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Abstract

Model spectra of mass-specific absorption coefficients a? () were established
for 26 naturally occurring organic substances or their possible mixtures, capable
of forming particulate organic matter (POM) in the sea. An algorithm was
constructed, and the set of spectra of a’ () was used to determine the spectra of
the imaginary part of the complex refractive index n;,(A) characteristic of different
physical types and chemical classes of POM commonly occurring in sea water. The

variability in the spectra and absolute values of n;, for the various model classes and

types of POM was shown to range over many orders of magnitude. This implies that
modelling the optical properties of sea water requires a multi-component approach
that takes account of the numerous living and non-living fractions of POM, each
of which has a different value of nj,.

1. Introduction

This cycle of three articles aims to make a preliminary assessment of
the spectral differentiation and the scale of variability of the absorption
properties of suspended particles of organic matter in the sea (particulate
organic matter — POM). The main focus here will be on the mean
mass-specific absorption coefficients azM()\)l of unpackaged organic matter
contained in various classes of organic particles, and the resultant absorption
coeflicients ay, () of unpackaged particulate matter (organic and inorganic
combined). Closely linked with these absorption coefficients is the imaginary
part of the complex refractive index of light n;,()\) of these particles (see
eq. (2)). This index nj,(A) can therefore also describe absorption and can
be estimated as an alternative to apm,(A). Our objective is to define the
spectral characteristics typical of n;,()\) for various sets and morphological
types of particle occurring with a high degree of probability in sea waters.

As we already indicated in Part 1 of this cycle of articles (Wozniak
et al. 2005a), achieving this objective by means of direct analyses and
generalisations of the relevant empirical data is not possible at the moment
because such data are unavailable. We do not have the relevant empirical
sets of indices a?  ()), apm(A), and/or n;,(A) for the various types of POM
in the sea. Moreover, our knowledge of the structures of these particles is
just as poor. This is why, for the purposes of this work, we have derived
these indices indirectly from known mass-specific absorption coefficients of
various naturally occurring organic substances which may be present in sea
water and thus be a component of POM. Although we performed these
calculations for model sets of marine organic particles distinguished largely

!This and other symbols for physical magnitudes and also the acronyms used in this
paper are set out and explained in Appendix 1.
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on the basis of theoretical speculations, we did nevertheless take a whole
range of empirical premises derived from marine physics, chemistry and
biology into consideration.

In Part 1 of this cycle (Wozniak et al. 2005a) we presented the principal
results of the first phase of this study: (1) we distinguished 26 hypothetical
model chemical classes and various physical types of POM on the basis of
our knowledge of organic substances present in the marine environment;
(2) some light absorption coefficients of the particulate material ()
and the associated imaginary refractive indices n;,(\) were calculated for
some of these chemical classes and physical types of model organic particles
(oceanic phytoplankton pigments (class P1) and cells of live oceanic
phytoplankton and phytoplankton-like particles (class Phl)). Determining
these latter optical parameters for the chemical classes P1 and Ph was
fairly straightforward, based as it was mainly on our knowledge of the
chlorophyll-specific absorption coefficient of light for the entire set of
oceanic phytoplankton pigments, and of the mass-specific light absorption
coefficients of the individual pigments in this phytoplankton (see Wozniak
et al. 1999, 2000, Majchrowski et al. 2000).

Now, in Part 2, which summarises the results of the second phase of
research, we present a similar analysis of all the 26 hypothetical chemical
classes of POM in the sea, including the oceanic phytoplankton cells and
particles originating from oceanic phytoplankton that were analysed in
Part 1 (i.e. classes Phl and P1)2. Unfortunately, determining the resultant
indices apm(A) and/or ny(A) for all these classes of POM turned out
to be far more complicated than was the case with phytoplankton cells
and phytoplankton-like particles. The relevant individual empirical mass-
specific absorption coefficients of the many different organic substances
making up the hypothetical classes of POM had to be gleaned from the
literature. This process of selection, making preliminary inferences, and
calculating the mean mass-specific absorption coefficients a? ~for the 26
chemical classes of POM were the main task in this second research
phase (Part 2). This was completed thanks to the meticulous analyses
and syntheses of numerous empirical data from the literature and from our
own studies, the results of which we give here in section 2. Section 3 gives
the algorithm for determining the resultant coefficients aym,(A) and n;,(A)

2In Part 1, the analyses carried out for marine phytoplankton and the particles derived
from it were more detailed. This was because we assumed the occurrence of various possible
pigment compositions determined mainly by the light conditions in the water and its
trophicity. Here, in contrast, the analyses have been done with respect to one pigment
composition only, typical of the ocean, i.e. averaged over a variety of light conditions and
trophicities.



624 B. Wozniak, S.B. Wozniak, K. Tyszka, M. Ostrowska et al.

mentioned earlier, which characterise the resultant absorption properties
of unpackaged matter in organic particles for the model chemical classes
and physical types. In section 4, this algorithm and the spectral runs of
a;,(A) for the 26 model classes of POM (described in section 2) are used
to determine and analyse the model spectra of nj()) for these chemical
classes and for the few physical types (including extreme types) of suspended
particles most likely to occur in the sea. The probable range of variation of
these spectra of n;,()\) for most of these hypothetical classes and types of
POM is also characterised here.

In Part 3 of this cycle we intend to show how these hypothetical classes
and types of POM are linked with real morphological types of POM in the
sea and to characterise the latter’s absorption properties.

2. Mass-specific light absorption coefficients of the organic
matter contained in particles

We have divided the 26 chemical classes of POM distinguished in
Part 1 (Wozniak et al. 2005a) into the following three groups: (1) particles
containing one organic component, (2) particles consisting of organic humus
matter and (3) multi-component particles of organic matter (see Table 1 in
Part 1). However, our description of the nature of each of these model
chemical classes of particles in Part 1 was restricted to a definition of
the composition and proportions by weight, and/or the origins, of the
organic substances they contained. Expanding this description to include
the spectral characteristics of the mean mass-specific absorption coefficients
al,(A) for the organic matter in these 26 chemical classes of particles (see

Tables 1 and 2, also Fig. 1) only became possible at the present stage of our
research.

In establishing the spectra of aj (M) for the various chemical classes of

particles, we utilised, among other things, the available empirical data on
the individual absorption properties of selected organic compounds or their
mixtures. We gleaned these data from the works of different authors, or
else obtained them by generalising and averaging the empirical results of
our own and others’ studies. These data and their origins are discussed in
the literature referred to in Tables 1 and 2. Here, then, we provide only
the most important formal information explaining how we expanded the
description of the nature of POM to include the mass-specific absorption
coefficients of the organic matter contained in all 26 chemical classes of
these particles. Our description is sub-divided in accordance with the three
groups of POM mentioned above.
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Table 1. List of chemical classes of model suspended organic particles in the sea
and their mass-specific absorption coefficients

a — particles containing one organic component

Symbol Name of class Mass-specific absorption coefficient Reference™
(kind of organic [m? g7'] and spectral range
substance)
1 2 3 4
Al Aromatic amino acids  aj; — values given in Table 2 (A) and (1)
(protein fragments) (210-300 nm)
A2 Mycosporine-like a’yo — values given in Table 2 (2)
amino acids (MAAs) (300-365 nm)
A3 Natural proteins a’s = 0.93 exp(—0.00768(\ — 220))+ (2)
+0.075a%, (T.1)
(210-700 nm)
P1 Oceanic phytoplankton ap; — values given in Table 2 (3)
pigments (400-700 nm)
P2 Baltic phytoplankton aps — values given in Table 2 (4)
pigments (380-700 nm)
N Purine and pyridine ay — values given in Table 2 (A) and (5)
compounds (210-300 nm)
L Lignins a, — values given in Table 2 (6)

(200400 nm)

b — particles consisting of organic humic matter

1 2 3 4
Hi1 Baltic humus aj, — values given in Table 2 (6)
(200-600 nm)
H2 Atlantic coastal afro = 1.52exp(—0.0175(\ — 400)) (T.2) (7)
humus (300-525 nm)
H3 Humus from ajrs = 0.271 exp(—0.0111(\ — 400)) (T.3) (8)
inland waters (200-700 nm)
H4 Marine humus afry = 0.125exp(—0.0114(\ — 400)) (T.4) (8)
(200700 nm)
H5 Sargasso Sea afrs = 0.165 exp(—0.02(X — 400)) (T.5) (7)
humus (300-525 nm)
H6, HT Humus from the afe (or afy or ayg) = 9)
and H8 Gulf of Mexico = faj+(1—f)a}, (T.6a)
where f — degree of fulvisation
(equal to 0, 1 and 0.9 for H6, H7 and H8
respectively),
a = 0.013 exp(—0.0184(\ — 400)) (T.6b)
ay, = 0.228 exp(—0.011(\ — 400)) (T.6¢)
(250-700 nm)
H9 Fulvic acids afr9 = 0.018 exp(—0.0194(X — 400)) (T.7) 9)

from Mississippi
estuarine waters

(250-700 nm)
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Table 1. (continued)

b — particles consisting of organic humic matter (continued )

Symbol Name of class Mass-specific absorption coefficient Reference™
(kind of organic  [m? g™'] and spectral range
substance)
H10 Soil humic acids  af9 = 0.58 exp(—0.009(A — 400)) (T.8) (8)
(VIS range)
H11 Soil fulvic acids  afq; = 0.29 exp(—0.011(A — 400)) (T.9) (8)
(VIS range)
H12 Humic acids afr12 = 0.09 exp(—0.0095(\ — 400)) (T.10) (10)
from bottom (VIS range)
sediments
H13 Fulvic acids afr13 = 0.053 exp(—0.01475(A — 400)) (11)
from bottom (T.11) (VIS range)
sediments
¢ — multi-component particles of organic matter

1 2 3 4

Phl  Oceanic app1 = 0.01(2C/Cq)ap+ (A) (3)
phytoplankton and +(0.49 — 0.01XCqcc /Ca)ais (T.12) and (11)
phytoplankton-like where XC/C, = 3.1
particles and XCgcc/Cq = 2.1

(400-700 nm)

Ph2  Baltic apno = 0.01(XC/Ca)apa+ (A) (4)
phytoplankton and +(0.49 — 0.01XCacc/Ca)aks (T.13) and (11)
phytoplankton-like where 3C/C, = 5.3
particles and XCgec/Cq = 4.3

(400-700 nm)

PhM  Polar apna — values given in Table 2 (2)
phytoplankton and (300700 nm)
phytoplankton-like
particles

Z Zooplankton and ay =0.7a%; (T.14) (A) and (11)
zooplankton-like and/or  (210-600 nm)
nekton-like particles

D1 Oceanic DOM-like ap; = 0.012a% 3+ (A)
particles +0.003a%y + 0.1af, (T.15)

(210-600 nm)
D2 Baltic DOM-like a’py = 0.08a%3 + 0.02ay + (A)

particles

£0.18a% + 0.55a, (T.16)
(210-700 nm)

* References:

(1) Cambell & Dwek 1984; (2) Moisan & Mitchell 2001; (3) Wozniak

et al. 1999; (4) Ficek et al. 2004; (5) Filipowicz & Wieckowski 1983; (6) Nyquist 1979;
(7) Stuermer 1975; (8) Zepp & Schlotzhaur 1981; (9) Carder et al. 1989; (10) Hayase
& Tsubota 1985; (11) Romankevich 1977; (A) The composition and/or origin of organic
substances in a particle was assumed on the basis of the author’s own studies.



