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Abstract

The inherent optical properties (IOPs) of suspended particulate matter and their
relations with the main biogeochemical characteristics of particles have been
examined in the surface waters of the southern Baltic Sea. The empirical data
were gathered at over 300 stations in open Baltic Sea waters as well as in the
coastal waters of the Gulf of Gdansk. The measurements included IOPs such
as the absorption coefficient of particles, absorption coefficient of phytoplankton,
scattering and backscattering coefficients of particles, as well as biogeochemical
characteristics of suspended matter such as concentrations of suspended particulate
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matter (SPM), particulate organic matter (POM), particulate organic carbon
(POC) and chlorophyll a (Chl a). Our data documented the very extensive
variability in the study area of particle concentration measures and IOPs (up to
two orders of magnitude). Although most of the particle populations encoun-
tered were composed primarily of organic matter (av. POM/SPM=ca 0.8), the
different particle concentration ratios suggest that the particle composition varied
significantly. The relations between the optical properties and biogeochemical
parameters of suspended matter were examined. We found significant variability in
the constituent-specific IOPs (coefficients of variation (CVs) of at least 30% to 40%,
usually more than 50%). Simple best-fit relations between any given IOP versus
any constituent concentration parameter also highlighted the significant statistical
errors involved. As a result, we conclude that for southern Baltic samples an easy
yet precise quantification of particle IOPs in terms of the concentration of only
one of the following parameters — SPM, POM, POC or Chl a — is not achievable.
Nevertheless, we present a set of best statistical formulas for a rough estimate of
certain seawater constituent concentrations based on relatively easily measurable
values of seawater IOPs. These equations can be implemented in practice, but
their application will inevitably entail effective statistical errors of estimation of
the order of 50% or more.

1. Introduction

One of the important issues in the marine sciences is to study the
relationships between seawater constituents and their optical properties in
different regions of world oceans and seas (Dera 1992, 2003). On the one
hand, elementary optical processes such as light absorption and scattering
by different seawater constituents determine how sunlight is propagated and
utilized in water, which has a great influence on the thermal regimes and
states of marine ecosystems (Trenberth (ed.) 1992, Kirk 1994). On the other
hand, armed with a knowledge of seawater optical properties, we may be
able to identify the composition and concentrations of different seawater
constituents. An understanding of the relations between these constituents
and their optical properties is thus necessary for both the ecological and
climate modelling of marine environments and also for establishing practical
marine research methods. These interrelations are especially complicated
with respect to oceanic shelf regions and also to enclosed and semi-enclosed
seas, jointly described as case II waters according to the classification by
Morel & Prieur (1977). As opposed to open ocean waters (classified as case I
waters and whose optical properties are relatively well studied), in water
bodies classified as case II, both autogenic (e.g. phytoplankton and its
degradation products) and allogenic (substances transported from land by
rivers, or by wind, and substances resuspended from the sea bottom and
eroded from shorelines) constituents may play an important role, and their
concentrations may be uncorrelated with one another.
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For decades laboratory biogeochemical analyses of discrete water sam-
ples collected at sea have been used to determine the types and con-
centrations of suspended and dissolved substances in seawater. But such
analyses are usually laborious and time-consuming and so are difficult
to apply on a large scale. Another widely used tool for the monitoring
and research of oceans and seawaters is remote sensing (see e.g. Arst
2003). Performed from above the sea surface (from a ship, aircraft or
earth satellite platform), these measurements are based on analyses of the
remote sensing reflectance spectrum (one of the so-called apparent optical
properties (AOPs)), also commonly referred to as ‘ocean colour’. Unlike
classic laboratory analyses of discrete water samples, remote sensing allows
the marine environment to be investigated at large spatial and temporal
scales, but it also comes at the cost of certain irreducible limitations.
Remote sensing is feasible only in suitable meteorological conditions, and
the signal reaching the remote instrument always has to be corrected for
‘noise’ coming from the Earth’s atmosphere owing to the presence of water
vapour, aerosols and other constituents scattering and absorbing solar
radiation. Furthermore, the object of remote sensing observations may be
only the surface layers of water basins, and this seems to be the greatest
limitation. In addition, the physical interpretation of reflectance spectra
requires a thorough understanding of the complicated relations involved,
namely, a) how concentrations and types of seawater constituents influence
the inherent optical properties (IOPs), i.e. the absorption and scattering
of light, and b) how the latter in certain ambient light field conditions
affects different apparent optical properties (AOPs) such as remote sensing
reflectance (Gordon et al. 1975, Gordon 2002). Therefore, an ever greater
depth of understanding of the relationships between seawater constituents
and seawater IOPs is required for the development of ever more precise
remote sensing algorithms linking seawater AOPs with the presence of
different constituents in marine environments.

Studies of the relations between constituents and I0Ps are also im-
portant, because they may lead to improved direct in situ optical (IOP
based) methods for environmental research and monitoring. It would
appear that these methods still possess a latent potential for the field
estimation of biogeochemical properties of suspended particulate matter.
Suspended substances, as opposed to dissolved ones, not only absorb
light but also scatter it. For this reason marine suspensions leave unique
‘fingerprints’ on seawater IOPs, which at least in theory should enable
them to be identified qualitatively and quantitatively. With IOPs being
measured directly using suitable identification algorithms, it should be
possible to achieve a conspicuous improvement in the spatial and temporal
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resolution of suspended matter field studies as compared to classical
biogeochemical analyses of discrete water samples. In some respects direct
optical measurements may also offer a valuable alternative to situations
when remote sensing is inapplicable for some reason.

Whereas the optical properties of open ocean waters (mostly dominated
by organic autogenic substances) have been a popular research subject
among the marine optics community for many decades (see e.g. Morel
& Maritorena (2001) and the list of works cited there), comprehensive in situ
studies of the relations between the types and concentrations of suspended
organic and inorganic matter and seawater IOPs in case II waters have
been few and far between and have only begun to intensify in the last
ten years or so. An example of the latter is the work by Babin et al.
(2003a,b), who report on the variability ranges of absorption and scattering
coefficients in relation to the concentration of suspended particulate matter
(SPM) and the concentration of phytoplankton pigments in different coastal
waters around Europe (including the south-western Baltic Sea). Further
field studies in the optically complex case II waters have been carried out
by Green et al. (2003) (the New England shelf), Gallegos et al. (2005)
(a shallow embayment in Chesapeake Bay), McKee & Cunningham (2006)
(Irish Sea shelf waters), Oubelkheir et al. (2006) (tropical coastal waters of
eastern Australia), Vantrepotte et al. (2007) (eastern English Channel),
Snyder et al. (2008), Stavn & Richter (2008) (coastal waters off New
Jersey, the northern Gulf of Mexico, and Monterey Bay) and WozZniak et al.
(2010) (southern California coastal waters). These examples show that the
question of suspended matter optical properties in case II waters is still an
open scientific problem. As far as the Baltic Sea (another case II water
body) is concerned, different aspects of the penetration of light into its
waters have been studied by various authors for the past 50 years (see Dera
& Wozniak (2010) and the list of the works cited there), but even so, the
subject of suspended matter optical properties in the Baltic has not received
the attention it merits.

In this study we report on experimental data collected in the southern
part of the Baltic Sea. Our primary objective is to examine the variability
in the inherent optical properties of suspended matter (the light absorption
coeflicients of particles, the absorption coefficients of phytoplankton, and the
scattering and backscattering coefficients of particles) and their relations
with key biogeochemical characteristics describing particle populations
(such as concentrations of suspended particulate matter (SPM), particulate
organic matter (POM), particulate organic carbon (POC) and chlorophyll a
(Chl a)). This has been done mainly through statistical analyses of the
variability of constituent-specific IOPs (i.e. IOPs normalized to certain
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concentrations of constituents) and also by deriving simple statistical best-
fit equations parameterizing the IOPs in terms of the concentrations of
selected seawater constituents. In addition, we discuss the possibility of
retrieving biogeochemical characteristics from particle IOPs: with a set
of simple formulas and procedures, measured particulate IOPs can be
used to work out a rough estimate of suspended matter biogeochemical
characteristics.

2. Methods
2.1. Sampling

The optical and biogeochemical properties of suspended matter in the
surface waters of the southern Baltic Sea were examined. The empirical
data were gathered at over 300 stations during 15 short cruises on board
r/v ‘Oceania’ between August 2006 and September 2009 (in late winter
and spring (March, April, May) and in late summer and autumn (August,
September, October, November)). The study area covered the open waters
of the southern Baltic as well as the coastal regions of the Gulf of
Gdansk (see Figure 1). At each station the light scattering properties
of seawater (the scattering and backscattering coefficients, and volume
scattering function) and salinity were measured in situ in the surface layer
(down to 1.5 m depth; see below for details). Samples of surface seawater
were also taken with 20 L Niskin bottles for laboratory measurements of
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Figure 1. Location of sampling stations. Stations located in the open waters of
the southern Baltic Sea are denoted by black dots, those in the Gulf of Gdansk by
open circles
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light absorption properties (absorption coefficients of suspended particles,
and coloured dissolved organic matter (CDOM)) and for analysis of different
biogeochemical properties of suspended matter.

