a standard workflow, but also collecting me-
ta-information about applied protocols, quality standards, error estimations, as well as of
additional parameters that characterize e.g. human activities near the measuring site, cli-
matological indicators, river runoff and oceanographic and atmospheric standard parame-
ters.

2.3.1. Best practice workflow

A brief overview of the generic succession of operations required to run long-term or lar-
ge-scale measurements of SPM concentrations is depicted in Figure 2.20. The activities
can be divided into phases of pre-measurement, measurement and post-measurement
and grouped into planning and resource allocation, accuracy and precision measures and
post-processing of observation data and related ancillary information. In long-term obser-
vations the three phases and activities are not in strict sequence but interleave. Threats to
accuracy and precision that are specific for long-term observations, define the type and
timing of measures during the measurement phase to minimize or avoid them. They set
the need to allocate steady and flexible operation resources and the set-up of a proper
organizational framework linking laboratory and field work. (Near) real-time monitoring of
the data is desirable to react promptly with remote or field operations on system failures
or other threats to accuracy and precision. Processing of the data in the post-
measurement phase comprises firstly quality safety measures. Finally all data from water
samples, sensor output, sensor (inter-)calibration and interpretation parameters that re-
veal information about the optical and acoustical properties of the suspended particles
and their changes are numerically assembled in the models that yield the final SPM con-
centrations and estimations of uncertainties.

2.3.1.1 Pre-measurement phase

The planning of the layout of the observational device is discussed in the following with
respect to achieving the required precision and accuracy of the resulting SPMC. Planning
covers the choice of required instrumentation, the resources needed to carry out repeat-
ed field operations and the sensor (inter)-calibration in the laboratory against standards
before field usage. The first part deals with the sensitivities and ranges of the measuring
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Pre-Measurement

devices and with the need of adjoined measurements of state variables such as particle
size, shape and composition, salinity, temperature, current velocity or turbulence, see Ta-
ble 2.2. The second part covers the maintenance or exchange of instruments, the reaction
on sudden system failure; the execution of regular or event-triggered ship surveys for in-
situ sensor and model calibration, and the use of elaborate instrumentation to measure
other state variables needed for a more accurate and complete interpretation of the data.
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Figure 2.20: Workflow of activities and tasks to be performed in long-term SPMC meas-
urements. The arrows indicate the flow information between the tasks and activities over
the measurement phases. The measurement phases are plotted in serial order, but may
overlap in the course of long-term installations.

2.3.1.2 Measurement phase

Once deployed in the field, the observing system remain unattended until the next
maintenance service. Processes that disturb the sensor outputs with respect to the pre-
ceding sensor and model calibration have been presented in chapter 2.2. The functional
understanding of the interrelation between inherent particle properties, system state
conditions and sensor SPMC may benefit from additional surveys to estimate changes in
the sensor SPMC between the in-situ calibration activities. Ongoing (near) real-time moni-
toring of sensor output in the land-based lab is very helpful to detect timely system fail-
ures and other needs for field operations. In this way it feeds back into ongoing planning
and allocation of resources.

2.3.1.3 Post-measurement phase

Post-measurement starts with the downloading of the raw data and their conversion into
data and archiving information that collate all so far undertaken calibration, accuracy and
precision measures (Tzeng et al., 2016). After recovery from the field, optical and (if possi-
ble) acoustical sensors should be calibrated against the lab reference to quantify any
changes in sensor response due to electronic drift or optical window damages. In post-
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processing the data should first undergo an expert judgement to flag e.g. occurrences of
spikes, stuck values or unreliable magnitudes. Further, any effects of sensor drift, between
sensor differences with regard to lab or field standards, and bio-fouling effects should be
identified and if possible corrected for. The resulting set of accepted and corrected data
together with filter weights acts as input for the computation of the sensor SPMC. As
these are in general variable in time, this step is not straightforward but may require some
iterative optimization to find of statistically homogeneous sets. Finally, the errors due to
all steps in the described work chain have to be figured out. These error estimates are on-
ly due to the measurement procedures themselves and yield only the errors at the observ-
ing point and for the calibration periods of the time series. Further uncertainties that re-
late to the representativeness of the measurements in time and space can be substantial
for the interpretation of the data in terms of processes and trends.

2.3.2. Discussion and ranking of the uncertainties

All steps along the described chain of activities contribute to the overall error of the final
SPMC daa set estimated from the combination of sample SPMC and turbidity or acoustical
backscatter signals. They comprise random errors that lead (1) to uncertainties of indivi-
dual SPMC but approximate the accurate value with increasing amount of data; and (2)
systematic errors (biases) that lead to an average over- or underestimation of all data.
There exist two types of biases: one that is constant or independent of observing times
and locations (e.g. from the choice of the regression method, as discussed in § 2.2.4.2) or
changes with the time and location (§ 2.2.4.3). Some kinds of errors can be detected, and
to some extent corrected, whereas, others are inherently associated with the applied
technologies and its interference with the environment and remain spurious and difficult
to quantify or to control. The first types of errors are related to the sensors, sampling and
lab protocols or the modelling techniques used to establish a relation between the sensor
output and the sample SPMC, while the latter are mainly related to systematic natural va-
riabilities in SPM inherent properties that may occur during autonomous measurements.
In table 2.3 we have listed the sources of uncertainties as described in chapter 3, and ad-
ded the percentage error (1 standard deviation), being detectable and correctable and
random or systematic (bias). For the levels of uncertainty we further distinguish cases with
and without applied corrections. The listed numbers refer to our examples in chapter 3,
and only some of them can be regarded as general. Rather they represent typical values
that indicate their relative importance for the overall error. The following discussion con-
tinues along the vertical order of table 2.3, which reflects the structure of §2.2 and relates
more or less directly to the major items of the workflow depicted in Figure 2.20.

2.3.2.1 Sensor related uncertainties

Most sensor related sources of uncertainty in the workflow can be deduced from the cor-
rect ratio of the sensor signal to a standard solution (e.g. formazine). Any deviation from
the 1:1 ratio results in a bias that will pass through the whole workflow and needs to be
detected and corrected for. As long-term and large-scale observation often employs more
than one sensor the homogeneity of the data sets may be not preserved. This is also the
case when just one sensor is used but its signal response changes with time. The example
for the 11 Seapoint turbidity sensors described in §2.2.1.1 should be taken as a token to
validate the factory calibration before its first field deployment, also to have trustable
baseline to detect any sensor response drift over time. The shown examples of sensor drift
were due to delivered power decrease (in case of battery depletion this can be up to
100%) or to the degradation of optical window surfaces that may become scratched or
opaque by repeated impact of sharp-edged particles. Controlling such a sensor drift will
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Table 2.3: Quantification and nature (random or bias) of uncertainties (in % based on normalized RMSE) from the examples described in § 2.2. Negative (positive) bias corre-
sponds to an underestimation (overestimation) of the actual value.

Uncertainty without correction

Uncertainty with correction

Comment

Source of uncertainty Detectable | Correctable - -
random bias random bias
3.1 Sensor
3.1.1 Factory calibration yes yes - +15% - less than +2% not fully concluswe,'as Sensors
were checked after intense usage
3.1.1 Optical degradation yes yes - -20% - +5% Figure 2
3.1.1 Voltage supply yes yes -90% +10% Figure 3
3.1.2.Sensitivity of sensor yes no <25% no example no example depends on measuring range
Figure 4
no example pro- no example no example pro- Comparing sensors of same type
3.1.3 Inter-sensor variability yes no 2% . plep . P . plep and applying the same set of sen-
vided provided vided .
sor output to sample SPMC calibra-
tion constants for all sensors
3.2 Environment
positive, large (up data loss! 1optical sensors
3.2.1 Biofouling yes no’, yes2 - to >100%)1 f(no of beams) 2 . » | “acoustical sensors with >3 beams
.2 partial data loss
negative
3.2.2 Saturation yes no Negative1 - - 1numerically not specified
3.2.2 Ambiguity yes yes not specified - - -
3.2.3 Air bubbles yes no - - - 'data loss 1optical and acoustical sensors
3.3 Sample
1 .
I d taint
one filter yes1 2%-10% - not correctable 2 ?:n\:j;an: +otr)1i1atsmcer ainty
triplicate filter yes1 no 1%-6% 1%-50% - not correctable 3 .
volume method yes2 3% - <5%° random bias per sample ; de-
pends on SPMC (>50-<1 mg/l)
3.4 Model
1 2
3.4.2 Regression model yes no 10%-60%" 0->30%" Zdepends on R*and Turbno,m
depends on regression model
2 1only with sample SPMC
3.4.3 Inherent particle pro- +50% ’geographical variation, Figure 14
e P P yes' partly 40%-60% 3g grap von, Fig
perties 50%-200%" organic content, Figure 15
? ? *sand in suspension, Figure 16+17
20%" acoustic sensor calibrated with
. . (] .
3.4.4 Optic vs. acoustic ves o 50-100%> 0(100%)2 sample SPMC, Figure 18

sensors

?acoustic sensor calibrated with
OBS, Figure 18, 19
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require either the close follow up of the battery voltage and indirect field inter-calibration
against a well calibrated reference sensor operated in parallel very close to the long-term
observing location, or by regular re-calibration checks in the laboratory with formazine or
other reference solutions after recovery of the sensor. This allows the intermittent adap-
tation of voltage to standard solution units and at least some correction for the sensor
drift for the times between inter- or re-calibration.