Modelling the light absorption properties of particulate matter ...

627

Table 2. Spectral mass-specific coefficients of light absorption for the compositions
of organic matter analysed in this paper (data supplementary to those in Table 1)*

Wave- a’i aho apy apy ay ay, af appr
length

[nm] m? g~ "]

1 2 3 4 5 6 7 8 9

200 2.12E401

210 1.81E+01 1.29E4+01  1.52E401  8.00E+00

220 2.12E4-01 1.20E+01  9.00E400 6.10E400

230 2.70E+00 6.30E+00 7.90E+00  5.10E+400

240 7.00E-01 9.60E4+00 5.30E+00 4.60E+400

250 1.30E+400 1.26E+01  2.80E400  3.90E+00

260 1.80E+00 1.55E+01  2.20E400  3.60E+00

270 2.50E+00 1.72E+01  2.60E400 3.30E+00

280 2.40E+00 1.37E+01  2.80E400 2.90E+00

290 6.80E-01 9.10E+00  2.30E+00  2.60E+00

300 7.00E-02  2.77E+02 2.10E400 1.50E400 2.20E+00 1.25E-400
305 2.44E+02 1.13E+400
310 2.33E+02 1.20E4+00 1.90E+00 1.09E+00
315 2.35E+02 1.13E400
320 2.59E+02 9.20E-01  1.60E-+00 1.26E+00
325 2.99E+02 1.45E+00
330 3.48E+02 3.00E-01  1.46E+00 1.67E-+00
335 3.64E+02 1.75E+00
340 3.58E+02 6.40E-01  1.20E400 1.72E+00
345 3.35E402 1.60E+00
350 2.92E+02 5.30E-01  1.05E4+00 1.39E+00
355 2.17E+02 1.05E+00
360 1.47E+02 3.50E-01  9.00E-01  7.45E-01
365 1.03E+402 5.63E-01
370 2.10E-01  7.30E-01  4.89E-01
375 4.69E-01
380 6.03E+00 1.10E-01  6.20E-01  4.77E-01
385 6.32E+00 4.99E-01
390 6.54E+00 6.60E-02  5.30E-01  5.15E-01
395 6.68E+00 5.23E-01
400 1.60E+01  7.09E+00 5.50E-02  4.60E-01  5.27E-01
405 7.67E+400 5.41E-01
410 1.99E4+01  8.45E+400 5.66E-01
415 8.91E+00 5.84E-01
420 2.52E4+01  9.19E+400 5.83E-01
425 9.29E+00 5.85E-01
430 3.16E+01  9.64E+00 6.00E-01
435 1.01E+01 6.23E-01
440 3.61E4+01  9.95E+400 6.29E-01
445 9.26E+00 6.11E-01
450 2.85E4+01  8.31E400 2.10E-01  5.87E-01
455 7.79E+00 5.75E-01
460 2.78E401  7.57E+400 5.65E-01
465 7.35E4-00 5.48E-01



Table 2. (continued)

1 2 3 4 5 8 9

470 2.70E+01 6.93E4-00 5.24E-01
475 6.37E400 4.96E-01
480 2.43E+01 5.97E400 4.68E-01
485 5.76 E4-00 4.38E-01
490 2.29E+01 5.59E+400 3.98E-01
495 5.34E+4-00 3.53E-01
500 1.85E+01 4.92E4-00 1.20E-01 3.05E-01
505 4.35E+00 2.61E-01
510 1.15E4-01 3.83E+4-00 2.22E-01
515 3.37TE4-00 1.90E-01
520 7.10E4-00 3.03E+4-00 1.65E-01
525 2.80E+4-00 1.42E-01
530 5.45E+00 2.66E4-00 1.23E-01
535 2.50E+4-00 1.03E-01
540 4.74E+00 2.39E+4-00 8.57TE-02
545 2.27E4-00 7.23E-02
550 4.00E+00 2.15E+4-00 6.60E-02 6.08E-02
555 1.98E4-00 5.20E-02
560 3.26E+00 1.84E4-00 4.62E-02
565 1.70E4-00 4.33E-02
570 2.68E+00 1.61E4-00 4.40E-02
575 1.53E4-00 4.78E-02
580 2.42E+00 1.39E4-00 5.00E-02
585 1.37E4-00 5.62E-02
590 2.52E+00 1.33E4-00 6.07E-02
595 1.26E4-00 6.15E-02
600 2.74E+00 1.20E4-00 3.50E-02 5.92E-02
605 1.22E4-00 5.54E-02
610 2.87E+00 1.28E4-00 5.43E-02
615 1.40E4-00 5.74E-02
620 3.00E+00 1.50E4-00 6.01E-02
625 1.54E4-00 6.11E-02
630 3.26E+00 1.59E4-00 6.37TE-02
635 1.60E4-00 6.89E-02
640 3.74E+00 1.60E4-00 7.34E-02
645 1.62E4-00 7.38E-02
650 4.35E+00 1.70E4-00 1.86E-02 7.63E-02
655 1.95E4-00 8.60E-02
660 5.68E+00 2.51E4-00 1.12E-01
665 3.41E4-00 1.59E-01
670 9.16E+00 4.29E+00 2.07E-01
675 4.59E+00 2.19E-01
680 8.52E+00 4.21E400 1.80E-01
685 3.18E+4-00 1.14E-01
690 3.87TE+00 1.95E4-00 5.78E-02
695 1.06E4-00 2.59E-02
700 2.13E+00 5.98E-01 9.84E-03 1.09E-02

*The values for 650 and 750 nm in column 8 have been extrapolated on the basis of the

spectral slopes on a logarithmic scale in the range from 550 to 600 nm.
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Fig. 1. Model spectra of mass-specific coefficients of light absorption by
organic matter established for selected model chemical classes of POM: (a)
single-component organic particles; (b) and (c¢) particles containing organic
humus matter originating from the sea, and from the soil or bottom sediments,
respectively; (d) multi-component organic particles (graphs plotted on the basis
of calculations according to eqs. (T1)-(T16) contained in Table 1 or based on
the data tabulated in Table 2. The symbols denoting the curves on the graphs
correspond to the various chemical classes of particles, in line with the convention
adopted in Table 1, columns 1 and 2)

2.1. Single-component organic particles

This group comprises the following seven classes of particles containing
single-component organic matter and characterised by particularly strong
UV and VIS absorption: (Al) Aromatic amino acids (protein-fragments);
(A2) Mycosporine-like amino acids (MAAs); (A3) Natural proteins; (N)
Purine and pyridine compounds; (P1) Oceanic phytoplankton pigments;
(P2) Baltic phytoplankton pigments; (L) Lignins.
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The term ‘single-component matter’ is purely a matter of convention
and does not imply that a particle consists of one and only one chemical
compound. What it does mean is that the matter containing organic
compounds is classified in the same group of compounds. For example,
a particle classified in group Al (aromatic amino acids) may contain
different aromatic amino acids, i.e. be a mixture of tryptophan, tyrosine and
phenylalanine. Hence, the absorption properties of such single-component
organic particles are in fact the resultant absorption properties of mixtures
of the chemical constituents making up a given group of particles. The
most important examples of such individual spectra of the mass-specific
absorption coefficients of light for various component compounds, which
were used, among other things, to determine the resultant absorption
properties of the 26 chemical classes of POM, are given in Appendix 2
(Fig. A2.1). On the other hand, the resultant spectra of the mass-specific
absorption coefficients for all the classes of particles containing one organic
component are set out as an analytical record in Table la (see egs. (T1)
—(T16) in column 3 of this Table), or in tabular form (Table 2 [supple-
mentary to Table 1], columns 2-7), for various wavelengths of light. Their
graphs have been plotted in Fig. 1la. The resultant spectra for the various
classes were established according to the principles outlined below.

— Class A1. The model spectral values of the mass-specific absorption
coefficient of light a’;()\) for POM containing aromatic amino acids
(see Fig. la, curve Al), i.e. the strongest UV absorbers in the 200
—300 nm range among the amino acids were taken to be the respective
arithmetic mean values of the mass-specific absorption coefficients
of light a%(X\) for the three aromatic amino acids biosynthesised in
nature — tryptophan, tyrosine and phenylalanine (see Fig. A2.1a in
Appendix 2).

— Class A2. In view of the lack of direct empirical data on the indi-
vidual absorption properties of mycosporine-like amino acids (MAAs
— mycosporine-glycine, shinorine and mycosporine-glycine valine,
among others), the strongest known organic absorbers of UV in
the 300-365 nm range, the mean values of their model spectral
coefficient a%,(\) (Fig. la, curve A2) were estimated indirectly.
They were assumed to be approximately equal to the mass-specific
absorption of a natural mixture of these compounds in Phaeocystis
antarctica incubated under various irradiance conditions. To this end,
we used the relevant experimental data kindly supplied by Dr T.A.
Moisan, and also those extracted from Moisan & Mitchell (2001),
compiled in the manner outlined in Appendix 3. This averaged model
spectrum of a’,(\) corresponds to a mixture of the three compounds
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mentioned earlier: mycosporine-glycine, shinorine and mycosporine-
glycine valine, which occur in the following (averaged) proportions by
weight: 0.12:0.55:0.33.

