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Optical properties of size fractions of suspendedasticulate matter

In littoral waters of Quebec
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0.4 pm, 0.4-0.7 pm, 0.7-10 um, and >10 [NTs wavelength in nm) of suspended particulate mg®&®M) and with
samples obtained from surface waters (i.e., 0-2epth) of the Saint Lawrence Estuary and Saguenagd$j(SLE-SF)

during June of 2013. For the visible-near-Infrargokctral range (i.e.A = 400-710 nm), mass-specific absorption

_——————_r s = ¥ = _

nm) corresponded with locations of the upper egtward SF where particulates were mineral-rich antiieir mean
diameter was relatively small. The variability efa optical proxies (the spectral slope of partitelaeam attenuation

coefficient andhe mass-specific particulate absorption coefficiestgaftery andSvis, respectively) with respect to changes

in, particle size distribution (PSD) and chemical cosifion was also examined. Ti#ope of the PSDhad a larger -

correlation withb” estimates computed at a wavelength of 550 nm (Searank correlation coefficiept up to 0.37) as
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0.018) in sampling locations having a larger mannikience (i.e., lower estuary).
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1 Introduction

the concentration of SPM is an important varialde mhodeling thermodynamic processes and computed hudgets
(Loptien and Meier, 2011) due to its influence orderwater light attenuation (Morel and Antoine, 499evlin et al.,

2008).

The spatial and temporal variability of suspendeadigulates is relatively high (i.e., >100-fold) ittoral environments
(Doxaran et al., 2002; Montes-Hugo and Mohammadp2012). This represents a challenge for traditionathods of

measuring SPM based on gravimetry (Strickland asmddh, 1972) as the analysis of a large numbernmiptes is time-
consuming and costly. Thus, these studies are caoynbased on a relatively small dataset that magighlg represent the
in situ distributions of SPM. Due to these diffioes, several techniques have been developedyfmptic and large-scale
mapping of SPM based on satellite-derived opticaasurements (Doxaran et al., 2002; Miller and MeKr&904; Montes-
Hugo and Mohammadpour, 2012).

SPM is an unknown mixture of inorganic and organatter that varies between locations and as aiimof time due to

diverse physical (e.g., tides) and biogeochemieg). ( phytoplankton growth) factors (D’Sa et a02; Eleveld et al, 2014).

that can be later used for estimating second-oatteibutes of SPM (i.e., chemical composition, sdistribution) and\\\

designing more general remote sensing algorithmsetoieving total concentrations of particulates pnit of volume and
across different water types.

In general, four techniques have been proposedcharacterizing particle size distribution (PSD) /andchemical

coefficient y, the spectral slope ahass-specific absorpticrpefficient Svis, andparticulatebackscatteringcattering ratjp -~

(Boss et al., 2001Twardowski et al., 2001L.oisel et al., 2006; Estapa et al., 2012), (2) ngeeific optical coefficients

Neukermans et al., 2012), (3) particulate volumegtedng functions (Zhang et al., 2014), and (4jenvéeaving polarized
reflectance (Loisel et al., 2008).

The Saint Lawrence Estuary (SLE) and the Saguefayd-(SF) constitute a large sub-Arctic systemrati@rized by
relatively high concentrations of chromophoric diged organic matter (CDOM) (Nieke et al., 1997heTremote sensing

of physical attributes of SPM (e.g., PSD) in thesgers is crucial for studying regional climateeets on coastal erosion
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optical coefficientsof suspended particulaj@se influenced by particle composition and sizsrifiution changes. To ou Ep
S

knowledge, mass-specific absorption and scatteraagficients ofdifferent SPM size fractions have never been reported ih ”
the literature even though it has a potential @agilon in biogeo-optical modeling and biogeochetrstadies regarding the
dynamics of trace metals, sediment transport amdgpy productivity models.

This study has three main objectives: (1) to charam the mass-specific absorptiog ()) and scatteringb{ (\))
coefficients of four size fractions of SPM (i = @2 pm, 0.4-0.7 um, 0.7-10 um, and >10 |Anx wavelength in nm) at
different locations of the SLE-SF during spring diions, (2) to establish relationships between sysecific optical -~ @
coefficients, and characteristics of particle asdagds related to PSD and mineral content of SPM,(&8hto examine the .-~ @
correlation between optical proxiggndSvis, and variables linked to PSD and chemical comjposif SPM, E
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characterized by distinct particle assemblages \ardthble contributions of CDOM, non-algal partidele (NAP) and E
phytoplankton to light attenuation. In the secoadti®n, relationships between mass-specific optioafficients of different

SPM size fractions and parameters related to PSDraneral-content of suspended particulates aresiiyated. Lastly in

| the third section, relationships between opticakj@sy andSvis andparticle chemical composition and PSD are analyzed. -~ /@

2 Data and methods

2.1 Study area

The SLE can be divided in two main regions haviagtrasting biological productivity and bathymettlye upper (UE) and
the lower (LE) estuary (Levasseur et al., 1984).PNa&nhd CDOM dominate the diffuse light attenuatiérSQE waters
(Nieke et al., 1997). This is partially related ttee inflow of CDOM-rich and NAP-rich waters comirfigpm the St.
Lawrence River and Saguenay Fjord (Tremblay anch&ag007; Xie et al., 2012). Unlike NAP and CDOMntribution of
phytoplankton to inherent optical properties insesatowards the mouth of the SLE (Montes-Hugo awthdvhmadpour,
2012; Xie et al., 2012).

The study of optical properties of suspended padtes in SLE waters began during the late 80'hirBat al. (1993)
investigated the horizontal variability of the siiecabsorption coefficient of phytoplankton (i.eabsorption coefficient

normalized by concentration of chlorophyll + phagopents) in surface waters during summer of 1989 E990, Nieke et -

1S
o
al. (1997) reported high values (up to 3Fnof particulate beam attenuation coefficierntss() and inverse relationships E
between salinitycspy, and CDOM absorption coefficientachov) based on measurements done during summer of_1990.5

1S

Larouche and Boyer-Villemaire (2010) proposed rearsansing models for estimating PIM in the SLE @edGulf of Saint
Lawrence. Xie et al. (2012) showed inverse relagos between salinity and absorption coefficieotsNAP and

highlighted the extremely high valuesaghow (i.€., up to 5.8 matA = 412 nm) along the Saguenay Fjord.