Another type of uncertainty is the usage of sensors that are not adapted to the range
of turbidity values of the site. As found in the example in §2.2.1.2, this may reduce the
overall accuracy of the output in general by a bias of about 2% up to 24%. This error can in
principle only be corrected for by intense calibration sampling but the limited resolution in
turbidity may also increase the random variability in the ratio of sample SPMC to turbidity.
Accuracy of the measurements can easily be increased by matching the in-situ turbidity
with the designed range of the sensors and/or by using two or more sensors to cover a
larger turbidity range.

Inter-sensor variability may result from uncertainties related to the so-far discussed
items. The comparison of the SPMC derived from different OBS3+ sensors (§ 2.2.1.3)
shows that inter-sensor variability for identical sensor types can be reduced to natural
random fluctuations in the water bodies, if all sensors are calibrated separately against
sample SPMC. If inter-comparing different types of sensors, it is not evident beforehand
that even separate calibration leads to the same results for longer time series, as different
sensors may react differently to changes in the I0Ps of the SPM. This may result in time-
dependent biases and has to be investigated case by case.

2.3.2.2 Evironmental related uncertainties

Biofouling represents the largest challenge for accurate measurements of turbidity and in
some cases of acoustical backscatter intensity in the field. If not detected and flagged, the
bias (positive for turbidity; negative for acoustical backscatter) can easily reach many tens
of percent. Especially optical sensor output is sensitive to increasing coverage of the sen-
sors material disturbing the light pathways or scatter detection volume. Although techno-
logies, such as wipers or irridation with UV light (Bueley et al., 2014) exist to mitigate the
impact of fouling, their applicability might be limited in many coastal waters during sea-
sons with high biological productivity, so that regular cleansing of the sensors remains a
necessity and needs to be properly considered when allocating ship and personal resour-
ces.Sensor cleansing needs to be accompanied by sensor inter-calibration against a refe-
rence device. Correction of the bio-fouled data has been shown for an acoustic profiler
sensor (ADCP, ADP) in §2.2.2.1 and is described in literature for biofouled OBS data (e.g.
Dolphin et al., 2000), however, the methods are case specific. As long as the effect of bio-
fouling is limited corrections by means of independent not-affected devices is sometimes
possible. In many cases, however, tagging and discarding bio-fouled data is the only opti-
on. Air bubbles enhance the turbidity and acoustical backscatter signals. As long as their
presence can be detected they can can be tagged and discarded.

Very high SPMC may produce backscatter intensities that saturate the sensor output. It
is straightforward to tag these data. Discarding them will introduce a bias for the periods
of very SPMC. Modelling the gaps by e.g. extending the power spectrum of the time series
will lead to more realistic values, The degree of uncertainty cannot be provided numerical-
ly here as it is dependent on the specific situation and applied interpolation model. To mit-
igate this effect one simply has to use a type of sensor with higher output range. This case
nicely demonstrates the need of adequate planning in the pre-measurement phase, the
need of ongoing monitoring and the capabilities in allocating resources to exchange sen-
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2.3.2.3 Sample related uncertainty

The determination of sample SPMC is through three steps, sampling, filtering and subse-
quent weighing. The sampling involves systematic uncertainties that are related to the
sampling technique, the sampling volume in relation to the temporal variability of the
SPMC, and to the exact location of the sample versus the sensor. Weighting is considered
a minor source of error. The main uncertainties involved are related to the filtering proce-
dure at SPMC <3 mg/Il, because the weights of the filter loadings are in the order of the
sample specific filter offset. So far the only and most accurate protocol is the method with
different filter volumes, where sample SPMC is determined by the linear regression of fil-
ter loading weight versus filtered volume, which cancels out the filter offset. At SPMC >25
mg/| the error without knowing the filter offset amounts to 3%, but raises to 50 % for
SPMC <3 mg/I. Using the different volume method reduces the uncertainties to less than
10 % for SPMC <3 mg/I. For SPMC >25 mg/| the impact of the filter offset becomes negligi-
ble. Using only one filter in this range bears the risk that faulty sample SPMC cannot be
identified and show up as outliers in the scatter plots that cannot be removed from the
calibration data set. This can be avoided by working with e.g. triplicates and removing the
sample that differs from the other two by more than a pre-defined value which reduces
the random error by a factor of 2 down to the order of 5% and less.

+ RBINS

*x HZG
Ifremer-URouen

SPMC (mg/l)
Figure 2.21: Scatterplot of sample SPMC (mg/l) versus turbidity measurements from vari-
ous waters around the world. The turbidity data from RBINS and HZG have been collected
with a Hach 2100S and those from Ifremer and University of Rouen by a Hach 2100N IS.
HZG measurements were collected from 2009 to 2013, RBINS data are from 2007 to 2015
and Ifremer and University of Rouen data from 2015-2016. The black line is the 1:1 and the
grey lines are the 1:70% and 1:130% lines respectively.

As a simple method to evaluate the quality of the sample SPMC compared with in situ
optical measurements we refer to the obviously generally valid close relationship between
sample SPMC and Hach turbidity (Figure 2.21). Large inconsistency between the Hach
sample turbidity measured on board with a well-defined subsample, in-situ turbidity and
sample SPMC would designate this sample as unreliable.
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2.3.24 Choice of the linear regression model

This source of uncertainty has some significance as it is systematic and leads to SPMC that
are all either to high or to low. It is quite evident that a calibration data set within an
R?>0.9 should be achieved to keep uncertainties involved with the choice of a specific re-
gression model well below 10%, independent of the model and the range of the calibra-
tion data compared to the complete data set. Please note that this statement refers only
to the choice of the regression model and not to any systematic changes in the IOPs or
IAPs beyond the sample calibration period. Any random uncertainties created in the for-
mer steps of the workflow have therefore be kept as small as possible. Even then, in wa-
ters with highly variable conditions over the sample calibration period, such a high R> may
not be achievable. In this case we recommend to use either the Eigenvalue regression or
averaging between regressions with exchanged dependent and independent variables.
Visual inspection indicated that this mean regression follows nicely the linear trend of the
data independent of R%.

Regresssions to logys-transformed data exhibit a generally higher sensitivity to the
model choice for Turby,,»>0 that increase substantially for turbidities above the calibra-
tion data. In this respect, regressions with logl0-transformed data bear the risk of sub-
stantial biases in the SPMC computed from higher optical turbdity or acoustical backscat-
ter data. For low turbidities, the sensitivity is low as after re-transformation, regression
are forced to meet the data origin point.

For acoustical data, R? >0.9 is difficult to achieve and model choice sensitivity is even
further enhanced as the dB-signal has to be raised to the power of 10. Hence the use of
acoustical devices for SPMC-estimation seems to be accompanied with large uncertainties
at this step of the workflow.

2.3.2.5 Variabilities in SPM inherent optical and acoustical properties

Uncertainties due to undetected changes in inherent optical and acoustical particle prop-
erties of the SPM are difficult to quantify or control during long-term SPMC measure-
ments. Most of them can be ascribed to changes in particle size, shape, composition and
density. Regular water sampling to compare filter weights (the sample SPMC) with sensor
output in parallel post-processing will provide insight into the stability/variability of mod-
els used to estimate sensor SPMC over time and/or space. The examples of §2.2.4.3 show
that even intra-tidal variations or events of several hours duration lead to systematic un-
certainties of 50% to 200% demonstrating the significance of this effect for specific sites
and periods. Therefore it is recommended to add further sensor technologies to the ob-
serving system that give direct indication for changes in the IOPs and IAPs, e.g. when par-
ticle size or composition is expected to change beyond previous uncertainties and system-
atically at the observation site (Table 2.2).

