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Abstract. Mass-specific absorptior((\)) and scatteringb( (A)) coefficients were derived for four size fractofi = 0.2-
0.4 pm, 0.4-0.7 um, 0.7-10 pm, and >10 |Nmr wavelength in nm) of suspended particulate mg®&°M) and with
samples obtained from surface waters (i.e., 0-2epthy of the Saint Lawrence Estuary and Saguenasd&j(SLE-SF)
during June of 2013. For the visible-near-Infrarggectral range (i.e.A = 400-710 nm), mass-specific absorption
coefficients of total SPM (i.e., particulates > Qud)(hereafteraspy ) had low values (e.g., < 0.0°m" atA = 440 nm) in

areas of the lower estuary dominated by partickemblages with relatively large mean grain size higth particulate
organic carbon and chlorophyll a per unit of masS®M. Conversely, largestpy values (i.e., > 0.05 gt at A = 440

nm) corresponded with locations of the upper egt@ard SF where particulates were mineral-rich anttieir mean

diameter was relatively small. The variability efa optical proxies (the spectral slope of partirilaeam attenuation
coefficient and the mass-specific particulate gfson coefficient, hereaftarandSvis, respectively) with respect to changes
in particle size distribution (PSD) and chemicaimpmsition was also examined. The slope of the P& & larger
correlation withb,” estimates computed at a wavelength of 550 nm (Bmearank correlation coefficiept up to 0.37) as
opposed toa” estimates derived at a wavelength of 440 pqup to 0.32). Conversely, the contribution of parte

inorganic matter to total mass of SPMf ) had a stronger correlation wigh coefficients at a wavelength of 440 np (
up to 0.50). The magnitude pfvas positively related tosk, or the contribution of size fraction i to the totaass of SPM
(ps Up to 0.53 for i = 0.2-0.4m). Also, the relation betwegnand ey
Lastly, the magnitude dvis was inversely correlated withspy (440)(s = -0.55,P = 0.04) and Exf ™ (ps = -0.62,P =

0.018) in sampling locations having a larger maniikience (i.e., lower estuary).

variability was secondaryp{= -0.34,P > 0.05).
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1 Introduction

The distribution of suspended particulate mattéﬁ\@Table 1) in coastal and estuarine environmbatsa major influence
on biogeochemical processes (e.g., phytoplanktoarh$)(Guinder et al., 2009), ecosystem structuig, (lood weLbJ)(DaIu
et al., 2016) and dispersion of pollutants (e.@pper, mercury, polycyclic aromatic hydrocar@sa)(lﬂt al., 2002;
Ramalhosa et al., 2005). Light absorption by sudedrparticulates is essential for several photoat@mrocesses related
to the carbon cycle (e.g, photosynthesis, prodoatifodissolved inorganic and organic carlb))n)(Esmpal., 2012). Lastly,
the concentration of SPM is an important varialde mhodeling thermodynamic processes and computeaj hudgets
(Loptien and Meier, 2011) due to its influence orderwater light attenuation (Morel and Antoine, 49®evlin et al.,
2008).

The spatial and temporal variability of suspendadigulates is relatively high (i.e., >100-fold) littoral environments
(Doxaran et al., 2002; Montes-Hugo and Mohammadp®0L2). This represents a challenge for traditionathods of
measuring SPM based on gravimetry (Strickland aacdh, 1972) as the analysis of a large numbenmwipkes is time-
consuming and costly. Thus, these studies are coyrbbased on a relatively small dataset that matigdly represent the
in situ distributions of SPM. Due to these diffides, several techniques have been developedyfapsic and large-scale
mapping of SPM based on satellite-derived opticaasurements (Doxaran et al., 2002; Miller and MeXr2904; 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.qg., tides) and biogeochemieg. ( phytoplankton growth) factors (D’Sa et ali0g; Eleveld et al, 2014).
Thus, optical remote sensing algorithms for estimgpEPM are region-specific and generally less ateuwwhen applied to
unknown littoral environments. This highlights theed for a better understanding of optical propsrtif SPM components
that can be later used for estimating second-oatkeibutes of SPM (i.e., chemical composition, siistribution) 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 proposedclf@racterizing particle size distribution (PSD) /@ndchemical

composition of SPM based on optica ametersoptiral proxies (e.g., the spectral slope of paltte beam attenuation

coefficient,y, the spectral slope ofmeass=specific absorptiaffioient, Svis, and particulate backscattering/scattering ratio)
(Boss et al., 2001; Twardowski et al., 2001; Loisehl., 2006; Estapa et al., 2012), (2) mass-fpemptical coefficients

(e.g., mass-specific particulate scattering, baatksing and beam attenuation coefficients)(Bowets al., 2009;

Neukermans et al., 2012), (3) particulate volumegtecing functions (Zhang et al., 2014), and (4jew#eaving polarized
reflectance (Loisel et al., 2008).

The Saint Lawrence Estuary (SLE) and the Saguefayld-(SF) constitute a large sub-Arctic systemrati@rized by

relatively high concentrations of chromophoric dised 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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and occurrence of harmful algae blooms. Howeveoyder to accomplish this task it is essentialnow how mass-specific
optical coefficients of suspended particulatesiafleenced by particle composition and size disttibn changes. To our
knowledge, mass-specific absorption and scatterirgfficients of different SPM size fractions hawver been reported in
the literature even though it has a potential @agilbn in biogeo-optical modeling and biogeocheirstadies regarding the
dynamics of trace metals, sediment transport aimgpy productivity models.