3
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Historical studies performed during summer of 18é§gest that size distribution of SPM differs beaw&JE, LE and SF
subregions (Poulet et al., 1986). Based on surfacgkmmPoulet et al. (1986) found a dominance aftinedly 'small-sized'
(i.e., mode diameter < 10m) andrelatively 'large-sized' (i.e.mode diameter 30 um) particulates over the UE and the

matter (D’Anglejan and Smith, 1973; Larouche and/@eVillemaire, 2010; Mohammadpour et al., 2015hisTmineral
contribution may vary between 60 and 95% of dryglieidepending on the geographic location and peviothe year
(Yeats, 1988; Larouche and Boyer-Villemaire, 2010).

Despite their important contribution to the study physical and chemical properties of SPM, nonethedse studies

investigated relationships between chemical contiposisize distribution, mass-normalized optica¢fficients and optical

2.2 Field surveys

Discrete water samples for biogeochemical and aptiteasurements were obtained in 22 locationsilulis&d throughout

the SLE (N =17) and SF (N = 5) regions (Fig. 1)eQliscrete sample was obtained in each samplirafitoxsexcept foy -

site 6 where 2 measurements were made during Jamel  of 2013. Surface samples (i.e., 0-2 m dep#re collected
during June 3-9 of 2013 by using an oceanograpsette equipped with Niskin bottles (volume = 12 E9r each study

location, optically-derivedPSDs of unfractionated water samples, and optical piogee of different size fractions of SPM

were determined onboard of the ship.

2.3 Biogeochemical analysis

Size fractionation of SPM was done after sequdéntiitering the original sample$i.e., volume = 12 L}through pre-

weighted membranes having a diameter of 47 mm apdra size of 10 um (Whatman, polycarbonate), O (GF/F,
Whatman, glass fiber), 0.4 um (Whatman, polycarbgnand 0.2 um (Nucleopore, polycarbonate). Thetridmution of size
fraction i to the total mass of SPM ¢y, i = 0.2-0.4 um, 0.4-0.7 pm, 0.7-10 pm, and >10) pwas computed by
normalizing the weight of the fraction i by the safnweights derived from each size fraction. Thatdbution of PIM to
total mass of SPM @ry ™) was only computed for particulates with a graie greater than 0.4m (i.e., after filtering the
original unfractionated sample trough a GF/F fiteembrane). In this case, the mass of PIM andquédate organic matter
(POM) was assumed to be negligible for particulatéh a diameter smaller than Om. This approximation should be

verified in the future since the authors are notamwof publications addressing the contributionretively small

particulates (i.e., < 0.jm) to PIM and POM. Thgnassof different SPM fractions was calculated based oawwighted -

P
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filters. At the end of each filtration, sample dils were rinsed with deionized water to removessdts.PIM was obtained

/

after removing the organic mass by combustion wgfirmal samples at 450°C and during 6 h (Mohammadpbal., 2015).
The mass of POM was calculated as the differenteds® the dry mass of SPM concentrated in GF/éréiltninus the dry

!

———

mass of PIM,The precision of SPM mass determinations basedrok @ters was 15% (Mohammadpour et al., ,2,915)§Th /
precision was computed as the percentage: df standard deviation with respect to the arithmetverage of weight c
corresponding to 10 replicas. Based on loss ortiegnifactors (Barillé-Boyer et al., 2003) and clegmposition data / g
obtained in the Saint Lawrence Estuary (D'Anglegawal Smith, 1973), the estimated error of PIM deteations due to E
C

dehydration of clays was 3.1%. Thus, PIM mass detetions have a maximum uncertainty of 18.1% duihé additional /
error of SPM mass measurements. Notice that enn®®OM mass estimates was slightly greater thanabsdciatedvith,

PIM mass estimates (18.2%).

NP P e e et

The,absorption and beam attenuat@nunfractionated and size-fractionated water saswere measured by using a Vi ﬁ‘
absorption-beam attenuation meter (ac-s, Wetllabs400.3-747.5 nm, average spectral resolutiomm4path-length = 10 S
cm, precisiop+ 0.001 ). In order to minimize the presence of bubblepuep (ISMATEC MCP-Z) was used to gently b
circulate the samples during the measurementseSmkthe raw signal associatedith, bubbles were removed by yjslf,”!/s Ir;
inspection. Theeffect ofscattering orihe absorption measurements wasimizedby applying a flat baseline at a refer @E‘iiff/e E}
wavelength of 715 nm (Bricaud and Stramski, 199@)s approximation implies no absorption at 715amd may result in ;

when the proportional correction method (i.e., ®eatg correction directly related to magnitudespiectral attenuation

coefficient) is applied (Zaneveld et al., 1994; tgéts et al., 2013) astly, in situ calibrations were performed by using

~

deionized water (Barnstead NANO purewater purifozatunit) as a reference (Twardowski et al., 1990re water

N

contribution was subtracted from absorption andrbedtenuation measurements and resulting values w@rected for /"

Y

~

/

water temperature and salinity variatiofSulfivan et al., 2013 Spectral values ofgpy in m* were derived frorr)///i/

/s

/

CDOM was determined after pre-filtration of size-fracéted samples through a membrane having a paesi@.2um .