— Class A3. In fixing the model spectrum of the coefficient a%4())
of natural proteins (i.e. a mixture of simple proteins and proteids),
account was taken of the fact that its course is to a first approximation
the effect of light absorption by all their component amino acids and
possibly other submolecular components of proteids. From the optical
standpoint, these compounds can, to a rough approximation, all be
put into one or other of two groups (Filipowicz & Wieckowski 1983):
aromatic amino acids (mentioned above) and other compounds. The
former are strong UV absorbers. The latter, mostly saturated amino
acids (ammonium, amine or imine), absorb light less strongly®, but do
so in various UV and VIS spectral regions; also, they may occur only
sporadically. Hence, the resultant spectral coefficients a’4 for proteins
(shown in Fig. la, curve A3) were described as the sum of two such
coefficients (see eq. (T1), column 3 in Table 1a), each derived from
one of the two groups of absorbers named above. The first of them
is the above-mentioned model spectrum of a*, () for aromatic amino
acids (particle class A1). It participates in the expression for the total
absorption with an appropriate weight k (we estimated its value at
k= 0.075), giving the mean ratio of the mass of all aromatic molecules
in the peptide chain to the overall mass of the chain. The second
component of this coefficient, responsible for light absorption by the
other amino acids contained in various proteins and by other proteid
components, was estimated from a curve decreasing exponentially with
increasing light wavelength A. The rough values of the parameters of
this approximating curve were established on the basis of a statistical
analysis of a set of more than a dozen empirical absorption spectra of
various complex protein forms (see the examples in Fig. A2.1d).

— Class N. Three compounds — adenine, guanine and cytosine — were
assumed to be the principal light absorbers in particle class N, (purine
and pyridine compounds, nucleic acid fragments), since they strongly
absorb UV radiation in the 200-300 nm band. Hence, the model
spectrum of a}; (), the mass-specific absorption coefficient of light by

3Except for MAAs, which are exceedingly strong absorbers of light in the 300400 nm
range. However, in nature they occur only sporadically: we did not find any literature
reports confirming their occurrence on a large scale, or that they are common throughout
the World Ocean. Be that as it may, they undoubtedly are present in regions exposed
to elevated levels of natural UV radiation, e.g. in the Arctic and Antarctic (see e.g.
Garcia-Pichel 1994, Vernet & Whitehead 1996).
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the organic matter in these particles, was determined by averaging the
relevant empirical coefficients (Fig. A2.1c) for these three compounds
mixed in proportions by weight of 1:1:1. This model spectrum of aj ()
is illustrated in Fig. 1a — curve N.

— Class P1 and class P2. It was assumed that the organic matter

contained by the particles in these two classes would consist of various
phytoplankton pigments (photosynthetic and photoprotecting). They
are some of the strongest absorbers of VIS light (see Figs A2.1e and
A2.1f) and occur in the proportions typical of oceanic phytoplankton
(class P1) or of Baltic phytoplankton (class P2). Therefore the model
coefficients ap, for the class of oceanic phytoplankton pigments were
assumed to take the mean values of the mass-specific absorption coeffi-
cient of light by all phytoplankton pigments in the ‘in solvent’ state. We
had defined them earlier by averaging a set of 122 empirical spectra of
the chlorophyll-specific absorption coefficient by phytoplankton from
various oceanic case 1 waters, after having eliminated the pigment
packaging effect (after Wozniak et al. 1999 — see Fig. 3a in that
paper), and converting the chlorophyll-specific absorption to mass-
specific absorption (i.e. with respect to the mass of all pigments). In
the same way, the model coefficients a}, for the ‘Baltic’ pigments
were determined from similar analyses of 817 empirical spectra of light
absorption by phytoplankton from different parts of the Baltic (after
Ficek et al. 2004, see Fig. 2b). The model spectra of a};(A) and ajy ()
are shown in Fig. 1la — curves P1 and P2.

— Class L. Unlike the above spectra of mass-specific absorption co-

2.2

efficients for six classes of homogeneous organic particles, derived
indirectly by averaging, the spectra for class L were based on direct
measurements. This class encompassed lignin-containing particles
absorbing UV, and the model values of their mass-specific absorption
coefficients a7 were based on measurements made for lignins isolated
from Baltic waters (Nyquist 1979) (Fig. la, curve L).

. Particles containing organic humus matter

This group of POM consists of 13 chemical classes of particles containing

autogenic or allogenic humus matter which are fairly strong UV and VIS
absorbers: (H1) Baltic humus; (H2) Atlantic coastal humus; (H3) humus
from inland waters; (H4) marine humus; (H5) Sargasso Sea humus; (H6,

H7,
the

and H8) — humus from Gulf of Mexico waters, consisting of mixtures of
same humus acids (humic and fulvic acids) but differing in their degree
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of fulvisation?, which for these three classes is 0, 0.1 and 0.9 respectively;
(H9) fulvic acids from Mississippi estuarine waters; (H10) soil humic acids;
(H11) soil fulvic acids; (H12) humic acids from bottom sediments; (H13)
fulvic acids from bottom sediments.

In establishing the model spectra of the mass-specific absorption co-
efficients aj;(A) — aj;3(A) for all 13 classes (see Table 1b) we took
into consideration direct measurements by various authors (see Table 1b,
column 4) made on samples of unseparated humus, or separately on fulvic
acid and humic acid fractions isolated from various sea and inland waters
(classes H1-HY), and from soils and bottom sediments (classes H10-H13).
Since these spectra usually display a monotonic decrease in absorption with
increasing wavelength, many of them have been approximated by means of
exponential functions (see egs. (T.2)—(T.11) in Table 1b, column 3), or are
shown in tabular form (Table 2, column 8). These spectra are illustrated
graphically, separately for humus from aquatic environments (Fig. 1b —
curves H1 to H9) and for humus from soils and bottom sediments (Fig. 1c
— curves H10 to H13).

2.3. Multi-component organic particles

This group of POM contains 6 chemical classes of particles, the organic
matter of which includes organic compounds that are strong UV and/or VIS
absorbers: (Phl) oceanic phytoplankton cells and oceanic phytoplankton-
like particles; (Ph2) Baltic phytoplankton cells and Baltic phytoplankton-
like particles; (PhM) polar phytoplankton cells and polar phytoplankton-like
particles; (Z) zooplankton cells, zooplankton and/or nekton-like particles;
(D1) oceanic DOM-like particles; (D2) Baltic DOM-like particles.

The organic matter of such multi-component particles consists of simpler
organic substances (for convenience denoted by the subscript i — see eq. (1)),
the spectra of whose mass-specific absorption coefficients aZ‘)M_Z,()\) were
discussed above (subsections 2.1 and 2.2) and are set out in Tables la, 1b
and 2. Hence, the resultant spectra of the mass-specific absorption coefficient
agM()\) of multi-component particles can be determined by averaging the
light absorption spectra of the various components of the particles ‘%M,i (M),

according to the relationship:

1
aZM()\) = C Z:iaZk)M,z‘()‘)OOM,N (1)
oM
where C,,, ; stands for the concentrations of the particular components, and

Cyy their sum, i.e. the combined intracellular organic matter concentration.

“By the degree of fulvisation is meant (after Carder et al. 1989) the ratio of the mass
of fulvic acids to the total mass, i.e. the combined mass of fulvic and humic acids.
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Equation (1) was used to define the model absorption spectra of
al (N appi (), appo(N), az(N), api(A), and aj, (M), that is, for 5 of the
6 model classes of multi-component particles. In doing so, the approximate
proportions between the concentrations of the various organic components
of these particles, regarded as typical and discussed in Part 1° (see Table 1c
in Wozniak et al. 2005), were taken into consideration. It was further
assumed that a’;M’Z_()\) = 0 for the remaining organic matter that does not
absorb light. Given these assumptions, particular cases of eq. (1) that apply
to model spectra of azM()\) for particular particle classes take the forms
presented in Table 1lc (see egs. (T.12)—-(T.16) in column 3 of that Table).
These spectra, interpolated and extrapolated, are illustrated in Fig. 1d (see
curves Phl, Ph2, Z, D1 and D2).

On the other hand, the spectrum of apy,,(A) for class PhM (polar
phytoplankton and polar phytoplankton-like particles) was determined
not by summing and averaging, but, as was done with the MAAs
(subsection 2.1), on the basis of direct measurements (Moisan & Mitchell
2001) (for an explanation — see Appendix 3). The values of this coefficient
for different wavelengths are given in Table 2 (column 9), and the spectra
are presented graphically by curve PhM in Fig. 1d.

3. Method of calculating the imaginary refractive indices for
model particles of organic matter suspended in the sea

An alternative way of describing the resultant absorption properties of
POM is by means of the spectrum of the light absorption coefficient for
particulate matter apm,(A), or the spectrum of the imaginary part of the
complex refractive index of these particles n;,()\). This alternative emerges
from the fact that these coefficients are linked by the relationship (Born
& Wolf 1968, Van de Hulst 1981):

M) = - (). @)

As we can see, the values ap,,()\) and ny,(\) are equivalent, differing
only in the factor A/4w, which is dependent on the light wavelength
A. That is why the imaginary refractive index of a material is defined as
its dimensionless coefficient of light absorption. Thus, to describe these
resultant absorption properties of unpackaged particulate matter in this

5Tt is worth explaining that when establishing these approximate compositions of
organic matter in particles of classes Phl, Ph2 and Z, we took account of the typical
biogeochemical compositions of marine organisms, given in Appendix 4. On the other
hand, we based our assumption of similar organic matter compositions for classes D1 and
D2 on a review of literature papers, too numerous to mention here, and on the as yet
unpublished results of our own studies.
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paper (see section 4) we have used only one of these coefficients, namely,
the imaginary refractive index nj,(A).

Now we shall move on to the algorithm for calculating the two coefficients
apm(A) and n;,(A) (subsection 3.1) from known coefficients af ()). Then
we shall discuss the relevant physical constants assumed in the algorithm
(subsection 3.2) and the input data required to perform such calculations

(subsection 3.3).

3.1. The algorithm

Let us assume that a suspended particle consists of an isotropic mixture
of several components with known mass-specific coefficients of light absorp-
tion af(A) and known intraparticular concentrations C; of these components
(the subscript ¢ here denotes the number or name of each component of the
particle, i.e. a given substance or group of substances). Having made this
assumption, we can now write the dependence of the coefficient of light
absorption by particulate matter ap,,(\) and the imaginary refractive index
of a particle n;,(\) on the mass-specific absorption coefficients a; () and the
concentration C; as follows:

apm(A) = Bia; (A)Cs, (3a)
n(A) = ﬁEiaf(A)Ci. (3b)

In line with our simplifying assumptions regarding the structure of POM,
discussed in Part 1 (section 2 in WozZniak et al. 2005a), the general case
of the model POM we are now analysing consists of three components:
organic matter (OM), water (w), and air or some other gas (air). Given
these assumptions, we can expand egs. (3a) and (3b) to the following forms:

apm(A) = @y, (A)Cow + ag (A Coy + agir (A) Cair, (4a)
A, « *

np(N) = 1= @ (N Cu + a5, (N Coy + i (M) Clir ] (4b)

where ay,, a¥ , a7, are the respective mass-specific absorption coefficients

of light in pure water, in pure organic material and in air (or other gas),
and Cy, Cy,,, Cuir are the respective intraparticular concentrations of these
three components.

