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Abstract. This data paper outlines the development madstructure of anew synthetic dataseiSb)

within-theerwithin an extendedptical domain, encompassing inherent and apparent optical properties

(IOPsAOPs) alongside associategtically activeconstituents QACs). Fhe-bBeBio-optical modeling
bendited from knowledge and data accumulated over the pdstee decades resulting—on-a
enabling the imposition of
rigorous quality standardand the definition of novel-Censequently—thdio-optical relationships
delineated-hereithatrepresenairevaluablesignificantcontributionste-the-fielebn their own
_Employing the Hydrolight scalar radiative transfer equation sdtve;gene#a&e@bovesurface and

submarine light fields

covering-the-ultravioletiown-to-350-nrhetween 350 nm and 800 nm at 1 atepéwere generated Commented[JP1: I n response to Revi
we mistakenly upderstood the comment differently, so please igi

thereforefacilitating algorithm development and assessmenpifesent andorthcoming hyperspectral therebuttal to this)

satellite missionsA cendensegmallerversion of the datasédti delivered toat twelve SentineB

OLCI bands (400 nm to 753 nmyas eraftechlso producedtargetingmultispectral sensor algorithm

Bctral resolution (

researchDerived AOPs encompass arrayof above and belowsurface reflectances, diffuse attenuation
coefficients ardaveragecosinesand the Gfactor.

_The datases distributed irb000 files eachfite-encapsulating a specific IOP scenagiosumg sufficient
data volume for eachepresentedvater typerepresentedA—uniguefeature—of-ourdataset-lies-in-the

caledlation-ofAOPsare resolvedcross the complete range of solar and viewing zenith and azimuthal
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angles as per the Hydrolight default quadramsountingto 1300 angular combinationsThis

comprehensive directional coverage caters to studies investigating signal directionality, previously

lacking sufficient reference dafBhe dataset is publicly available for anonymous retrielathe FAIR
repository Zenodathttps://doi.org/10.5281/zenodo.11637{P&arch and Brando, 2024)

1.Introduction and review
1.1 Background

Marine opticsstudiesthe lightthat ismeasured bynopticalradiometes, whetherinstalledin the water

or above the surfac&he optical signaik conveniently formulated in terms of apparent optical properties
(AOPs) which are normalizedjuantities less dependent on tltensity of the incident lighthan the
radiancesor irradiances from which they originat&€he most notabléAOP is the remotesensing
reflectance'y ), defined as the watdeaving radiancé) ) per unit of abovavater planar downwelling

irradiance(O ), and retrievable from satellite observations after atmospheric corre@ther quantities

like diffuse attenuation coefficiestrd average cosesand the Gfactor find applications in marine
opticstoo (Mobley, 1994)

AOPs are usedlinked to retrieve-the eoncentrations—ebptically activewater constituentsQACSs),
commonly-SuehOACshave-historicalhbeen-maringhytoplankton and other suspended and dissolved
substances. Phytoplankton is typically quantified in term$®fhe-chlorophyll concentration (G)A
andt theethenonliving materialssolidssuspended in the water can be grouped indinealgal particles
(NAP), quantified by theiconcentration (N)thoughdifferent splits of the particulate material are

possible suchas particles of organic and inorganic origin, for exampissolved substancesptically

categorized as colored dissolved organic matter (CD@ké&),not commonly given in terms of mass

concentration unitshut in terms of the absorption coefficient spectrum, commonly at 440 nm (Y, or
O TTxN

Hispessible-talevelop-Empirical algorithmsan be developdd invert any of th©ACsfrom measured
AOPs bydevelopindinding statistical relationshipsermbetweermatchedAOP andOAC data(IOCCG,
2006) This approach, although sometinogerationally robust andechanisticallymeaningful hampers
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progress in understanding thgtical influenceof OACs which is given byheinherent optical properties
(IOPs), namely the absorption and scattedngfficients As-such,-The IOPs can be mathematically
linked to theOACs with the secalled bicoptical reldionships andto the AOPs through the radiative

transfer equatiorthereforehencebeng a mathematical bridge between the AOPs an@#h€s(Mobley,
1994)

The OACsare the independent variabkst drive the generation of a synthetic datéSet). They can
bea single quantity lik&C (IOCCG, 2006;Loisel et al., 2023)pically chosen for open sea conditions,

or er—alternativelya triplet formed by C, N and {Nechad et al., 2015) other combination;Fae-first
ase-igypically-chosenforopen-seaconditipnhereathe second-is-thisually thechoice for optically

complex waters.