\

7 e o o e

[

(nucleopore, Whatman). Similar &py calculations cspy valueswere computegbased orunfractiorated samples aﬂe;g/i,/,, -

(o ()
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were derived by subtractiragpy from cspy Values,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, -

/

I

Bench determinations of PSD were made by usingl daser (wavelength = 670 nm) diffractometer (LISBIOX, type B, \\\\}\

\
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order to homogenize the samples and avoid sinkfngadticulates. The optical path was covered withlack cloth to
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minimize ambient light contamination during the ts®ang measurementsThe LISST-100X has 32 size ranges

logarithmically placed from 1.25 to 250 um in didgergthe upper size in each bin is 1.18 times aesh), with the width of

individual size classes varying from 0.2 to 35 [Beattered light in the near forward angles is megbswn concentric

detector rings and inversion modeling based on fd@ry vields the particle volume concentrationD)/(in the 32 size

)

classes (Agrawal and Pottsmith, 20Q0)..Despite, dnify the interval 3-17@m was analyzed due to stray light effects and ?«
variability of particle shape and refractive indaxhe first bins (i.e., < 3.@m)(Agrawal et al., 2008; Andrews 7eftfql.7,72()71\0\5 f‘
Reynolds et al. 2010), and bias related to parsadking in the last bins (i.e., 170-2%@n)(Reynolds et al. 2010). The E
Hampel filter algorithm was applied to the origima¢asurements in order to eliminate outliers (Regr2005). Lastly, gagcﬁhx\\\ LA
final PSD estimate was computed as the averageeasunements made during 3 minutes aHz sampling rate. @
The number of particles per unit of volume withack size class (N(D)) was computed by dividing VAy)the diameter " @
(D) of a volume-equivalent sphere correspondintpéomidpoint of each individual class: } g
N(D) = 6 V(D) mD*™* (A

Estimates of N(D) corresponding to 25 differenteshinswere calculated fronmverting the measured volume scattering * | ©

functions using an inversion based on Mie thedilye differential particle size distribution (N'(D)) was defined mf\x\

\

average number of particles within a given size<laf widthAD and per unit of volume (Reynolds et al., 2010):

ool oo

N'(D) = N(D)AD™ 2)
Thepower-law fit to the differentiaPSD, was computed as follows: ... R
N'(D) = N'(Do) (D/Do}: @ "
where¢ is the slope of the PSIDo is the reference particle diameter and wasostite midpoint of the size logarithmic size\\\ R i
range (i.e.geometric mean 35.17 um). Calculations &fwere done by least square minimization of log4farmed data 3'
(Reynolds et al., 2010)his method implicitly assumes that the relativeoein particle counts is constant (e.g. a fixed G

percent). However, a more realistic error modelugthase a similar uncertainty for the area sizdéritistion in each bhin.

The uncertainty of¢ calculations, as estimated from 2 standard ervaised between 1.6 and 10.2% with smaller ernors i
samples obtained in LE locations. Although PSD atural waters may not follow the model propose@duation (3), its
use here was justified as our main interest walsale a first-order assessment of size effects dfcpiates on optical
coefficient’s variability. Also, the definition df based on LISST measurements applies for partesigteater than 2m. A
more realistic representation of PSD is the modeppsed by Risovic (1993). This parameterizationntgancludes two
particle populations (‘large’ and ‘small’) havingffdrent refractive index and has been recentlyliedpin littoral
environments by different studies (Zhang et al13&hang et al., 2014; Zhang et al., 2017). Thelationships betweeg

and optical coefficients in this study are locadl @hould not be generalized to other littoral emwments.
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2.5 Optical proxies and characteristics of particleassemblages

Cspm(A) =Cspm (488) Q/Ar)Y @

W

where Ar is the reference wavelength at 488 ridngs et al., 200BBoss et al., 2013). \

The uncertainty of determinations varied between 2.2% and 6.4% waithdst error®eingcomputed in samples obtalned

in LE waters. The spectral slope of mass-specditiqulate absorption coefficientSA{s) was calculated by nonlinear flttlng
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of a single-exponential decay function over théolésrange 400-700 nm:
ax*()\): A e—S/iS (}\-400)_'_ B (5)

where x corresponds to total SPM or the size glas® termB corresponds to an offset at near-IR wavelengtfectount

- mﬁﬁmm

for nonzero absorption by mineral particles (Badtial. 2003; Rottgers et al., 2014).our case, B is not different from zero

due the initial correction ¢ by scattering effects (see section 23¥sis a proxy for dithionite-extractable iron and cmma

- | =

carbon-content of particulates of marine sampletafia et al., 2012The uncertainty oBvis estimates varied between 0.5 o

and 21.5% with Iargest errors associated to saon'eBned in LE locations. The equation (5) is ovdyid in waters where
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2.6 Mass-specific optical coefficients

The spectral mass-specific absorptian(})) and scatteringb( (\)) coefficients in i g™* and for different size fractions of
SPM are defined as follows:

a (A) =a(r) (wp)™ (6)

b’ (A) = bi(A) (wp)™* (7)

For each size classa, andb; are the coefficients of particulate absorption acaltering, respectively, and wis the mass

of particulates per unit of volume in g¥of class size i.

PIM

No measurements ofshy ~ and& were done in size fractions of SPM, thus it idicifit to compare PSD and patrticle

chemical composition changes before and afteriteefctionation of the samples. Size fractiomai®anticipated to cause

retention of smaller particulates in membranes A larger pore size. These primary particles awérestimate the

weight of the filtered sample and underestimatevilegght of the next filtration step consisting inm@mbrane having a

smaller pore size. Since particle sieving beginth vidrge-sized particles and finishes with smalkdi particles, the

magnitude ofa, andb; for relatively large (small) particulates is ligelo be under-(over-) estimated. Bias on mass of

particulates for each size fraction was verifiedcbyparing the sum of weights of 0.7418 and >1Qum fractions with the

7
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weight of an independent sample after filterinthiough a GF/F membrane (i.e., Qun nominal pore size). In this case, the

arithmetic average (median) of the relative biagtie whole dataset was 29.7% (24.9%) or a 29.720%2) overestimation

\\
:
(o)

with respect to samples without a previous sizetiwaation,

2.7 Statistical analysis

Relationships between PS$D, particle chemical cortipos optical proxies Y and Svis) and , mass-specific optical -

-y - e --- - - /- - - _ - - -/ " - _ N - "7 " Ty - T _ ¥ >

size fractions 0.2-0.4m and 0.4-0.7um may only reflect dependencies between mass-n@@aabptical coefficients of

different size classes since size spectré ahd kpy ™

calculations correspond to particles with a disaanetreater than 2

um and 0.7um, respectively.

3 Results

3.1 Spatial variability of physical and chemical chracteristics of SPM

(e ol ocsosmlomlalalonlvlaalvl v

e e o oo

PSD, the mineral content of SPM was less varidiieughout the study areasg ™ range =2Q to 87 %).On average, ' -

/

0.07Zand 033+ 009 for UE, SE and LE, respectively).