2.2. Concentrations of seawater constituents

The concentration of suspended particulate matter, SPM (units are
g m~3), defined as the dry mass of particles per unit volume of water,
was determined using a standard gravimetric technique. We used specially
prepared GF/F filters (25 mm in diameter) pre-combusted for 4 h at 450°C,
pre-washed with pure deionized and particle-free water (to prevent the loss
of filter material during the filtration of the main sample), then dried and
pre-weighed. Measured volumes of seawater (between 150 and 1500 mL)
were filtered immediately after sample collection. At the end of filtration,
the filters were rinsed with about 60 mL of deionized water to remove sea
salt. Separate tests showed that such rinsing volumes efficiently removed
sea salt from southern Baltic Sea water, which has a relatively low salinity
(the salinity of our samples ranged from 0.6 to 8.3 PSU (av.=6.9 PSU)).
The filters with their particle load were dried and stored in a freezer for later
analysis. The dry mass of particles collected on the filters was measured
with a Radwag WAX110 microbalance (resolution 0.01 mg). Three replicate
filters were measured in each sample, with the reproducibility generally
within £+ 17%.

Having been analysed for SPM concentration, the filters were combusted
for 4 h at 450°C to remove the organic particle fraction (loss on ignition
(LOI) technique; see e.g. Pearlman et al. (1995)), then reweighed. The
difference in weight before and after combustion yielded the concentration of
particulate organic matter (POM) [g m™3]. The reproducibility of replicate
measurements was generally within 4 16%.

Particles were also collected at sea by filtration using separate sets
of pre-combusted GF/F filters (three replicates per experiment) for the
analysis of the particulate organic carbon (POC) concentration [g m~3].
The sample filters were dried after filtration and stored until analysis by high
temperature combustion (Perkin Elmer CHN 2400). The reproducibility of
the POC replicate measurements was generally within + 19%.

Samples were also taken for the analysis of phytoplankton pigment
concentrations. Particles collected on GF/F filters were stored in liquid
nitrogen and later analysed on land by HPLC (see Ston-Egiert & Kosakowska
2005, Ston-Egiert et al. 2010). More than 20 different pigments were
identified with this technique. Later in this paper we will refer to the total
concentration of chlorophyll @, Chl a [mg m~3] (sum of chlorophyll a, allomer
and epimer, chlorophyllid a and phaeophytin a) and the concentration
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of total accessory pigments [mg m~3] (the sum of the following pig-
ments: chlorophyll b, chlorophyll ¢; + ¢, chlorophyll c3, peridinin, 19’but-
fucoxanthin, fucoxanthin, 19’hex-fucoxathin, prasinoxanthin, canthaxan-
thin, echinenone, a-carotene, neoxanthin, violaxanthin, diadinoxanthin,
antheraxanthin, alloxanthin, diatoxanthin, zeaxanthin, lutein, (-carotene,
aphanizophyll, myxoxanthophyll).

2.3. Inherent optical properties of seawater

Particulate absorption spectra, a,(\) [m~!], were measured in the
350-750 nm spectral range with a Unicam UV4-100 spectrophotometer
equipped with an integrating sphere (66 mm diameter). The Transmission-
Reflectance (T-R) filter-pad technique was used (Tassan & Ferrari 1995,
2002). For a given sample, this technique requires optical density spectra
to be measured with at least four different filter-detector configurations
involving sample and blank GF/F filters. From these optical densities, we
calculated the desired value representing the optical density ODs(A) of the
particles collected on the filter following the equations of Tassan & Ferrari
(1995, 2002). In these calculations we assumed that the transmittance of
the sample filter was identical, regardless of whether the side of the filter
with particles was facing the beam or not. This is a good assumption,
as the procedure is thereby simplified by the avoidance of an additional
transmittance measurement with the particles on the filter facing the
entrance to the integrating sphere rather than the incident beam (Tassan
& Ferrari 2002). The correction for the pathlength amplification factor
(the so-called p-factor) was applied, in which the optical density of
particles on the filter ODg(\) was converted to the equivalent optical
density of particles in suspension ODg,s(A) (e.g. Mitchell 1990). We used
the formula ODg,s()\) = 0.592 [0Ds(A\)]? + 0.4 OD4(\), which is based on
experiments with several phytoplankton cultures, mineral-rich particulate
assemblages and natural assemblages of particles from marine environments
(see Kaczmarek et al. 2003, Stramska et al. 2006). Finally, the particulate
absorption coefficient a,(\) was determined by multiplying ODgys(\) by
In(10) and the clearance area of the filter, and dividing this product by the
volume of sample filtered.

In order to partition a,(\) into phytoplankton ap,(A) and non-phyto-
plankton ag(A) (commonly referred to as detritus) components, the sample
GF/F filters were subjected to similar transmittance and reflectance
measurements following treatment with Ca(ClO)2 (Wozniak et al. 1999).
In this treatment, the particles on the sample filter were exposed to a small
amount of a 2% Ca(ClO), solution for several minutes with the primary
aim of bleaching the phytoplankton pigments. The T-R measurements
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on the bleached sample filters yielded the estimates of agy(A). The final
spectral values of aq were adjusted so that a4(750) was equal to a,(750).
The phytoplankton absorption coefficient a,;(\) was then obtained as the
difference between a,(X\) and ag(\).

We also measured the absorption coefficient of coloured dissolved organic
matter acpom () [m~!] using a Unicam UV4-100 spectrophotometer. These
measurements were made in 5 cm cuvettes on samples filtered through
a 0.2 um acetate filter and relative to pure water (deionized and particle-
free). The values of acpom(A) were calculated by multiplying the baseline-
corrected optical densities ODcpom(A) by In(10) and dividing by the
pathlength of 0.05 m. Assuming that acpowm() is negligible at wavelengths
roughly above 680 nm, any measured offset was subtracted to obtain the
final acpom(A).

The scattering coefficients of particles b,(\) [m™!] were calculated as
the difference between the spectral attenuation and absorption coefficients
by non-water constituents (dissolved and particulate) — ¢, (A) and a,(X)
respectively. The latter were measured in situ in the near-surface layer (ca
1.5 m depth) using a spectral absorption-attenuation meter (WET Labs
ac-9) at nine wavelengths (412, 440, 488, 510, 532, 555, 650, 676, 715 nm)
and a 25 cm pathlength. Corrections for in situ temperature and salinity
effects on the optical properties of water were applied according to Pegau
et al. (1997). A correction for the incomplete recovery of the scattered light
in the absorption tube of the ac-9 instrument (the so-called proportional
method) was used according to Zaneveld et al. (1994).

The backscattering coefficients of particles by,(\) [m™1] were estimated
from in situ measurements performed in the near-surface layer (ca 1.5 m
depth) using a spectral backscattering meter (HOBI Labs Hydroscat-4)
at four wavelengths (420, 488, 550 and 620 nm). The raw data from the
instrument, i.e. values of volume scattering function at an angle of 140°,
£(140) were used for estimating by, according to the method described in
Maffione & Dana (1997) and Dana & Maffione (2002). A correction for the
incomplete recovery of backscattered light in highly attenuating waters (the
so-called sigma-correction) was applied in accordance with the instrument
User’s Manual (HOBI Labs 2008) using data on absorption and attenuation
coefficients measured with the ac-9 instrument.

The volume scattering functions of particles for a light wavelength of
532 nm, 3, 532(0) [m~! sr™!], were also measured in situ in the near-surface
layer of seawater for a portion of our samples (collected between April 2008
and September 2009). This was done with a WET Labs ECO volume
scattering function meter at angles of 100, 125 and 150°. The raw data
measured with this instrument were corrected for the dark counts of the
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detector (determined at each station) and then calibrated according to the
manufacturer’s specification. The volume scattering function of pure water
(according to Morel 1974) was then subtracted in order to obtain the values
representing the volume scattering functions of particles, 5, 532(0).

3. Results and discussion

3.1. General variability of suspended matter biogeochemical
characteristics and IOPs

Our data from the southern Baltic Sea study area exhibit considerable
variability in all the particle concentrations measured. In the case of the
basic suspended particulate matter characteristic — its mass concentration
(SPM) — the corresponding coefficient of variation (CV, defined as the
ratio of the standard deviation to the average value and expressed as
a percentage) is more than 90%. There is a > 40-fold variability between
the measured maximum and minimum values (see Table 1). In the case
of other biogeochemical quantities like concentrations of POC and POM,
which characterize the organic fraction of suspended matter, the recorded
variability is of the same order (with CV reaching >90% in both cases, and
with > 50-fold and > 30-fold variability between the extremes respectively).
In the case of the phytoplankton pigment concentrations found within the
suspended matter the variability is even greater. The concentration of the
primary pigment, chlorophyll a (Chl a), has a CV of almost 130% and there
is a > 190-fold variability between the maximum and minimum values; the
variability in the overall concentration of all accessory pigments is of the
same order of magnitude.