This study has three main objectives: (1) to charae the mass-specific absorptiom () and scatteringb{ (7))
coefficients of four size fractions of SPM (i = @24 yum, 0.4-0.7 um, 0.7-10 pm, and >10 @nx 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 asdagés related to PSD and mineral content of SPM,(8hto examine the
correlation between optical proxigaindSvis, and variables linked to PSD and chemical comjposdf SPM.

This study is organized in three sections. In tinst fsection, mass-specific absorpticamp) and scattering bHspy®)
coefficients of total SPM (i.e., particulates largean 0.2um) are calculated at different regions of the SlEEtBat are
characterized by distinct particle assemblages \arihble contributions of CDOM, non-algal partidelss (NAP) and
phytoplankton to light attenuation. In the secoedti®n, relationships between mass-specific optioafficients of different
SPM size fractions and parameters related to P$Draneral-content of suspended particulates aresinyated. Lastly in

the third section, relationships between opticakfasy andSvis and particle chemical composition and PSD areyapdl

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).PNand CDOM dominate the diffuse light attenuatiérSGE waters
(Nieke et al., 1997). This is partially related ttee inflow of CDOM-rich and NAP-rich waters comirfgpm the St.

Lawrence River and Saguenay Fjord (Tremblay anch&a2007; Xie et al., 2012). Unlike NAP and CDOMntribution of

phytoplankton to inherent optical properties insesatowards the mouth of the SLE (Montes-Hugo amthdvhmadpour,
2012; Xie et al., 2012).

The study of optical properties of suspended padies in SLE waters began during the late 80'dirBat al. (1993)
investigated the horizontal variability of the sifiecabsorption coefficient of phytoplankton (i.eabsorption coefficient
normalized by concentration of chlorophyll + phaigoments) in surface waters during summer of 1989 E390. Nieke et

al. (1997) reported high values (up to 3)nof particulate beam attenuation coefficientse) and inverse relationships

between salinitycspy, and CDOM absorption coefficientachoy) based on measurements done during summer of 1990.

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

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

3
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Historical studies performed during summer of 18@ggest that size distribution of SPM differs betw&JE, LE and SF
sub-regions (Poulet et al., 1986). Based on sudaogples, Poulet et al. (1986) found a dominancelafively 'small-sized'
(i.e., mode diameter < 10m) and relatively 'large-sized' (i.e., mode diamete30 um) particulates over the UE and the
mouth of the SLE, respectively. Conversely, patéitas having an intermediate size were charadterggt sampling
locations situated between the mouth of the Sagu&jad and the mouth of the SLE. In the surfaceewsmof SF and
during spring, Chanut and Poulet (1982) found ®BM is commonly composed of very small particles. (i2-3 pm).
Several investigations point out that suspendeticpdates in the SLE-SF regions are principally posed of inorganic
matter (D’Anglejan and Smith, 1973; Larouche and/@eVillemaire, 2010; Mohammadpour et al., 2015hisTmineral
contribution may vary between 60 and 95% of dryghieidepending on the geographic location and peoiothe year
(Yeats, 1988; Larouche and Boyer-Villemaire, 2010).

Despite their important contribution to the study physical and chemical properties of SPM, nonettafse studies
investigated relationships between chemical contiposisize distribution, mass-normalized optica¢fficients and optical

proxies of attributes.

2.2 Field surveys

Discrete water samples for biogeochemical and aptieeasurements were obtained in 22 locationsilaliséd throughout
the SLE (N =17) and SF (N = 5) regions (Fig. 1) eQiliscrete sample was obtained in each samplirgjitots except for
site 6 where 2 measurements were made during Jamel $ of 2013. Surface samples (i.e., 0-2 m depdre collected
during June 3-9 of 2013 by using an oceanograpisette equipped with Niskin bottles (volume = 12 EQr each study
location, optically-derived PSDs of unfractionatedter samples, and optical properties of diffeisné fractions of SPM

were determined onboa% of the ship.

2.3 Biogeochemical analysis

Size fractionation of SPM was done after sequdntifiitering the original samples (i.e., volume 22 1) 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, polycart®nand 0.2 um (Nucleopore, polycarbonate). Thritution of size
fraction i to the total mass of SPM«fy, i = 0.2-0.4 pm, 0.4-0.7 um, 0.7-10 um, and >10) was computed by
normalizing the weight of the fraction i by the sainweights derived from each size fraction. Thatdbution of PIM to
total mass of SPM @ev™) was only computed for particulates with a graime gyreater than 0.@m (i.e., after filtering the
original unfractionated sample trough a GF/F filteembrane). In this case, the mass of PIM andquéate organic matter
(POM) was assumed to be negligible for particulatéh a diameter smaller than Oum. This approximation should be
verified in the future since the authors are notmwof publications addressing the contributionr@tively small

particulates (i.e., < 0.@m) to PIM and POM. The mass of different SPM fraiesi was calculated based on pre-weighted
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filters. At the end of each filtration, sample il were rinsed with deionized water to removessdis. PIM was obtained
after removing the organic mass by combustion igfimall samples at 450°C and during 6 h (Mohammadpoal., 2015).
The mass of POM was calculated as the differentedesm the dry mass of SPM concentrated in GF/&réilminus the dry
mass of PIM. The precision of SPM mass determinattmased on GF/F filters was 15% (Mohammadpoulr,e2@il5). This
precision was computed as the percentage df standard deviation with respect to the arithmetierage of weight
corresponding to 10 replicas. Based on loss ortiggnifactors (Barillé-Boyer et al., 2003) and clegmposition data
obtained in the Saint Lawrence Estuary (D'Anglegad Smith, 1973), the estimated error of PIM deteations due to
dehydration of clays was 3.1%. Thus, PIM mass deteations have a maximum uncertainty of 18.1% duihné additional
error of SPM mass measurements. Notice that enr®QOM mass estimates was slightly greater thanabsaciated with

PIM mass estimates (18.2%).