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, i - =

\

T At

/

3.2 Mass-specific optical coefficients of particutas

~

In general for thentirevisible spectrum, the sutegional average of mass-specific absorption padie coefficients was

\

between different spatial domains of the SLE (Rig). However, the highest and lowest valogthe subregional averages

8
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of bspu tended to be associated W (e.g.,bsew (440) = 0356+ 0092 m” g*) and LE (0.17+ 0.83 m” g*) locations, -~ €
respectively. In general for all size fractionsS#M, mass-specific absorption coefficients wereallguhigher in SF (e.g.,\\‘\?};\xg
3/ (440) up 100281 nf g” for size range >10 upyith respect to UE and LE subgions (up t0211 nt g")}(Fig. 3). (s
However, this pattern was reversed when the giraenaf particulates was smaller than Qm (Fig. 3a). Indeed, the higheéﬁg\:\\\\ @
a0 2-0.4ym* €Stimates in this study corresponded to UE watéi 3¢). @
In general, very higla* values (e.g., up t6.4 nf g*atA = 400 nm) were associated with the size fractib8RM having E
particulates with a diameter greater than il (Fig. 3d). These values were up to 8 and 5 titmgher than those g
characteristic of size fractions 0.4-Qifh and 0.7-1Qum, respectively (Fig. 3b-c). In generaland Rkpy ™ correlations with E
mass-specific absorption coefficients of differesmte fractions of SPM suggest that particle contmsihas a larger 9
influence orey"(440)(ps up to 0.50P = 0.0009) with respect to PSP.(up to 0.32P = 0.0033)(Table 2). - €
Similar toa*, highestb* values (up to 5.70 g™ atA = 400 nm) were associated with particulates withia size ranges, g
0.2-0.4um and >1Qum (Fig. 4). Notice that mass-specific optical caééhts in the NIR spectral range are not §h,QVY[‘IQU§5 . @
the presence of negative values at some wavelerfgphshe same size range of particulates, thedsidit values were not o @
always measured in the same region. Indeed, maxibiumalues for the size fractions 0.7-@n (up to 1.25 rhg* atA = @
556 nm) and >1Qum (up to 4.58 mg") were obtained in UE and LE domains, respectivelglike g (440), b (550) @
variability was less influenced by changes on plrtcomposition §s up to 0.42,P = 0.0015)(Table 2). qujyg[sglfyf,fthé/ @
impact of changing particle dimensions, as infeffreth ps correlations, had a larger effect bn(550)(@s up to 7Q.3777,I?7=”//// \?
0.006) with respect ta’ (440)s up to 0.32P = 0.009) values. f

i
3.3 Optical proxies \S/l
Correlations between size and chemical fractionSP¥1 as derived from mass ratios, and optical psosre presented in ﬁ
Table 3. Over the whole study area, there was r¢ar relationship betwegnand Rpy ™ values ps = -0.34,P = 0.11). E’F‘
However,y changes were associatedh, variations of size-fractionated mass contributiohgarticulates within the rang 3\,
0.2-10pm (ps up to 0.53P = 0.01). The sign of this correlation varied depegdn the size class under investigation (e.g., \S/:
positive and negatives values for small-sized and intermediate-sized iqa&tes, respectively). There was,frjgfglf\ear ;
relationship betweep andg valuesfor samples obtained over the whole study apga 0.15,P = 0.49, N = 23). The range. | °
of y values was 0.759-3.282, 1.389-1.534, 2.873-3.2820a759-1.802 for the SLE, UE, SF and gEf@gmq@gqt[\{efly:\\ L
The spectra slope @fspy was not statistically related tasdy ™~ changesds = -0.06,P = 0.78, N = 23). Howevebvis . g
variability was strongly connected with changesnoass contribution of different size classes of SRRNU in particular @
those associatedith, small-sized particulates_(i.e., 0.2-Qum)(Table 3). This pattern was_consistent with aitpes (s
correlation betweewg andSvis (ps = -0.489,P = 0.018, N = 23). However, there wag no clear i@ahip betweei®vis and§ @
values ps = 0.123P=0.57, N = 23). \ %

S
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The range ofSvis values for unfractionated samples of SLE-SF, UE,a8d UE domains was 0.005-0.051, 0.009-0.017, @
0.014-0.051 and 0.005-0.016 fintespectively. Over the whole study area, the easf@vis values for SPM size fractions @
0.2-0.4 ym, 0.4-0.7pm, 0.7-10pm and > 10pm was 0.004-0.026, 0.007-0.052, 0.004-0.109 an€1600028 nrit, S

0.7-10pum (ps = 0.66,P = 0.004).

4 Discussion
4.1 Uncertainty of optical measurements
Inherent optical properties in this study were dedifrom an ac-s instrument. Thus, large errorsimsorption coefficients
may be anticipated in relatively turbid waters iifgtnal measurements are not correctegscattering effects (Boss et al
2009; McKee et al., 2013). These effects are maittlyputed the acceptance angle of the transmistanand the multiple
scattering of photons. The acceptance angle oathe instrument is ~0.9° and much larger than ¢batesponding to the.g*‘
LISST-100X diffractometer (~0.027°}hus, a larger underestimatigui the theoretical particulate beam _attenuatisn
expected inhe ac-s with respect to LISST-100X measurements duwee larger contribution of forward-scattered photqﬁs
arriving aj the detector of thac-s Boss et al,2009) Unfortunately,c deviations due to acceptance angle variations Wé (s
corrected in this study due to the lack ®ialues as obtained by using an integrating caaligorption meter (e.g., ;
PSICAM)(Rottgers et al., 2005). Notice that thgskerencesare much greater with respect to the standard tiewiaf ,G,a,c,'l\\\ . :
sample determination in this study and computeédbas ac-s measurements (e.g., < 1%=a632 nm). E
In this investigation, the ‘flat’ baseline correstiwas selected for correcting theatteringeffects, onabsorption coefficient E
estimates as derived from ac-s measurements. &bimigue was chosen due to the lack of PSICAM measents or\\{x\G
ancillary optical information (e.g., particle back#tering efficiency) to tune up a Monte Carlo sr@g correction @
approach (McKee et al., 2008ince NAP is an important component of SLE-SF emvitents, an underestimation of ac-s Qz
absorption measurements is expected dug to a monabsorption at 715 nm (McKee et al., 2013; Raé#ige al., 2013)..- | ¢
This deviation is amplified at wavelengths greditemn 600 nm, is more remarkable at higher turldgiind decreases when \F/)a
phytoplankton contribution to total particulate afygion increases. To minimize this residual scaite an empirical \t,f,
correction linking PSICAM and ac-9 absorption meaments at 715 nm has been proposed (Rottgers.,eP(dl3). E‘
Although practical, it is uncertain the use of th@rection in our study area due to optical déferes between particles S
assemblages of the SLS-SF and those studied bygersitet al. (2013). Thus, the magnitudgptical coefficients and mass- (r;
specific optical coefficients of particulates measlin SLE-SF waters may present large errors &.80%) with respect to\\{\\ S
PSICAM measuremenand at wavelengths longer than 550 nm. This biamisipated to be maximum (minimum) in UE E
(LE) locationsdue to the greater contribution of NAP to partétalabsorption of the former sub-region : E
S
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4.2 Variability of physical and chemical characterstics of SPM