2.3.3. Turbidity as a surrogate for SPMC?
2.3.3.1 Uncertainty between SPMC and turbidity

To separate variability due to measurement errors from variability due to natural varia-
tions in IOPs protocols that use the same water sample for filtration and for turbidity es-
timation should be used in parallel to the in-situ procedures. Figure 2.21 shows a collec-
tion of sample SPMC versus turbidity measurements of the same water sample recorded
with a portable ISO Hach 2100P nephelometer from various waters around the world
(North Sea, English Channel, Mediterranean Sea, Rio de la Plata, French Guiana nearshore,
Gironde estuary, Scheldt estuary, see Table 2.3), collected by the RBINS (Dogliotti et al.,
2015; Knaeps et al., 2015) and HZG (Rottgers et al., 2014). The protocols for sample SPMC
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and turbidity measurements are those described in Neukermans et al. (2012a) for RBINS
and Rottgers et al. (2014) for HZG. The figure shows that the ratio between sample SPMC
and Hach turbidity is quite stable within an uncertainty of 20% throughout the regions. In
this collection, 4.1% of couples fail outside of the 95% confidence interval regarding the t-
distribution of sample SPMC/turbidity in the logarithmic space. The outlying couples prob-
ably reflect the tails of the combined natural variability of particles mass-specific side-
scattering coefficient, and sampling and filtration errors. The average ratio of sample
SPMC to turbidity from all data is about 1.13 mg/I/FNU (RBINS data), and 1.19 mg/I/FNU
(HZG data).

Despite calibration to a formazine reference solution and the use of ISO-normed opti-
cal sensors, model calibration may vary considerably in recorded turbidity for a same
SPMLC solution across different instruments resulting in instrument-specific turbidity-SPMC
relations, see Figure 2.22. Although different types of optical sensors have been calibrated
against a reference solution, they yield up to 20% differences results in the field. Another
example concerns data collected by Ifremer and the University of Rouen at different loca-
tions in the Seine estuary (Druine et al., 2018) with a ISO Hach 2100N nephelometer (same
constructor, but different type as the above mentioned 2100P) give significant different
turbidity values for the same SPMC. We assume, given the stability of the Hach 2100P
over a wide range of areas that the deviations are mainly caused by the instrument speci-
ficity. The latter was confirmed during intercalibration of both I1SO standardized nephe-
lometers with StablCal Formazin and with SPMC solutions.
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Figure 2.22: The performance of different sensors (side-scattering: Hach; backscattering:
OBS3+ and Wetlabs) during sensor calibration with different Formazin solutions (left) and
as compared with natural SPM samples.

2.3.3.2 Need for further sample SPMC?

Nevertheless similar outputs against a reference solution, optical sensors have different
sensitivities to the inherent properties of the SPM. This prohibits comparing the turbidity
values measured by different type of optical sensors. Despite differences in turbidity read-
ings for a given SPMC, well correlated relationships between instrument specific turbidity
and sample SPMC can be established during model calibration. The generally high correla-
tion between sensor specific turbidity and sample SPMC show that turbidity as a surrogate
of SPMC is reliable, as long as site-specific (model) and instrument-specific (sensor) cali-
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brations are carried out. Although differences have been observed in turbidity recordings
between different sensors the data in Figure 2.21 show that the relationship between
SPMC and turbidity is quite stable throughout different localities for a same sensor type
when a similar protocol is followed. This relationship could be used as a first estimate of
SPMC from a turbidity values without collecting sample SPMC for model calibration and
underlines the importance of a well calibrated reference system. The Figure 2.22 also
shows that nephelometers that follow the ISO protocol are not giving the same value; this
means that even following the same protocols at the same site and periods turbidity is a
vague unit to estimate SPMC. It strengthen further that any turbidity unit should be re-
ferred to the instrument used and the protocol applied, hence the many turbidity units
(see § 2.1.1).

Considering the stable ratio of Hach-turbidities to sample SPMC over a broad range of
coastal regions it may be interesting to address the question whether one could use the
scaled Hach turbidities instead of sample filter weights. The former ones introduce a ran-
dom uncertainty of some 20%, but the advantage are less laboratory effort and therefore
more available calibration data. The site specific regressions for sample SPMC versus Hach
turbidities vary by only 20% for the RBINS data set shown in Figure 21. Using the global fit
at different sites still reproduces the sample SPMC within less than 20% with an average
bias of 3%. Especially given the high uncertainties of low sample SPMC due to the filter
offsets that can only be controlled by several filters per sample, a 20% random error for
Hach-derived SPMC seems to be a suitable and cheap alternative to filter weights.

The sample SPMC and the sensor data should preferably be collected in-situ as it is
more reliable than in lab model calibrations (ISO, 2014). In case no in situ samples can be
collected or if the range of sample SPMC is too small, in lab model calibration can be ap-
plied with representative samples. Bollen et al. (2006) describes a laboratory model cali-
bration using a representative in-situ bed sample taken near the monitoring station. The
bed sample was sieved on a 63um sieve, followed by desalination and drying, to finally
produce standard solutions with defined SPMC that have other IOP then the sample
SPMC. The regression model using in-situ data only has a larger slope compared to the re-
lation derived from the standard SPMC solution and will overestimate the sensor output
by about 10%.

2.4, Conclusions and outlook

Optical and acoustical sensors have proved invaluable in the study of SPM dynamics in
marine and estuarine environments as they allow collecting easily in-situ, high-frequency
SPMC time series over long periods of time. The payback is the availability of large ho-
mogenous data set of SPMC from various locations on the globe; the drawback is that the
quality or certainty of the data and thus also the inter-comparability depends on factors
that are only to a certain level avoidable. The factors that hamper the quality of the data
have been described in chapter 3 and grouped according to the functioning of the sensor,
the environment, the collection of sample SPMC for calibration, the calibration using line-
ar regression models, the inherent optical and acoustical properties of the SPM and hu-
man errors (see Table 2.3). While the first four types of errors are detectable and some-
times correctable, the relation of sensor output to environmental condition is difficult to
detect outside the calibration period. The latter affects the inherent properties of the par-
ticle and can result in over- or underestimation of the SPMC by up to factor 2 or more. A
good understanding of the processes that are causing changes in SPM concentration and
particle inherent properties (size, shape, density and composition) is required in order to
estimate their importance and to possibly rescale the sensor data to some reference par-
ticle properties. Further the use of both acoustic and optical sensors extended by addi-
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tional sensors that measure size and composition of the SPM (see Table 2.2) is a measure
to identify changes in inherent particle properties. For long-term observations with re-
mote stand-alone systems this presently requires unsurmountable effort. As a conse-
quence, intensive measuring campaigns remain necessary to understand the variability in
the relation between sensor output and sample SPMC that can allow a correction of the
sensor data.

Acoustical and optical sensors require both the conversion of the sensor output (after
sensor calibration) to a mass concentration. This is done by relating the sensor output to a
reference SPMC, which is preferably the sample SPMC. The choice of the regression mod-
el, the dependent and independent variable and the error associated with the reference
SPMC determines the coefficient of determination of the regression. We have build a
model that based on the R? and the normalized turbidity/dB quantifies the uncertainty of
the sensor derived SPMC in the calibration range and outside of it.

Our study confirms that the relation between turbidity sample SPMC is depending on
protocols (EPA, 1SO), technology (scattering angle) and the manufacturer, and even may
differ between sensors of the same type (e.g. Downing, 2006; Rai and Kumar, 2015;
Rymszewicz et al., 2017). The relation between the output of an acoustical sensor and
SPMC is even more variable. Nevertheless this uncertainty, turbidity is still often used as a
proxy for water clarity or SPMC as is the dB of acoustical sensors. We strongly advice to
not use turbidity (or dB) for scientific purposes as it diminishes the comparability of the
data. Instead, the sensor output should be transformed into a mass concentration, a unit
that is comparable in time and between regions. If this is not possible, then the turbidity
data should always be referred to the instrument used and the protocol applied. The
problem aggravates when turbidity data that have been collected using different technol-
ogies and protocols over a long period of time and are stored in international data bases
(e.g. turbidity in EMODnet, see http://www.emodnet.eu), are used to derive conclusive
trends of the environmental status of marine and estuarine areas. The uncertainty analysis
presented here could be the basis for further validation of existing historical data of tur-
bidity and SPMC by estimating the uncertainties related to the measurements and could
offer guidelines to obtain intercomparable high quality long-term SPMC time series in the
future.
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Uncertainties associated with long-term observations of suspended particulate matter
concentration using optical and acoustic sensors
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Water clarity or turbidity is an important parameter to understand the marine ecosystem and is mainly
controlled by suspended particulate matter concentration (SPMC). Environmental data on water clarity
collected during the last century in coastal seas and estuaries indicate significant local and global
environmental changes due to human activities and climate change (Capuzzo et al., 2015; van Maren et al.,
2016). The conclusions from these studies are, however, hampered by the often limited and undocumented
quality of the historical data and the very low temporal resolution of measurements with regard to the high
dynamic nature of the systems in which the data have been collected. In view of documenting current and
future trends, high quality measurements of SPMC spanning long temporal and large spatial scales have
therefore have become a matter of growing importance in the last decades. Worldwide observation platforms
were installed to capture the temporal and spatial SPMC variability on scales ranging from turbulent
fluctuations to decadal changes over large areas. The infrastructure on which the sensors are attached is as
diverse as the time scale of the processes studied, and includes fixed and moving platforms or a combination
of both. The same holds for SPMC itself. In addition, measurements are affected by SPMC composition, i.e.,
the clastic or organic content, controlling the specific non-cohesive or cohesive properties.