More variables give more flexibility but bioptical relationships must be established for all of them to
derive thén-eEithercaserelationships-betweenth®Psand theOACs must be sab-model-the radiant
ield relationships-betweenthe |OPs-and @eCsmust be-seStatisticalRrelationships between C and
IOPs have beenlreadystudial for decadegBricaud et al., 1998;Loisel and Morel, 1998;Morel and

Maritorena, 2001)Much less is known about &hd Y, and in particular, in optically complex waters,

wherethere-is-ho-khownrelationship-between @ACs but alsevith-the additional problem-thilteir

bio-opticalproperties are much moregionallyvariable .Neverthelessn the last two decades, fractional
information there—are—notabldio-optical-studies-on Australian watergBlondeauPatissier et al.,
2009;Cherukuru et al., 2016;BlondeRatissier et al., 2017)European watergTilstone et al.,
2012;MartinezVicente et al., 2010;Astoreca et al., 2Q12puthAfrican lakes(Matthews and Bernard,
2013)and NorthAmerican coastal watefgurin et al., 2010;Le et al., 2013;Le et al., 2 d other

localized areas, have contributed to a significant increase in the understanding of-dp&cbidn

optically complex waters

|Assuming an unpolarized submarine light fi¢@@Psconsist 6 thewavelength_)-dependenabsorption

coefficient(¢) and the volume scattering function (VSF; synf mlwhich can be broken down to the

contribution of the singI®ACs. For the setup used in tH&D, consisting of phytoplankton, NAP and

dissolved matter, the IORseak down as eq. (1), whichincludes the contribution by seawater itself

andassunesthat dissolved material does mignificantlyscatter light in th@pticaldomain
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theopticaldomainOne-can-note-that-br radiative transfer purposes, it is the total absorption coefficient
Wthe relevant quantity. Insteadeattering—deseribed-¥+the VSFis resolved as a function of the

scattering angl€uwy). This creates a varying balance of the single contributoiscatteringas their

respective variabilities witw are differentSpecifically, Fthe main-distinctioistrongest differences are

regardsbetweenvater and the other particulateaterials.

Because of the technical difficulties in measuring anguledplved scattering, moSemmenhyoptical

theorydeabwith angular integrals of the VSEhat are much more commonly measured with commercial

instrumentationlf itthe VSHis integratedcross the backward hemisphere, one obtains the backscattering

coefficient(¢- ), whereas if one integratasross all directions, one obtains the scattering coeffifd@nt

The total light attenuation along a direction is quantified with the beam attenuation coel® ¢ .

0. Gis arguably the most measured IOP in all optics historytarmio-optics has been studied for many

decades, as opposeddiand especiallyé: , whose measurements are much scarcer and more (3cent.

keesing the same additive property for each constit,asshewninhenceeq. @)-:

5 A et 5
@ _ & _ Ui _ ap =
i & _ ¢ _ ¢ _ @
i & _ ¢ ¢ o_ @

Given a certain _constituent, whether phytoplanktomNAP, its VSFE is normalized by its scattering

coefficientto obtain the phase functigRF)as in eq. 3):

100 | —f 7Y O 6 U3)

As-shewnby-eg-—8)-theThis normalization removes the variation of scale due to particle concentration
so that thé®F is a specific characteristic of the given particle type. For radiative transfer calculations, the

PF must be set a priori for each OAat can be a measured phase fundtitamet al., 2017)but more

commonly from a family of simulated functions after electromagnetic scattering calcuiiored et

al., 2002;Fournier and Forand, 1994 particular for the latecase Mobley et al.(2002)arranged an
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mathematical equation to seleehe PF from thevhele FournierForand PF familypased-egiventhe

backscattering ratio, defined as in et): (

" LAY 06 )

Despite the fact that the baptical modelling for thidataseSD decomposes-seatterimpnsiders the
separate phytoplanktonic and Rralgal parts individuallyther scattering and attenuation ¢fi&ents

cannot be measured separately-nsteadthere is literature on bioptical relationships involvintheir

N p ar fdgredatesias in ed)(-can-be-measurddrsecattering

modelling—as-well-as in-the comparisen-to-in-situ-tata. [Commented [UP2]:  This part has been moved here to properl)}

introduce these quantities before use, as requested by Reviewe

Bulk Fer-absorption and attenuaticare also commonly measured, that, after removing the water
baselins, becomecoemparisen-of-model-to-data-isoften-made foh e -\i a to aggrégates—which
includes-the-dissolved-andparticulate-contributtongoonents, as in ed)(

d)=6
(I)_L)

® O _ ®

In order to developewupdatecdbio-optical relationshipsndremotesensincalgorithms there is a need
for largedatasets-e€oncomitanDAC-IOP-AOP datasetstataacross aange of data values, seasons and

geographical locations, with fully characterized uncertaintidswever but-despite a—broader
accessibilityto field- and laboratorsbasedlOP instrumentationcurrentdata availability and qualitys
nofare belowwhat was expected twenfive years ago, when instrumentation became commercially
available Open access OAMOP-AOP measuremenidatasetare scarce, strongly concentrated in some

areasandwithout characterized uncertainties




Given this absencef datg it has been aommonchoiceto developsynthetiedatasetgSDs for optical

studies(IOCCG, 2006;Nechad et al., 2015;Loisel et al., 2028)s-fil- the-gaps-in-the-datarangesd an

tTheir IORAOP relationships can be considered efree, as they are derived from the solution of the
135 radiative transfer equatioget this exact relationship does not confer validity to thep8Dse as the
IOPsresulting frombio-optical modellingcould be unrealisticwhich-has-selid-physical-foundatioBDs
have a history of applicatiorie algerithmthe developmenbf algorithms of ranginglevels-ofarying
complexity, from thesemanalytical algathms (Lee et al., 2002)o acomplex neural netwosder-the
MERIS Case2wateralgerith(Doerffer and Schiller, 2007)f differentAs-sueh.SBsare-venpewerful

o-develossimplified P_AOP re A ' 1089\ n

140

was equi va

145

view geometies are considereidr theoutputAOPs given an IOBetup thebidirectionalaspects ofhe