A striking finding in this study was the importaneight contribution of relatively large particulat@.e., >10 um) to the
total mass of SPM in UE waters. This phenomenonlikaly attributed to the active resuspension afisents associated
with vertical mixing produced by tidal currents anohds (Yeats, 1988). Conversely, this effect wasosdary in relatively
deep waters of SF and LE where large and heavycplates are rapidly removed from the water coluamd deposited

along submarine canyons (Gagné et al., 2009). fikenical composition of size-fractioned SPM was arwdlyzed in this

study. Howeverihe correlatiop between &, and ey 2" *"Values suggest that mineral content of SPM inewas S
the contribution of particulates with a diameterader than 0.7um becomes largep{ = 0.30,P = 0.035, N = 23). This g
finding is consistent with previous studies in ®kE showing that relatively small (i.e., diameté& m) particulates are

mainly composed by inorganic matter (Yeats, 1988g1t& et al., 20097 large proportion of particulates with a diameter - @

above 50um and loweré values were typically found in LE locations. Theesults go along with historical datasets and
showing a greater proportion of relatively largetigalates (i.e., > 5 and < 50 um) over the LE tamas and during the

same period of the year (Chanut and Poulet, 1982).

4.3 Spatial variability of mass-normalized opticakoefficients

~

(o o)

nY—">———9vy

concentration values measured in mineral-rich vsa([iee.,aSLM* anap )(Bowers et al., 1996; Babin et al., 200Bhis is S

remarkable given the large diversity of methodasgised by different research teams for estimatipg values(e.q., pad- //

!’y
Iy

technique, ac-s, integrating spherl) general, the lowesispy values (i.e., 0.01-0.02 7yt at A = 440 nm) commonly
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River)(Bowers and Binding, 2006; D’'Sa et al. 20D@xaran et al., 2009).hese low values could be overestimated due tb/

values have been linked to high POC/SPM (Wozniaklet2010) and chl/SPM concentration ratios, whetke means

e o

)

chlorophyll a concentration (Estapa et al., 2012}his studydimensionlesshl/SPMyatios varied between 3.9 1@nd 1&

102 with a,median of 1.1 THand an arithmetic mean of 2.7 10Fhese values are commonly lower than those regont /-
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‘shading’). This could also explain the spatiaffeiences ofspy (440) in our study area where larger values comeded
with surface waters dominated by particles assegaisldnaving a smaller mean diameter (e.g., UE andI8mearshore
waters of California, Wozniak et al. (2010) demoaistd inverse relationships betwemp,, (440) and the median particle
diameter of inorganic- and organic-dominated ass$ageis.

environments where optical properties are dominatedNAP. In general, smaller particulates have eatgr surface for

adsorbing organic compounds where iron can accum(Mayer, 1994; Poulton and Raiswell, 2005). TI&RBM fractions

with small-sized particulates are expected to lavenhancement afpy (440) due to relatively highron concentrations. / g
This phenomenon could probably explain part of the aspy (440) variability in some locations of our studgamwhere E
relatively high concentrations of iron bound to tigarates have been measured (e.g., SF)(Yeats awdel®, 1976;  ~/ [°
Tremblay and Gagné, 2009). /;’;/'/ @
Similar to aspw, bspw Values were highly variable between locatigng within the rangereportedin pﬁthg[flij[tpifrfaj/ @

environments(e.qg., Irish Sea, Coast off Europe and French GalyBowers and Binding, 2006; Neukermans et al.,,’/
2012)(Table 4). In this study, the spectral variatibgry between regions showed a spectral flattening aticlea

assemblages become dominated by organic matter I(E§. This finding is consistent with Wozniak at. (2010)
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For all size fractions of SPM, was positively correlated witla\i*(440)(os up to 0.32P = 0.006). This pattern suggests“\'a“»f}f‘f"jz
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higher absorption efficiency of relatively smalksd particulatesSince particle aggregates were altered during our t

L
]
Iy

‘(n = 0o W @ g

experiments, the influence of particle density oassaspecific optical coefficients cannot be quatifas this effect is
mainly observed in undisrupted marine aggregatesd€Set al. 2011; Neukermans et al., 2012, Neukesned al 2016). J

Yoo

Change on PSD due to aggregation with substaetialation of absorption (i.e., 50%) due to packagfigct is expected to

Yo )

(Stemmann _and Boss, 2014). By assummg= 0.0025 for a mixed particle assemblage of cléys., kaolinite +

montmorillonite) andA = 300 nm, the resultindis 30 um. Based on simulations, the formatioolaf-derived aqqreqateﬁ'f' /

T

/

e 7 e e e

may cause a changegev 0f approximatelyl0% (Estapa et al., 2012).This effect wil be largersmaller depending oft/

aggregate size, solid mass fraction and primartigh@usize., S
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specific particulate backscattering for minerahrigarticle assemblages that tend to exhibit ste®&Ds. Although no\\\\:j\
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particulate backscattering measurements were &laila this study, Reynolds et al. (2016) highligit importance of PSD
for driving variations on mass-specific optical ffiméents linked to scattering processes.