The estimation of SPMC by optical and acoustical sensors generally results from the combination of a number
of technically independent calibration measurements with regression or inverse models. Long-term in-situ
measurements of SPMC involve in general one or several optical and acoustical sensors of similar or different
technical specifications and, as the best ground truth reference, gravimetric measurements of filtered water
samples. The SPMC obtained during these long-term measurements is thus a surrogate of the real SPMC. It is
well-known that a variety of parameters, particle (floc) size and composition have an impact on the optical and
acoustical inherent properties of the SPM and thus on the sensor output. Variations in the state of the studied
system change the inherent particle properties which may require repeated field surveys for water sampling.
Electronic drift, mechanical threats or growing coverage of sensor transmitter/receiver windows by living
(biofouling) or non-living matter (fouling) requires regular maintenance and sensor cleansing with sensor
monitoring against well-defined references.

Direct or indirect measurements of SPMC are thus inherently associated with a number of uncertainties along
the whole operational chain from planning over laboratory work, i.e. technical difficulties during mostly
unsupervised deployment, and the conversion of observed continuous proxy values (the optical and acoustical
signals) to SPMC. The aim of the study therefore is to present and discuss potentials and limitations related to
the use of optical and acoustical backscatter sensors, describing challenges and yet unsolved problems with
long-term observations of SPMC, to present degrees of uncertainties involved in the analysis steps of the
operation chain, and to formulate recommendations as a basis to acquire quality-controlled SPMC data sets.
On the basis of examples the main sources of errors as well as means to quantify and reduce the uncertainties
associated with SPMC measurements are illustrated.
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ARTICLE INFO ABSTRACT

Editor: G.J. de Lange The origin of recent mud deposits as well as the coastal turbidity maximum in the French-Belgian-Dutch
nearshore area of the southern North Sea is still under debate in the literature. Some models favor the erosion of
the Cretaceous chalk cliffs along the English Channel and subsequent NE ward directed transport, other models
focus on the erosion of Eocene to earliest Oligocene, and Pleistocene to Holocene clays outcropping on the
seafloor off the Belgian coast. In order to validate these hypotheses, the detailed qualitative and quantitative clay
mineral composition of these sediments was used as a provenance indicator. By comparing the clay mineral
composition of the mud deposits and the associated suspended particulate matter (SPM) with the composition of
potential nearby and more remote sources such as the present day marine environment, estuaries and rivers,
coastal erosion areas and the geological substratum, the origin of the mud deposits and the SPM could be traced.
Results showed that only the clay composition of the Scheldt estuary coincides with those of the mud deposits
and the coastal turbidity maximum and that all other potential sources could be excluded. Our data suggest that
the clay mineral composition of the mud deposits has a similar composition since at least about 100.000 years,
indicating that these deposits originate from a paleo-Scheldt river rather than from the recent river system, as the
present-day Scheldt estuary is not source of fine-grained sediments. The present-day SPM in the Belgian-Dutch
nearshore area originates mainly from the erosion and resuspension of the existing mud deposits situated in the
Belgian nearshore. This study demonstrates the value and suitability of quantitative bulk and clay mineralogy
techniques in sediment provenance studies and highlights the importance of incorporating the recent geological
history in hydrodynamic studies of sedimentary basins.

Keywords:
North Sea
Clay minerals
Shelf processes
Estuaries
Scheldt river

1. Introduction

Sediment fluxes and budgets are required to assess the state of a
marine environment and to predict changes induced by natural varia-
bility, human activities or climate change. The flux includes the
transport of fine-grained suspended particulate matter (SPM) from an
erosional source to a depositional sink often over long distances.
Regional fine-grained sediment dynamics can be complicated by the
multitude of local and remote sources, transport routes and sink. This
starts with the erosion of a varying geological substratum, complex
river patterns, coastal erosion and accretion, and the consecutive and

temporal deposition, storage and resuspension of sediments in inter- or
subtidal areas. The fine-grained sediment dynamics in the French-
Belgian-Dutch nearshore area of the southern North Sea is an example
of such a complicated system where the origin of a coastal turbidity
maximum and of a cohesive mud deposit are still under debate as
shown by the following summary of mud provenance paths suggested in
literature (Fig. 1).

Fine-grained SPM entering the North Sea through the Dover Strait is
suggested based on in situ and remote sensing measurements of SPM
concentration, hydrodynamics and numerical models (Prandle et al.,
1996; Velegrakis et al., 1999; Lafite et al., 2000; Fettweis et al., 2007a).
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Fig. 1. Geographical overview of the southern North Sea
basin showing the mud plate (black polygon) in the Belgian-
Dutch nearshore area and the averaged surface SPM con-
centration derived from MODIS satellite and the coastal
turbidity maxima of the Belgian-Dutch nearshore area in-
dicated as greyscale variations. Arrows indicate the residual
water transport in the southern North Sea and English
Channel, showing a dominantly SW-NE direction (after
Fettweis et al., 2007a, 2007b). The different possible source
areas, English Channel, Atlantic Ocean, Scheldt river basin,
Rhine & Meuse rivers are all indicated. Paleogene clays
outcropping on the North Sea seafloor occur in the north to
northeastern part of the mud plate.

Meuse

5
SPM concentration (mg/l)

basin

2°E 3°E
Longitude

4°E

Erosion of the Cretaceous chalk cliffs along the English Channel and the
Dover Strait and the subsequent NE ward directed transport is sug-
gested as a predominant source of fine-grained sediments in the
southern Bight of the North Sea. This is based on the ruling tidal regime
and wind patterns, sediment transport modeling, qualitative clay mi-
neralogy and microfossil analysis (Eisma, 1981; Irion and Zollmer,
1999; Gerritsen et al., 2001; Fontaine, 2004; Fettweis et al., 2007a).
Fettweis and Van den Eynde (2003) suggested that the accumulation of
fine-grained material in the coastal turbidity maximum results from a
decrease of the residual NE ward directed SPM transport originating
from the Strait of Dover. Other studies however emphasize that local
erosion of Holocene to Pleistocene mud layers is most likely the main
source of the cohesive mud deposits and the SPM in the turbidity
maximum area (Baeteman, 1999; Beets and van der Spek, 2000;
Mathys, 2009). Bastin (1974) and Le Bot et al. (2005) have suggested
erosion of outcropping Eocene to earliest Oligocene clays as possible
sources. Fontaine (2004) reported the presence of earliest Oligocene
nanoplankton microfossils in the cohesive mud deposit implying at least
a partial provenance contribution from either outcropping deposits in
the southern North Sea or from their erosion in the Scheldt estuary. The
contribution of the Scheldt, the Rhine-Meuse river system and the Seine
is an additional potential source as these rivers had a major impact on
the sediment distribution in the North Sea during the recent geological
history and also presently play their role (Lacroix et al., 2004; Busschers
et al., 2005; Peeters et al., 2015). The large maintenance dredging and
disposal operations in the area could have an influence on the sediment
dynamics as these operations relocate locally fine-grained sediments by
local relocation of sediments although their regional extent remains
unknown (Fettweis et al., 2009). These different mud provenance hy-
potheses are mainly based on an understanding of residual flow pat-
terns in the Dover Strait and the southern North Sea and on regional
geological and general sedimentological considerations. However, no
systematic sediment composition analyses were carried out in support
of the mud provenance.

Several studies applied qualitative and semi-quantitative clay mi-
neral analysis as a tracer of fine-grained sediment pathways in marine,
tidal and fluvial environments (Irion and Zollmer, 1999; Sandler and
Herut, 2000; Zuther et al., 2000; Kessarkar et al., 2003; Ramaswamy
et al., 2007; Liu et al., 2008, 2010; Pache et al., 2008; Dou et al., 2010;
Howell et al., 2014; Li et al., 2014; Schroeder et al., 2015). However,
conclusions of these studies were hampered by the low resolution and
limited accuracy of the applied methods. Recent methodological de-
velopments however allow for a fully quantitative and accurate analysis
of clay minerals which makes them also applicable for provenance

6°W

studies in fine-grained deposits (Hillier, 1999; Sakharov et al., 1999;
Srodon et al., 2001; Omotoso et al., 2006; Aplin et al., 2006; Ufer et al.,
2008; Hubert et al., 2009; Zeelmaekers et al., 2015; Raven and Self,
2017). The aim of the present study therefore is to apply these ad-
vanced quantitative clay mineral analysis to compare the turbidity
maximum and the cohesive bottom mud sediments of the French-Bel-
gian-Dutch nearshore area with the suggested provenance areas.