2.4 Optical measurements

The absorption and beam attenuation of unfractezhand size-fractionated water samples were ma%@using an
absorption-beam attenuation meter (ac-s, Wetlabs400.3-747.5 nm, average spectral resolutiommé4path-length = 10
cm, precisiont 0.001 n1"). In order to minimize the presence of bubblepump (ISMATEC MCP-Z) was used to gently
circulate the samples during the measurementseSmhk the raw signal associated with bubbles wemeoved by visual
inspection. The effect of scattering on the absonpineasurements was minimized by applying a #eietine at a reference
wavelength of 715 nm (Bricaud and Stramski, 1998)s approximation implies no absorption at 715amd may result in
anomalous low absorption values within the red m@ar-Infrared (NIR) spectral range when optical sneaments are done
in relatively turbid waters (i.e., absorption cigéint > 0.2 i) (McKee et al., 2013). Also, these deviations present
when the proportional correction method (i.e., tsgatg correction directly related to magnitude splectral attenuation
coefficient) is applied (Zaneveld et al., 1994; @@Et al., 2013). Lastly, in situ calibrationere performed by using

deionized water (Barnstead NANO purewater puriforatunit) as a reference (Twardowski et al., 199%)re water

contribution was subtracted from absorption andnba@sienuation measurements and resulting values we@rected for
water temperature and salinity variations (Sullivatnal., Zﬁ). Spectral values afpy in m* were derived from
unfractionated samples by subtracting the conivbubf CDOM to the absorption measurements. Therben due to
CDOM was determined after pre-filtration of sizadtionated samples through a membrane having agmeeof 0.2um
(nucleopore, Whatman). Similar #py calculations,cspy Values were computed based on unfractionated sangiter
subtracting CDOM contributions to beam attenuatieasurements. Lastly, particulate scattering azieffts pspy) in m*
were derived by subtractiragpy from cspy Values.

Bench determinations of PSD were made by usingldaser (wavelength = 670 nm) diffractometer (LISBIOX, type B,
Sequoia Scientifics)(Agrawal et al. 1991). Lab nueaments were performed by using a chamber andgaetia stir bar in

order to homogenize the samples and avoid sinkingadiculates. The optical path was covered withlack cloth to
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minimize ambient light contamination during the tsedng measurements@we LISST-100X has 32 sizges
logarithmically placed from 1.25 to 250 um in diaergthe upper size in each bin is 1.18 times d¢fneet), with the width of
individual size classes varying from 0.2 to 35 [Buoattered light in the near forward angles is messon concentric
detector rings and inversion modeling based on thiéory yields the particle volume concentrationD)/(in the 32 size
classes (Agrawal and Pottsmith, 2000)..Despite thy the interval 3-17@m was analyzed due to stray light effects and
variability of particle shape and refractive indaxhe first bins (i.e., < S.Bm&grawal et al., 2008; Andrews et al., 2010;
Reynolds et al. 2010), and bias related to parsahking in the last bins (i.e., 170-2WReynolds et al. 2010). The
Hampel filter algorithm was applied to the origima¢asurements in order to eliminate outliers (Rear3005). Lastly, each
final PSD estimate was computed as the averageasurements made during 3 minutes at a 1 Hz sagmalia.

The number of particles per unit of volume withaxchk size class (N(D)) was computed by dividing V{y)the diameter
(D) of a volume-equivalent sphere correspondingpéomidpoint of each individual class:

N(D) = 6 V(D) tD%* (1)
Estimates of N(D) corresponding to 25 differentesiins were calculated from inverting the measwadme scattering
functions using an inversion based on Mie theorye Tifferential particle size distribution (N'(DWas defined as the

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

N'(D) = N(D) AD™ (2
The power-law fit to the differential PSD was cortgalias follows:
N'(D) = N'(Do) (D/Do)? ()

whereg is the slope of the PSD, Do is the reference glartdiameter and was set to the midpoint of the kigarithmic size
range (i.e., geometric mean = 35.17 um). Calculatiof§ were done by least square minimization of logg4farmed data
(Reynolds et al., 2010). This method implicitly as®s that the relative error in particle countgaastant (e.g. a fixed
percent). However, a more realistic error modelutthase a similar uncertainty for the area sizérifistion in each bin.
The uncertainty of¢ calculations, as estimated from 2 standard ervansed 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 walsat@e a first-order assessment of size effects dfcptates on optical
coefficient’s v@ility. Also, the definition df based on LISST measurements applies for partesulgrieater than 2m. A
more realistic representation of PSD is the modeppsed by Risovic (1993). This parameterizationnigancludes two
particle populations (‘large’ and ‘small’) havingffdrent refractive index and has been recently liadpin littoral
environments by different studies (Zhang et al132®hang et al., 2014; Zhang et al., 2017). Theistionships betweeh

and optical coefficients in this study are locall @hould not be generalized to other littoral emwinents.
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2.5 Optical proxies and characteristics of particle assemblages

Another size proxy of suspended particulates ispiiver law exponential fit to the particulate beattenuation spectra
(yeLBoss et al., 2001). For a power-law P§lis related to the power-law exponent fit to thetipke number size distribution
(Et)jE =y+3-0.58&", Boss et al., 2001) and negatively related tankan particle size.