AOPssuch as the diffuse attenuation coefficighge et al., 2013)r the reflectancean-be-studie(Morel
and Gentili, 1993, 1996;Morel et al., 2002;Park and Ruddick, 2005;Lee et al.,c2014¢ studied and
analytical models for these variations can be proposed

150 New and forthcoming hyperspectrahtellite ocean color sensors, suchNeA S ABACE 0 r ESAOGSs
CHIME arefostering research o jcati i
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Hyperspeetral-datasetan-be-used-te-develamherently hyperspectral algorithnisat may potentially

retrieveadditionaimoreinformation from theceans than classical multispectral sen$assthisreasen,

ilt is considered-impeortatiten timelyto produce a hyperspectral 3bat covers relevant spectral ranges

of the aforementioned sensgiar a globally representative range of water types
In the absence of hyperspectral ocean color Alatempeortant-application-ohyperspectral SD&s-to
address-the-guestican help to understamd-and-theyare-also-useful-to-studyow much information is

embedded in some key bandf multispectral sensors. In this respetalone et al.(2024) used a

preliminary version of this SEb propose a hyperspecti# reconstruction scheme froAERONET-
OC data,in orderto validate satellite derived hyperspectral radiometric prodcetgirming the validity
of the reconstructioin large portions of the visible spectrumith constrained uncertainties.

1.2 Existing synthetic datasets

Fhe-usage-aiNumerical models for computing Ilght fiellsshavebeenused forcemmen-practicéor
severauecadeslmady(Mobley etal.,

mith-v ionsSomeresearcherauthorshavedevelopednternal
codes( D6 Al i mo nt e wreld serebthersha kleased thento the public(Chami et al.,

2015;Rozanov et al., 2018y far, the most popular code in the marine optics community has been

Hydrolight (formerly from Sequoia Scientific, Inc., now from Numerical Optics, |tahjichis available

upon purchaséts popularityis-due-tarises fromon one hand, the conveniefatia inpumanagemenrdf

data-inpyt which allows the simulation of every possible case study in ocean optics with relative ease,

and the data output, whidhcludes the full array of radiometric quantities and AOPs nedtied.

prevalence in the field Buch that aliataseBDs reviewed in this paper, as well as tne presented here,

wa s

equi val e
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were generatedith Hydrolight. It is therefore of importance thaipport andurther developmenbf

Hydrolightis ensured for thuture.

publie.-This article only considersieseSDsthat were publicly release®nly ther main characteristics
will be mentioned, especially those relevanto the newsyrthetic-datasg8D that we are presenting

1.2.1The IOCCG dataset

The firstand the mostited of the datase$SDs in this small reviewis the IOCCGdatasesD (IOCCG,
2006) The release of thislatasebD came ai time wherdghe study of bieoptical relationships and the
development of algorithms was at itstathe peakhigh (e.g., Twardowski et al., 2001;Loisel and Morel,
1998;Morel and Maritorena, 2001;Lee et al., 2002 adatasebD for testing and development of-in
water algorithms ipenandoceanic waters

As-sueh;The single independent variallethethat drivedOP variabilityis the chlorophyll concentration
(C), for—concentrations-betwermmging from0.03 andto 30 mg n¥. Phytoplankton absorptioBbio-
optical modelling usea database akalPphytoplankton-abserptioppectra(cd } spectrameasured in

the fields—the-enlyactuallymeasured 1OP tha usedming-fromadatabase of in-sity-abserption

spectrady—). Given a C value, a randosn is chosen within the databased-itisscaledoy a factor,
so that the scale@d Tt 1 Tverifiesthean averageelationshipof the latterto C given byBricaud et al.
(1995) givenby® T T M O T T @ . Notably the chosem belongs to aubsebf ¢ spectra

associatetb C values within ahertnarrowrange of the given C. This choice implies assumingdhat

spectra that are related to very different concentrations are not only different in magnitude, but also in
shape.
Therest ofbio-optical relationships are safter (mostly) published relationships, with the addition of
somerandomnesghattriestomodek semethespread around the mean relationship, attributed to natural
causesthat-ar@andnot captured by these average equatidftsle thatchoice isa positive feature of the
datase$SD, many parametizationsappear arbitrary
The volume-scattering-functio SE is modelled after splittinghe particulate mattein phytoplankton
andal-nonalgalnonpigmented)particlddAP. The formerscattes light following a Fournief~orand
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phase function ofixed 6 131 p whereaghe latterscattes light according tathe averagdetzold
phase functiond__ T8t p YPThis is identified as a major limitatidarthis-datasetas there are a
number of concerns on the Petzold phase function that will be detailed below.
Radiancesvere-generatae availabldrom 400 nm to 800 nm every 10 nm fbe nadir view direction

and fortwo sun zenith angles (0 and 30 ©).