A common pattern in all size fractions of SPM wias stronger correlation ok with & (440) compared withy (550)

Iy

attributed to mineral-associated iron (Babin an@ésShki, 2004; Estapa et al., 2012) or/and orgasso@ated iron (Estapa,;}?/

et al., 2012)More studies are needed to test this hypothkeiseveyit is interesting to notice that higgapy, values in our/

r— 4 — ¥ —_ e — . - J oV
/

y -~ - - -~ __ - N - T T "=/
T~

4.5 Optical proxies of SPM characteristics

Jhe variabilityof y was related to mass contribution changes of spesife fractions of SPNps up to 0.53P = 0.004.i =

,,,,,,,,,,,, ——V]

b

particle size classes gny was not clearly correlated with, In oceanic waters, andy values covary in a linear way fora

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

O0O=sS030 )>(n]fsp o m/]mfmcra'm 3 Q(n]mmm

! [
specific range of refractive index agdBoss et al., 2001; Twardowski et al., 2000)ese covariations were observed 30'(*;]:\
g \

i

values derived from LISST and Coulter Counter mesments (Boss et al., 2001; Slade and Boss, 2@i)range of

values was within the natural variability reporiedcoastal and oceanic environmerg§s=(2-4.5) (Reynolds et al., 2010

Neukermans et al., 2012; Xi et al., 2014). Als@ thagnitude ofy in our samples (0.29-2.22 fiinwas within the range of

Boss, 2015).

The variability ofSvisvalues in this study was relatively high (~10-foldjh respect to other littoral environments (1085f

major marine influence (i.e., salinity range = 228 LE locationg}fs = -0.55,P = 0.04, N = 14).This pattern was

\
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, \
\

5 Conclusions

The measure of mass-specific optical coefficieitSRM is essential for developing optical inversidar mapping biogeo-
chemical components in surface waters and improwinmgunderstanding regarding the origin of optgighatures in remote
sensing studies. In this contribution, we presembedhe first time, mass-specific scattering abdaption coefficients of
size-fractioned SPM in estuarine waters of thetSaamrence River and a major SLE tributary, the &y Fjord.

Despite the intrinsic variability of weight-normadid optical coefficients due to variations of plegsiand chemical
properties of particle assemblages, the followiagtggns were identified: 1). the mass-specific ghtsan coefficient of

different size fractions of SPM was preferentialgfated to changes on particle chemical composiéisrinferred from
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changes on &y~

and at a wavelength of 440 nm, 2) the magnitudetafd a stronger correlation with (550) compared
to a (440), and 3) the magnitude 8iis was inversely correlated witilspy (440) in areas having a larger marine influence
(i.e., lower estuary). In summary, these relatigustwill be useful for investigating local and regally-limited biogeo-
optical properties of SPM. Thus, additional reskdnased on true optical properties of PSD will leeded in order to

propose more general relationships that can beespyd other littoral environments.
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Abbreviation Definition Unit
SLE St. Lawrence Estuary
UE Upper estuary
SF Saguenay Fjord
LE Lower estuary
SPM Suspended particulate matter
POM Particulate organic matter
PIM Particulate inorganic matter
PSD Particle size distribution
Fspyi Contribution of size fraction i to total mass &8 dimensionless
Fspyl Contribution of chemical fraction j to total mag#sSPM dimensionless
NAP Non-algal particulates
CDOM Chromophoric dissolved organic matter
A Light wavelength nm
aspu Absorption coefficient of total SPM ™
bspu Scattering coefficient of total SPM n
Cspm Particulate beam attenuation coefficient of tofaMs mt
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*
aspm

*
bSPM

V(D)
N(D)

N'(D)

Mass-specific absorption coefficient of total SPM
Mass-specific scattering coefficient of total SPM

Mass-specific absorption coefficient of particleesfraction i

Mass-specific scattering coefficient of particleesfraction i

Slope of differential PSD

Diameter of a volume-equivalent sphere at midipof size class
Volume concentration at size class D
Particle number concentration at size class D
Particle number density at size class D
Spectral slope of particulate beam attenuationficoexft

Spectral slope of mass-specific particulate abgmrmtoefficient

within the visible spectral range

=

2 1

(cwnlacowm

nmt
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Table 2. Particle size and chemical composition effts on mass-specific optical coefficients. Spearmaank correlations for a and

b, are computed at a wavelength of 440 and 550 nm, pEtively.

Mass-specific H Fopm ™
Optical fraction

202 0.4m 0.32* 0.31*
20 4.0.7um 0.28 * 0.50 **
.7 - lQ,J.m* 0.26 * 0.49*
a>1opm* 0.31* 0.44 *
b0.2—0.4p.m* 0.15 -0.17 *
b0.4—0.7um* 0.05 -0.06
Bo.7 - 10um’ 0.23* 0.42 *
bs10pm 0.37 * 0.26 *
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5 Table 3. Correlation of optical proxies with mass-drived size and chemical fractions of SPM. Spearmamnk correlations based

on 23 samples.

Mass fraction

y Svis
Fepm -0.34 -0.06
Fopy 2 0 0.53* 0.49**
Fopy 0™ -0.43* -0.49**
Foppd10Mm -0.38* -0.30*
Fepy 0H™ 0.13 0.19
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Table 4. Mass-specific optical coefficients of suspded particulates for different littoral environments. Acronyms and units are
defined in Table 1.