The parametey was derived as follows:

Cspm(A) =Cspm (488) A/AN)Y 4)
where Ar is the reference wavelength at 488 nn@)ss £2@01; Boss et al., 2013).

The uncertainty of determinations varied between 2.2% and 6.4% withdst errors being computed in samples obtained
in LE waters. The spectral slope of mass-specditiqulate absorption coefficientS4{s) was calculated by nonlinear fitting
of a single-exponential decay function over théblésrange 400-700 nm:

a, ()= A aSis(-400) 4 g (5)
where x corresponds to total SPM or the size dlabe termB corresponds to an offset at near-IR wavelengttesctmunt
for nonzero absorption by mineral particles (Badtiml. 2003; Rottgers et al., 2014). In our casks, ot different from zero
due the initial correction af by scattering effects (see section 23¥sis a proxy for dithionite-extractable iron and anga
carbon-content of particulates of marine samplesafia et al., 2012). The uncertaintySufs estimates varied between 0.5
and 21.5% with largest errors associated to sangiizsned in LE locations. The equation (5) is ovdiid in waters where

NAP is the main optical component contributingitht absorption coefficient of SPM.

2.6 Mass-specific optical coefficients

The spectral mass-specific absorptian(k)) and scatteringb{ (A\)) coefficients in g and for different size fractions of
SPM are defined as follows:

a'(\) =a(A) (wp)™* (6)
bi'(A) =bi(A\)(wp)™* 7
For each size classa, andb; are the coefficients of particulate absorption acalttering, respectively, and wjs the mass
of particulates per unit of volume in gof class size i.

No measurements ofsgs ™

and& were done in size fractions of SPM, thus it ididifit to compare PSD and particle
chemical composition changes before and afterifteefractionation of the samples. Size fractiomaimanticipated to cause
retention of smaller particulates in membranes f@\a larger pore size. These primary particles witerestimate the
weight of the filtered sample and underestimatevilegght of the next filtration step consisting inmembrane having a
smaller pore size. Since particle sieving begingh viarge-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 verifiedcbynparing the sum of weights of 0.741® and >10um fractions with the

7
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weight of an independent sample after filterinthiough a GF/F membrane (i.e., uni nominal pore size). In this case, the
arithmetic average (median) of the relative biagtie whole dataset was 29.7% (24.9%) or a 29.74®%8) overestimation

with respect to samples without a previous sizetivaation.

2.7 Statistical analysis

Relationships between PSD, particle chemical coitipns optical proxies \ and Svis) and mass-specific optical
coefficients for different size fractions (i.a;, andb;’) of SPM were investigated based on correlatioitis respect t& and
Fsen ™ variables. In all cases, the intensity and sigoasfelations were quantified based on the nonspatac Spearman
rank coefficient QSZ()Spearman, 1904). Notice that correlations afnd Ry ™ with mass-specific optical coefficients of
size fractions 0.2-0.44m and 0.4-0.4um may only reflect dependencies between mass-nmdabptical coefficients of

PIM

different size classes since size spectr§ ahd kpy  calculations correspond to particles with a di@ngreater than 2

pm and 0.7um, respectively.

3 Results
3.1 Spatial variability of physical and chemical characteristics of SPM

The size distribution of particulates varied amdifferent sub-regions of the study area. In gengratticulates with a
diameter larger than 10 pm had a relatively largatribution to the total SPM mass in UE locatiofisp(;° "™ as
percentage up to 17%). This proportion was loweheLE (up to 11%) and SF (up to 15%) sub-regidie largest mass
contribution of smallest-sized particulates (idigmeter < 0.4 um) was calculated in the loweragtup to 27%). Lastly,
the intermediate size classes 0.4-0.7 um and OjrriQvere on average the fractions having the langess contributions
to SPM in SF locations (up to 14 and 87%, respelytjv The arithmetic average &fwas not significantly different between
the LE (3.28+ 0.10 (1 standard error), N :, UE (3#6.21, N = 3), and SF (3.420.17, N = 5) sub-regions. Unlike
PSD, the mineral content of SPM W:u eughout the study areasfy ™ range = 20 to 87 %). On average,
particle chemical composition in the UE, SF anddub-regions was dominated by minerals-(F" = 0.57+ 0.34, 0.43
0.07 and 0.3% 0.09 for UE, SF and LE, respectively).