1.2.2The CoasteolourCoasiColour dataset

The CeasteeletCoasColour synthetic-datas8D (Nechad et al., 201%)yas generated in the framework
of an ESA project, aimed at the evaluation of algoritimisr coastal waters. The project included the
compilation of large amounts of in situ data, tluwe patchiness in the geographical and data range
distributions and the disparity of measurement technigues, without quantified uncertaintiesvideme
theneedof asyrthetic-datas8D that focused in such areas and associated data ranges

The datase$D is driven by thredDACs phy y A
weredividedintep hyt opl ankt on, i MEDOK.r This in pranciplejigndres she a n d
contribution of noralgal particles of biological origin b u t in practice, their f

compartmengde factos t an ds -aflogra | i np&HOO triplets|ofetlseidrespective concentrations

(C,N,Y) were randomly generated. Although dotumentedh their paper, these three constituents show

some degree of linearossedcorrelation,which-a feature thais seen in in situ datasets when these
variables span across a large ranfas choice alsomechanisticallyavoids the generation of many
unrealistic’Y spectracoming from unrealistidC,N,Y) triplets-—Fhe-OACs-arerelatedto-the1OPs

Bgalmp ar t ment

partd cl es o
Bio-optical modelling relationshipsare based on averagearameters andegression equations from

literature, without randomizationstrategiesto mimic igrering—thenatural variability. For example,

phytoplankton absorptiomsasis modelled by simply applying thaveragefi Ao  a npbwerfil&w
coefficientsby Bricaud et al(1995)at 440 nmfor a givenchiorephC, which igreresphytoplankton

9
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diversity-andmakes all 5000 modelléd to-have the same average pigment featuteghermoreah
spectral slopes as well as themi—n-e+—a-}—spedific absomtlore andscattering coefficiest at
reference bandare setonstant. Overall, these baptical choices create an optical uniformity that results
in artificially-fictitioudy tight relationships between various IOPs or between IOPs and ASR®ll as

their ratios Fhis-bie-optical-modellingsan potentiallymisleadng theusers about the performance of any
algorithm that is evaluated

Following the IOCCG approach, angular scattevitags modelled by assuming a Fournieorand phase

function for phytoplankton anthe average Petzold phase functionNAP, with fixed backscattering
ratios for both.

The datasesD delivers theabsorptioncoefficient divided inthe total noawater component anthe
phytoplanktorabsorptionTo separat€ DOM and NAP absorptigrthe usersieed togeneraé CDOM

spectranith-from thereported value at a given wavelength and@bB&® M spectral slope.

AOPswere-generated-with-Hydroeligire giverfrom 350 nmto 900 nm every 5 nm, for the sun zenith

anglesD, 40° and 60°, and the single nadewing angle for radiances.

123Loi sel 6s dataset

L o i sdethsébPB (Loisel et al., 2023)s mainly characterized by itstentieneffort to compensate the
disproportionate in situ datiensityfrom coasts andentinentaishelfswith respect to the open oceans,
which insteadrepresentovera much larger aredecording-te-them—this-issgBuch disproportionn

other dataseimay have a biasing effeehensynthetic-datsetsare-used-tdevelopng optical algorithms
based on AOP vs. IOP relationships, especially when the underlying goal is to represent a broad range of

IOPs encountered within the global ocebmthis regardL o i sSDlbéngfits fromsatelliteretrieved

IOPs over the global oceamgere-organized in histogramsyhich-wereu sed as gui des t
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histegrams-of-thdn situ datahistograms so that thalatadistributionsin the datasesD weuld-closely

matchtheglobalones.

Bio-optical modelling follows the IOCC@pproachwith modifications.|OP varlablllty is driven by
chlorophyll concentration onhBi
thuseheeosin@nd -phytgplanktonabsorption is taken randomf;o pool of real spectrand then
scalegnd-givi j i jabili i
naturdli995) The CDOM and NAP spectral slopesreare given random values withia-argevide
uniform distributiors. This choice is preferrable &ssignhing-them-fixed values, altheuglyet which
might-have-beegome level otonstran redwith available in situ data pootspeared possible instead

Angular scattering of phytoplanktemasis modelledwith a fixed Fournief~orand phase function of

0 18t p There is, howeverevidence(Whitmire et al., 2010thaté varies across an order of
magnitudeIn Hydrolight,6 is used to choose the phase function, whicha giventy , implicitly
determinesd; and therefore, the amplitude of the sigialis detail is important when one seeks to
replicate relationships @ to other IOPs that are found in measured data.