2. Background and methodology
2.1. Study area

The study area is located between the English Channel and the
central North Sea (Fig. 1). The area is bounded by the Strait of Dover to
the southwest and the Western Scheldt estuary to the northeast and can
be considered as a link between the Atlantic Ocean and the North Sea in
terms of exchanges of water, sediment and other substances. The area is
a macrotidal environment, with tidal ranges up to 6 m at Dunkerque
and 4.5m at Vlissingen during spring tide. The tides are semidiurnal
and tidal currents are strong, ranging between 0.5 and 1.5ms". The
Belgian Continental Shelf (BCS) is a high-energy sedimentary environ-
ment consisting dominantly of fine- to medium-sized sand deposits
structured in elongated ridges and mud to muddy sand deposits
(Trentesaux et al., 1999; Le Bot et al., 2005; Verfaillie et al., 2006). The
occurrence of a high turbidity zone located between about Ostend and
the Western Scheldt estuary is of special interest (Fig. 1), see e.g.
Fettweis and Van den Eynde (2003). The cohesive sediments on the
BCS, further referred to as BCS mud plate, consist of three types with
variable thicknesses (Fettweis et al., 2009, 2010): 1) fluid mud, forming
the uppermost layer (cm- to dm-range) of the mud plate with a density
of 1100-1200 kg/m3, 2) weakly-consolidated, soft butter-like muds
(decimeters to meters thick) with a bulk density of 1300-1500 kg/m>
and, 3) medium-consolidated, stiffer muds sometimes intercalated with
more sandy layers (0.5m to a few meters thick) with a bulk density of
1500-1800 kg/m>. These more consolidated muds often underlain the
more weakly-consolidated and fluid muds and together form the mud
plate.

2.2. Clay mineral analysis method

In the present study proven robust quantitative clay mineral ana-
lyses are used following the approach outlined by Drits et al. (1997);
Sakharov et al. (1999); Srodoti et al. (2001); Zeelmaekers et al. (2015).
All collected samples were subjected to a systematic preparation
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procedure in order to characterize both bulk mineral composition and
clay mineral composition < 2 um using X-ray diffraction analysis.

Approximately 100 g of each sample was dried at 60 °C and subse-
quently gently powdered and homogenized in a mortar. For clay mi-
neral analysis, 15g of powdered sample was subjected to a chemical
preparation (modified after Jackson, 1975) during which carbonate
cements, organic matter and free Fe-(hydr)oxides were removed using
respectively acetic acid/Na-acetate buffer solution, 30% H,0, solution
and Na-dithionite in a Na-citrate-bicarbonate environment respectively.
Subsequently, clay material < 2pum was extracted using a Thermo-
Scientific SL-40R centrifuge and Ca-saturated using CaCl,. Clay slides
were prepared by sedimenting 160 mg of clay material < 2um on a
glass slide. Both bulk powders and clay slides were measured using a
Philips PW1050/37 goniometer connected to a PW1830 generator
equipped with Cu-Ka radiation and PW3011/00 proportional detector
in Bragg-Brentano 6-26 setup. Clay slides were measured in air-dry
conditions and saturated with ethylene glycol, each time from 2 to 47°
26 with steps of 0.02° lasting 2 s per step. Clay slides were also exposed
to 550 °C heating during 1 h and measured from 2 to 15° 26. Diffraction
patterns of oriented slides were analyzed and quantified using the Sy-
billa clay modeling software (© Chevron ETC) (Zeelmaekers, 2011;
Adriaens et al., 2014; Zeelmaekers et al., 2015; Adriaens, 2015.)

For bulk mineralogy, a representative portion of each sample was
mixed with a 10% internal standard (ZnO) and 4 ml of ethanol. This
mixture was milled for 5min. using a McCrone micronizing mill and
afterwards recuperated in porcelain cups (Srodon et al., 2001). The
material was passed through a 250 pm sieve, side-loaded into alumina
diffractometer holders to optimize the random orientation of crystal-
lites. Bulk powders were measured by X-ray diffraction from 5 to 65° 20
with steps of 0.02° lasting 2 s per step. Bulk powder diffraction patterns
were analyzed and quantified using the Quanta software (© Chevron
ETC) which combines summation of pure reference standards and the
use of a ZnO internal standard.

2.3. Sampling

Different sampling campaigns were organized between 2004 and
2016 to characterize the clay mineral composition of the BCS mud
plate, the SPM in the English Channel and southern North Sea, and all
the potential source areas as reviewed above. These comprise recent
bottom mud and suspension samples representing present-day trans-
ported mud, outcrop material subject to erosion and also older strata
considered as potential mud sources sampled from borehole core ma-
terial. Surface mud samples were collected by a Van Veen grab or box
corer and suspension samples using an ALFA Laval MMB 304S flow-
through centrifuge, either in stationary positions or in tracks. In total 43
BCS samples and 241 potential source area samples were collected and
analyzed. For each potential source area, the clay mineral composition
of the < 2 um fraction, referred to as the clay fraction, was quantified
and compared with the BCS clay fraction composition. As the bulk
mineralogical composition of these deposits mainly delivers informa-
tion regarding the clayey (clays) or sandy (quartz) nature of the sample,
this analysis has a low provenance potential but has its value in mass
balance calculations. Results of the bulk analysis are therefore only
provided for the BCS mud plate itself (see Supplementary Table 2)
whereas the bulk composition of other samples is not discussed in de-
tail. All sample information can be retrieved in Supplementary Tables 1
to 9.

3. Clay mineral analysis results
3.1. Belgian Continental Shelf mud plate and SPM
3.1.1. Samples

A set of 34 surface mud samples and 8 suspension samples were
collected by the RV Belgica (Fig. 2). The lithology of the surface mud
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samples ranges from fluid to weakly-consolidated and medium-con-
solidated mud and locally also muddy sand of recent and Holocene age.
Additional mud plate samples were collected from cored boreholes on
top of the Stroombank and Wenduinebank sandbanks and the swale
Grote Rede (Geological Survey of Belgium repository) (Fig. 2).

3.1.2. Results

The bulk mineralogical composition of the mud plate samples con-
sists of mainly quartz, carbonates and clays (Fig. 3 and Supplementary
Table 2). The 3-10% amorphous material is authigenic organic matter
and amorphous silica from diatoms. Pyrite, halite, gypsum and anatase
are typical accessory minerals and occur in low quantities (< 2%).
Quartz and clay mineral contents are inversely correlated and depend
on the relative dominance of sandy or muddy lithologies. However,
these minerals are transported together as 30-100 um SPM flocs (Eisma,
1986; Agrawal and Pottsmith, 2000; Lee et al., 2012) which consist of
mainly clay and silt and small amounts of fine sand. This SPM fur-
thermore has the same grain-size range and a very similar mineralogical
composition as the bottom mud sediments on the BCS. The slight dif-
ference between SPM composition and bottom mud composition is due
to carbonates (Fig. 3). Whereas clay minerals, quartz and feldspars are
detrital, carbonates are for the largest part autochtone biogenic mi-
nerals and therefore not provenance indicators. The dominantly auto-
chtone biogenetic origin of the carbonates is confirmed by microscopic
observation of non-transported 32-125um-sized calcareous skeleton
fragments and carbon isotopic data of the Scheldt estuary and coastal
SPM and their erratic distribution in the bottom sediments (Salomons
and Mook, 1987). This demonstrates that the use of clay mineral in-
stead of the bulk composition is a reasonable approach and that given
their abundance in these sediments, clay minerals are suitable prove-
nance indicators.

The clay mineralogical composition of weakly- and medium con-
solidated mud from the BCS mud plate and of SPM collected above the
mud plate (Table 1 and Supplementary Table 3) is similar and all
analyses show low variability. The composition consists of smectite
(34-42%), randomly interstratified (R0) and highly-illitic interstratified
illite-smectite (18-30%), illite (16-22%), kaolinite (12-15%) and 4-6%
chlorite (Fig. 5). The illite content in the interstratified illite-smectite
(I/S) varies between 67% and 79%.