Since both the physical and the optical densities of gases are negligibly
small in comparison with the corresponding densities of organic matter and
water, we can ignore the third terms in egs. (4a) and (4b). Moreover, since
the density of so-called neutral particles® (i.e. with zero buoyancy b ~ 0)

is practically the same as that of the surrounding seawater p,,

5The division of suspended organic particles into three main physical types — neutral
(or free), heavy and light particles — and numerous subtypes (e.g. neutral dry, neutral
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(i.e. Cp 4+ Coy = pw), €gs. (4a) and (4b) can be reduced to operational
formulas for determining the coefficients a,, (A) and n;,(A) of all the physical
types and chemical classes of POM analysed in this paper on the basis of just
three known magnitudes (or four in the general case — see egs. (8a) and (8b)):
(1) the coefficient of light absorption by water a,, (2) the mass-specific
absorption of organic matter agM, (3) the intraparticular concentration of
this matter in a particle Cy,,, and (4) the concentration of water in the
particle C,, — in the general case. Hence, for particular types of particles,
these formulas are the following:

— free, dry particles (Cy, = 0,C,, = pw, buoyancy b~ 0):

apm()‘) = azM()\)COIVU (53)
A

n;}()\) = E aOl\/I ()\)OOM7 (5b)

— free, wet particles (Cyy + Cfyy = puw, buoyancy b ~ 0):

Ay (A N

) = 222 (0, = Cop) + 5, (o (6)
A [aw(N) N

nlp( ) = E P (Pw - OOM) + Y ()\)COM ) 6b)

7a)

— water particles (i.e. pure water) (Cy = pu,Coy,
apm(A) = aw(N),
A
M) = 1 (V)
— heavy particles (Cy, + Cyy, > pu, buoyancy b < 0) and light particles
(Cw + Cyyy < pu, buoyancy b > 0)7:
aw(A)

(
= 0, buoyancy b ~ 0)
(
(

7b)

apm(A) = . Cyp + aZM (N Cops (8a)
A aw()‘) *
) = = [0, + af,, (NCoy| (3b)
— heavy, pure organic particles (Cy, =0, Cy = poyn > Pw, buoyancy b < 0):
apm()‘) = a:)M()\)pOM? (Qa)
A
n;}(A) = E aOl\/I (A)pOM7 (9b)

where pg,,, the density of dry organic matter, thus denotes the highest
possible intraparticular concentration of organic matter in a particle, C_,,

wet, pure heavy, pure organic water particles, etc.) and some of the properties of these
particles are discussed in Part 1 (see subsection 2.3 in Wozniak et al. 2005a).

"These eqs. (7a) and (7b) are also universal expressions, applicable to all physical types
of model particles (i.e. to any value of Cy, Cy,, and buoyancy b).
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= poy- This concentration is characteristic of the heavy, pure organic
particles under scrutiny here.

The above set of egs. (5)—(9) is the algorithm for determining the
resultant absorption properties (i.e. coefficients apm(A) and n;,(A)) of POM
particles. In order to perform such calculations, we need to assume a number
of physical magnitudes (the so-called model constants) and to state the input
data. The model constants are p, (density of pure water), p,,, (density
of dry organic matter) and a,()\) (the coefficients of light absorption by
pure water for various wavelengths), while the input data comprises a  (\)
(spectral mass-specific coefficients of light absorption by the organic matter
of a given POM particle), and C,,, and C,, (i.e. the average intraparticular
concentrations of organic matter and water). Note that in the case of
calculations for neutral (or free) particles (where C,, + C,, = p,,) and for
pure organic particles (for which C,, =0 and C,, = p,,,), it is sufficient to
know just the intraparticular organic matter concentration C,.

3.2. The model constants

The following values or sets of values of the above-mentioned physical
parameters were assumed for the model constants:

— the density of pure sea water p,, was assumed, for the sake of simplicity,
to take a value of 103 kg m™ under normal conditions;

— again, for simplicity’s sake, the density of dry organic matter p,,, was
set equal for the organic matter in all 26 model chemical classes of
POM: p,,, = 1.4x10% kg m™3 (after Wozniak et al. 2005a); this
value approaches the densities of the pure forms of proteins and
carbohydrates®: 1335 kg m™3 and 1530 kg m™3 respectively (after
Morel & Ahn 1990);

— the spectral coefficients of light attenuation by pure water a (\)
for various wavelengths A in the spectral range 200-700 nm, were
taken from various papers (Smith & Baker 1981, Pope & Fry 1997,
Sogandares & Fry 1997); they are given in Table 3.

3.3. The input data

Since the calculations covered all 26 chemical classes of POM, the input
data of a’  (A) included 26 sets of spectra of the mass-specific coefficients

8In actual fact, the densities of pure organic substances (except organic gases) under
normal conditions can vary, from slightly less than the density of water to values exceeding
this density by over 50%. However, most of the compounds naturally occurring in
organisms are or resemble proteins or carbohydrates.
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Table 3. Spectral absorption coefficients of the water used in this paper*

Light G Light G Light (oo
wavelength wavelength wavelength

[nm] [m~] [nm] [m~"] [nm] [m~"]
200 3.07 370 0.0114 540 0.0474
205 2.53 375 0.011385 545 0.0511
210 1.99 380 0.01137 550 0.0565
215 1.65 385 0.00941 555 0.0596
220 1.31 390 0.00851 560 0.0619
225 1.1185 395 0.00813 565 0.0642
230 0.927 400 0.00663 570 0.0695
235 0.8235 405 0.0053 575 0.0772
240 0.72 410 0.00473 580 0.0896
245 0.6395 415 0.00444 585 0.11
250 0.559 420 0.00454 590 0.1351
255 0.508 425 0.00478 595 0.1672
260 0.457 430 0.00495 600 0.2224
265 0.415 435 0.0053 605 0.2577
270 0.373 440 0.00635 610 0.2644
275 0.3305 445 0.00751 615 0.2678
280 0.288 450 0.00922 620 0.2755
285 0.2515 455 0.00962 625 0.2834
290 0.215 460 0.00979 630 0.2916
295 0.178 465 0.01011 635 0.3012
300 0.141 470 0.0106 640 0.3108
305 0.123 475 0.0114 645 0.325
310 0.105 480 0.0127 650 0.34
315 0.0947 485 0.0136 655 0.371
320 0.0844 490 0.015 660 0.41
325 0.0761 495 0.0173 665 0.429
330 0.0678 500 0.0204 670 0.439
335 0.06195 505 0.0256 675 0.448
340 0.0325 510 0.0325 680 0.465
345 0.02645 515 0.0396 685 0.486
350 0.0204 520 0.0409 690 0.516
355 0.018 525 0.0417 695 0.559
360 0.0156 530 0.0434 700 0.624
365 0.0135 535 0.0452

* values assumed on the basis of data from various authors and linear approximation: in
the range 200-335 nm after Smith & Baker 1981, 340-370 nm after Sogandares & Fry
1997, 380-700 nm after Pope & Fry 1997.

of light absorption by POM, as described in section 2 (see Tables 1 and 2,
and Fig. 1).



Modelling the light absorption properties of particulate matter ... 639

However, the intraparticular concentrations of organic matter C,, (and
possibly of interstitial water) depended on the physical type of particle, or
particles with properties similar to a given type:

— neutral (free) dry particles and similar particles, i.e. particles of
organic matter with a resultant mean density approaching that of the
surrounding seawater, not containing any interstitial water, but with
spaces that could be filled with air or some other gas, thereby attaining
zero (or almost zero) buoyancy. For such particles, it was assumed that
Cyy = 1000 kg m=3 and (C,, = 0);

— neutral (free) wet particles and similar particles, i.e. particles of organic
matter also with a resultant mean density similar to that of the
surrounding seawater, but differing from dry particles in that they
additionally contain water-filled interstices, and together with this
water and air attain zero (or almost zero) buoyancy. Theoretically,
this water content can range from 0% to 100%; in the extreme cases,
such a particle becomes a water particle (100% water content) or a free,
dry particle (0% water content). In this paper we present the results
of calculations done for particles with a 90% water content, i.e. for
which C,,, = 100 kg m—3 (C,, = 900 kg m~3);

— pure heavy particles (purely organic particles) and similar particles,
that is, with densities greater than that of the surrounding water and
containing solely organic matter, i.e. without any air- or water-filled
interstices. These particles have a decidedly negative buoyancy, so in
the absence of other forces in the water acting on them (a condition
not normally satisfied in the sea), they sink freely. The concentration
of organic matter in these particles was thus assumed to be equal to
the density of the dry organic matter: C,; = p,,, = 1400 kg m~? and
(Ow = 0);

— virtual water particles, in other words, pure water: C,, =0 (Cy = py
= 1000 kg m~3). Formally, this case can be classified among the neutral
(free) wet particles.

Restricting the analysis to these few physical types of particles is justified
by the fact that they are the ones most commonly appearing and remaining
in the water (see the reasoning given in Part 1, subsection 2.3 (Wozniak
et al. 2005a)). Dry particles and particles with an average water content,
i.e. particles with a water content less than or equal to 90% of the particle
volume (for C,,,, > 100 kg m~3) are most likely to occur in the water. We
shall return in subsection 4.3 to this conventional division into moderately
and strongly hydrated particles.
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These physical types of particles also cover extreme cases: on the one
hand, the pure organic particles and the neutral dry organic particles, and
on the other, the pure water particles. The results of the following analysis
thus characterise the possible range of variation in the absorption properties
of organic particles, which is thus applicable to practically all types of POM
particles, and not just to the most numerous ones.

4. The imaginary refractive index of different chemical
classes and physical types of POM

Our calculations yielded a set of 79 model spectra of the imaginary part
of the absolute refractive index n,()\) for the various types of POM. To
this end we used the algorithm described in section 3, the data on mass-
specific light absorption coefficients for POM described in section 2, and
the other input data described in section 3. The calculated spectra of n;,(\)
respectively represent all 26 chemical classes of POM and three physical
types of particles characteristic of the POM most commonly occurring in sea
water (this includes the spectra of n, (\) for ‘water particles’, i.e. for pure
water). Some of the results are presented in Table 4, but all the calculated
spectra are illustrated in Fig. 2, panels (a) to (1). For the purposes of
comparison, all the graphs include the spectrum of n;% gg(A) for Sargasso
Sea detritus, determined by Stramski et al. (2001) on the basis of empirical
data obtained by Iturriaga & Siegel (1989).