NAP scatteringwas-is modelled as apectralpower law Its angular scatteringncorporates one
innovation respect to the previodstasebDs by dropping the Petzold phase function and using instead
aFournierForand function ob T8t p,Yith suchd  close to the average Petzold valugt, with
amoererealistio angular variatiothatbetterresenbles measured VSksuchmore closelySullivan and
Twardowski, 2009)

Output AOPs are given between the range 350 mB0 nm in steps of 5 nm. Several versions of the

datase$D are available for various combinations of inelastic scattering being or not considered. Notably,
this datase$D provides the data output at several deliswlations are made for the sun zenith angles

0,

30° and 60°, and the single nadiewing angle for radiancell datais-arecompiled ina singlenetCDF

file for each type of simulation

11
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1.3 Creating a new dataset

TFheThis brief reviewof existingsynthetiedatasesDs has identifiedimitationsin-bic-eptical-medeling
amnh izina-tha i naad for mati o) efinementin-orde o-derive-meaning dian Outputs

from-radiative-transfersimulationSuch-issueghatcan besummarized in:
(1) Overly simplified bieoptical parametersspectral slopesspecific absorption or scattering at a

reference wavelengtlare oftensetas static valuesypically-derived-from—averagingnostly

coming fromdatasetaveragesthereby masking the optical diversity inherent within them. In this

newdatasebD, we address this limitation by considering the variability of each optical parameter
across available datasets and exploring theidiction-predictdility as a function of other
parameters.

(2) An absence of constraints between absorption and scatfering a given waterenstituent
{OAC)-such—as—phytoplankton-amnalgalparticles AP): it is evident thabsorption and

scatteringdf a given AOGsheuldmustexhibit statistical correlations due to their association with

the same type of particlgsut itseemss the rule thaboth properties are modelled independently
potentially resulting in absorptiescattering pairs that do not accurately reflect the characteristics
of naturally occurring particles. In thistase$D, we address this issue by leveragingiin data
to constrain the modeling of both phytoplankton and NAP. This approach ensures that the
corresponding absorptiestattering pairs align with all experimental evidence in statistical terms.
(3) Re-useextrapolationof bio-optical relationshipsa publishedrelationshipbetween twauantities
isapplied to different one&or exampletheaverage relationship between chlorophyll and particle
scattering byLoisel and More[1998)has been used to model phytoplankton scattewhgch is
only a fraction of the totadcattering
(4) Limited validation of bieoptical models some_statistical relationships are presented without
evidence In situ using-accessible-in-situ-data-is-crucllith-new-operaccesgatasetsthere

arises-aioffer anopportunity to assess historical fptical relationships while also fostering the

development of new ongand such potentialFe-eur-opiniensuch-datdhas not beeget fully
utitizeddeveloped

12
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(5) Limited spectral coverage of thdue-UV: in view of present and future satellite missioihss
desirable to generattasebDs that at least cover thange from 350 nm.

(6) Limited directional AOP outpupublisheddatasesDs focus on the nadir viewing direction, tor
few sun zenith angleblowever thelight field is inherently directionahndignoring directionality

introduces errorg remote sensing algorithms consonance with a renewed impetus of optical

studies that address the problem of directiondbg we-it is aimed at generating a fully
directionaldatase$D, accounting for alpossiblesun and view geometrigs-conserance-with a

2.Spectral IOPs data mining and reductiodr-situ-data—and-bic-epticalmodelling

The generation of bioptical relationships needs support by in situ datd,aahigh quality is required,

to be confidenénougtthatthe relationships that are found within the data are neither biased nor spurious.

inty
estimateIt was nevertheless—howeverassumed thahepractitionemdata providersbased on their
experience, followed best practicdsdeedasmost of these dasemewere collected in the framework

of optical studies fundedfterthefundingofprojectshy space agencigisatinvolverelated-studigand

sharing Still, datawasselected baxl on the usage of appropriate instrumentatiorpanckessing, when

such informatiornwasavailable. Furthermorsglection criteriavasratheraggressivebasedn shape and

fitness indicesoverall providing confidence on the final retained data.

Adpsdan
4.52.1Phytoplankton absorption

Phytoplankton absorptioi

itshas a-complexspectralshape, whictdetermines themall scalespectral features aferivedrelated
radiometric-variablaOPs. For this reason, it is important to select kigiality & data suitable as input

for radiative transfer simulationSince-thepurpose-of-these-data-is-to-feed-the-simulatities-do-not

P AatwereHh/etveawere—-conHaet—enRodgititieguatity-o Re tabefOI’e



that _datawas cellectedsampledat-erclose to the surfacef the water columnas bieoptical

relationships involving phytoplankton seem to vary depending orveheal layer (Bricaud et al.,
1995;Loisel and Morel, 1998n terms of spectral range, a conditiendata-selectiowasimposedthat
o data-should-be-givémeludehas to be given at at ledbe rangdrom 350 nm to 800 nm, which was

345 a quite limiting requirement for the lower limit, as in most casesjs provided down to 400 nm or 380
nm.
Data were searched from the database SeaBaS8ding many spectréhougha significant amount of
them withanomalous spectral patteras-first-sereening-of the-data-identified-many-noisy-and-biased
irst haseline corroction—the resid PUPeloe bl e seinlod s e Aanra e
PANGAEA searchwasperformed-—Hdelivered
many excellent spectrastead collected in seven Polastern crui§gsppa et al., 2013a;Liu et al., 2019b,
c;Bracher, 2019;Bracher et al., 2021k;Bracher et al., 2021f;Bracher and Taylor, @82 8pnne cruise
(Bracher et al., 2021Bnd one Heincke cruigBracher et al., 2021cyYhe PACEdatase{Casey et al.,
2020)was also used, in particulay-data fronthe Pl Schaeffer arfdom theBiosopecruise In this latter

350

B55 casethe spectral range requirement was relaxed, allowing a maximum wavelength coverage of 750 nm,

in order to kee necessaryow-end® _thatwere-very-necessary-fortheapreserstivity of-the

lowestéy —in-the-worldhe clearest waterg\t the Then—b-increasethe-high end of the rangdr. A.