Although most of the particle populations encountered were composed
primarily of organic matter, the different particle concentration ratios
suggest that particle composition varied significantly. For example, the
average POM/SPM ratio is about 0.8 but the corresponding CV is 22%
(see the data in Table 1). In the case of the two other composition ratios
—~ POC/SPM (av.=ca 0.25) and Chl a/SPM (av.=ca 3.5 x 1073) — the
corresponding CVs are even greater (41% and 81% respectively). As these
three composition ratios can provide insight into the variable proportions
between the organic and inorganic fractions in the total suspended matter,
there are two other ratios worth mentioning, which suggest that the
composition of the organic fraction of suspended matter is itself subject
to significant variability. The CV of the Chl a/POC ratio (av.=1.3 x 1072)
is 74%, while for the ratio of total accessory pigments to Chl a it is 29%.
The relations between the different biogeochemical measures characterizing
suspended matter are illustrated graphically in Figure 2. This also shows



Table 1. Variability range of different characteristics of suspended particulate matter and inherent optical properties

Parameter Minimum Maximum Average Standard deviation Number
value value value (coefficient of variation) of samples
SPM [g m™?] 0.359 15.7 2.42 2.24 (93%) 293
POM [g m™] 0.329 11.3 1.86 1.77 (95%) 281
POC [g m™?] 0.075 3.93 0.58 0.564 (97%) 174
Chl a [mg m~?] 0.381 72.6 7.62 10.0 (131%) 335
total accessory _ 0.366 63.7 5.14 6.36 (124%) 335
pigments [mg m™°]
POM/SPM (g:g) 0.339 1.05 0.795 0.174 (22%) 281
POC/SPM (g:g) 0.0621 0.488 0.252 0.104 (41%) 142
Chl a/SPM (g:g) 2.5x 1074 3.22x 1072 3.54 x10° 2.87 x 107 (81%) 286
Chl a/POC (g:g) 2.11x 1073 7.54 x 1072 1.35 x 1072 9.92 x 107 (74%) 168
f;?;illeaftcse/scsﬁya 8) 0.372 1.72 0.761 0.222 (29%) 335
ap(440) [m™'] 0.0686 3.24 0.405 0.416 (103%) 332
apn (440) [m~] (('ffe}fevtvegggfl) 2.84 0.292 0.32 (110%) 321
a4(440) [m™! ((E’feg;"tvegggfl) 1.22 0.115 0.142 (123%) 321
by (555) m~!] 0.224 9.27 1.45 1.39 (96%) 260
bup(420) [m™Y] 0.00346 0.231 0.0249 0.0295 (119%) 233
Bp,532(100°) [m~! sr™ 1] 491 x 1074 1.86 x 1072 3.23x107° 3.22 x 107 (100%) 179

00.L

T8 30 PP ‘g ‘BPEN T ‘Yeruzop g 'S



Inherent optical properties of suspended particulate matter ...

701

100 3——
{a 10 4 e
10 1 05" :
=) ] =] i 0,% ©° i
0 o 1 2%92’3%% 1
s O o 908 O ]
O o .:éiﬁi@g» o B
(=% 1’: 3 A~ 039 o e 7
3 b 0od
] 0.1 . E
0.1 1 10 100 0.1 1 10 100
SPM [g m™] SPM [g m™]
100 - 4 100 4 ) e
"PE ‘?E 5,-;’(500 i
o 10 4 4 o 10 o A5 B
) ] ] ) ] R A 1
S| S o e 5l ]
— —_ LY gl
= -= 4
o O 0% oo
15 3 13 . 3
0.1 1 10 100 0.1 1 10
SPM [g m?] POC [gm™]
__ 100+ e e
T o]
o o
E N
z 104 5
=] 1
[
£
D
(=N
8
8
£ 01 R
= 0.1 1 10 100

Chl a [mg m™]

Figure 2. Scatter plots between different biogeochemical parameters: a) POM
and SPM; b) POC and SPM; ¢) Chl a and SPM; d) Chl a and POC; e) total
accessory pigments and Chl a. Dark dots — samples from the open waters of the
southern Baltic Sea; black circles — samples from the Gulf of Gdansk
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(with the aid of the colour coded data points — see Figure caption for details)
that, on average, lower suspended matter concentrations were typical of the
open southern Baltic waters rather than of the Gulf of Gdansk.

The high variability in different concentration measures of particulate
matter in southern Baltic waters had to yield a high variability in IOPs.
Relationships between particle concentrations and optical properties will be
described in detail below, but at this point it is appropriate to emphasize
the general variability ranges in particle IOPs. The absorption coefficient
of particles at 440 nm varied between < 0.07 m~! and >3 m~!, an almost
50-fold range (see Table 1). The absorption coefficient separated into the
absorption coefficient of phytoplankton pigments a,(440) and of detritus
aq(440) varied between values below the level of detection and 3 m~! and
1.3 m~! respectively. In addition, different particle scattering characteristics
varied significantly: the particle scattering coefficient at 555 nm by > 40
-fold (values up to 9.3 m~!), and the backscattering coefficient at 420 nm
by almost 70-fold (values up to 0.23 m~1).

3.2. Light absorption by suspended particulate matter

Before we enter into a detailed description of particulate absorption co-
efficients it is worth showing the relative proportions between the absorption
coefficients of particles and CDOM. Figure 3 shows the absorption budget
for the non-water constituents of seawater (there, absorption is separated
into components a4, ap, and acpom). As can be seen, the absorption
of non-water constituents in all our samples is dominated by CDOM at
short wavelengths of light. At 350 nm and 400 nm the respective average
contributions of particles (ap, + a4) to the total non-water absorption
(aph + aq + acpom) are ca 12% and 27%. But with increasing wavelengths
the average contribution of particles increases to significant and even
dominant values: it is ca 456% at 440 nm, ca 56% at 500 nm and ca 75%
at 600 nm. These contributions in individual samples also exhibit a large
variability in their proportions at longer wavelengths.

In this paper we focus on analyses of the variability of constituent-
specific IOPs. These are optical coefficients normalized to the concen-
trations of certain seawater constituents. Such average values are often
sought as they provide an easy way of describing the connections between
biogeochemical and optical quantities. Below we show that such average
values in the southern Baltic are unfortunately encumbered with a very
high variability.

Figures 4 and 5, and Table 2, present a summary of the results
of the variability analysis of constituent-specific absorption coefficients.
Figure 4a shows spectra of the mass-specific coefficient of particles a,*(X)
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500 nm ; 550 nm

Figure 3. Ternary plots presenting the relative contribution of CDOM, detritus
and phytoplankton pigments to total absorption by non-water constituents
at different wavelengths. The relative contribution of a given component was
calculated as the ratio of the absorption coefficient of that component (e.g. acpom)
to the sum of the absorption coefficients of all three components (acpom + a4 +
apr). The higher the relative contribution of a sample, the closer the data point is
to the corresponding triangle apex. The data points are colour coded as in Figure 2

(i.e. the coefficient obtained by normalizing a,(A) to SPM). Comparison
of all the individual sample spectra indicates a large variability of a,* at
all wavelengths. Average values of a,* and their corresponding standard
deviations (SD) and coefficient of variations (CV) for seven wavelengths,
chosen to cover the whole measured spectrum, are given in the first row of
Table 2. Of these seven wavelengths the 440 and 550 nm bands are the ones
where the variability is smallest (but still significant); the corresponding
CV is 71% (the average a,* at 440 nm is 0.198 m? g~! and at 550 nm is
about 0.065 m? g=!). Throughout the rest of the spectrum, the variability
described in terms of CV values is even higher — up to 81%. By way of
example, a 440 nm band representing the lowest a,*(\) variability is pre-
sented graphically in Figure 5a, in which the relationship between a,(440)
and SPM is plotted for all our samples. The simple linear relation based on
the calculated average value of a,* is shown by a thin solid line. Average
values a,* £ SD are plotted for the reference (the two thin dashed lines).
We also calculated the best-fit power function between a,(440) and SPM.
The equation coefficients and statistical parameters describing the quality
of this fit are given in the first row of Table 3. The fit itself is also plotted
in Figure 5a as a thick solid line: this best-fit power function shows that
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Figure 4. Spectra of a) the mass-specific absorption coefficient of particles
ap*(A); and b) the Chl a-specific absorption coefficient of phytoplankton
pigments aph*(cm " (M\); ¢) the mass-specific absorption coefficient of detritus
ag*(A) for all our southern Baltic Sea samples (shown as thin grey
lines). In each panel the corresponding ave- (continued on mnext page)
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(Figure 4, continued) rage spectrum is given by a solid black line and the
range of average +SD by dashed black lines. Small-scale irregularities in the
spectra represent measurement noise. Additionally, in panel b, the dotted lines
represent four different example spectra of %h*@hl “ for oceanic waters ac-
cording to Bricaud et al. (1998) (calculated for values of Chl a of 0.3, 1, 3 and
10 mg m~3)

there is a deviation from linearity in the relation between a,(440) and SPM
(as the power in the fit equation is 0.703, which is much less than 1).
If the particle absorption coefficient a,()) is normalized to Chl a (giving

the chlorophyll-specific absorption coeflicients of particles ap*(Ch1 “ (M), the
corresponding variability is smaller at some wavelengths (400, 440 and
500 nm) and higher at others (350, 550, 600 and 675 nm) when compared
to the variability in a,*(\) (see the data in the second row of Table 2). In
the case of the chlorophyll-specific coefficient, the 440 nm band also has the
smallest variability across the whole spectrum, and the corresponding CV
value is 59% (which is smaller than in the case of a,*(440)). The relation
between a,(440) and Chl a is presented in Figure 5b. The average value