As can be seen from the graphs (Fig. 2), the model spectra of n;,()) for
the various chemical classes and physical types of POM are highly diverse,
both with respect to their spectral structure and to the absolute values of
n,,. This section analyses and discusses the spectral characteristics of n;,(\)
(subsection 4.1), then the variability in the absolute values of these indices
(subsection 4.2); finally, the ranges of n;, possible to occur in natural waters
are estimated (subsection 4.3).

4.1. Analysis of the spectral differentiation of n,(\)

The model chemical classes of particles containing a single organic
component exhibit the most distinctive and selective features of the spectra
of ny,(A) (see Figs la, 1b, 1c). This applies in particular to particles of
classes A1, A2 and N, that is, to those containing the most homogeneous
organic matter, consisting of strongly UV-absorbing compounds:

— class A1 particles (aromatic amino acids), with two strong absorption
bands in the n;,(\) spectrum in the c. 200-220 nm and 280 nm regions;
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— class N particles (purine and pyridine compounds containing adenine,
guanine and cytosine) with strong absorption in the c. 220 nm and
¢. 260 nm regions;

— class A2 particles (mycosporine-like amino acids — MAAs), with very
strong absorption bands in the n;()\) spectrum in the 300-365 nm
region.

Particles from these three classes absorb light in the UV, usually the far-
UV, spectral regions. Any absorption of light (n;,) outside these regions can
be neglected. These properties are mainly the result of well-defined 7 — 7*
energy transitions, i.e. conjugated m-electrons belonging to the aromatic ring
(in the case of aromatic amino acids — class A1), or to such rings conjugated
with various hyperchromic auxochromes, which leads to bathochromic shifts
in the absorption bands (in the case of MAAs, i.e. class A2), or to purine
and pyridine rings containing nitrogen atoms (class N) (see e.g. Campbell
& Dwek 1984, Kecki 1993).

Somewhat less well defined, but nevertheless with a distinct band
structure in the UV region, is the spectrum of n;()\) for class L, the
particles containing lignins. Chemically, lignins are complex products of the
biosynthesis of carbohydrates and aromatic amino acids (phenylalanine and
tyrosine) and form rigid, three-dimensional polymeric structures cementing
the cellulose fibres of higher plants together (Meyers-Schulte & Hedges
1986). Owing to the great similarity in chemical structures between lignins
and aromatic amino acids, the absorption properties of the former in
the 200-300 nm region are also similar to those of the latter. We thus
see a distinct light absorption maximum in the vicinity of wavelengths
A~ 250 nm. But unlike the aromatic amino acids, lignins also absorb
radiation longer than 300 nm quite strongly. This is due to the greater
diversity of auxochromic substituents in the benzene ring in their structure,
and also to possible conjugations between the separate aromatic rings in
their polymeric structure.

The band structure of n;()\) spectra is also distinctive in the chemical
classes P1 (oceanic phytoplankton pigments) and P2 (Baltic phytoplankton
pigments), which contain VIS absorbers: there are two well-known, quite
broad absorption bands (in fact comprised of a series of narrower bands
due to the component pigments) around 440 nm (the Soret band) and in
the region around 675 nm. As we know, these absorption bands are also
generated by energy transitions of the conjugated m-electrons in the long,
mainly linear polymer chains of carotenoid pigments, in the five double-
bond-rich piryl rings enveloped in the porphyrin structure of chlorophyll
pigments, or in the open tetrapiryl chain of the various phycobilins (see e.g.
Shlyk (ed.) 1974, Scheer 1991, Jeffrey et al. 1997, Majchrowski 2001).
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Fig. 2. Spectra of the imaginary refractive index for the model POM from
various chemical classes: (a), (b), (c) single-component organic particles; (d),
(e), (f) particles containing organic humus matter originating from different
marine basins; (g), (h), (i) particles containing organic humus matter produced
in the soil and bottom sediments; (j), (k), (1) multi-component organic particles;
and belonging to different physical types: (a), (d), (g), (j) pure organic
particles (C,,, = 1400 kg m=3, C, = 0); (b), (e), (h), (k) neutral dry
particles (Cy,, = 1000 kg m~3, C,, = 0); (c), (f), (i), (1) neutral wet particles
(Con = 100 kg m™3, Cy, = 900 kg m~2); The solid line (continued next page)
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in the graphs illustrates the spectrum of the absolute imaginary refractive index

of water n/, (A\) (or in a particle composed exclusively of water). The dashed

/
p,ss

et al. 2001). The graphs for the model particles were drawn on the basis of the

line represents the spectrum of n/ . (A) for Sargasso Sea detritus (after Stramski

data and equations given in Tables 1, 2 and 3

Of the model chemical classes of particles containing one organic com-
ponent, the least selective are the n;()\) spectra for class A3, i.e. particles
consisting of natural proteins or their fragments (peptides). As we can see
from Fig. 2 (a,b,c) (see curve A3), there are two distinct absorption bands
in this spectrum, in the regions around 220 nm and 280 nm, characteristic
of all proteins, which are due to the aromatic amino acids present in them
(cf. curves Al and A3 on Fig. 2 (a, b, c)). But unlike the latter, proteins also
absorb quite strongly in all regions of the UV and VIS. This is due to the
wide range of various substructures (all other amino acids and submolecular
admixtures in proteids) present in naturally occurring molecules, which turn
out to be chromophoric groups. Hence, natural proteins absorb light in
various regions of the UV-VIS spectrum. Note, however, that this absorption
decreases monotonically with increasing wavelength, and that this fall is
described by an exponentially diminishing curve (see eq. (T1) in Table 1a).
But in reality, the nz’g()\) spectra for separate proteins are not as ‘smooth’
as the approximate model description, statistically averaged over a range
of proteins, would have us believe. Such real spectra can display a whole
series of separate, strong absorption bands in different spectral regions (see
Fig. A.2.1d in Appendix 2), but different for various forms of proteins.

Apart from single-component particles, those from chemical classes
that we have classified among the multi-component particles of organic
matter can exhibit an often considerable spectral selectivity with regard
to absorption (see Figs 2j, 2k and 21). This is reasonable, since particles
from this group are often simply mixtures of substances consisting of single-
component organic matter. That is why the same absorption bands appear
in their n;,()\) spectra as in the case of single-component particles. There
may well be an even greater number of these bands, but they will be less

distinct.

The structure of the n;(A) spectra of humus particles is the least distinct,
no matter whether they originated in water, soils or bottom sediments
— see Figs 2d, e, f and Figs 2¢g, h,i. These figures show that humus particles
strongly absorb both UV and VIS radiation, although the absorption
coefficient falling monotonically with increasing wavelength is a feature of all
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Table 4. The imaginary part of the absolute refractive index of UV-VIS light of
selected wavelengths for (1) 26 model chemical classes of POM occurring in the
form of pure organic particles n;’ dry and (2) ‘water particles’ n/,

Particle Imaginary part of the refractive index n’ for wavelength A [nm]
class 200 230 280 300 340 400 420
Al — 6.92E-02 7.49E-02 2.34E-03 (0) (0) (0)
A2 — - — 9.26E4-00 1.36E+01 - (0)
A3 - 2.73E-02 2.39E-02 1.70E-02 1.40E-02 1.04E-02 9.37TE-03
P1 (0) (0) (0) (0) - 7.13E-01 1.18E+00
P2 (0) (0) (0) (0) - 3.16E-01 4.30E-01
N - 1.61E-01 4.27E-01 7.02E-02 (0) (0) (0)
L 4.72E-01 2.02E-01 8.73E-02 5.01E-02 2.42E-02 2.45E-03 (0)
H1 — 1.31E-01 9.05E-02 7.35E-02 4.55E-02 2.05E-02 1.64E-02
H2 - - - 2.92E-01 1.65E-01 6.77E-02 5.01E-02
H3 5.56E-02 4.58E-02 3.20E-02 2.75E-02 2.00E-02 1.21E-02 1.02E-02
H4 2.72E-02 2.22E-02 1.53E-02 1.31E-02 9.38E-03 5.57E-03 4.66E-03
H5 - - - 4.07E-02 2.08E-02 7.35E-03 5.18E-03
H6 — - 2.66E-02 2.29E-02 1.67E-02 1.02E-02 8.56E-03
H7 - - 3.69E-03 2.74E-03 1.49E-03 5.79E-04 4.21E-04
H8 - - 5.98E-03 4.75E-03 3.01E-03 1.54E-03 1.24E-03
H9 — - 5.76E-03 4.19E-03 2.18E-03 8.02E-04 5.71E-04
H10 - - - - - 2.58E-02 2.27E-02
H11 - - - - - 1.29E-02 1.09E-02
H12 — - — - - 4.01E-03 3.48E-03
H13 - - - - - 2.36E-03 1.85E-03
Phil - 1.87E-02 1.70E-02 &8.50E-03 7.00E-03 2.70E-02 4.10E-02
Ph2 - 1.87E-02 1.70E-02 8.50E-03 7.00E-03 2.14E-02 2.70E-02
Z - 1.91E-02 1.67E-02 1.19E-02 9.81E-03 7.28E-03 6.56E-03
D1 - 3.04E-03 3.10E-03 1.72E-03 1.11E-03 6.82E-04 5.77TE-04
D2 - 1.14E-01 7.59E-02 5.22E-02 3.05E-02 1.25E-02 1.00E-02
PhM - 1.87E-02 1.70E-02 4.17E-02 6.52E-02 2.35E-02 2.73E-02
Ny, 4.89E-08 1.70E-08 6.42E-09 3.37E-09 &8.79E-10 2.11E-10 1.52E-10
Imaginary part of the refractive index n’ for wavelength A [nm]