Castagnads dataset on B@abtaghaztal, 208@as usallheirpublhed nl and wat er s
& was only availablemnti-from 380 nm soADr. Castagna kindlyaadereprocessedvailablethe &

B60 spectraespecialhprocessefbrthisinvestigatiodown to 350 nnespecially for this investigatiothough

expressing some methodological concerns about the data accuracy in the UV.&malyCNRsmall
datasetfrom a recent cruisépublication-in-preparatiorjaswasalsobeenincluded in the global dataset

Data—guality-among-databasearied—greatly,from-generallypoor-within-SeaBa o-the—carefully

p+—o-d-uece-d—Ca-s-tinatermsaotsslectiorp amdrocesaingand-selectionAs—a-first baseline
365 correctionthe residual NIR valueyhich-wasestimated as the averaje between 780 nm and 800 nm

(between 740 nm and 750 nm for Biosqmeas subtractediven the high amount of data in total, it was

preferred to apply rather aggressive filter selection crit&jeectra were smoothed witm 41 nm
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rectangular moving windowo eliminate random noise introduced by the spgaiitmometersA relative
noise parameter was calculated as the standard deviation of the difference between the unfiltered and the
filtered® , divided by a guess of the chlorophyll concentration based o ¢ : fter

Bricaud et al(1995) Spectra were retained if this noise parameter was lower than 0.002, except for the
Biosope dataset, where the threshold wedsxed andaisedatto 0.0044

d Additionally, the
absolute value of the second derivative with respect to the wavelegthwas calculated as a measure
of spectral noise and spectra withThethe 90" percentile of &  between 350 nm and 800 nmas

stered—Only-spectra-having-thispercerolwer than 0.0032 were selected.
Furtherexclusionselectioncriteria were applied based grespectral shape We defined the following

indexes:
& [ Et _v culmift vini
0 i A& _~ cultift v
« P N ow oo (772)
0 I A@ _N vuvimiu @il
0 i Agh _v @uinifx mini [ Et _v guimif mini

Therefore, the following selection thresholds were apgliethe indexes in eq7), thatwhich were

chosen based on experience so that clearly anomalous spectra walidddrded yetrying not to
penalize natural variability. These wered 10O ™, 0 7TO @ andd 70 ¢. In
particular, the thresholds involving the UV discarded many spectra that raised excessivelyJV,
likely consequence of insufficient bleaching of the filtered sample, or that tended ¢to eeem negative

valuesinstead At the greerrange it was assumed that the spectrum shall present a valley or at least a

value that is not much larger than the chlorophyll peak

Finally, Other-than-these-thresholdame spectra exhibited secondary peaks very distant from 676 nm,
which was likely a sign of spectral misalignment. Therefore, it was required that such peak was between
670 nm and 681 nm for inclusion.

All the filtering procedures led to the selection of 3025 high qualityspectra, representireyery wide

range of values and water types.
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1.5.12.2CDOM absorption - [Formatted: Heading 2

CDOM absorption at 440 nii@d T T TOr &) is one of the thresndependent variabdsf the bicoptical

modelling. Its value is therefore givertill, such value needs to be propagated to the whiedeful

B95 spectrums-coverecby assuming spectral variationmodelled here as the usual exponential shEpe
value of the spectral slop¥ and its potential relation @ Tt T TMUSt bedeterminedafter bicoptical
modelling from-Ferthissake a pool of in situ CDOM absorption spectrarecetected CDOM isstored

by filtering seawater with 0.2rm pore size filters-A_and dsorption is measured through light

transmission, aghe scattering of the sample can be considered negligible. The most common

400 measuremernhstruments abench spectrophotometer, where water is poured in a cuvette of a given path
length usually between 1 cm and 10 cin.clear watersbecause of the short path length timetkes
resulting data very noisy, a liquid waveguide capillary deWCC) system like UltraPati (World

‘ Precision Instrumentsnc.) is preferred as-—Ttheyit allow-haves a much large path length, up to 2 m,
therefore obtainingroper optical densities for a given sample, even in the clearest waters. In this article,

405 only open access CDOM data measured with UltraPath were sdlecieen ocean waters, whereas in
complex coastal and inland waters, cuvbtised measurements were accepted as well. Therefore, the

‘ pooled CDOM dataensistconsisedoft he PACE datasets Schaeffer, Bi osope and Mouw,
measurements, as well as a large PANGAEA dataset based on several PolarsteriBrauatseset al.,
2021a;Bracher et al., 2021b;Bracher et al., 2021i;Bracher et al., 2&2d lspme smaller campaigns in

410 coastal area§luhls et al., 2019;H6lemann et al., 2020;Bracher et al., 2021g;Pykéari, ROaR)cases,

data had to be provided at the range from 350 nm to 75hdnslose to the surface.