of a;‘,(cm “ (440) is about 0.073 m? mg~!. For the best power function fit
we get an equation of a,(440) =0.104 (Chl a)?%% (plotted as a thick solid
line in Figure 5b; the statistical parameters of the equation are given in
Table 3), which indicates a significant deviation from linearity in the relation
between a,(440) and Chl a. This particular best-fit equation is directly
comparable with the similar average equation, obtained by Bricaud et al.
(1998), describing the coefficient of light absorption by suspended particles
in oceanic (case I) waters as a function of Chl a: a,(440) =0.052 (Chl a)®-635
(for reference, shown as a thick dashed line in Figure 5b). As can be seen,
our results obtained for southern Baltic waters suggest that the average
efficiency of absorption by suspended particles measured per unit of Chl a is
about twice as high as the average absorption for oceanic particles reported
by Bricaud et al. (1998). At this point, let us stress that in theory such
a difference in particle absorption properties may be generated by differences
in both particle size distributions (PSDs) (influencing the so-called package
effect) and the composition of suspended matter (of both pigmented and
non-pigmented matter) (see e.g. Morel & Bricaud 1981, Bohren & Huffman
1983, Jonasz & Fournier 2007). Regardless of the fact that we estimated
different major biogeochemical parameters characterizing populations of
suspended particles, in our series of field experiments we were unfortunately
not able to measure PSDs (to be precise, Bricaud et al. (1998) did not
provide size distribution data in their work either). As PSDs cannot be
directly compared, we can only confront our results with those from the
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Figure 5. Relationships between a) the absorption coefficient of particles a,(440)
and SPM; b) a,(440) and Chl a; ¢) a,(440) and POC; d) the absorption coefficient
of phytoplankton pigments ap,(675) and Chl a; e) apn(440) and POC; and
f) the absorption coefficient of detritus, a4(440), and SPM. The data points
are colour coded as in Figure 2. The thin solid lines represent linear relations
(passing through the origin) based on the average values of the constituent specific
absorption coefficients (see also Table 2), the thin (continued on next page)



Inherent optical properties of suspended particulate matter ... 707

(Figure 5, continued) dashed lines represent the ranges of average +SD, and
the thick lines represent the best-fit power functions (see also Table 4, p. 716).
Additionally, in panels b and d, dotted lines are plotted representing two equations
obtained for oceanic (case I) waters according to Bricaud et al. (1998) (the
equations a,(440)=0.052 (Chl a)®5% and a,,(674)=0.0182 (Chl a)%813
respectively); in panel f two dotted lines represent average values of
agq*(440) calculated according to Babin et al. (2003b) (the upper curve stands
for the equation aq*(440)=0.070 m? g=! for their Baltic samples and
the lower curve stands for the equation ag*(440)=0.043 m? g=! for all their
samples from different coastal waters around Europe)

literature, but without giving a full physical explanation of differences: we
can merely speculate. We are also aware that in practice we cannot rule
out the possibility that at least the part of the observed differences may
be caused by unwanted methodological inaccuracies related, e.g. to the
estimation of particle absorption coefficient spectra, which involves the use
of a -factor correction for filter pad technique measurements (see e.g. the
extensive discussion on the f-factor in Bricaud & Stramski (1990)). Here,
we can only state that in our work we applied the (-factor according to
Kaczmarek et al. (2003) which, to our knowledge, should be best suited to
the correction of absorption coefficient measurements performed in different
coastal waters.

Our average a,p*(C results can also be compared with the handful of
values reported in the literature for case II waters. For a selected group
of their samples from Irish Sea shelf waters (samples with a relatively high
Chl a/SPM concentration ratio) McKee & Cunningham (2006) reported
average values of ap*(cm “ (440) =0.054 m? mg~! (£0.007 m? mg~!) and
a,p*(chl “ (676) =0.022 m? mg~! (£0.003 m? mg~1!). Our averaged southern
Baltic values are about 35-45% higher than those of McKee & Cunningham
(2006), but also exhibit a higher variability (recall that for our data we
obtained average values of about 0.073 m? mg~' (£0.043 m? mg~!) and
0.032 m? mg~! (£0.022 m? mg~!) for wavelengths 440 nm and 675 nm
respectively).

As in the case of SPM and Chl a, the values of a,(\) can also be
normalized to POC and POM. Examples of spectral average values and the
variability of POC-specific and POM-specific particle absorption coefficients

(a;‘,(POC)()\) and ap*(POM)()\)) are given in the third and fourth rows of

Table 2. Across all wavelengths the variability of ap*(POC)()\) described in
terms of CV turns out to be smaller than the variability of chlorophyll-
specific ap. Nonetheless, it should be noted that the number of samples
taken into account in the analyses of POC - a, relationships is about
two times smaller than in the previous cases, which may to some extent

hl a)



Table 2. Variability of constituent-specific absorption coefficients of particles, constituent-specific absorption coefficients of
phytoplankton pigments, and constituent-specific absorption coefficients of detritus. For each constituent-specific coefficient the
average value, standard deviation (in italics), and coefficient of variation (in parentheses) are given

Constituent-specific Light wavelength (\) Number
coefficient 350 nm 400 nm 440 nm 500 nm 550 nm 600 nm 675 nm of samples
ap*(\) 1.81E-01  1.90E-01  1.98E-01 1.16E-01 6.51E-02  4.32E-02 9.02E-02
[m? g7 1.47E-01 1.45E-01 1.41E-01 8.32E-02 4.64E-02 3.87E-02 6.80E-02 285
(81%) (76%) (71%) (72%) (71%) (78%) (75%)
a,” M) 7.18E-02  7.06E-02  7.27E-02 4.32E-02 2.42E-02 1.70E-02 3.18E-02
[m? mg~?] 6.93E-02  4.95B-02  4.30E-02 2.86E-02 2.07E-02  1.89E-02  2.18E-02 323
(97%) (70%) (59%) (66%) (85%) (111%) (68%)
PERON! 758E-01  7.84E-01  8.32E-01  4.95E-01 2.78E-01  1.87E-01  3.71E-01
[m? g~ 6.09E-01  4.94E-01 4.62E-01 2.83E-01 1.99E-01 1.68E-01 2.36E-01 163
(80%) (63%) (55%) (57%) (72%) (90%) (64%)
a7 () 2.536-01  2.56E-01  2.60E-01  1.53E-01  8.74E-02  5.89E-02  1.17E-01
[m? g~ 2.60E-01  2.25E-01 1.90E-01 1.12E-01 6.79E-02  5.28B-02  8.58E-02 273
(103%) (88%) (73%) (73%) (78%) (90%) (73%)
apn*(\) 7.60E-02  1.14E-01  1.43E-01 7.98E-02 3.77E-02 2.34E-02 7.30E-02
[m? g~ 7.17B-02  8.52E-02  1.06E-01 6.09E-02 2.89E-02  2.18E-02  6.25E-02 277
(94%) (75%) (74%) (76%) (77%) (93%) (86%)
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Table 2. (continued)

Constituent-specific Light wavelength (\) Number
coefficient 350 nm 400 nm 440 nm 500 nm 550 nm 600 nm 675 nm of samples
apn™ (V) 2.63E-02  3.84E-02  4.82E-02 2.688-02  1.19E-02  7.34E-03  2.28E-02
m? mg™!] 2./8E-02  1.85E-02  1.87E-02 1.02E-02  4.5JE-03  2.9/E-05  6.51E-03 312
(94%) (48%) (39%) (38%) (38%) (40%) (29%)
a7 () 2.60E-01  452E-01  5.83E-01  3.26E-01  1.48E-01  8.84E02  2.82E-01
m? g™ 3.98E-01  2.75E-01  3.14E-01 175E-01  9.81E-02  5.21E-02  1.67E-01 159
(122%) (61%) (54%) (54%) (66%) (59%) (59%)
apn™ " (V) 1.03E-01  1.49E-01  1.82E-01  1.01E-01  4.79E-02  3.00E-02  9.20E-02
m? g™ 9.69E-02  1.04E-01  1.16E-01 6.52E-02  8.13E-02  2.40E-02  6.80E-02 265
(94%) (70%) (64%) (64%) (65%) (80%) (74%)
aa*(N) 1L.O5E-01  7.62E-02  5.60E-02 3.67E-02  2.75E-02  1.95B-02  1.75E-02
m? g™ 1.10E-01  7.95B-02  5.75E-02  8.66E-02  2.15B-02  2.28E-02  2.19E-02 277
(105%) (104%) (103%) (100%) (100%) (117%) (125%)
“POD 3 497E-01  3.37E-01  2.53E-01 1.73E-01 1.33E-01  9.94E-02  9.23E-02
m? g™ 5.65E-01  8.17E-01  2.52E-01 1.91E-01  1.69E-01  1.60E-01  1.60E-01 159
(114%) (94%) (99%) (111%) (128%) (161%) (173%)
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Table 3. Examples of best-fit power functions (y = C12°?) between absorption
coefficients of particles, absorption coefficients of phytoplankton pigments,
absorption coefficients of detritus and concentrations of certain constituents. The 12
value between the log-transformed data, mean normalized bias (MNB*), normalized
root mean square error (NRMSE**), and number of samples (n), are also given for
each fitted function