The quantitative clay composition of the BCS fluid and weakly
consolidated mud, the medium consolidated mud and suspension
samples are plotted in a ternary compositional diagram (Fig. 6). This
plot shows the distinctive uniformity in clay composition, both laterally
over the mud plate and in depth, and therefore allows for further
comparison with the different potential sources. In the ternary diagram,
“smectite”, “illitic minerals” and “kaolinite + chlorite” form the end-
member compositions. For the end member “illitic minerals”, highly
illitic (65-75% illite) interstratified illite-smectite is summed together
with discrete illite into one group “illitic minerals (see also Table 1).
This simplifies the comparison between samples and sample groups by
plotting the two dominant groups of clay minerals, “illitic minerals”
versus “smectite”. In addition, the sum of these illitic phases is judged
to be more precise than the separate phases as they are considered for a
few % interchangeable during quantification.

3.2. English Channel

3.2.1. Samples

Coastal cliffs or beach sediments along the French or English coasts
were collected to characterize all muds that can reach the southern
North Sea through the English Channel. To understand the composition
of the SPM in the prevailing residual water transport from the Atlantic
Ocean to the southern North Sea, suspension water samples were col-
lected by the RV Belgica along tracks in several parts of the English
Channel at varying distance from the French coast. In addition two long
suspension tracks were collected in the English Channel and one at the
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Fig. 2. Particle size frequency distribution of flocculated
SPM measured in situ on the Belgian Continental Shelf by
laser diffraction (Malvern Mastersizer-S) illustrating that
clay-sized fraction coexist with silt-sized and fine sand-sized
particles or flocs. Upper left: Ternary diagram illustrating
the bulk mineralogical composition of the three main mi-
neral components, namely Carbonates,
Quartz + Feldspars + “bother non-clays” and Clays, of BCS
bottom mud (grey crosses) and SPM occurring mainly as
flocs (black squares). For data see Supplementary Table 2.
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transition of the Atlantic Ocean and the English Channel, considered to
be representative for the Atlantic Ocean waters entering the English
Channel (Fig. 4). No sampling campaign was set up for the Thames river
system as the hydrodynamics and sediment transport is directed in
northeastern direction and not southward (Fettweis et al., 2007a,
2007b).

3.2.2. Results

The clay mineral composition of the various bottom and suspension
samples sare all significantly different from the BCS mud plate com-
position (Table 1 and Supplementary Table 4). English Channel sources
generally contain 10-30% less smectite and form an independent clay
compositional domain outside the BCS mud clay domain (Figs. 7 and 8).
Although English beach samples are characterized by more variable
clay mineralogy, the smectite and interstratified illite-smectite minerals
in all English Channel samples have different structural characteristics

T TTTT

100

compared to the smectite and interstratified illite-smectite of the BCS
mud plate samples.

It is therefore highly unlikely that any of the English Channel
sources can be accounted as the main clay supplier of the BCS mud
plate.

3.3. Paleogene sea floor

3.3.1. Samples

The Paleogene seafloor of the BCS underneath the thin Quaternary
cover consists mainly of Eocene (Priabonian) strata to earliest
Oligocene (Rupelian), stratigraphically getting younger from west to
east (Le Bot et al., 2005; Fettweis et al., 2007b). Areas where the
Quaternary cover is < 2.5m extend over approximately 20% of the
BCS, 6% of the French North Sea area and 3% of the Dutch studied area,
and these areas could act as a source of the SPM and the fine-grained
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Table 1

Averages and standard deviations of the clay mineralogical compositions < 2 um of the BCS mud plate and SPM and comparison with the different potential sediment sources. For the
present day sources, only the Scheldt estuary and river system have a similar clay composition. In the studied coastal plain deposits of Holocene and Pleistocen age, it appears that Early-
Holocene and Weichselian tidal flats have a similar composition than the BCS. For Eemian to Saalian deposits, tidal flats are very different and resemble the composition of the Paleogene

sea floor. Eemian to Saalian fluvial channel deposits however again correspond to the typical BCS mudplate composition. For all data see Supplementary Tables 1 to 9.

Illite Interstratified illite/smectite Total illitic Smectite Kaolinitic Chloritic
Average  Stdev  Average Stdev Average Stdev  Average Stdev  Average Stdev  Average  Stdev
BCS bottom 18 3 25 3 43 4 39 5 13 1 5 1
BCS suspension 18 6 23 3 41 4 42 6 12 1 5 2
English Channel sources 20 4 35 7 56 5 24 5 17 5 3 2
Paleogene sea floor 4 2 23 3 27 2 71 3 3 2 0 0
Dutch coastal SPM 16 2 24 2 40 2 42 4 15 3 4 1
Rhine river (Holocene—present) 30 13 30 12 61 3 24 8 10 2 6 5
Meuse river (Pleistocene—present) 32 13 34 20 65 11 16 8 14 2 4 3
Westerschelde 19 3 25 3 44 3 38 3 13 1 4 1
Upper Scheldt estuary 15 2 23 4 38 5 46 6 13 2 3 1
Scheldt river system (1992-2009 calc.) 14 0.1 33 0.4 47 0.6 40 0.4 9 0.2 3 0.1
Early Holocene coastal plain 24 4 26 3 50 5 33 5 11 3 7 2
Weichselian tidal flat 16 1 27 3 44 2 42 3 11 1 4 0
Eemian to Saalian tidal flat 8 4 14 2 22 5 74 7 4 1 0.3 1
Eemian to Saalian fluvial channel 18 6 25 0 43 6 38 11 11 3 9 2
3 (T S A R T 20 Fig. 4. Sampling of potential sources of the BCS mud plate:
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v/ Z 5 2 2 2 ! ‘ T Meuse R:,mam N i bottom mud or 'beach coast sa.mples as red dots), Dutch
Tiiames 19/ 1 h 1 a08544 . . nearshore (blue lines as suspension samples), Paleogene sea
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Fig. 6. Ternary diagram of the quantitative clay
composition < 2pm with smectite, illitic minerals (illite + in-
terstratified illite-smectite) and kaolinite + chlorite as end-
member compositions. The weakly-, medium-consolidated and
SPM samples from the BCS mud plate all plot within a limited
compositional field. For coordinates and data see Supplementary
Tables 1 to 3.
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Fig. 7. Examples of diffraction patterns of ethylene glycolated clay fractions < 2 um representative for the English Channel, Paleogene, Rhine and Scheldt potential sources as compared
with the diffraction pattern of the BCS mud plate, illustrating that the Scheldt river system is the only source with a matching diffraction pattern. Sm: smectite; I/S RO: randomly
interstratified illite-smectite; I: illite; K: kaolinite; Chl: chlorite.

sediments of the mud plate. Zeelmaekers (2011) reported the clay mi-
neralogy of this entire Eocene-Oligocene succession from several
boreholes on land in Belgium (Geological Survey of Belgium repository)
(Fig. 4). The geological map shows the lateral continuity of this suc-
cession into the Belgian shelf area and it is known that the clay mi-
neralogy is also laterally maintained (Vandenberghe et al., 1998). Clay

samples from the Paleogene sea floor on the Dutch Continental shelf,
presumably Bartonian or earliest Priabonian in age, were selected from
three boreholes positioned very near to the BCS mud plate (TNO re-

pository) (Fig. 4).
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Fig. 8. Ternary diagram of the quantitative clay
composition < 2pum of the samples from the English
Channel (green symbols), the Paleogene clay samples off-
shore (purple symbols) and onshore (blue symbols) and the
present-day and Pleistocene Meuse-Rhine (yellow symbols).
They all plot outside the BCS mud plate compositional do-
main taken from Fig. 6. SPM samples from the Dutch
nearshore and the Early-Holocene subsurface of the BCS
mud plate plot entirely inside the BCS mud plate composi-
tional domain. For coordinates and data see Supplementary
Table 5. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of
this article.)
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3.3.2. Results 3.5. Results

The clay mineral composition of the Paleogene see floor samples
(Table 1 and Supplementary Table 5) is typically characterized
by > 70% smectite, much higher than the content of the BCS muds
(Fig. 7). Furthermore, kaolinite occurs mainly as interstratified kaoli-
nite-smectite. Such a smectite-rich composition is well-known from the
Eocene marine clays in the subsurface of Belgium and this composition
remains stable up to the Bartonian-Priabonian boundary, above which
the smectite content rapidly diminishes to evolve towards the Oligo-
cene Rupelian (e.g. Boom clay) composition (Zeelmaekers et al., 2015).
Hence, the clay compositional domain of these Eocene deposits, off-
shore and onshore, is distinctly different from the BCS mud plate
(Fig. 8). The Paleogene offshore clays are mainly situated outside the
turbidity maximum area in a zone with low SPM concentrations
(< 5mg/1); therefore the dissimilar clay mineral composition indicates
a very low erosion rate of these clays.