CDOM sSpectra were fitted to a decreasing exponential function with a given affset,

@ Q O using norlinear least squares, with a-duare weighting function to

minimize the effect of outliersk

—Notably, fits

415 were made in linear scale, as making them in logarithmic scale would artificially raise the weight of
spectral regions where CDOM is less relevBis-werereguired-than excellent fitbetween model and
datawas requiredi( T80 w)bto excludesventualanomalowshapeshat did not verify the exponential
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435

140

assumptionThen;Finally, the offset was removed j (A)3 GOf .IntotakThe result of this

procedure wa$168(é _ HY): inegairs

1.5.2.3NAP absorption “ [ Formatted: Heading 2

As with CDOM, NAP absorption spectréd( ) are not introduced directly in the radiative transfer

simulations bumodelled as exponential functiori3ata selection again prioritizedgh-quality as the

data quantity was sufficient to deritre=statistical relationshipsiere,#& PANGAEA search delivered

data from various Polarstern cruig€oncalvesAraujo et al., 2018;Liu et al., 2019a, d;Wiegmann et al.,

2019;Bracher et al., 2021j;Bracher et al., 2021e, d;Bracher and Liu, 2021;Soppa et al., 20iBanb)

Heincke cruisgBracher et al., 2021dfrom the PACE databas®, from the cruise Biosope and the

Pls Mouw and Schaeffevaswerei ncl uded. Castagnads measurements were also i
recent CNR data.

As—fer-CDOM.—aAn exponential shape was fitted, @ Q ® [ in

linear cale andthentheofisetwasremeoves—;: &— é———Tand he condition

T80 wwas imposed. and-thenThe offset was removethereafter®d (I [V b

still recognizing thaat least part oféC this-effsetmight bephysically realistic and namly-due to

residual scatter errork such a case, it would be neededédelpursuebio-opticalrelationships between
& | theoffsetand other variablesn-erdertogenerate-its value for the-datadetthe absence of
sufficient knowledgewe adopted the classical approachr@hovingthe offset as previoustataseSDs

(IOCCG, 2006;Nechad et al., 2015;Loisel et al., 2023)e result of this procedure was349 [Commemed [UP3]:  In response to reviewer 1

(@ _ RY ) pairsleadingto-a-total-o£349valid-spectra

152.4C S| RO0 s Pattile Easkscattering < { Formatted: Heading 2
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445

dat aset

450 i

N _{eeetal—201 Finally-dataDatacollected in Australian waters by CSIR&earcher(Blondeau
Patissier et al2009;BlondeatPatissier et al., 2017;Cherukuru et al., 2016;0ubelkheir et al., 2023;Brando

et al., 2012)was—alse-includedhere-C-S1+—R-Badaseicontains several |I0OPsad-OACsat-reference

155 the-synthetic-dataset—n-whatregaRimticlsuch as® T T O T T IO T T Ihackseattering
speeifically0 LU L -is-only-provided-athereference-wavelength-555-nandandwith-an estimate
of its spectral slopg—). Also, the chlorophyll concentratiofid) and the total suspended matter
concentation (Y contained irthe dataseter-this-specific-datasehe-slopenas-net-only-used-to-shift

om nm-to-440 nm-b o-fo a a) hedpt modelling

160

165 1.63. Bio-optical modelling - [Formatted: Heading 1
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195 The bicoptical modelling of theFrevariousterms of the absorption and scattering budgetsbe
modelledas a function of th®©ACs will be explainedwith high detail in the following subections.

Readers interested in a comprehensive sumoarfind all sequentiabtepssummarizechs-detatd-in

the-next-sections-and-summarized ablel.

500 Table 1 Summary of the bio-optical modelling

@ _ |&® _ from a qualitycontrolled database, adjusted by a factor to veify @ x 1
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1.6-13.10ptically active constituents « [ Formatted: ~Heading 2

It is set-asa-gemltendedto generate datase$D that covers the widest possible rang®pfical water
types As-suehiTthe historiccase 1 assumption is inapproprated an IOP definition based on a single
index such as chlorophyll concentrati() is thereforenot adopted. Instead, a gendficeevariables
model is used, in which variabilitg driven by-the-chlorophyll-concentration{(C),-the- NAP-ceneentration
MN)-anrd-CBOM-abserption-at-440-nm-(&) N andY separatelyHowever i#C, N and Yshall not be
werecompletelyindependenbecause, if that were the catfee bicoptical modellingwould generate
unrealistic IOPcombinations Instead,C, N and Yer-a-hypothetical-large—dataset-that-contains-such

variablestheyaremay beexpectedhat-theyo have a certain degree géneralrelationship tighterfor
the smaller values, that are found in the ocead more scattered for the higher values

Here, the partial relationship between the three variabidegarithmic scalevas modelledwith the
generationof 5000 triplets, following three Butiype XlI random probability density functiongN
" O O&WE | related byacross correlation mak among thenwith theoff-diagonaklements Teh

” e b T@®. Then, the derived random numbers were transformed to the actual (C,N,Y),
variableswvith ® p 1 , where®is either C, N or Y, andis their logarithmic counterpart$his-isese

parameters arsummarized in Tabl@. FinallyBecause the Burr distribution does not have an upper

bound, it generatedery few outliersy p mrmarG B ¢nrnom AT & pndé (~02%
or less)that were considered excessiv@uch realizationsnd-were regenerated with a legormal
distribution, with the mean and standard deviation calculated from the rest of the dataset.