440 500 550 600 650 675 700
AL ©) 0) 0) 0) 0) 0) ©)
A2 (0) (0) (0) (0) (0) (0) (0)
A3 8.42E-03 6.03E-03 4.52E-03 3.36E-03 2.48E-03 2.12E-03 1.82E-03
P1 1.77E4+00 1.03E+00 2.45E-01 1.83E-01 3.15E-01 7.01E-01 1.66E-01
P2 4.88E-01 2.74E-01 1.31E-01 8.00E-02 1.23E-01 3.45E-01 4.66E-02
N (0) (0) (0) (0) (0) (0) (0)
L (0) (0) (0) (0) (0) (0) (0)
H1 1.31E-02 6.68E-03 4.04E-03 2.34E-03 - - -
H2 3.70E-02 1.47E-02 - - - - -
H3 8.52E-03 4.97E-03 3.14E-03 1.97E-03 1.22E-03 9.63E-04 7.56E-04
H4 3.88E-03 2.23E-03 1.39E-03 8.55E-04 5.24E-04 4.09E-04 3.19E-04
H5 3.63E-03  1.24E-03 - - - - -
H6 7.20E-03 4.23E-03 2.68E-03 1.69E-03 1.06E-03 8.33E-04 6.56E-04
H7 3.06E-04 1.15E-04 5.04E-05 2.19E-05 9.46E-06 6.20E-06 4.06E-06

HS8 9.95E-04 5.26E-04 3.14E-04 1.89E-04 1.14E-04 8.88E-05 6.92E-05
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Table 4. (continued)

Particle Imaginary part of the refractive index n’ for wavelength A [nm]
class 440 500 550 600 650 675 700
H9 4.06E-04 1.44E-04 6.01E-05 248E-05 1.02E-05 6.52E-06 4.17E-06

H10 1.98E-02 1.31E-02 9.21E-03 6.41E-03 4.43E-03 3.67TE-03 3.04E-03
H11 9.16E-03 5.38E-03 3.41E-03 2.15E-03 1.34E-03 1.06E-03 8.34E-04
H12 3.02E-03 1.94E-03 1.33E-03 9.00E-04 6.06E-04 4.96E-04 4.06E-04
H13 1.44E-03 6.75E-04 3.55E-04 1.85E-04 9.61E-05 4.77TE-04 4.95E-05

Phil 5.88E-02 3.47E-02 9.72E-03 7.26E-03 1.09E-02 2.50E-02 6.00E-03
Ph2 2.96E-02 1.72E-02 8.99E-03 5.74E-03 7.63E-03 1.93E-02 3.28E-03
Z 5.89E-03 4.22E-03 3.16E-03 2.35E-03 1.73E-03 1.49E-03 1.27E-03
D1 4.88E-04 2.95E-04 1.93E-04 1.26E-04 - - -

D2 8.05E-03 4.16E-03 2.59E-03 1.56E-03 9.37E-04 7.29E-04 5.68E-04
PhM 3.08E-02 1.70E-02 3.73E-03 3.96E-03 5.53E-03 1.65E-02 8.46E-04
ny, 2.22E-10 8.12E-10 2.47E-09 1.06E-08 1.76E-08 241E-08 3.48E-08

Explanations: (—) — the values of the index n’, were not defined; 0 — the values of the
index n’, are much smaller than in other spectral intervals; extrapolated values are given
in italics.

these spectra. There are hardly any local maxima®. Moreover, these spectra
are almost exactly exponential. The smoothness of the n;,(\) spectra of light
absorption by humus particles is due to the enormous complexity of their
chemical structures and the presence in them of a huge number of different
chromophoric groups absorbing radiation in almost all UV-VIS regions.

4.2. Analysis of the diversity in absolute values of indices nz’g

Another feature characterising the model spectra of the imaginary
refractive index n;(A) of the various chemical classes and physical types
of particles is the extremely wide variation in the absolute values of n;,
covering many orders of magnitude (see Fig. 2). This diversity is easily
explained and described with respect to the indices n;()\) for the various
physical types of particles from the same chemical classes. The highest values
of these imaginary refractive indices (Table 4; Fig. 2, left-hand column of
graphs — a,d,g,j) apply to those chemical classes of particles that exist
in the form of pure organic matter (which corresponds to the physical
type ‘pure organic or pure heavy particles’), that is, to an intraparticular
concentration of organic matter equal to the density of the dry organic

9Exceptional are some particles consisting of humus from bottom sediments, or humus
produced in organic detritus (but not from organic matter dissolved in the water). In their
spectra (e.g. in the region of the wavelengths : 440, 460-470, 665-675 nm), we sometimes
see bulges or inflexion points, which are caused by the presence of plant pigment fragments
in these compounds (Pempkowiak 1989).
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matter, which in this work is assumed to take the average value of C,,
= pon = 1400 kg m~3. For all the other physical types, the values of n;
diminish with falling concentration C,,, (compare the left-hand, middle and
right-hand columns of the graphs on Fig. 2 with one another). In the limiting
case, when C,,; ~ 0, the index nz’g()\) takes the value for pure water'® i.e.
nr,(A) & ny, (N).

It is also worth drawing attention to the fact that for the most
commonly occurring physical types of particles in the water, i.e. neutral
wet particles and such like, and also for heavy particles containing water,
n;()\) takes values that are almost directly proportional to their organic
matter content C,,, and does not exhibit any visible dependence on the
absorption properties of water, even though such a dependence formally
exists (see e.g. egs. (bb) and (7b)). As we showed in Part 1 (subsection 3.2
in Wozniak et al. 2005a), this can be explained by the fact that very much
more light is absorbed by even tiny quantities of organic matter than by
water. This is because the mass-specific absorption coeflicients of UV-VIS
light for water are many orders of magnitude smaller than for the organic
substances we are analysing here. Light absorption by the water contained
in particles will therefore exceed that by the particles themselves only when
the organic matter content is extremely low (C,,,/Cy =~ 1077 and less).

An important practical conclusion can be drawn from the above. It is
that the spectral values of the imaginary refractive indices np dry S€t out
in Table 4 for all 26 chemical classes of particles containing pure organic
matter can also be used to determine the imaginary refractive indices n; for
practically all physical types of particles that commonly occur in the sea.
So, if we know the intraparticular concentration of organic matter C,,, we
can calculate the refractive indices for the various physical types of particles
from the following approximate relationship:

C
—~ oM
n ~ np’dTy s (10)
Pom
where n 4, and n are the respective imaginary refractive indices for

particles containing dry organic matter (data in Table 4) and for particles

with any intraparticular concentration of organic matter C,,; po,, is the

density of dry organic matter assumed in this model (p.,, = 1400 kg m~3).

9Theoretically, it is also possible for n/,(\) to be smaller than n/,(\) (see the analysis of
this problem in Part 1, subsection 3.2 in WozZniak et al. 2005a). This happens in the case
of the highly unlikely, extremely light three-component particles (organic matter, water
and gas), or two-component particles (only organic matter and gas), further containing
exceedingly low levels of organic matter (of the order of 107* kg m™2 and less). Such
particles can hardly be treated as POM; rather, they are air bubbles.
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The second factor governing the absolute values of the imaginary
refractive indices for POM (besides the intraparticular concentration of
organic matter Coyp) are the types and compositions of the various organic
substances contained in the particles. The values of n; are determined by
the individual absorption capacities of all the organic components in the
particle. On the other hand, they are directly dependent on the resultant
mass-specific coefficients of light absorption af (\) (see Fig. 1) for all
these mixtures of compounds, no matter whether they are strong or weak
absorbers of light. That is why the values of n; for the 26 model chemical
classes of particles (differing fundamentally in their proportions of strongly
or weakly absorbing, or non-absorbing, organic components) vary over
several orders of magnitude (see the graphs on the different levels of the
panels in Fig. 2).

Thus, the highest values of n; are characteristic of the chemical classes
of single-component organic particles (see Figs 2a,b,c): these are assumed
to consist only of the strongest UV and/or VIS absorbers among naturally
occurring organic compounds, without any admixture of weak absorbers.
Far lower values of n; (by around 2 to 3 orders of magnitude in certain
spectral intervals) are typical of particles consisting of organic humus
matter (compare the graphs in Figs 2a,b,c with those in Figs 2d, e, f and
Figs 2g, h,1). By their very nature, humus substances have much lower mass-
specific coefficients of light absorption than, say, pigments (classes P1 and
P2) in the VIS region, or various amino acids and purine and pyridine
compounds (classes A1, A2, N) in the UV region!! - see Figs 1a,b,c.

!/
p

organic matter in certain spectral regions are lower by 1 to 2 orders
of magnitude in comparison with the values of n; for single-component
particles (see the graphs in Figs 2a,b,c and j,k,1). This is because,
apart from strong absorbers like the compounds in single-component
particles, multi-component particles contain considerable quantities of
humus substances, which absorb light less strongly, and also organic matter
that absorbs hardly any light in the UV-VIS intervals we are interested in.

The imaginary refractive indices n/ of multi-component particles of

Of course, POM in the sea may also contain particles consisting solely
or mostly of organic matter absorbing light very weakly or with even
lower values of n;, than described above. In all probability, however, the
percentage of such particles is quite low.

"However, humus substances do absorb both UV and VIS radiation. Their refractive
indices are thus much higher than those for classes A1, A2 and N in the VIS region and
for classes P1 and P2 in the UV region.
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4.3. Estimating the possible range of the imaginary refractive

index n; in natural waters

Our calculations of the imaginary refractive index n; for the various
chemical classes and physical types of POM have enabled a preliminary
estimate of its probable range of variability in the World Ocean to be made,
with respect not only to POM in general, but also to the various chemical
classes of these particles.

The complex graph of the dependence of nfn on the light wavelength
(Fig. 3) gives a good idea of the nature of the problem. When constructing
this graph, we selected a number of model spectra of n;()\) from our set
of spectra determined for different physical types and chemical classes of
POM (including extremely high ones), as well as the spectrum of n],(\)
for ‘water particles’ (i.e. for pure water). Moreover, taking into account the
various possible physical types of POM, we decided to divide these into two
groups'?:

a) strongly hydrated particles, with a water content in excess of 90% by
volume (i.e. an organic matter concentration C,,, < 100 kg m~3);

these are probably very rarely found in the water;

b) dry or moderately hydrated particles, with a water content less than
or equal to 90% by volume (i.e. an organic matter concentration C,,
> 100 kg m~3); such particles are probably common in the water.