3.4. Rhine-Meuse river system and southern Dutch nearshore

3.4.1. Samples

Bottom mud samples were collected from the Rhine-Meuse river
system at various locations: the Willemspolder, the Variksche plaat,
Keent and Alem (Fig. 4). Subsurface samples of Holocene Rhine and
Mid-Pleistocene Meuse deposits were collected from the B45B0290
Rosmalen borehole and the B52D0143 Sevenum borehole from the
TNO core repository. Additionally, suspension water samples were
collected off the southern Dutch coast (Fig. 4).
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Present-day Rhine-Meuse, Holocene Rhine and Mid-Pleistocene
Meuse sediments have a very similar quantitative clay mineral com-
position, however, containing significantly less smectite than the BCS
mud plate (Table 1, Supplementary Table 5 and Fig. 7). The composi-
tion of the SPM from the southern Dutch nearshore on the other hand is
significantly different from the above river sediments and the clay
mineralogy resembles the BCS mud plate composition (Fig. 8). Hence,
the clay composition of the recent Rhine-Meuse river system, does not
directly correspond to the composition of the southern Dutch nearshore
SPM and the BCS mud plate.

3.6. The Scheldt river and estuary system

3.6.1. Samples

A sampling program was designed to understand the relationship
between the mineralogical composition of the fluvial and the estuarine
parts of the Scheldt. Bottom mud and suspension samples in the lower
and middle part of the Scheldt estuary were collected between 2004
and 2006 by the RV Belgica. Upstream fluvial bottom samples of the
major tributary river (i.e. Demer, Kleine Nete, Grote Nete, Dijle, Zenne,
Dender, Scheldt and Leie) were collected between 2010 and 2012.
Suspension material of each tributary was collected at the boundary
between the fluvial and estuarine regime of the river system (Fig. 2).

3.6.2. Results
The clay mineralogical composition of the Scheldt estuary and
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Fig. 9. Ternary diagram of the quantitative < 2um clay
composition of samples from the Scheldt river system, the
Western Scheldt estuary (lower estuary), the upper estuary
and the brackish to fresh intertidal flats as compared with
the compositional domain of the BCS mud plate. The
average sediment flux discharged by the combination of all
tributary
Interstratified glauconite-smectite is part of the group
“Illitic” as glauconite is the Fe-rich equivalent of illite.

rivers is indicated with a white cross.

0 20 40 60 80 Illitic 100
BCS composition @ Dijle SPM . Dender bottom X
Westerscheldt (Lower Scheldt estuary) < Dijle Bottom X Kleine Nete SPM ®
Upper Scheldt estuary . Demer bottom x Kleine Nete bottom X
Schelde river SPM @ Zenne SPM [ ] Grote Nete - SPM O
Schelde river Bottom X Zenne bottom X Grote Nete bottom
Leie bottom X Dender SPM . Average Scheldt sediment flux (calc.) op

Early Holocene & Weichselian (MSI-5d)

@ BCS composition
@ Weichselian tidal flat
@ Early Holocene tidat flat

BCS composition

@ Paleogene sea bottom
® Tidal flat

@ Filuvial channel

LR
®

Eemian to Saalian (MIS-5e to 7 or older)

Fig. 10. Ternary diagram of the quantitative < 2pum clay
composition of the Early Holocene and Weichselian tidat
flat samples (left) and the Eemian to Saalian tidat flat and
fluvial channel samples of the Belgian coastal plain (right)
and comparison with the compositional domain of the BCS
mud plate. Whereas marine samples from MIS 7-5E age
systematically have a smectite-rich composition, which re-
sembles that of the Paleogene sea bottom, the clay com-
position gradually evolves towards the BCS mud plate
composition during a facies change from marine towards a
fluvial depositional environment. From the Weichselian
onwards, also the clay composition of tidal flats remains
highly similar to the BCS mud plate composition.

100

Ilitic.

tributary river samples is shown in Table 1 and Supplementary Tables 6
and 7.

The suspension samples from the estuary and the tributary rivers are
most valuable for detecting a potential relationship between the BCS
mud plate and the Scheldt river system as they represent the eventual
dynamic spatial link with the fluvial part of the river basin. The < 2 ym
clay mineral composition of the Scheldt estuary samples is very similar
to that of the BCS mud plate, as illustrated by their near identical dif-
fraction patterns (Fig. 7). Individual clay mineral quantities are very
similar and the mineral composition plots almost entirely within the
BCS mud plate compositional domain, although the spread on the data
is slightly larger (Fig. 9). Size-dependent differential settling of clay
minerals, sometimes invoked in estuaries and coastal waters (e.g. Irion
and Zollmer, 1999) is not observed.

The clay composition of the bottom sediment along river trajectories
remains stable or only changes slightly. Also the SPM clay compositions
collected at the fresh-brackish water interface display very low seasonal
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and annual variability and thus remain stable through time
(Supplementary Table 8).

The SPM and bottom samples of the tributary rivers Dijle, Zenne,
Dender, Scheldt and Leie all have a similar quantitative clay composi-
tion, comparable to the lower estuary and the BCS mud plate compo-
sitions. Other rivers, such as the Demer, the Kleine Nete and Grote Nete
contain interstratified glauconite-smectite in the clay fraction which is
derived from the glauconite-rich Neogene deposits in the drainage area
(Adriaens, 2015).

To investigate the mixture of clay minerals from the rivers entering
the Scheldt estuary, sediment fluxes were calculated at the fresh-
brackish water interface (Fig. 2). Daily discharge data and weekly SPM
concentration data were measured for 17 consecutive years during the
1992-2009 and were recalculated to annual sediment fluxes allowing
the relative sediment flux for each tributary river in the Scheldt river
basin to be estimated (Supplementary Table 8). These annual sediment
fluxes were then converted to the annual clay mineral fluxes of each
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tributary and subsequently to the total discharged clay mineral content
of the Scheldt river basin into the estuary. This calculated clay com-
position is considered representative for the present total discharged
clay composition of the Scheldt river basin. The results indicate that the
Scheldt, Leie, the Dijle, the Zenne and the Dender discharge the largest
sediment fluxes towards the estuary (Supplementary Table 8). Although
the interstratified glauconite-smectite is a very distinctive mineral in
the upstream Kleine Nete and Grote Nete rivers, it cannot be detected
anymore in the estuarine sediments because of the heavy dilution
downstream in the estuary. The total clay mineral flux of the Scheldt
river basin to the estuary plots closer to the BCS mud plate composition
than any other potential source (Fig. 9) and is furthermore prone to
little variation over the 17 analyzed years (Table 1 and Supplementary
Table 8).

3.7. Holocene and Pleistocene mud deposits in the Belgian coastal plain

3.7.1. Samples

For comparison with the clay mineral composition of the BCS mud
plate, clay minerals were also investigated from slightly older deposits
in the coastal area using core material from the Geological Survey of
Belgium. Early-Holocene tidal muds of the Vlaanderen Fm (NCS, 2017),
mapped as the seismostratigraphic unit U4 by Mathys (2009) and un-
derlying the BCS mud plate deposits (unit U6 in Mathys, 2009), were
collected from cored boreholes Stroombank, Grote Rede and a location
between the shore and the Wenduine bank (Fig. 2 and Supplementary
Table 9). Core samples from Weichselian (Marine Isotope Stage MIS-
5d), Eemian (MIS-5e) and Saalian (MIS-7 or older) deposits in the
Belgian Coastal Plain were collected from several boreholes Nieuw-
poort, Middelkerke and Westende and Leeuwenhof borehole (Baeteman
and De Gans, 1993) (Fig. 2 and Supplementary Table 9).

3.7.2. Results

The Holocene mud from seismic unit “U4” (Mathys, 2009) and the
overlying BCS mud plate (seismic unit “U6” in Mathys, 2009) have a
nearly identical clay mineral composition (Fig. 10). The clay mineral
analysis of the Pleistocene muds is more variable (Fig. 10). Marine tidal
flat sediments during MIS-5d (Weichselian) also show a composition
similar to the BCS mud plate. Earlier on during the MIS-7 (Saalian) and
MIS-5e (Eemian), marine tidal flats show a highly smectitic composi-
tion, far away from the BCS composition. However, sediments identi-
fied as fluvial channels clearly have with a more illitic clay mineral
composition during the MIS-7 to 5e (Saalian to Eemian). The Nieuw-
poort NP1 borehole record shows a gradual change from a smectite-
dominated Paleogene-derived composition to the BCS mud plate com-
position already in a MIS-7 fluvial channel (Supplementary Table 8 and
Fig. 10).