Relationship Ch Cs r  MNB [%] NRMSE [%] n

ap(440) vs. SPM 201 x107* 7.03x107* 0.53 12.4 58.1 285
ap(440) vs. Chla  1.04x107' 6.90x107' 0.73 6.4 36.6 323
ap(440) vs. POC  5.83x 107! 7.31x107' 0.62 9.2 48.4 163
a,(440) vs. POM  242x 107! 7.12x 107" 0.54 12.6 58.8 273
apn(440) vs. SPM 144 x 107" 6.86x 107" 0.51 13.1 59.1 277
apn(440) vs. Chla 6.55x 1072 7.63x 107" 0.83 4.4 31.6 312
apn(675) vs. Chla 2.80x 1072 843 x10™' 0.90 3.0 25.6 312
apn(440) vs. POC 426 x 107! 7.59x 107!  0.66 8.1 45.5 159
apn(440) vs. POM  1.71x 107! 7.44x 107" 0.59 11.4 56.3 265
aq(440) vs. SPM  5.08x 1072 7.03x107* 0.32 41.8 170.3 265
aq(500) vs. SPM 356 x 1072 6.87x10"* 0.32 36.1 134.5 254
aq(400) vs. POC  1.77x 107! 6.44x 107" 0.25 49.7 129.2 156

*MNB=1%"2 (56—_OL) x 100, where P; — predicted value, O; — measured value;

100

1
27 2
- NRMSE:{nlTl S (B2 - AR } x 100.

affect the corresponding values of SD and CV. 440 nm is again the best
light wavelength with which to linearly relate a, to POC. For the average

ap*(POC) (440) (equal to about 0.83 m? g~!) the corresponding CV is 55%.
The relation between a,(440) and POC is presented in Figure 5c, and the

best-fit power equation in Table 3. The variability of ap*(POM) is relatively
high (at almost all wavelengths it is higher than that of a,*), with the
smallest values of CV (73%) obtained at 440, 500 and 675 nm. An example
of a best-fit power equation between a,(440) and POM is given in Table 3.

All the above results refer to absorption coefficients of (all) particles
and how they may be related to SPM, Chl a, POC and POM. The next
step is a similar analysis of the absorption coefficient of phytoplankton
pigments app(A). Figure 4b shows the spectra of the chlorophyll-specific

coefficient aph*(cm ” (M) for all the samples recorded as well as the average

. 1. . Chl
value, and the average +SD. The variability in average aph*( " across

all wavelengths lies within the CV range from about 29% to 94% (see
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also row 6 of Table 2). The smallest values of CV (29%) is reached at
675 nm, i.e. in the vicinity of the ‘red’ peak of absorption by phytoplankton
pigments (the respective average value of aph*(cm “ (675) is 0.0228 m? mg~1).
Throughout the range of light wavelengths between 440 and 600 nm, CV
values also remain relatively small (not exceeding 40%). The presented
average aph*(cm “ spectra can be compared with the average spectra
reported for oceanic waters by Bricaud et al. (1998) (see the dotted lines

+(Chl a)

in Figure 4b representing different a,, spectra calculated for four

different values of Chl @ — 0.3, 1, 3 and 10 mg m~3). Our average aph*(cm “

spectrum is similar in shape to the two given by Bricaud et al. (1998)
for Chl a values of 3 and 10 mg m~3, but regardless of this similarity,
the absolute values of our average spectrum are distinctively higher (we
recall that in our study, the values of Chl a changed over a range from
less than 0.4 to more than 70 mg m™ with an average value of about
7.6 mg m~3). Examples of best-fit power functions between a,,(440) and
Chl a, and a,,(675) and Chl a, found for our Baltic data are given in
Table 3. The relationship between a,,(675) and Chl a is also plotted
in Figure 5d. Compared with the similar power function fit of ap, vs.
Chl a for oceanic waters reported by Bricaud et al. (1998) (see the dotted
line in Figure 5d representing the equation for the adjacent wavelength of
674 nm: a,;,(674) =0.0182(Chl a)?813), the power function fit obtained in
the present work shows a similar value of the power, but the value of the
constant C7 is about 50% higher. This again suggests that on average
the efficiency of light absorption (this time absorption by phytoplankton
pigments alone) per unit of chlorophyll @ in our southern Baltic Sea samples
is higher when compared with average oceanic results. As we said earlier,
since we cannot directly compare PSDs for our Baltic samples with the
size distributions for oceanic samples reported by Bricaud et al. (1998), we
can only speculate about the reasons for such differences in the chlorophyll-
specific absorption coefficient. Interestingly, Babin et al. (2003b) reported
M9 Jalues for at
least for some parts of the visible light spectrum for their Baltic Sea samples

a qualitatively similar feature — distinctively higher a,*

compared with averaged oceanic results (see the spectrum and spread of
data points representing Baltic samples in their original Figures 6¢ and 7).
Unfortunately, apart from these figures, Babin et al. (2003b) presented no
explicit aph*(cm “ statistics for Baltic samples, so we cannot compare these
results quantitatively. However, our average values of aph*(cm “ (440) can be
directly compared with other data given by Vantrepotte et al. (2007) for the
eastern English Channel. These authors reported an average aph*(cm “ (440)
value of about 0.048 m? mg~! (£0.024 m? mg~!) for their winter samples,
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which is very similar to our average value (recall that we obtained a value of
about 0.048 m? mg~=! £0.019 m? mg 1), but at the same time they also gave
an approximately threefold lower average value for their spring and summer
samples — a value of 0.018 m? mg~! (40.004 m? mg~!). The spread of
our results for the red part of the spectrum (our average aph*(cm a)(675)
is 0.023 m? mg~! +£0.007 m? mg~!) also seems to be at least partially
convergent with the results presented by Oubelkheir et al. (2006) for
the tropical coastal waters off eastern Australia. They reported on a wide
range of possible aph*(cm “ (676) values between 0.008 and 0.030 m? mg~!.
Interestingly, a common factor in all the papers cited above is that all
authors, regardless of the differences in average values they present, report
a significant variability in the values of aph*(cm “ for coastal (case II)
waters.

Table 2 (rows 5, 7 and 8) also presents average values and variability of
aph(A) normalized to SPM, POC and POM. At the seven light wavelengths

selected and for almost all comparable cases the variability of a,y*()),

POC POM) . . . . Chl a
aph*( " and aph*( ' is higher than it was in the case of a, At

440 nm CV reaches its lowest values for each constituent-specific coefficient
~ 74%, 54% and 64% for apy*(440), ayn*" 07 (440) and a,,*" M (440)
respectively. The relationship between a,;(440) and POC is plotted in
Figure be, and the best-fit equations between a,,(440) and SPM, POC or
POM, are also given in Table 3.

Finally, we mention the results concerning the absorption of light by
detritus. Before we present the resultant constituent-specific absorption
coefficients of detritus, let us briefly characterize the shapes of the a4 spectra
that we obtained for our Baltic samples. Once all the spectra had been fitted
with an exponential function (ag(\) = C1 exp[—Sq(A — Aef)]), we found the
average slope Sg to be 0.0070 nm ™! (£0.0027 nm~!) (fitting was performed
for a range of wavelengths between 350 and 600 nm). Compared with the
literature values given by Babin et al. (2003b) (they found the average
spectral slope Sy to be 0.0130 nm ™! (4 0.0007 nm~!) for their Baltic samples
and 0.0123 nm~! (40.0013 m~1!) for all their coastal samples), our value
seems to be distinctly lower (and as a result our average spectrum seems
to be flatter). But at this point it is important to note that Babin et al.
(2003b) had all their a, and aq spectra corrected to show no absorption at
the wavelength of 750 nm. For our data we chose a different methodological
approach: we corrected our ag4 spectra in order to have the same value as
the a, spectra at wavelength 750 nm, but at the same time our a, spectra
were not forced to reach zero in the infrared (as we believe the a, spectra
obtained with Transmission-Reflectance (T-R) algorithm (Tassan & Ferrari
1995, 2002) should not require such a correction). If we had applied the same

*(
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type of aq spectra correction as Babin et al. (2003b) did, we would have
obtained a different average value of Sq — 0.0098 nm~! (40.0028 nm™!).
This last value is still smaller but closer to the values reported by Babin
et al. (2003b). Such a hypothetical average S; would also be comparable
to the values reported by Bricaud et al. (1998) for their oceanic samples
(note that Bricaud et al. in their work also forced aq4 spectra to reach zero
at 750 nm). These authors estimated the average S; to be 0.0110 nm™~!
(£0.0020 nm~!) when they took into account all their data and also an
average value of 0.0100 nm~! (£0.0010 nm~!) for the group of samples
with Chl a restricted to the range between 1 and 10 mg m™3.