3.2 Mass-specific optical coefficients of particulates

In general for the entire visible spectrum, the-sedional average of mass-specific absorption padte coefficients was
higher in SF (e.g.aspm (440) = 0.100+ 0.033 M g*, arithmetic average 2 standard errors) with respect to UE (0.@30
0.020 n§ g%) and LE (0.011+ 0.004 mi g*) locations (Fig. 2a). These differences were [@ssounced within the red
spectral range. In contrast, the sub-regional aee@ mass-specific particulate scattering coedffits was comparable

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

8
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of bspy tended to be associated with SF (ebgey (440) = 0.356+ 0.092 i g*) and LE (0.11% 0.033 ni g?) locations,
respectively. In general for all size fractionsS#M, mass-specific absorption coefficients werellgihigher in SF (e.g.,
a, (440) up to 0.281 fng’ for size range >10 um) with respect to UE and uB-gegions (up to 0.211 g h)(Fig. 3).
However, this pattern was reversed when the giamaf particulates was smaller than Qm (Fig. 3a). Indeed, the highest
ao.2-0.4um* €StiMates in this study corresponded to UE we(teig 3a).

In general, very higla* values (e.g., up to 0.4 g*atA = 400 nm) were associated with the size fractibb8RM having
particulates with a diameter greater than |kl (Fig. 3d). These values were up to 8 and 5 tiligher than those

characteristic of size fractions 0.4-Qu and 0.7-1Qum, respectively (Fig. 3b-c). In gener&land Rpy ™

correlations with
mass-specific absorption coefficients of differaite fractions of SPM suggest that particle conmfmwosihas a larger
influence org, (440)(ps up to 0.50P = 0.0009) with respect to PSPs(up to 0.32P = 0.0033)(Table 2).

Similar toa*, highestb* values (up to 5.70 fg* atA = 400 nm) were associated with particulates withia size ranges,
0.2-0.4um and >1Qum (Fig. 4). Notice that mass-specific optical cméénts in the NIR spectral range are not showntdue
the presence of negative values at some wavelerigphshe same size range of particulates, thegsidgt values were not
always measured in the same reaion. Indeed, maxibtumalues for the size fractions 0.7-1@n (up to 1.25 rhg™* atA =
556 nm) and >1Qum (up to 4.@‘% g’) were obtained in UE and LE domains, respectivelglike a (440), b’ (550)
variability was less influenced by changes on pkrtcomposition @ up to 0.42,P = 0.0015)(Table 2). Conversely, the
impact of changing particle dimensions, as infefredh p, correlations, had a larger effect bn(550)(s up to 0.37P =

0.006) with respect ta;" (440)(s up to 0.32P = 0.009) values.

3.3 Optical proxies

Correlations between size and chemical fractionSR¥1 as derived from mass ratios, and optical pxrre presented in
Table 3. Over the whole study area, there was r¢ar relationship betweagnand ke ™ values ps = -0.34,P = 0.11).
However,y changes were associated with variations of s@etifrnated mass contributions of particulates withie range
0.2-10um (ps up to 0.53P = 0.01). The sign of this correlation varied depegdn the size class under investigation (e.g.,
positive and negatives values for small-sized and intermediate-sized ipddtes, respectively). There was no clear
relationship betweepandg values for samples obtained over the whole stues @ = 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 UE domaispectively.
The spectra slope Gfspy Was not statistically related tosdy™ changesgs = -0.06,P = 0.78, N = 23). HoweveBvis
variability was strongly connected with changesneass contribution of different size classes of SRR in particular
those associated with small-sized particulates, (De2-0.7 um)(Table 3). This pattern was consistent with aitpes
correlation betweepandSvis (ps = -0.489,P = 0.018, N = 23). However, there was no clear i@lahip betwee®vis and§
values ps = 0.123,P = 0.57, N = 23).


emmanuelboss
Sticky Note
such a value makes no sense to me.
If anything b* should be lower for bigger sizes due to the decrease efficiency of scattering per volume with size. I wonder if it is a result of the large uncertainty in SPM for this fraction.


10

15

20

25

30

The range ofvis 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 finrespectively. Over the whole study area, the easf@vis values for SPM size fractions
0.2-0.4 ym, 0.4-0.7pum, 0.7-10um and > 10pm was 0.004-0.026, 0.007-0.052, 0.004-0.109 an@®1600028 nrit,
respectively. In generalQvis slopes were not correlated with size fractionsnetleough the variation ofvis for
unfractionated samples was strongly linked to ckanonSvis estimates associated with particulates withindize range
0.7-10um (ps = 0.66,P = 0.004).

4 Discussion
4.1 Uncertainty of optical measurements

Inherent optical properties in this study were ki from an ac-s instrument. Thus, large errorslasorption coefficients
may be anticipated in relatively turbid waters iifginal measurements are not corrected for scagjezffects (Boss et al.,
2009; McKee et al., 2013). These effects are maittiybuted the acceptance angle of the transmistamand the multiple
scattering of photons. The acceptance angle otk instrument is ~0.9° and much larger than ¢batesponding to the
LISST-100X diffractometer (~0.027°), thus, a largerderestimation of the theoretical particulate rbeatenuation is
expected in the ac-s with respect to LISST-100X sueaments due to a larger contribution of forwarattered photons
arriving at the detector of the ac-s (Boss et2dlQ9). Unfortunatelys deviations due to acceptance angle variations netre
corrected in this study due to the lack mfvalues as obtained by using an integrating caatigorption meter (e.g.,
PSICAM)(Rottgers et al., 2005). Notice that thesfeences are much greater with respect to thedstal deviation of each
sample determination in this study and computeédas ac-s measurements (e.g., < 19%=a632 nm).