4. Discussion
4.1. Potential source areas

The BCS mud plate clay composition is identical to that of the
overlying SPM of the coastal turbidity maximum. The clay mineral
compositional fields (Figs. 8 to 10) demonstrate that the English
Channel, Paleogene strata outcropping on the sea floor and Rhine-
Meuse SPM and deposits can be excluded as the main sources of the BCS
mud plate and SPM. The estuary of the Scheldt river system is the only
present-day source with a clay mineral composition of bottom and
suspended sediments analogous to the BCS mud plate and the coastal
turbidity maximum. It is therefore clear that the Scheldt river system is
the predominant sediment source of the BCS mud plate. The mixing of
other provenance areas would result in a much more variable clay
composition of the BCS mud plate in depth-time and space. Still, minor
sediment contributions from the other hypothesized source areas are
not excluded as evidenced by the rare occurrence of Cretaceous
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nannoplankton in the top meters of the muds (Fontaine, 2004).
4.2. Scheldt sediment export and present tidal regime: a contradiction

The observation that the large majority of mud sediment in the BCS
mud plate was originally discharged from the Scheldt estuary contra-
dicts with the currently observed marine-dominated tidal regime with
only negligible amounts of fluvial mud being discharged into the North
Sea (Verlaan, 2000; Van Kessel et al., 2015; Elias et al., 2017). This
apparent contradiction can be explained if the major mud export phase
from the Scheldt river occurred in the past, well before modern hy-
drodynamic and sediment flux measurements (Baeteman et al., 1992;
Houziaux et al., 2011) in the estuary started. The compositional simi-
larity between the Scheldt tributaries and of the estuary indicates that
the SPM clay minerals in the estuary are primarily delivered by the
tributaries. The import of similar clay minerals from the sea into the
estuary therefore reflects a recirculation of particles originally delivered
by the river system to the estuary and the nearshore mud plate. The
understanding of SPM transport based on present data is thus only a
snapshot in the geological history of the Scheldt estuary.

4.2.1. The SPM and the coastal turbidity maximum

This observation also implies that the currently existing coastal
turbidity maximum above the BCS mud plate is not fed by the Scheldt
estuary. However the similarity of the clay mineral composition of the
BCS mud plate and the SPM, implies a close relationship between both.
Consequently the coastal turbidity maximum in the Belgian coastal
waters is formed mainly by ongoing erosion of the BCS muds and local
hydrodynamic conditions constrains SPM in this area for an extended
time (Fettweis and Van den Eynde, 2003). The latter is confirmed by the
presence fluffy, unconsolidated mud deposits in the area, thus of pre-
sent age (Fettweis et al., 2009). Eventually, parts of the SPM above the
BCS are transported further towards the northeast as is demonstrated by
the similar clay mineral composition in the southern Dutch nearshore
area. This result also implies that, although large water masses are
being transported from the English Channel towards the North Sea and
the net sediment transport is in the same direction (Prandle et al., 1996;
Velegrakis et al., 1999; Lafite et al., 2000; Fettweis et al., 2007a,
2007b), the English Channel is not a major contributor to the SPM and
the freshly deposited muds found in the southern North Sea (Belgian-
Dutch) nearshore area. Because the SPM concentrations in the English
channel are about an order of magnitude lower compared to BCS waters
(Fig. 1), the dominant source of SPM along the Belgian-Dutch side of
the southern North Sea is the erosion of the BCS mud plate. This is
confirmed by the clear zonation in clay mineral composition of the SPM
found in the English Channel, ranging from a smectite-poor (< 30%)
province south-west of the Dover Strait to a smectite-enriched (ca. 40%)
province north-east of the Dover Strait.

Ongoing erosion of the mud plate is in line with the observed ero-
sion of medium consolidated BCS mud near the port of Zeebrugge
during storm conditions (Fettweis et al., 2010) and naturally formed
narrow belts of about 30 cm thick fresh to softly consolidated mud
aligned parallel to the coastline already in the beginning of the 20th
century (Fettweis et al., 2009).

4.3. On anthropogenic and natural changes in the Scheldt

The observation that the present-day mud plate and the SPM are no
longer actively fed by the Scheldt sediment supply triggers the question
why this sediment export regime stopped. Anthropogenic influence is a
reasonable candidate to explain the flow direction reversal with marine
waters and sediment flowing into the Scheldt estuary. Salden (2000)
and Chen et al. (2005) have estimated that the inflow of marine waters
in the estuary has doubled as a result of deepening of the navigation
channels and construction works in the Scheldt estuary, related to the
expansion of the port of Antwerp. Fettweis et al. (2009) have pointed
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out that also in the coastal area more early-Holocene mud was brought
into circulation since the beginning of the 20th century as a con-
sequence of its exposure by the construction and extension of the
Zeebrugge port and the related deepening of the navigation channel.
Also the slightly more smectitic composition of the estuary sediments
compared to the present measured suspended sediment in the in-
dividual tributaries (Fig. 9), could be an indication of anthropogenic
influence. It is suspected that modern canalization of the rivers and also
more intense land use has modified the river sediment composition
favoring at present more superficial erosion of illitic Quaternary eolian
cover sediments compared to earlier erosion mainly from more smec-
tite-rich Eocene clay (see Fig. 8), especially by incisions during lowered
sea-level in glacial times.

While the strongest anthropogenic changes on the natural estuarine
system were imposed during the last 50 years, significant interaction of
human occupation and landscape development in the Scheldt estuary
dates back almost 2 millennia, inevitably changing the sediment dy-
namics in the area (Baeteman et al., 2002). In that time also the lower
Scheldt evolved from a main course along and to the northwest of the
Brabantse Wal, into the Eastern Scheldt and finally the Western Scheldt
(Kiden, 2006; Heyse and Demoulin, 2018). All major erosive episodes
documented since the Middle Ages along the North Sea coast are related
to storm events (Houthuys et al., 1993) and Mathys (2009) has asso-
ciated the origin of the mud plate to the storm erosion of the Wulpen
island in the Western Scheldt.

4.4. The start of the BCS mud type export from the Scheldt

Although the sample resolution is too limited for a comprehensive
investigation when and why the Scheldt started to export sediments
with a BCS clay mineral composition, the analyses of the coastal plain
boreholes (Fig. 10) suggest a relatively recent geological age. In this
area marine tidal-flat muds, deposited during the Saalian and Eemian,
still consist of locally reworked Eocene clays while fluvial muds are
already gradually resemble a mineralogical composition more similar to
the BCS mud plate. Around 110 ka (MIS 5d), the fluvial output to the
sea had become sufficiently large to completely transform the tidal flat
composition into the composition of the BCS mud plate.

This preliminary model needs further analysis but this late Middle
Pleistocene (MIS 7) arrival of a clay mineral composition typical for the
presently observed composition of the Scheldt estuary, and for the BCS
mud plate, makes sense paleogeographically. The present Scheldt river
system pattern started with the incision of the Flemish Valley, when the
major north-south oriented tributaries were captured and the westward
drainage of the Scheldt started discharging a mixture of clay minerals
from the same basin area as today. The incision of the Flemish Valley
(Mathys, 2009; Heyse and Demoulin, 2018) was a consequence of
massive proglacial lake breakthroughs in the southern North Sea at the
end of major glaciations, around 450 ka and 160 ka, which resulted in
the erosion of the Dover Strait and the installation of a southwards
drainage system to the Atlantic Ocean (Gibbard, 2007). Therefore this
major paleogeographical change in the drainage system could have
resulted in the start of the westward discharge of muds with the BCS
mud composition by the newly configured Scheldt river system.

Deciphering the provenance, transport and depositional history of
clay mineral in a coastal area over a few 100 kyr is therefore beneficial
for understanding the reasons for the present situation.

5. Conclusions

It has been demonstrated that detailed quantitative clay mineralogy
has strong potential as a provenance indicator in fine-grained sedi-
ments. Most provenance areas proposed in the literature for the muds
found in the Belgian-Dutch nearshore area (BCS mud plate) do not clay
mineralogically match with the BCS mud plate composition whereas
the Scheldt river and estuary system clay minerals are highly similar.
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The apparent contradiction with the present inflow of SPM from the
North Sea into the estuary implies that the present situation was pre-
ceded by a prolonged time of mud export from the estuary into the sea.
Present-day hydrodynamics of the Scheldt estuary and the nearshore
area result from multiple natural and anthropogenic morphological
changes. The clay mineral mixture now characterizing the Scheldt es-
tuary could have developed when all tributaries became connected into
a westward draining Scheldt river and preliminary data show that the
coastal tidal flat composition became similar to the present BCS mud
already about 100 ka ago. As the Scheldt river system is currently not
exporting significant amounts of mud to the sea, it can also be con-
cluded that the present-day SPM in the southern North Sea originates
from the erosion and resuspension of material of the BCS mud plate. As
the SPM concentration of English Channel waters is very low, only re-
suspension of the local BCS muds can be responsible for the observed
coastal turbidity maxima and the further distribution of suspended se-
diment towards the northeastern part of the North Sea. This paper
demonstrates that provenance studies can greatly benefit from a proper
understanding of the paleogeographic and paleohydrodynamic regime
history around the basin.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.margeo.2017.12.011.
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