Figure 4c¢ shows the spectra of the mass-specific absorption coefficients
of detritus ag*(\) for all samples recorded as well as the average spectrum
and range of its SD. The variability in this case is distinctly greater than
the variability of a,* presented earlier. Examples of average aq* values and
the corresponding CVs can be found in row 9 of Table 2. Those CV values
lie between 100% and 125%, which indicates that the relationships between
aq(A\) and SPM are weak in the case of our data; this is also illustrated by the
spread of the data points (a4(440) vs. SPM) in Figure 5f. Additionally, for
comparison, in Figure 5f we also present two curves plotted according to the
results of Babin et al. (2003b). They reported an average value of a;"(443)
of 0.067 m? g=! (£0.022 m? g~!) for their Baltic samples and an average
aq*(443) value of 0.041 m? g=! (£0.023 m? g~1) for all their samples from
coastal waters around Europe. These cited average a;* values converted to
wavelength 440 nm (with the help of the already-mentioned average slopes
of ag spectra) would reach values of 0.070 and 0.043 m? g~ for Baltic and all
coastal samples respectively. Our average ag*(440) value for southern Baltic
samples (0.056 m? g~!) lies between those two values, but the variability in
the case of our samples is much higher (SD = 0.058 m? g~!) (note here, too,
that the differences in the infrared signal correction should only have a minor
influence on the magnitude of a4 at 440 nm). In the case of the absorption
coefficient of detritus normalized to POC (see the values in the last row of
Table 2) and also normalized to Chl @ and POM (not shown), the variability
is even greater than the variability of agz*(\). Moreover, the statistical
parameters describing the best power function fits between agq and SPM,
and ag and POC give values much worse than those presented earlier for the
relationships between a, or a,, and SPM, Chl a, POC, or POM (compare
the values of 12, the mean normalized bias (MNB) and the normalized
root mean square error (NRMSE) given in Table 3). Such a manifest
variability of different constituent-specific absorption coefficients of detritus
leads us to believe that our own results concerning the estimation of the non-
phytoplankton component of absorption should be treated with caution. As



714 S. B. Wozniak, J. Meler, B. Lednicka et al.

some of us have already experienced during other experiments performed in
a different marine environment (see Wozniak et al. 2010), we are aware that
partitioning a, into a,, and a4 by the bleaching technique may sometimes
fail to provide reasonable results. On account of the registered ay4* variability
(and also for other practical reasons) when, later in this paper, we attempt to
find practically useful formulas for the rough estimation of certain seawater
constituent concentrations based on measured values of seawater IOPs, we
will use values of a, rather than the results partitioned into aq and aypp.

3.3. Scattering by suspended particulate matter

Figure 6a shows spectra of the mass-specific scattering coefficient of
suspended particles b,*(X\) (i.e. by(A\) normalized to SPM). The average
values (represented in the figure by circles connected by a thick solid line)
are also reported in the first row of Table 4, together with corresponding
values of SD and CV. This shows that the average spectrum of b,*(\) is
relatively flat. If the particle scattering coefficients b,(\) are fitted with the
power function of const x A" (within the spectral range of all available data,
i.e. between 412 and 715 nm), the average spectral slope of scattering 7 is
equal to —0.404 (£ 0.432(SD)). The minimum and maximum values of 7 are
—1.3 and 0.779 respectively. It is worth noting that the variability in b,"(\)
is quite similar at all the light wavelengths. All the average spectral values
lay between 0.55 and 0.69 m? g=', and the corresponding values of CV
were between 46 and 49% (minimum CV at 650 nm). Among other things,
Table 5 lists the best-fit power functions between b,(650) and SPM, but we
also found that the power function fitted between b,(555) and SPM gives
slightly better statistical parameters (lower values of MNB and NRMSE,
2 remains at the same level (0.73)). This last power function fit
line is shown against the background of b,(555) vs. SPM data points in
Figure 7a.

We also calculated average values of by(\) normalized to Chl a, POC and

Chl a) ()\) are

listed in the second row of Table 4. While the average values of bp*(Chl “ (N
are of the order of 2.3-2.9 m? mg~!, their variability is much higher than
the variability of b,*(A) discussed above. At most wavelengths the CV

«(Chl a)

whereas r

POM. Average chlorophyll-specific scattering coefficients bp*(

for b, (A) is >74% and only at 715 nm does it fall to a minimum
of 65%. Average values of the POC-specific particle scattering coefficient
bp*(POC) (M) (see third row in Table 4) lie between 2.4 and 3.0 m? g~ !, whereas
CV variability resembles the variability of b,*(\). It is smallest at 676 nm
(where CV =46%). The spread of b,(676) vs. POC data points is presented
in Figure 7b, together with the best-fit power function line (see Table 5
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Figure 6. a) Spectra of the mass-specific scattering coefficient of particles b, (\);
b) spectra of the mass-specific backscattering coefficient of particles by, " (A); ¢) the
mass-specific particle volume scattering function £, 532" (6) for all samples (shown
by small grey points connected by thin grey lines). In each panel the corresponding
average constituent-specific coefficients of all samples are shown by large black
circles connected by solid black lines and the range of average £ SD by small black
circles connected by dashed black lines

for the equation parameters). Average values of the POM-specific particle

scattering coefficient bp*(POM)()\) for different wavelengths lie between 6.9
and 8.8 m? g~!. The variability is rather similar at all wavelengths, but
smallest at 650 nm (CV =55%). The best-fit power function for that relation
is given in the fifth row of Table 5.

Figure 6b illustrates spectral values of the mass-specific backscattering
coefficient by,*(A) (obtained by normalization of by,(\) values to SPM).
If the spectral values of by,(A) for all samples are fitted with the power

function of const x A", the average spectral slope n obtained is —2.28 (£ 1.35



Table 4. Variability of constituent-specific scattering coefficients of particles, constituent-specific backscattering coefficients of
particles, and constituent-specific volume scattering functions. For each constituent-specific coefficient the average value, standard
deviation (in italics), and coefficient of variation (in parentheses) are given

Constituent- Light wavelength (\) Number
specific of
coefficient 412 nm 440 nm 488 nm 510 nm 532 nm 555 nm 650 nm 676 nm 715 nm samples

bp™ () 6.91E-01 6.66E-01 6.57E-01 6.58E-01 6.50E-01 6.40E-01 5.75E-01 5.47E-01 5.65E-01
[m2 g 1] 3.34E-01 8.21E-01 3.17E-01 8.11E-01  3.07E-01 2.98E-01  2.66E-01 2.67E-01 2.71E-01 223
(48%) (48%) (48%) (47%) (47%) (47%) (46%) (49%) (48%)
b M () 2.04E-01  2.85E-01 276E-01 2.77E-01 273E-01 2.70E-01 241E-01 231E-01  2.26E-01
[m2 mgil] 2.38E-01  2.33E-01  2.14E-01  2.13E-01  2.08E-01 2.08E-01  1.78E-01 1.74E-01 1.47E-01 252
(81%) (82%) (77%) (77%) (76%) (77%) (74%) (76%) (65%)
b,* "7 () 3.00E+00 2.92E+00 2.86E+00 2.88E+00 2.85E+00 2.83E+00 2.55E+00 2.41E+4+00 2.44E+00
[m? g™ 1.52E+00 1.49E+00 1.43E+00 1.42E+00 1.39E+00 1.37E+00 1.20E+00 1.10E+00  1.13E+00 148
(51%) (51%) (50%) (49%) (49%) (49%) (47%) (46%) (47%)
b* "M (\)  8.78E-01  8.46E-01 8.35E-01 8.37E-01 8.25E-01 8.12E-01 7.30E-01 6.93E-01  7.15E-01
m2g~!]  5.06B-01 4.92E-01 /.82E-01 J.75E-01 .69E-01 4.58E-01 4.05E-01 3.92E-01  4.03E-01 223
(58%) (58%) (58%) (57%) (57%) (56%) (55%) (57%) (56%)
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Table 4. (continued)

Constituent- Light wavelength () Number Constituent- Scattering angle (6) Number
specific of specific of
coefficient 420 nm 488 nm 550 nm 620 nm samples coefficient 100° 125° 150° samples
bop™ (N) 1.07E-02 7.15E-03 6.19E-03  4.23E-03 Bp, 5327 (0) 1.36E-03 1.08E-03 7.79E-04
(m? g7']  6.66B-03 4.76E-03 4.22B-03  3.42E-03 196 m? g7t st™']  8.23F-04 6.58E-04 4.83E-04 151
(62%) (67%) (68%) (81%) (60%) (61%) (62%)
by " (\) 4.54E-03  2.96E-03 2.58E-03 1.81E-03 Bposz2™ 7 (0) 5.89E-04 4.69E-04 3.38E-04
(m®> mg™']  4.49E-03 2.48E-03 2.13E-03  1.67E-03 224 (m®> mg=" sr™'] 6.10E-04 4.85E-04 3.55E-04 176
(99%) (84%)  (83%) (92%) (104%)  (103%)  (105%)
by O (\) 4.49E-02 3.07E-02 2.65E-02 1.86E-02 Bpss2™ O (0) 5.87TE-03 4.68E-03 3.37E-03
m? g™']  8.70B-02 2.23E-02 1.85E-02 1.29E-02 135 m? gt st™']  5.13B-03 4.07E-03 3.00E-03 93
(82%) (73%)  (70%) (70%) (87%)  (87%)  (39%)
(POM) (POM)
brp ™ (\) 1.46E-02 9.85E-03 8.53E-03  5.91E-03 By, 532" (0) 1.82E-03 1.45E-03 1.04E-03
m? g7  1.34E-02 9.93E-03 8.72E-03  6.98E-03 196 m? g=' sr™']  1.86E-03 1.08E-03 7.96E-04 151
(92%) (101%)  (102%) (118%) (74%)  (75%)  (76%)
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Table 5. Examples of best-fit power functions (y = C12°2) between particle scattering coefficients, particle backscattering
coefficients, volume scattering functions and concentrations of certain constituents. The 12 value between the log-transformed
data, mean normalized bias (MNB), normalized root mean square error (NRMSE) and number of samples (n) are also given for