In this investigation, the ‘flat’ baseline corrastiwas selected for correcting the scattering &ffea absorption coefficient
estimates as derived from ac-s measurements. gtimijue was chosen due to the lack of PSICAM mreasents or
ancillary optical information (e.g., particle backftering efficiency) to tune up a Monte Carlo tr@g correction
approach (McKee et al., 2008). Since NAP is an itigon component of SLE-SF environments, an undenatibn of ac-s
absorption measurements is expected due to a morabsorption at 715 nm (McKee et al., 2013; Ro#get al., 2013).
This deviation is amplified at wavelengths greditem 600 nm, is more remarkable at higher turlgigliind decreases when
phytoplankton contribution to total particulate affion increases. To minimize this residual scatte an empirical
correction linking PSICAM and ac-9 absorption meaments at 715 nm has been proposed (Roéttgers.,e2(dl3).
Although practical, it is uncertain the use of th@rection in our study area due to optical déferes between particles
assemblages of the SLS-SF and those studied bgeRéttt al. (2013). Thus, the magnitude of opticaffficients and mass-
specific optical coefficients of particulates measlin SLE-SF waters may present large errors &.60%) with respect to
PSICAM measurements and at wavelengths longer368mm. This bias is anticipated to be maximum {mim) in UE
(LE) locations due to the greater contribution &Mto particulate absorption of the former sub-oagi

=
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4.2 Variability of physical and chemical characteristics of SPM

A striking finding in this study was the importantight contribution of relatively large particulaté.e., >10 um) to the
total mass of SPM in UE waters. This phenomenonlikaly attributed to the active resuspension afiseents associated
with vertical mixing produced by tidal currents amthds (Yeats, 1988). Conversely, this effect wesosdary in relatively
deep waters of SF and LE where large and heavycpkates are rapidly removed from the water coluemma deposited
along submarine canyons (Gagné et al., 2009). eenical composition of size-fractioned SPM was amwlyzed in this

study. However, the correlation betweegpE™ and Rpy 2 %7 ™

values suggest that mineral content of SPM ine®as
the contribution of particulates with a diameteraier than 0.7um becomes largeip{ = 0.30,P = 0.035, N = 23). This
finding is consistent with previous studies in ®ieE showing that relatively small (i.e., diamet& pm) particulates are
mainly composed by inorganic matter (Yeats, 1988gi& et al., 2009). A large proportion of partitesawith 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 tao#s and during the

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

4.3 Spatial variability of mass-nor malized optical coefficients

aspw Measurements in the visible and near-IR rangeahiatge variability that was comparable to the eaof values
reported in the literature for temperate coastdevsa(e.g., Mobile Bay, Elbe Estuary, Gironde Esfl(eéSnyder et al., 2008;
Doxaran et al., 2009; Réttgers et al., 2014)(TahleAlso, our values in the blue spectral rangevdthin the interval of
variation (e.g., 0.024—0.0@)\ = 440 nm) of the linear regression slope betweaR ldbsorption coefficient and SPM
concentration values measured in mineral-rich wa(fee.,aspM* O aNAp*l%Bowers et al., 1996; Babin et al., 2003). This is
remarkable given the large diversity of methodadsgised by different research teams for estimating values (e.qg., pad-
technique, ac-s, integrating sphere). In genehal,lowestagpy values (i.e., 0.01-0.02 g™ atA = 440 nm) commonly
corresponded with samples obtained in very turlidrenments (i.e., > 100 g ™ Mississippi River and Delta, Gironde
RingglJSowers and Binding, 2006; D’'Sa et al. 20D@xaran et al., 2009). These low values could berestimated due to
an increase on particulate absorption associatea incomplete removal of multiple scattering effedRelative lowaspy
values have been linked to high POC/SPM (Wozniaklgt2010) and chl/SPM concentration ratios, whenk means
chlorophyll a concentration (Estapa et al., 2012}his study, dimensionless chl/SPM ratios vatietiveen 3.9 1®and 1.8
10° with a median of 1.1 Iband an arithmetic mean of 2.710rhese values are commonly lower than those regont
coastal waters of the Gulf of Mexico by D'Sa et(ZDOE)J(~103), and is consistent with the relatively highsy values
obtained in SLS-SF waters.

A well-known mechanism explaining the general daseeofaspy in very turbid waters is related to the packagffgcts
(Duysens, 1956; Morel, 1974). At higher turbidititerger particulates contribute to PSD variatidhsis as mean diameter

of particles increases, the light absorption edficly per mass decreases (i.e., the interior ottapgrticles has a greater
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‘shading’). This could also explain the spatiaffeliénces ofgpy (440) in our study area where larger values comeged
with surface waters dominated by particles assegelsldnaving a smaller mean diameter (e.g., UE andI8mearshore
waters of California, Wozniak et al. (2010) demeaistd inverse relationships betwemp, (440) and the median particle
diameter of inorganic- and organic-dominated assageis.

Indirect size effects omgspy (440) due to iron content per particle have beestudised by Estapa et al. (2012) in
environments where optical properties are dominatedAP. In general, smaller particulates have eatgr surface for
adsorbing organic compounds where iron can accue(Mayer, 1994; Poulton and Raiswell, 2005). TI&BM fractions
with small-sized particulates are expected to lvenhancement afpy (440) due to relatively highron concentrations.
This phenomenon could probably explain part of the aspy (440) variability in some locations of our studgamwhere
relatively high concentrations of iron bound to tmalates have been measured (e.gL,’JSF)(Yeats awe, 1976;
Tremblay and Gagné, 2009).