Table 2 Parametersof the probabilistic modelling of the optically active constituents

Burr distribution parameters| Scale coefficient
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Variable a c Kk d
Chlorophyll concentration (C) 3 3 2 3
Nontalgal particles concentration (N) 3 4 1 4
CDOM absorptiorcoefficient at 440 nm (Y) 2 6 1.3 4

525

Synthetic
dataset
Morel 2009

E
> 102
102 10° 10? 102 10°
N(gm®) Y (m™)
10°
E :
> 10'2 T
I+ New dataset
Morel 2009

10° 102

C (mg m'3)

10° 102

N(gm?)

102

1072 10°
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Figure 1: Upper panels: histograms of the water constituents chlorophyll concentration (C), nealgal
particles concentration (N) and CDOM absorption at 440 nm (Y). Lower panels: relationshipsetween
amongthem. For therelationship easebetween C and Y, theelationship-average regression curvey Morel

(2009)in oceanicwaters is added for comparison.

In Fig. 1, the outcomes 0OAC generation are depicted, showcasm@road spectrumanges The

intentionally-skewedatadistributionswereareformutatedskewed fe-mirroring histograms observed in

a-broad rangeemprehensive-globalataset frequencies of data surge from the lower values, peak at
23
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levels commonly encountered in global oceans, and gradually taper off at higher ext@meslegree

of CencerningRegardingnterrelationship-therds observableerrelation which, in the case of C and

Y. shows general agreemenith the empirical case 1 cunigentified-by Morel (2009)serving-—-as-a

535 typicalbenchmarkHowever-4s values ascend, the connection diminishes, consistent with expectations
for coastal waters

1.6.28.2Phytoplankton absorption and scattering “ [Fcrmaned: Heading 2

Phytoplankton absorptiadd was modelled using data from the pdekcribed in sectioh.12.12.11. In

order to generate phytoplankton diversity, it \Waportantto ensurehat, eachtime, a real® spectrum
540 was usedA similar approach to thé generation in the IOCC@atasebD wasfollowed, but frst, it

was foundappropriateto revisit the relationship between C aidd . Matched datValente et al.,
2022;Castagna et al., 202#t)several wavelengtl{Eig. 2) revealeda tightlinear relationship in logog

scale, though wittsome scattera part of which is attributabldue to pigment variatiorfollowing

Bricaud et al(1995) aA powerlaw model(eq. 8)) wasregressedt each wavelength

45 & _ O0_06 (889

Table 3 Output variables _and statistical metrics of the regression betweenmatched chlorophyll
concentration and phytoplankton absorption of the merged datasetgalente et al.(2022)and Castagna et
al. (2022)at several bands

_¢a 411 443 489 510 555 670
A 0.043934 | 0.051348 | 0.03299 0.02132 0.0077002 | 0.019093
E 0.80289 0.77654 0.76732 0.8214 0.92914 0.95568
n 3509 3526 3525 3507 3231 2875
RMSE (%) | 58.951 59.249 57.358 52.626 56.781 47.256
r? 0.85688 0.84553 0.84846 0.88033 0.89645 0.92553

550 Table3 presents the regression outcomiasluding the two model parameters (A,E), data number (n),
the root mean square in percent units ancctiesficient of determinationi (). A comparison to results
from previous publicationgChurilova et al., 2023;Bricaud et al., 1995;Zibordi and Berthon, 2i324)
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made inFig. 3:, showingsome discrepancies respect to the first three references but a high agreement
with recent results b¥ibordi and Berthorf2024)

555 Our results shovhatthe 670 nm band has the highesgpabilityfor predicting C giverd . Itis important

to emphasize thahis-caleulatiomur modellingdoes notnedelgenerat&d for a specific C; rather, it
associates each with its characteristi¢C", from inversion of eq.§7). Thisfacilitatesendles tothe

soring ef-the 30250 spectra based on "C", dividing them into 55 pools of specific "C*ranpes,

each containing 55 spectra. Consequelfitlya givenC value from the (C,N,Y) triplet, a randain

560 spectrum from the corresponding pool is selected. Subsequently, the spectrum is adjusted by a factor so
that® @ x Tequals thepredicted®d @ x tfrom C, after eq. §87). This methodology guarantees

consistency betweed and empirical evidence for a given C while ensuring a broad diversity in

spectral shapes.
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Figure 2: Matched C and=|=_ [data(Valente et al., 2022;Castagna et al., 2022) six wavelengths. A linear fit

in log-log form is displayed on top.
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