*

Location A aspu bsput [SPMI* References
SLE-SF 440 0.001-0.073 0.1-1.06 2.28 — 30.6 This study
488 0.001-0.040 0.1-0.97
556 0.001-0.017 0.1 -0.86
665 0.001-0.004 0.1-0.73
708 0.001-0.002 0.1-0.68
Elbe River, Rottgers et al.
650 0.001 —0.02) 0.5-10
(2014)
German Bight, 750 0.001 —0.019
Baltic Sea, New
Caledonia lagoon 850 0.001-0.014
Monterey  Bay, i 0.46 — 2.5% 0.11 —2.37 Zhang et al
us - (2014)
Mobile Bay, US | 532 0.40-1.78 0.26 — 7.36
Mobile Bay, 440 0.44 — 1.9% 0.23-25.32 Stavn and Richte
(2008)
Southwest  Pass,488 0.41 -1.89
us
550 0.40-1.80
676 0.36 — 1.63
715 0.34-1.61
Coast _of New| 440 0.44 — 6.6 Snyder et al.
Jersey, (2008)
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Monterey Bay, 488

Great Bay 556
Mobile Bay 665 005 + 0.0¢
(arithmetic _mean
+ standard
deviation)
Irish sea, UK 665 0.08 — 0.45 1.9-26.5 Binding et al.
(2005)
Irish sea, UK 443 0.062+ 0.013 0.17 —0.19 1.6 —50 Bowers and
Binding (2006)
490 0.20-0.22
555 0.20-0.24
665 0.14-0.15
Coast off Europe 676 0.63 — 2.0Y 1.2-82.4 Neukermans et al.
and French (2012)
Guyana
Elbe Estuary, 555 0.05 — 0.07 0.35 - 0.47 73.5-294.2 Doxaran et al
Germany (2009)
715 0.01-0.03 0.32-0.44
Gironde Estuary| 555 0.02 — 0.06 0.28 — 0.50 21.9-344.1
France
715 0.01-0.02 0.27-0.45
Coastal Louisiang 440 0.056+ 0.012 Estapa et al
and lower (0.05 - 0.065) (2012)

Atchafalaya and

Mississsippi
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Rivers

488 0.035 - 0.05

556 0.25-0.35

665 0.125-0.02
West of | 443 0.012 -0.079 D’Sa et al. (2006)
Mississippi Delta
Imperial Beach, 440 0.03-0.1 0.1-1.2 3-90 Wozniak et al.
California (2010)

488 0.02 — 0.08 0.18-0.9

556 0.01 —0.03 0.2-0.9

665 0.004 - 0.02 0.2-0.8

708 0.001 - 0.02 0.2-0.8

%ac-s measurements and sum of weights of SPM sizéidns 0.2-0.41m, 0.4-0.7um, 0.7-10um and >1Qum, "integrating ‘.ﬁ -
AN

sphere coupled to spectrophotometer for suspenaimhpad-technique, SPM weight based on GF/F @nee= 0.7um) b

and nucleopore Whatman (pore size =) filters, “Multispectral volume scattering meter and opticaldels for
different particle subpopulations with assymetrisgi@pe®ac-9 measurements and SPM weight based on GRsfilt
®Irradiance meter PRR600 and optical models fonmedtng inherent optical properties and SPM weigisda on GF/F
filters, ‘comparable tébut pad-technique for estimating absorption coieffits of SPM%omparable td but using ac-s
measurement§comparable t8 but using only suspensions and weight based of @Eers, "comparable t8 but using
only GF/F filters for SPM weightconcentration of SPM in g fhand for particulates retained in glass-fiber fiteith a

pore size of 0.um.
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Figure captions

Figure 1. Study area. UE (red triangles), SF (greeaircles) and LE (blue rectangles}ub-regions GSL is the Gulf of St. Lawrence.

Figure 2. Spectral variation of mass-specific optal coefficients for total SPM. (a)aSpM* (left axis SF, right axis UE, LE and SLE-

computed for SLE-SF (black circles), UE (red circlg), SF (green circles) and LE (blue circlesyub-regions The number of
observations for UE, SF and LEsub-regionsare 3, 5 and 15 respectively.

SF) and (b) bspM* (left axis SF and SLE-SF, right axis LE and UE)Each bar is the arithmetic averaget 2 standard errors_ as -~ %
1S

Figure 3. Spectral variation of mass-specific absption coefficients for different size classes of spended particulates. (a) 0.2-0.4
pm, (b) 0.4-0.7um, (c) 0.7-10um and (d) >10um. Color coding of symbols idem as Fig. 2. Curvesr@senting negative values at

some wavelengths are not depicted.

Figure 4. Spectral variation of mass-specific scating coefficients for different size classes of spended particulates. Size classes

and color coding of symbols idem as Fig. 3. Curvgsesenting negative values at some wavelengths aret depicted.
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Page 5: [1] Supprimé Martin Montes 2017-10-12 18:11:00
Notice that pure seawater contributionsatandc values are initially removed when the ac-s instntris

calibrated by the manufacturer. Seawater absormitd scattering coefficients are derived fromdsbl
(Morel, 1974; Pope and Fry, 1997).

Page 10: [2] Supprimé Martin Montes 2017-10-13 15:39:00
The ‘flat’ scattering correction approach is expecto provide a fair correction @f values in oceanic

waters (e.g., up to 15% underestimation at wavéhsnghorter than 600 nm, see Fig. 8b, McKnee et al.
2013) but may result in large deviations (e.g.taf00% decrease in the NIR spectral range) \dlues in
relatively turbid waters (e.ga > 0.2 m') such as the Baltic/North Sea. Also, this issugrésent when the
proportional correction method of Zaneveld et 8094) is applied. Unlike the ‘flat’ baseline, theaering
residual of the proportional method is spectraypendent but still relying in one reference wavegierin

the NIR spectral range. Approximations justifyirge tuse of the ‘flat’ (i.e., zero absorption sigimakhe
NIR) and ‘proportional’ (i.e., wavelength-dependepattering phase function) method are still inadeb
(McKnee et al., 2013). Lastly, the Monte Carlo estron method (McKee et al., 2008) has in general a
better agreement (error <10%) with traevalues as derived from an integrating cavity apison meter.
However, this approach may also have major uncemai due to assumptions regarding optical
coefficients (e.g., particulate backscatteringoratd volume scattering function) and changes atiesing
efficiency due to factors related to the opticastionoment (e.g., aging of the reflective tube of the

absorption-attenuation meter) (McKnee et al., 20TB)

Page 13: [3] Supprimé Martin Montes 2017-10-15 18:50:00

An important objection to correlations &fand ey ™

with mass-specific optical coefficients of SPM for
different size fractions was related to differenaeserms of particle size range used to comgEutnd
Fsenm ™ and particle size classes derived by sequentiedtion of water samples. More specificallyjs

PIM

not representative of submicron particles less thgmm. Also, kpy IS only a valid parameter for

particles mostly larger than Oifn. Thus, correlations and Rpy ™

with mass-specific optical coefficients
of 0.2-0.4pm and 0.4-0.7um may only reflect indirect dependencies betweessamormalized optical
coefficients of different size classes. This patigjt(i.e., correlations betwees orb;” values of different
size classes) was confirmagbosteriori based on samples obtained in UE, LE and SF waters.