Similar to aspy, bspm Values were highly variable between locations Within the range reported in other littoral
environments (e.g., Irish Sea, Coast off Europe Erehch Guyar&)(Bowers and Binding, 2006; Neukesmamnal.,
2012))(Table 4). In this study, the spectral vioiatbspy between regions showed a spectral flattening aticiea
assemblages become dominated by organic matter (. This finding is consistent with Wozniak at. (2010)

determinations made at Imperial Beach, California.

4.4 Relationships between PSD, particle chemical composition and mass-specific optical coefficients

For all size fractions of SPM, was positively correlated with (440)(@s up to 0.32,P = 0.006). This pattern suggests a
higher absorption efficiency of relatively smalkad particulates. Since particle aggregates weteredl during our
experiments, the influence of particle density oassspecific optical coefficients cannot be quatifas this effect is
mainly observed in undisrupted marine aggregatési€Set al. 2011; Neukermans et al., 2012, Neukesned al 2016).
Change on PSD due to aggregation with substaeihiation of absorption (i.e., 50%) due to packagifigct is expected to
be important atl ~0.25A/n', whered is the diameter of the particle andis the imaginary part of the index of refraction
(Stemmann and Boss, 2014). By assuming= 0.0025 for a mixed particle assemblage of cléys., kaolinite +
montmorillonite) andA = 300 nm, the resultind is 30 um. Based on simulations, the formationla§-derived aggregates
may cause a change agpy Of approximately 10% (Estapa et al., 2%).Thfsmfwill be larger or smaller depending on
aggregate size, solid mass fraction and primarijghassize.

In general,& was positively correlated with; (550)(s up to 0.37,P = 0.008) and suggests an increase of scattering
efficiency a :@ ates become-smaller. Unﬁke4l4\0),bi*(550) was prefe@ally correlated whand this relation was

more remarkable when particulates were large-sizedrctic waters, Reynolds et al. (2016) obsergadncrease on mass-

specific particulate backscattering for minerahriparticle assemblages that tend to exhibit ste@%s. Although no
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particulate backscattering measurements were &laila this study, Reynolds et al. (2016) highligie importance of PSD
for driving variations on mass-specific optical ffiméents linked to scattering processes.

A common pattern in all size fractions of SPM wlas stronger correlation ofsk"™ with a"(440) compared withy (550)
values. The enrichment of suspended particulatéedrganic matter and the concomitant variationsi(440) may be
attributed to mineral-associated iron (Babin ané$hki, 2004; Estapa et al., 2012) or/and orgaséoeiated iron (Estapa
et al., 2012). More studies are needed to testypsthesis, however it is interesting to noticat thighaspy values in our
study were commonly associated with SF locationgrettreduced iron associated with particulates pgcéjly high
(Deflandre et al., 2002).

4.5 Optical proxies of SPM characteristics

The variability ofy was related to mass contribution changes of dpegife fractions of SPMpf up to 0.53P = 0.004, i =
0.2-0.4 um). Conversely,was not correlated with the mass contribution aferals to SPM. Despite the major effects of
particle size classes gny was not clearly correlated with In oceanic waters, andy values covary in a linear way for a
specific range of refractive index agdBoss et al., 2001; Twardowski et al., 2001). Ehesvariations were observed fpr
values derived from LISST and Coulter Counter mesmments (Boss et al., 2001; Slade and Boss, 2@&)range of
values was within the natural variability reportedcoastal and oceanic environmergs=(2-4.5) (Reynolds et al., 2010;
Neukermans et al., 2012; Xi et al., 2014). Alse, thagnitude ofy in our samples (0.29-2.22 fiijnwas within the range of
values that characterize oceanic environments:(g.'BNardowski et al., 2001, Boss et al., 2013).ikinbceanic waters, the
poor correspondence betwegandy values in this study is linked to the finite acieegre angle of the ac-meter (Slade and
Boss, 2015).

The variability ofSvis values in this study was relatively high (~10-foldjh respect to other littoral environments (1083f
Svis=0.009-0.0113 anQgEstapa et al., 2012%vis was inversely related @xpy (440) in surface waters of the SLE having a
major marine influence (i.e., salinity range = 228 LE locations)§s = -0.55,P = 0.04, N = 14). This pattern was

previously detected in coastal waters of the Guiexico (Estapa et al., 2012).

5 Conclusions

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

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

different size fractions of SPM was preferentialglated to changes on particle chemical composiéisrinferred from
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and at a wavelength of 440 nm, 2) the magnitudehufd a stronger correlation with (550) compared
to a (440), and 3) the magnitude 8fis was inversely correlated withspy (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 reskdvesed on true optical properties of PSD will leeded in order to

propose more general relationships that can beeapta other littoral environments.
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Table 1. Summary of acronyms

Abbreviation

Definition

Unit

SLE
UE
SF
LE

SPM

POM

PIM

PSD

Fspu

Fsend

NAP

CDOM

Aspm
bspm
Cspm

*
Aaspm

*
bSPM

St. Lawrence Estuary
Upper estuary
Saguenay Fjord
Lower estuary
Suspended particulate matter
Particulate organic matter
Particulate inorganic matter
Particle size distribution
Contribution of size fraction i to total mass &¥i8
Contribution of chemical fraction j to total massSPM
Non-algal particulates
Chromophoric dissolved organic matter
Light wavelength
Absorption coefficient of total SPM
Scattering coefficient of total SPM
Particulate beam attenuation coefficient of tofaVs
Mass-specific absorption coefficient of total SPM