Having made these assumptions and using the envelope method, we
determined a number of conventional value areas of the imaginary refractive
index for POM nz’g on the plot of n; vs A (Fig. 3), corresponding to various
ranges of variability of their absolute magnitudes. The most important of
these, shown on Fig. 3, are:

1) the range of variability of n; for all particles (i.e. regardless of their
frequency of occurrence) — see area I in Fig. 3;

2In assuming this boundary (90% water content and Cg,, = 100 kg m~?) separating
the strongly hydrated particles (probably rare) from the moderately hydrated or dry ones
(common), we took our yardstick to be the biochemical composition of marine organisms
— see Table A4.1 in Appendix 4. We further assumed that in water we most frequently
come across particles with water and organic matter contents that are roughly the same
as those in living organisms, because they either are such organisms (plankton cells) or
are the partially or completely dehydrated remains of organisms, their discrete organelles,
and faeces, that is with a lower water content and a higher organic matter content (also in
the pure form). This division is therefore justified with respect to many chemical classes of
single- and multi-component organic particles or fragments of phytoplankton, zooplankton
and nekton. But with respect to all humus particles and particles of classes D1 and D2,
for example, this division is far more symbolic.
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2) the range of variability of n;, for dry and moderately hydrated single-
and multi-component particles, commonly occurring in the water
— see area II in Fig. 3;

3) range of wvariability of n; for dry and moderately hydrated humus
particles — see area III in Fig. 3.
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imaginary part of refractive index n

Fig. 3. The probable ranges of differentiation in the spectra of the imaginary
refractive index nj,(\) for: area I — all POM particles; area Il — dry or moderately
hydrated, single-component and multi-component particles of organic matter;
area III — dry and partially hydrated particles consisting of marine or soil/bottom-
sediment humus (see explanations in the text)

The upper boundary of area I, illustrating the range of variability of
n,, for all particles, is the upper envelope covering the spectra of nj(\)
with the highest values of n; for the chemical classes of single-component
organic particles (in particular A1, N, A2 and P1 — see Fig. 2a), occurring
in the form of pure organic particles (i.e. C,, = 1400 kg m~3). Beyond
the lower boundary of this area we assume (as we stated in subsection 4.2)
the spectrum of n/ (\) for pure water. The position of area I on the graph
implies that the probable diversity of n; for any POM particles is vast, and
may, depending on the light wavelength, extend over more than a dozen
orders of magnitude. The highest value of this index, modelled for dry
organic matter in class A2 particles (MAAs) in the spectral region c. 340 nm
is around n;, = 13.6, and is almost 10'' times greater than the smallest
value of this index n/, = 1.52 x 10719 characteristic of water particles in the
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spectral region c. 420 nm. The diversity of these indices is somewhat less for
identical light wavelengths: c. 8-10 orders of magnitude for UV radiation,
and 9 orders of magnitude at c¢. 400 nm and c. 7 orders of magnitude at
c¢. 700 nm for VIS radiation.

This range of diversity of indices n; under natural conditions, i.e. with
respect to the most common marine POM, is probably smaller. The
suspended matter probably most frequently present in the water consists
of moderately hydrated or dry single- and multi-component particles of
organic matter'®. The range of diversity of indices n; we have modelled
for such particles is outlined by area II in Fig. 3. For obvious reasons, the
upper boundary of this area is the same as for all particles (i.e. as for
area I). But its lower boundary is the lower envelope of the set of spectra
of ny,(\) calculated for 90% hydrated multi-component particles (i.e. Cpy,
= 100 kg m~3), which in this case overlaps curve D1 in Fig. 21. The position
of area II on the graph (Fig. 3) implies that the range of variability of n;
for dry and slightly hydrated single- and multi-component organic particles,
probably common in the sea, is roughly the same for different wavelengths
and covers 4 to 6 orders of magnitude.

It is likely that dry and moderately hydrated humus particles are also
quite common in the sea. The possible range of variability of n; for such
particles is given by area III in Fig. 3. Its upper boundary is given by the
upper envelope of the spectrum of nj,(A) in Fig. 2b (mainly overlapping the
spectrum of n;,(A) for dry humus of class H2), whereas the lower boundary
overlaps the spectrum of n;,(A) for class H7 particles (see Fig. 2f) with an
intraparticular organic matter content of C,,, = 100 kg m~3. We see that
the area of variability of n,()\) for humus particles on the nj, vs A plot is
somewhat narrower than in area II and usually lies in the lower part of
area II, extending over three to four orders of magnitude.

To end with, let us have a look at one of the few existing empirical
spectra of the imaginary refractive index ”;,Ss()‘)7 already illustrated
in Figs. 2 and 3 for the purposes of comparison. Stramski et al.
(2001) determined it from microspectrophotometric measurements in the
Sargasso Sea (Iturriaga & Siegel 1989) in order to complement their
multi-component model of the inherent optical properties of the ocean.
In their modelling efforts they emphasised the influence of changes in
living planktonic community composition on optical properties of seawater.
They took into account 18 different living planktonic components (viruses,

3The problems concerning the chemical compositions and physical types of the various
morphological types of POM actually present in the sea are currently being addressed.
We hope to return to them in Part 3 of this cycle of articles.
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heterotrophic bacteria and microplanktonic species). To complement that
model, Stramski and his collaborators also took three simplified classes
representing non-living particles suspended in seawater: organic detritus
(described by the above-mentioned spectrum of 7, ¢5(A), mineral particles
and air bubbles. Their results generally demonstrated that multi-component
approach to describing the living fraction of POM promised significant
improvements in our understanding of seawater optics. The results of our
own studies, here illustrated in Fig. 3 and earlier in Fig. 2, show that future
multi-component optical models can and should be extended by also taking
into account several possible types of non-living POM with diverse values
of ny,(A).

5. Conclusions

The objectives of this work, covering the second stage of modelling and
the first results of the light absorption properties of particulate matter
forming organic particles suspended in sea water, have been achieved. The
light absorption capacities, or more precisely, the spectra of the mass-specific
absorption coefficients a (\) were established for 26 naturally occurring
organic substances or their possible mixtures, capable of forming particulate
organic matter (POM) in the sea (see Tables 1 and 2, and Fig. 1). This
was done by reviewing and then averaging a whole range of literature
data, and by applying the results of our own theoretical and empirical
research. The set of model spectra of a?  (\) obtained in this way were used
to model spectra of the resultant absorption properties of POM, such as the
absorption coefficients of particulate matter (both organic and inorganic)
apm(A), and the imaginary parts of the complex refractive index of light
for particulate matter n;(A). This set of 26 spectra of the mass-specific
absorption coefficients af (M) appears to be an original approach to solving
this complex question: it is the first systematic and synthesised set of light
absorption capacities for a whole range of organic matter forms occurring
naturally in the sea.

A suitable algorithm was constructed and with the aid of the set of
spectraay | (M) was used to determine the spectra of the imaginary refractive
index n;()\) characteristic of the various chemical classes and physical types
of POM commonly occurring in the sea (Fig. 2). This enabled the probable
ranges of variability of nz’g to be estimated quantitatively for all POM in the
sea and for certain groups of these suspended particles (see Fig. 3).

The results of these analyses led to a practical conclusion, significant
as regards modelling the resultant inherent optical properties of sea water
(absorption coefficients in particular), among other things, on the basis of

known imaginary refractive indices of suspended particles n;,(A). In view of
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the enormous range of variability of n;, demonstrated for various POM in
the sea, such modelling will have to take a multi-component approach and
make allowance for the existence of many POM components with different
values of n;, with respect to both the living and the non-living fractions of
this POM. Taking this multi-component approach only with respect to the
plankton (i.e. the living fractions of POM) does not appear to be sufficient.

One shortcoming of the model spectra of n;,()\) presented here concerns
our assumption of the hypothetical (excluding the phyto- and zooplankton)
groups of POM in the sea. These are groups of particles whose existence
has not yet been empirically verified. In our view, these results present just
a preliminary picture of the spectral variety of n;()\), yet it appears to be
a correct one. The probable natural range of variability of this index for
marine POM seems equally correct. Nevertheless, these results are not yet
sufficient to set up a model data base of spectra of n;,()) for the non-living
fractions of POM, which could be put to use in any future multi-component
modelling of the resultant inherent optical properties of the sea with the
requisite accuracy.

In order to eliminate these inadequacies from the modelling of n;, for
marine POM, the hypothetical chemical classes and physical types of POM
we have been dealing with at the present stage of our research will have to
be firmly linked to real morphological types of suspended matter. Only then
will we be able to characterise the light absorption properties (including the
index n]’D) of these real morphological types. Our current studies are focused
on precisely these problems, and we hope to be able to present the results
in Oceanologia in Part 3 of this cycle of articles.
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Appendix

List of symbols and abbreviations denoting the physical quantities used

1

in this paper

Symbol Denotes Unit

a absorption coefficient m~?

Apm absorption coefficient of particular m~?

(or cellular) matter
(or cellular) organic matter

A absorption coefficient of pure seawater m~!

a* mass-specific absorption coefficient m? g1

a” qir — of light in air (other gas) m? g~!

a’y — of aromatic amino acids (protein fragments) m? g}

alo — of mycosporine-like amino acids (MAAs) m? g1

a3 — of natural proteins m? g{1

apq — of ocean phytoplankton pigments m? g1

apo — of Baltic phytoplankton pigments m? g1

ay — of purine and pyridine compounds m? g1

aj, — of lignins m? g~!

ay — of Baltic humus m? g1

ajo — of Atlantic coastal humus m? g1

Qs — of humus from inland waters m? g~!

Qs — of marine humus m? g !

agrs — of Sargasso Sea humus m? g~!