each fitted function

Relationship C1 Co r? MNB(%) NRMSE(%) n

b,(650) vs. SPM 5.74x 107! 8.52x 107! 0.73 8.1 44.8 223
b,(555) vs. SPM 6.52 x 107! 8.15x 107! 0.73 7.2 41.7 223
by(715) vs. Chl a 3.20x 107! 6.76 x 107! 0.64 11.7 55.7 252
b,(676) vs. POC 1.80 7.54 x 1071 0.72 6.6 39.7 148
b,(650) vs. POM 6.97 x 107! 8.48 x 107! 0.72 8.0 43.9 223
by, (420) vs. SPM 1.01 x 1072 9.00 x 107! 0.68 11.1 54.4 196
by, (550) vs. Chl a 3.61x1073 6.44 x 107! 0.56 14.9 61.2 224
by (550) vs. POC 1.90 x 1072 7.81 x 1071 0.60 11.7 47.8 135
by (620) vs. POC 1.34 x 1072 8.35x 107! 0.56 17.9 69.3 135
byp(420) vs. POM 1.28 x 1072 8.34x 107! 0.60 12.4 49.7 196
Bp, 532(100°) vs. SPM 1.41 x 1073 7.71 x 1071 0.63 11.1 55.7 151
Bp, 532(100°) vs. Chl a 9.19x 1074 5.66 x 107! 0.51 12.0 49.6 176
Bp, 532(100°) vs. POC 4.24 x 1073 8.23x 107! 0.56 11.5 48.4 93
Bp,532(100°) vs. POM 1.75 x 1073 6.58 x 107! 0.50 13.7 57.2 151
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Figure 7. Relationships between a) the scattering coefficient of particles b,(555)
and SPM; b) b,(650) and POC; c¢) the backscattering coefficient of particles by, (420)
and SPM; d) the particle volume scattering function [, 532(100°) and SPM. The
data points are colour coded as in Figure 2. The thin solid lines represent graphically
the corresponding average values of the constituent specific coefficients, the thin
dashed lines represent the ranges of average +SD (see Table 3), and the thick lines
represent the best-fit power functions (see Table 4, p. 716)

(SD)) (the minimum and maximum of 1 are —5.97 and 0.184 respectively);
this means that, on average, spectra of by, are much steeper than those of
b,. Average values of by,"(\) (see row 5 of Table 4) have CV >62%. The
variability is lowest for the spectral band of 420 nm (see the data points in
Figure 7c, and the best-fit power function between by, (420) and SPM given
in row 6 of Table 5). Note that if the statistical parameters of the fits are
compared, by, seems to be a less attractive proxy for SPM than b,,.

The average values of by, normalized to Chl a, POC, POM (i.e. values
of bbp*(cm a)()\), bbp*(Poc)(A), bbp*(POM)()\)) are listed in rows 6, 7 and
8 of Table 4. The variability of these constituent-specific backscattering
coefficients is much greater than that of by,"(\) described earlier. In the
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‘best’ spectral cases (with the lowest variability) CV=83%, 70%, 70%
and 92% for by,™ " (550), by, (550), by, (620) and by,* " (420)
respectively. The corresponding best-fit power functions are given in rows
7, 8,9 and 10 of Table 5. Comparison of the statistical parameters of these
fits with the corresponding statistical parameters of the fits found for the
scattering coefficient b, shows that by, also appears to be a less attractive
proxy than b, for Chl a, POC or POM.

The final characteristic of light scattering by particles is the particle
volume scattering function measured for a light wavelength of 532 nm
Bp,532(6), and for three scattering angles § (100°, 125° and 150°). Figure 6¢
lists mass-specific particle volume scattering functions 3, 532™(6) (i.e. values
of fBp 532(f) normalized to SPM) for all samples. The last four rows
of Table 4 give the average different constituent-specific particle volume
scattering functions. CV is the lowest for the mass-specific particle volume
scattering function [, 532™(¢). Figure 7d presents the relationship between
Bp, 532(100) and SPM together with the best-fit power function (see row 11
in Table 5). The best power function fits for the relationships between
Bp,532(100) and Chl a, POC and POM are given in the last three rows of
Table 5. As the statistical parameters describing these fits show, 3, 532(100)
does not seem to be a better proxy for any of these biogeochemical
parameters (compared with the backscattering coefficient).

At this point we would like to present a brief comparison of our results
concerning constituent-specific light scattering coefficients with literature
data available for different coastal sea waters. For their Baltic samples,
Babin et al. (2003a) reported an average mass-specific scattering coefficient
b,*(555) of 0.49 m? g~! and its geometric standard deviation (applied
as a factor) of 1.7, which gives a range of b,*(555) between 0.29 and
0.83 m? g~!. Their average value is somewhat smaller than ours, but
the range is not far from the one we found for southern Baltic samples:
in fact, we obtained an average b,"(555) of 0.64 m? g~! and a range
(£SD) from 0.34 to 0.94 m? g~1. Also, in terms of the shape of the b,
spectrum, Babin et al. (2003a) reported that average slopes were distinctly
less steep than the A~! function (in our case, as we already mentioned,
the average slope was about —0.4). For the tropical coastal waters off
eastern Australia Oubelkheir et al. (2006) reported an average value of
b,*(555) of 0.85 m? g1 (+0.48 m? g~!) for the majority of their bay water
samples. They also mentioned a much wider range of values from estuarine
and offshore waters (from ca 0.5 m? g=! to as much as 2.3 m? g7!). In
another work, Stavn & Richter (2008) estimated mass-specific scattering
coefficients at 555 nm for the organic fraction of their samples from the
northern Gulf of Mexico to be in some cases as low as 0.32 and in others as
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high as 1.2 m? g~!. All these examples show that the variability in the mass-
specific scattering coefficient b,* that we recorded in the southern Baltic
does not seem to be unusual. From the work of McKee & Cunningham
(2006) we can also cite values of chlorophyll-specific coefficients of scattering
and backscattering. For Irish Sea waters they estimated values of those
coeflicients for their set of organic-dominated samples. In fact they reported
the average value of bp(Chl a)(555) to be 0.36 m? mg=! (40.04 m? mg~1),
which is higher than the average we obtained for the southern Baltic (recall
that we reported a value of 0.27 m? mg=! (SD=0.21 m? mg~1)); but
when we consider ranges reported rather than average values alone they
do not seem to be contradictory. In the case of the chlorophyll-specific
backscattering coefficient McKee & Cunningham (2006) also reported an
average value higher than that resulting from our database (their average

< 470) was 0.005 m? mg~' (£0.0009 m? mg~!), while for the
closest available wavelength we reported bbp*(cm “ (488) of 0.003 m? mg~!

(£0.0025 m? mg~1)), but again our ranges overlap most of their data, so
they too are not exclusive.

of bbp

We would now like to make some final comments on the reported
variability of different constituent-specific IOPs. First we would like to draw
attention to the fact that some of the case-by-case variability presented here
could be the result of measurement errors, inevitable in any empirical study.
That is why in our analyses we have tried to present variability in terms
of statistical parameters such as standard deviations and/or coefficients of
variation rather than emphasizing particular values and the significance of
some extreme cases. We believe that by doing so we probably stress most
of the real and true part of the variability encountered in relations between
the particulate constituents of seawater and their IOPs. At the same time,
we are also aware that with our empirical database we cannot offer any
profound physical explanation of the recorded variability in constituent-
specific IOPs. This is because, as we mentioned earlier, in our studies
we were not able to register one of the most important characteristics
of the particle populations encountered, namely, their size distributions.
It is well known that major sources of variability in particulate optical
properties include the particle composition (a determinant of the particle
refractive index) and the particle size distribution (Bohren & Huffman 1983,
Jonasz & Fournier 2007). Unfortunately, size distribution measurements
were beyond our experimental capabilities at the time when the empirical
data were being gathered at sea. Such limitation is not unusual — many
modern in situ optical experiments often lack size distribution measurements
as they are difficult to carry out directly at sea (outside the laboratory) and
on large numbers of samples. Given such a limitation, all we can offer the
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interested reader is an extensive documentation of seawater IOP variability
but without a detailed physical explanation of it.

3.4. Formulas for estimating particulate characteristics from
I0Ps

Regardless of the findings presented in the above paragraphs, i.e.
documented distinct variability in relationships between particle IOPs and
particle concentration parameters, which to some readers might sound
rather ‘negative’, we attempt below to show an example of the practical
outcome of our analyses. On the basis of the set of best-fit power
function relationships established between selected IOPs and constituent
concentrations presented earlier (summarized in Tables 3 and 5), we also
tried to find the best candidates for the inverted relationships. Such
relationships could be used to estimate the concentrations of certain
constituents based on values of seawater optical properties measured in situ.
In view of all the analyses presented earlier, one can obviously expect these
inverted relations to be of a very approximate nature. But in spite of such
expectations, their potential usefulness can be quantitatively appraised on
the basis of analyses of the values of the mean normalized bias (MNB)
and the normalized root mean square error (NRMSE). These statistical
parameters have to be taken into account by anyone wishing to use these
relationships in practice.