Mass-specific scattering coefficient of total SPM

20

dimensionless

dimensionless

nm



V(D)
N(D)

N'(D)

Svis

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 attenuationfiooerft

Spectral slope of mass-specific particulate absmrmoefficient

within the visible spectral range

mg*
mg*

dimensionless
pm

ut L

dimensionless

nm
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15
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5 Table2. Particle size and chemical composition effects on mass-specific optical coefficients. Spear man rank correlationsfor g and

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

Mass-specific g Fepm ™V

Optical fraction

a0.2—0.4pm* 0.32* 0.3 :‘\ @
80.4-07um 0.28 * 0.50 **

307 _ 10 0.26 * 0.49 *

a->10pmk 0.31* 0.44 *

Po.2 —0.4pm* 0.15 -0.17 *
b0.4—0.7pmk 0.05 -0.06

o7 - 1Q4m* 0.23 * 0.42 *

b>10pmk 0.37* 0.26 *
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Table 3. Correlation of optical proxieswith mass-derived size and chemical fractions of SPM. Spear man rank correlations based

5 on 23 samples.
Mass fraction )
% Svis

Fsem ™ -0.34 -0.06
FSPM0.2-0.4um 05 04 Kk
FSPMOA-O]um -0.4 -0.49**
Foppl: /- 1oum -0.38* -0.30*
Fspu 0H™ 0.13 0.19
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Table 4. Mass-specific optical coefficients of suspended particulatesfor different littoral environments. Acronymsand unitsare
defined in Table 1.

Location A aspm bspum [SPM]¥ 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-] ii
556 0.001-0.017 0.1 E.
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
. 850 0.001 -0.014
Caledonia lagoon
Monterey  Bay, Zhang et al
532 0.46 — 2.54 0.11-2.37
us (2014)
Mobile Bay, US 532 0.40-1.78 0.26 - 7.36
Mobile Bay, Stavn and Richter
440 0.44 -1.95 0.23-25.32
(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 Snyder et al.
440 0.44-6.6
Jersey, (2008)
Monterey Bay, 488
Great Bay 556
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Mobile Bay
665
Irish sea, UK
665
Irish sea, UK
443
490
555
665

Coast off Europe
and French 676

Guyana

Elbe Estuary,

555
Germany

715
Gironde Estuary,

55
France

715

Coastal Louisiana
and lower
Atchafalaya and 440
Mississsippi
Rivers

488

0.05 + 0.0¢

(arithmetic mean

+ standard
deviation)
0.08 - 0.45
0.062+ 0.013 0.17 -0.19
0.20-0.22
0.20-0.24
0.14-0.15
0.63 - 2.07
0.05 - 0.0% 0.35-0.47
0.01-0.03 0.32-0.44
0.02-0.06 0.28 — 0.50
0.01-0.02 0.27 — 0.45
0.056+ 0.012
(0.05 - 0.065)
0.035 - 0.05

26

19-265

1.6 -50

1.2-82.4

73.5-294.2

21.9-3441

Binding et al
(2005)

Bowers and
Binding (2006)

Neukermans et al.

(2012)

Doxaran et al.
(2009)

Estapa et al.
(2012)



556
665

West of
Mississippi Delta

443

Imperial Beach, 440
California
488
556
665
708

0.25-0.35
0.125-0.02

0.012 -0.07%

0.03-0.1

0.02-0.08
0.01-0.03
0.004 - 0.02
0.001 - 0.02

0.1-1.2 3-90

0.18-0.9
0.2-0.9
0.2-0.8
0.2-0.8

D’Sa et al. (2006)

Wozniak et al.
(2010)

%ac-s measurements and sum of weights of SPM sizéidns 0.2-0.41m, 0.4-0.7um, 0.7-10um and >1Qum, “integrating

sphere coupled to spectrophotometer for suspenaimhpad-technique, SPM weight based on GF/F (§ipee= 0.7um)

and nucleopore Whatman (pore size =) filters, “Multispectral volume scattering meter and opticatiels for

5 different particle subpopulations with assymetrisfadpeac-9 measurements and SPM weight based on GFFsfilt

“Irradiance meter PRR600 and optical models fomestng inherent optical properties and SPM weigised on GF/F

filters, ‘comparable tSbut 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 @lfers,"comparable t8 but using

only GF/F filters for SPM weightconcentration of SPM in g frand for particulates retained in glass-fiber fateith a

10 pore size of 0.um.
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Figure captions
Figure 1. Study area. UE (red triangles), SF (green circles) and LE (blue rectangles) sub-regions. GSL isthe Gulf of St. Lawrence.

Figure 2. Spectral variation of mass-specific optical coefficients for total SPM. (a) aspM* (left axis SF, right axis UE, LE and SLE-
SF) and (b) bspM* (left axis SF and SLE-SF, right axis LE and UE). Each bar is the arithmetic average + 2 standard errors, as

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

Figure 3. Spectral variation of mass-specific absorption coefficients for different classes of suspended particulates. (a) 0.2-0.4
um, (b) 0.4-0.7 um, (c) 0.7-10 um and (d) >10 um. Color coding of symbolg idem 3s Fig. 2. Curves presenting negative values at

some wavelengths ar e not depicted.

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

and color coding of symbolsidem as Fig. 3. Curves presenting negative values at some wavelengths are not depicted.
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