Qfres QF7, — of humus from the Gulf of Mexico m? g~!

aks

Qro — of fulvic acids from Mississippi m? g}
estuarine waters

a0 — of soil humic acids m? g?

aly — of soil fulvic acids m? g~!

afri2 — of humic acids from bottom sediments m? g~!

ajrs — of fulvic acids from bottom sediments m? g~!
containing MAAs

@y — of oceanic phytoplankton and phytoplankton-like m? g~!
particles

appo — of Baltic phytoplankton and phytoplankton-like m? g?
particles

aphy — of polar phytoplankton and phytoplankton-like m? g1
particles

ay — of zooplankton and zooplankton and/or m? g !
nekton-like particles

api — of oceanic DOM-like particles m? g~ !

apo — of Baltic DOM-like particles m? g1
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List of symbols and abbreviations denoting the physical quantities used

in this paper (continued)

Symbol Denotes Unit
al. — of pure organic material m? g~ !
b relative buoyancy dimensionless
Cace total accessory pigment concentration mg pigment m~3
Cair average intraparticular concentrations of air mg pigment m >
Cy, C¢, concentrations of chlorophylls b, chlorophyllsc,  mg pigment m~>
Crper Crso photoprotecting carotenoids, photosynthetic
carotenoids
C; intraparticular concentration of components mg m~?
(the index 7 here expresses the number or
name of a component in a particle, i.e.
a given substance or group of substances)
Coum average intraparticular (intracellular) gm™®
concentration of organic matter
Cuw average intraparticular (intracellular) gm™3
concentration of water
DOM dissolved organic matter
MAAs mycosporine-like amino acids
n imaginary part of the complex refractive dimensionless
index (non-dimensional absorption
coefficient)
n;, imaginary part of the complex refractive dimensionless
index for particulate matter
(non-dimensional absorption coefficient)
n;LdTy imaginary part of the complex refractive dimensionless
index for dry organic matter
N, s imaginary part of the (absolute or relative) dimensionless
complex refractive index for particulate
matter in Sargasso Sea
Ny, imaginary part of the complex refractive dimensionless
index for water
PAR photosynthetically available radiation pEin m? s7!
POM particulate organic matter
uv ultraviolet light
VIS visible light
A wavelength of light nm
Pom density of dry organic matter gm™ 2 or kgm™3
Pw density of pure seawater gm 3 or kg m3
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Appendix 2

The spectra of the mass-specific absorption coefficients of the strongest
identified absorbers of UV and/or VIS light
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Fig. A2.1. The spectra of the mass-specific absorption coefficients of the strongest
identified absorbers of UV and/or VIS in the sea and some of their derivatives:
(a) ‘aromatic’amino acids: tryptophan (Trp), tyrosine (Tyr) (continued next page)
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and phenylalanine (Phe) (after data taken from Campbell & Dwek 1984);
(b) mycosporine-like amino acids including mycosporine-glycine, shinorine and
mycosporine-glycine valine in proportions characteristic of mixtures of these
compounds occurring naturally in Phaeocystis antarctica, incubated under various
irradiance conditions (under PAR irradiance levels of 542, 400, 259, 151 and
85 pEin m? s™1, curves 1 to 5 respectively) (these spectra were estimated from
empirical data taken from Moisan & Mitchell (2001) and on the basis of private
communications from Dr T.A. Moisan); (c) — purine and pyrimidine derivatives
— the main constituents of nucleic acids: adenine (A), guanine (G) and cytosine
(C) (after data taken from Filipowicz & Wieckowski 1983); (d) various conjugated
proteins of plant origin: cytochrome (containing haem groups) (Cf), ferredoxin
(with iron not bonded via haem groups) (Fe) and flavoproteid (reductose —
ferredoxin — NADP) (F1) (after different authors — data taken from Grodzinski
(1978)); (e) Baltic phytoplankton pigments: chlorophyllsa (chla), chlorophyllsd
(chld), chlorophylls ¢ (chl ¢), phycobilins (phyc), photosynthetic carotenoids (PSC),
and photoprotecting carotenoids (PPC) (after data taken from Ficek et al. 2004);
and (f) ocean phytoplankton pigments (symbols as described in panel (e)) (after

data taken from Wozniak et al. 1999)

Fig. A2.1 shows the spectra of the mass-specific absorption coefficients of light for
selected compounds from a few groups of organic substances identified as the strongest
absorbers of UV-VIS light. These spectra were used in this paper to determine the
resultant absorption properties of the organic matter contained in many of the model
chemical classes of POM (only particles containing one organic component). All the
absorption spectra in Fig. A2.1 were determined experimentally by ourselves or were
taken from the work of other authors (acknowledgements in the figure caption).
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Appendix 3

The light absorption capacity of Phaeocystis antarctica as the basis for
defining the mass-specific light absorption for organic matter from the
chemical classes A2 and PhM of POM

Mycosporine-like amino acids (MAAs) strongly absorb UV radiation in the 300-
370 nm region. Their structures and chemical properties were described relatively
recently (see e.g. Favre-Bonvin et al. 1976, Bandaranayake 1998, Whitehead & Hedges
2003). These substances are synthesised by various species of marine algae (Carreto
et al. 1990a,b, Karentz et al. 1991, Miller & Carpentier 1991). Their presence is especially
characteristic of the phytoplankton from polar regions, which are exposed to high doses
of UV radiation. Several studies (e.g. Garcia-Pichel 1994, Vernet & Whitehead 1996)
have suggested that MA As act as natural sunscreens to UV radiation and as such should
be considered photoprotective; this is endorsed by a number of empirical circumstances.
This has also been confirmed indirectly during detailed laboratory studies by, for example,
Moisan & Mitchell (2001). These researchers have shown that the MAAs (in particular,
mycosporine-glycine, shinorine and mycosporine-glycine valine) contained in Phaeocystis
antarctica behave in the same way as photoprotecting carotenoids and are proportional
to the light intensity under which the cultures in question were incubated.

Recapitulating, then, we assumed that under certain conditions in the sea (e.g. in
polar regions with an elevated level of UV), there may occur phytoplankton species with
high levels of MAAs, higher than is normally the case in most natural phytoplankton
populations. That is why we have extended the list of model chemical classes of POM to
include the following two classes of particles: polar phytoplankton and phytoplankton-like
particles (class PhM) and particles made up of MAAs (class A2), which can come into
existence upon the disintegration of PhM particles. Hence, to determine the mass-specific
light absorption coefficients al (\) for these two chemical classes of particle, i.e. for
particles made up of MAAs (a’5(A) = ajra45(A)) and for polar phytoplankton and polar
phytoplankton-like particles (appas(A)), in section 2 of this paper, we made use of the
empirical data on the light absorption capacity of such natural particles obtained by
Moisan & Mitchell (2001). Dr Moisan kindly supplied us with the relevant set of data,
including some not cited in the paper just mentioned. The set contained a variety of
empirical data, including optical data on the total absorption of light by phytoplankton
and by its photosynthetic pigments. Covering not only cellular in vivo absorption but
also absorption by unpackaged cellular material, the data applies to cultures of colonial
P. antarctica incubated under a range of irradiance conditions. In the present paper, we
used five sets of these data referring to the following properties of these algae and for five
different levels of PAR: 542, 400, 259, 151 and 85 pEin m? s~

— a},(A\) [m?(mgchla)™'] and aj,(\) [m® (mgchla)™'] — the respective spectra of
the chlorophyll-specific absorption of light of unpackaged cellular material by all
the components of phytoplankton (a,;) and by photosynthetic pigments (ay,), for
the spectral range from 300 to 700 nm;

— dmaas/chlydi/chl,da/chl, ds/chl — the respective cellular ratios of the combined
mass of all MAAs (daraas) and their three principal components (1-mycosporine-
glycine (d1), 2-shinorine (dz2) and 3-mycosporine-glycine valine (ds)), to the mass
of chlorophylla (chl), expressed in [nmol MAAs per ug chlal;

— dnraas/Corg — the ratio of the MAA content to the organic carbon content in a cell
(Corg), expressed in [nmol MAAs per ug C].
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Employing the above data and assuming that in the 300-365 nm spectral interval the
absorption of light by MAAs and to some extent also by photosynthetic pigments is far
greater than that by the other substances contained in a phytoplankton cell, the spectral
mass-specific light absorption only by matter containing MAAs was estimated as the
difference between the spectra of ay, () and a;,(\). The spectra of aj; 445 were then
calculated from the following relationship:

ai2(A) = airaas(N) [m® g7 = ki (MwWaraas) ™" (%)_1 [as,(A) — aps(N)],
(A3.1)

where k1 = 1067 and is a coefficient resulting from the conversion of units; MwWaraas
[g mol™!] is the mean molar weight of a mixture of compounds from the MAA group,
dependent on the individual cellular levels of the various amino acids and on their molar
weights mw;, in line with the relationship:

Mwraas = (drvaas) 2 (daraas,: mw;), (A3.2)

where mw; is equal to 243, 332 and 344 g mol ™', for mycosporine-glycine, shinorine and
mycosporine-glycine valine respectively.

Determined for five natural mixtures of MAAs at different irradiances, these spectra
are illustrated in Fig. A2.1b in Appendix 2. The spectrum a’,(\), which was obtained
by averaging these five spectra, is assumed in this paper to represent the model chemical
class A2, it is given as a number in Table 2 (column 3) and is illustrated in Fig. la
(curve A2).

Similar spectra of mass-specific light absorption coefficient by the combined organic
matter in phytoplankton cells were determined on the basis of the spectrum of a;s(X),
according to the equation

-1
apan(V) [m? g71] = 0.5k, (Laass ) (Dgas ) az, (1), (A3.3)

where ky = 103, and is a coefficient resulting from the conversion of units; the factor
0.5 emerges from the approximate assumption that the overall mass of organic matter in
a cell is about twice as high as the mass of carbon it contains.

Equation (A3.3) was used to determine five approximate spectra of the mass-specific
absorption coefficients of light by cellular matter in cultures of P. antarctica incubated
under different irradiance conditions. On the other hand, we assumed the mean spectrum
of appa(N) (see Fig. 1d, curve PhM), the average of the above five spectra, to be
representative of the class PhM, i.e. polar phytoplankton and polar phytoplankton-like
particles.
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Appendix 4
The biochemical composition of marine organisms

Marine organisms are the chief source from which fractions of POM in the sea are
derived directly or indirectly. A considerable proportion of these organisms, which are very
small in size, also makes up the living part of these POM fractions. In the present paper,
therefore, we took into account the typical biochemical compositions of these organisms
when establishing the compositions of organic matter and the overall composition of
organic and inorganic matter of the model particles, which we placed in various model
chemical classes and physical types. These compositions also suggested themselves when
it came to dividing POM into two groups: (1) commonly occurring dry or moderately
hydrated particles, and (2) strongly hydrated particles. The data applying to these
compositions are set out in Table A4.1. This gives the typical proportions by weight
(as a percentage) for the principal groups of organisms living in the sea (phytoplankton,
phytobenthos, zooplankton, zoobenthos and nekton) with respect to: the combined (wet)
matter in these organisms, divided into organic matter, water, other inorganic substances
(contained in ash); and the organic matter contained in these organisms divided into two
groups: all simple and complex proteins and their components (amino acids, peptides and
proteids), and other organic substances.

Having established these proportions, we then based the biochemical composition
of marine organisms on data taken from the monograph by Romankevich (1977), which
summarises the research results of variousauthors.

Table A4.1. The biochemical composition of marine organisms

Relative content as a % of the mass

Organisms Combined (wet) matter Organic matter
water organic  other inorganic proteins other
matter matter (ash) compounds
phytoplankton 80 11 9 55 45
phytobenthos 80 15 5 20 80
zooplankton 80 18 2 67 33
zoobenthos 63 14 23 71 29
nekton 73 24 3 78 22