The analyses of all our data suggest that the SPM concentration can
be roughly estimated, preferably on the basis of the particle scattering
coefficient b, (555). The following relationship was found:

SPM = 1.71[b,(555)]"3% . (1)

The coefficient 12 of that relation is 0.73 (number of observations n = 223),
while MNB and NRMSE are 8.5% and 49.5% respectively. The latter value
obviously suggests that the statistical error of such an estimate may be
significant.

Analysis of 12 for the different relationships presented in Tables 3 and 5
indicates that the best candidate for estimating Chl a from inherent optical
properties would appear to be the absorption coefficient of phytoplankton
pigments a,,(675) or a,;(440) (12 for best-fit power function relationships
between Chl a and ap,(675) and Chl a and apy(440) are 0.90 and
0.84 respectively). But since a,, may be obtained as a result of time-
consuming laboratory analyses of discrete seawater samples (i.e. filter pad
measurements combined with the bleaching of phytoplankton pigments)
rather than being retrieved directly from in situ measurements, we will
now present another relationship for estimating Chl a — one based on the
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particle absorption coefficient a,(440). This parameter can be retrieved, for
example, from parallel in situ measurements of absorption coefficients of
all non-water components and absorption coefficients of CDOM, performed
with two instruments such as ac-9 or acs (WetLabs), where one of
the instruments makes measurements on filtered seawater. The following
formula for Chl @ is then:

Chl a = 16.7[a,(440)]"-%

(r = 0.73; MNB = 12.4%; NRMSE = 66.5%; n = 323). (2)

This formula is clearly encumbered with a significantly high NRMSE;
indeed, it is even higher than in equation (1) suggested for the estimation
of SPM.

For estimating POC we found a simple relation based on the particle
scattering coefficient b,(676) to be the most effective one:

POC = 0.452[b,(676)]%-9%2

(r = 0.72; MNB = 9.0%; NRMSE = 50.0%; n = 148). (3)

And to estimate POM we propose a formula based on the scattering
coefficient b, (650):

POM = 1.49[b, (650)]°-5>2

(r? = 0.72; MNB = 9.2%; NRMSE = 56.0%; n = 223). (4)

Further exploration of our database showed that in case of POM, the
effective quality of its retrieval can be improved to some extent by using
two different statistical relationships between POM and b,(650), based
on a division of all samples into two separate classes differing from one
another in particle composition. At this point we must mention that while
exploring our database we found two promising statistical relationships
between the composition ratio of POM/SPM and different ratios of particle
IOPs (i.e. a,(440)/a,(400) and by,(488)/b,(488)), which could be useful for
determining this division (see Figure 8 for the details of both relations).
The first of these relationships (offering a slightly better value of r?—0.44)
is based on the particle absorption ratio and takes the form

POM ,(440)
—— =0.714-2
spn T ra00)

+ 0.0296. (5)

Regardless of the relatively low value of r?, we think this relation may
at least be used to distinguish between cases with relatively high and low
POM/SPM ratios. To demonstrate the usefulness of such a relation, we
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Figure 8. Relationships between a) the POM/SPM ratio and a,(440)/a,(400)
ratio; b) the POM/SPM ratio and by,(488)/b,(488) ratio. The data points
are colour coded as in Figure 2. The thick solid lines represent linear
regressions (equations of POM/SPM = 0.714[a,(440)/a,(400)] + 0.0269, r? =0.44,
and POM/SPM = —24.7[b,,(488)/b,(488)] + 1.09, 12 = 0.32 respectively)

show below a two-stage algorithm for estimating POM. We took the average
value of POM/SPM for our whole dataset (0.795) as the boundary value
to help distinguish between the two classes of particle populations. We
classified particle populations with POM/SPM > 0.795 as class I (or organic-
dominated class), and particle populations with POM/SPM < 0.795 as class
IT (or mixed class). On the basis of this division we were able to calculate
a pair of relationships similar to that in equation (2). For class I particles
(organic-dominated class) the first relationship takes the form

POM = 1.62[b,(650)]°2%

(r? = 0.76; MNB = 7.4%; NRMSE = 45.8%; n = 148), (6a)
and for class II (mixed sample class) the second relationship is as follows:

POM = 1.27[b, (650)]"7%

(r? = 0.70; MNB = 9.5%; NRMSE = 57.3%; n = 75). (6b)

Having established the above relations, we construct a two-stage algorithm
to estimate POM. In the first step we propose using the values of a,(440)
and a,(400) and equation (5) to estimate POM/SPM, and on the basis of
this estimated value, to classify our particular case as class I or class II.
Then, in the second step, we can calculate the value of POM according
to equation (6a) or (6b), depending on the result of the first step of the
classification. Here we must bear in mind that in certain situations the
first step of this procedure may mean that some cases will be erroneously
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classified as class I or class I (because of the statistical nature of equation (5)
used in the classification). This will obviously lead to a partial deterioration
of the overall quality of the proposed two-stage procedure. Nevertheless, this
overall quality may be statistically accessed in the same manner as was done
in the case of the one-step procedure (i.e. equation (4)), by calculating the
corresponding values of MNB and NRMSE. In fact, our two-stage procedure
for estimating POM resulted in the following values: MNB=7.9% and
NRMSE =49.4% (number of observations n=220). This means that by
using the proposed two-stage procedure instead of the simple formula given
by equation (4), we obtain improved values of MNB and NRMSE (compare
values of 7.9% with 9.2%, and 49.4% with 56%). That suggests that the
two-stage procedure for estimating POM might be worth implementing
in situations where the particle composition (in terms of POM/SPM) is
expected to vary significantly.

This two-stage procedure is given only for the estimation of POM values.
Admittedly, we also attempted to construct similar two-stage procedures for
estimating SPM, Chl a and POC, but we were unable to achieve a significant
improvement in the estimates compared to simple relations presented earlier
(equations (1), (2) and (3)).

Finally, we have to stress once again that the formulas and procedure
presented above (equations (1)-(6)) are merely examples. They were
obtained as the best alternatives for estimating constituents on the basis
of statistical analyses of our whole empirical data set, but were obviously
not tested against any other independent dataset. These best formulas
and the procedure are still characterized by small but significant systematic
errors (MNB) of the order of 10%, and, most importantly, by relatively high
statistical errors (NRMSE) of the order of at least 50%. As a result, their
applicability is limited to only rough estimates of particulate characteristics
and they should be treated with caution.

4. Summary

Our empirical material documented a high variation of the absolute
values of both measures of particle concentration (e.g. 30-fold to 50-fold
ranges in SPM, POM, and POC, and a 190-fold range in Chl a) and
inherent optical properties (IOPs) (e.g. an almost 50-fold range in the
absorption coefficient of particles at 440 nm, a more than 40-fold range
in the scattering coefficient at 555 nm and an almost 70-fold range in
the backscattering coefficient at 420 nm). Although most of the particle
populations encountered were composed primarily of organic matter (av.
POM/SPM =0.795), the different particle concentration ratios suggest that
the particle composition varied significantly (the respective coefficients
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of variation (CVs) of POM/SPM, POC/SPM and Chl a/SPM, were
22%, 41% and 81%). The variability in the relationships between IOPs
and the different measures of suspended particle concentration were also
documented. We focused primarily on examining the variability of different
constituent-specific IOPs (see Tables 2 and 4), and also on the determination
of simple statistical best-fit relations between any given IOP value versus
any constituent concentration parameter (see Tables 3 and 5). As a result
we found that for southern Baltic samples an easy yet precise quantification
of particle IOPs in terms of concentration of only one of the following — SPM,
POM, POC or Chl a — is not achievable. Even if we consider the optical
coefficients (at certain spectral bands), which show the highest possible
correlation with the concentration of any constituent, we still find a large
variability in such empirical relationships. For example, the mass-specific
(SPM-specific) absorption coefficient at 440 nm a,*(440) varies significantly
(CV="71%). In the case of the chlorophyll-specific absorption coefficient of
phytoplankton at 675 nm ap*(cm a)(675), CV =29%. In another example,
the mass-specific scattering coefficient at 650 nm b,*(650) and the mass-
specific backscattering coefficient at 420 nm by, " (420) have respective CVs of
46% and 62%. These examples confirm that for the southern Baltic Sea one
cannot find a set of ‘precise values’ of constituent-specific IOPs that could be
used as simple and accurate conversion factors between biogeochemical and
optical parameters for marine modelling and study purposes. Examination
of non-linear statistical relationships (power function fits) also confirms that
an exact quantification of spectral IOPs values in terms of SPM, POM, POC
or Chl a alone is not easily achievable. Regardless of the above critical
findings, what we can offer as a practical outcome of our analyses is a set
of approximate statistical relationships and procedures (see equations (1)—
(6)). These relationships can be used in practice but only to make rough
estimates of certain seawater constituent concentrations based on relatively
easily measurable values of seawater IOPs. At the same time it has to
be borne in mind that the application of such simplified relationships will
inevitably entail statistical errors of estimation of the order of 50% or more.
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