Lastly, it is important to discuss the potentia$bna andb, determinations due to size fractionation and
subsequent impact on correlations with respectsef £ and€ values. No measurements abff ™ and
were done in size fractions of SPM, thus it isidifft to compare PSD and particle chemical compmsit
changes before and after the size fractionatiothefsamples. Size fractionation is anticipated @aose
retention of smaller particulates in membranes f\a larger pore size. These primary particles will
overestimate the weight of the filtered sample anderestimate the weight of the next filtrationpste
consisting in a membrane having a smaller pore. skiece particle sieving begins with large-sized

particles and finishes with small-sized particlé® magnitude of” andb; for relatively large (small)



particulates is likely to be under-(over-) estintatBias on mass of particulates for each sizeifraatvas
verified by comparing the sum of weights of 0.741® and >10um fractions with the weight of an
independent sample after filtering it through a IERiembrane (i.e., 0.@m nominal pore size). In this
case, the arithmetic average (median) of the weatias for the whole dataset was 29.7% (24.9%& or
29.7% (24.9%) overestimation with respect to samplathout a previous size fractionation.. An
optimization scheme to adjust the mass for ea@hfsaxtions (i.e. adjusting the various weightsuon up
to the total mass filtered) was not attempted simealidn’t filter unfractionated samples througB 6r 0.4
um membranes due to the sequential mode of ouatfdin. Thus, ‘filtration weighting factors’ for 8z

fractions > 0.2um or > 0.4um could not be calculated.

Page 13: [4] Supprimé Martin Montes 2017-10-15 19:02:00
In terms of fractioned mass,

Page 13: [5] Supprimé Martin Montes 2017-10-15 19:02:00
the size of particulates was the dominant varidbling changes on

Page 13: [6] Supprimé Martin Montes 2017-10-15 19:06:00
content of SPM did not have a statistically detble impact ory at 95% confidence level

Page 13: [7] Supprimé Martin Montes 2017-10-15 19:06:00
In particular, the strongest relationship betwemand kpy was associated to the fraction having the

smallest particles (i.e., 0.2-0dn).

Page 13: [8] Supprimé Martin Montes 2017-10-15 19:32:00
different relationships betwesgn& and changes of two non-covarying optical contidng: minerals and

phytoplankton. Also, the reduced number of samplimgations and the geographic variability &f
relationships were additional factors likely explap the lack of correlation for the study areastlyg &
and y were not substantially correlated in our samplas tb deviations on Mie-based models (e.g,
absorbing spheres) gf as a function of (Twardowski et al., 2001). Indeed during our syeyehigh

absorbing particulates were present in SLE-SF water

Page 13: [9] Supprimé Martin Montes 2017-10-15 19:23:00
found thataspy (440) Qvis) tends to increase (decrease) in iron-enricheticfmassemblages of marine

samples. Whether this phenomenon is also occuimitige SLE is unknown and should be investigated in

future studies.

Page 27: [10] Supprimé Martin Montes 2017-10-19 10:28:00
i . . References
Location A aspm bspm [SPM]*
UE 440 0.01-0.25a go1-106 228-30.6 This study

488 0.01-0.14 0.01-0.97



SF

LE

Elber River,
German Bight,

Baltic Sea,

Caledonia lagoon

Monterey Bay, US

Mobile Bay, US

556 0.01-0.06 0.01-0.86
665 0.01-0.02 0.01-0.73

708 0.01 -0.012 0.01-0.68

440

488

556

665

708

440

488

556

665

708

650 0.001 - 0.020

750 0.001-0.019

532

532

0.32-0.73

0.17-0.39

0.08 -0.17

0.02-0.04

0.01 -0.02

0.03 -0.07

0.02-0.04

0.01 -0.02

0.003 - 0.006

0.015 - 0.002

New
850 0.001-0.014

0.20-0.56

0.18-0.49

0.15-0.42

0.13-0.34

0.12-0.31

0.04-0.22

0.04 -0.21

0.04-0.19

0.04 -0.18

0.04-0.17

0.5-10

0.46 — 254 0.11 -2.37

0.40-1.78

0.26 —7.36

Réttgers et al. (2014)

Zhang et al. (2014)



Mobile Bay,

Southwest Pass, US

Coast of New Jersey,

Monterey Bay,
Great Bay

Mobile Bay

Irish sea, UK

Irish sea, UK

Coast off Europe

and 676

440 0.44-1.95 0.23-25.32
488 0.41-1.89

550 0.40 —1.80

676 0.36-1.63

715 0.34-161

440 0.44-6.6
488
556

0.05 + 0.0F

(arithmetic
665 mean +

standard

deviation)

665 0.08-045 19-26.5

443 0.062+0.013 0.17-0.19 1.6-50

490 0.20-0.22

555 0.20-0.24

665 0.14 -0.15

0.63-2.07 12-824

Stavn and Richter (2008)

Snyder. §2608)

Binding et al. (2005)

Bowers and
(2006)

Binding

Neukermans et al. (2012)




French Guyana

Elbe Estuary, Germany

715

Gironde Estuary, France

715

Coastal Louisiana and

lower Atchafalaya and 440

Mississsippi Rivers
488
556

665

West  of
Delta

Mississippi
PP 443

Imperial Beach, 440

California
488
556
665

708

555 0.05- (/07 0.35-0.47

555 0.02-0.06

73.5-294.2 Doxaran et al. (2009)

0.01-0.03 0.32-0.44

0.28 - 0.5021.9 — 344.1

0.01-0.02 0.27 - 0.45
Estapa et al. (2012)
0.056+ 0.012
(0.05 - 0.065)
0.035-0.05
0.25-0.35
0.125-0.02
D’Sa et al. (2006)
0.01 2 -0.079
Wozniak et al. (2010)
0.03-0.1 01-12 3-90
0.02 -0.08 0.18-0.9
0.01-0.03 0.2-0.9
0.004 - 0.02 0.2-0.8
0.001 - 0.02 0.2-0.8
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