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Abstract

Existing statistical models of in vivo light absorption by phytoplankton (WoZniak
& Ostrowska 1990, Bricaud et al. 1995, 1998) describe the dependence of the
phytoplankton specific spectral absorption coefficient a;l(/\) on the chlorophyll a

* This paper was presented at the ‘Second Workshop on Luminescence and
Photosynthesis of Marine Phytoplankton’, Sopot—Paraszyno, 11-15 October 1999.
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concentration C, in seawater. However, the models do not take into account the
variability in this relationship due to phytoplankton acclimation. The observed
variability in the light absorption coefficient and its components due to various
pigments with depth and geographical position at sea, requires further accurate
modelling in order to improve satellite remote sensing algorithms and interpretation
of ocean colour maps.

The aim of this paper is to formulate an improved model of the phytoplankton
spectral absorption capacity which takes account of the pigment composition and
absorption changes resulting from photo- and chromatic acclimation processes,
and the pigment package effect. It is a synthesis of earlier models and the
following statistical generalisations: (1) statistical relationships between various
pigment group concentrations and light field properties in the sea (described by
Majchrowski & Ostrowska 2000, this volume); (2) a model of light absorption by
phytoplankton capable of determining the mathematical relationships between the
spectral absorption coefficients of the various photosynthetic and photoprotecting
pigment groups, and their concentrations in seawater (Wozniak et al. 1999); (3)
bio-optical models of light propagation in oceanic Case 1 Waters and Baltic Case 2
Waters (Wozniak et al. 1992a,b, 1995a,b). The generalised model described in this
paper permits the total phytoplankton light absorption coefficient in vivo as well as
its components related to the various photosynthetic and photoprotecting pigments
to be determined using only the surface irradiance PAR (07) surface chlorophyll
concentration C,(0) and depth z in the sea as input data.

1. Introduction

An important task of present-day marine bio-optics is the construction of
a suitable algorithm to determine the light absorption capacities of marine
phytoplankton on the basis of remote sensing optical data, including satellite
data. Such an algorithm can be invoked to interpret ocean colour maps and
improve methods of remotely monitoring primary production in the sea.

At present, the literature describes two statistical spectral models of
phytoplankton light absorption which can be used in such an algorithm
(Wozniak & Ostrowska 1990, Bricaud et al. 1995, 1998).

The first one, by Wozniak and Ostrowska (1990), enables the phyto-
plankton light absorption spectra ay(A) [m™'] to be determined from the
chlorophyll a concentration in the sea C, [mg tot.chla m~3]:

apl()\) = ;l()‘) Ca
aZl()\) = (0.0187P; — 0.011) ¢~0-00012 (A—441)? )
+0.00645 ¢ 0-00033 \=608)° 4 233 =004 (A-675)"

where

a;l()\) — specific light absorption coefficient of live phytoplankton in sea-
water [m? (mg tot.chla)~!],

A — wavelength [nm],



Model of the in wvivo spectral absorption of algal pigments. Part 1. 179

b — pigment index of acetone extracts of phytoplankton, e.g. the ratio
of absorption for the two principal maxima of light absorption
by phytoplankton (430nm and 663nm). It is related to the
chlorophyll a concentration in the following way:

P. —10/0-516-0.161 (log C4(0))+0.0422 (log C (0))2—0.0584 (log C¢,(0))3+0.0360 (log Cy (0))*] )

(1a)
This model, however, was derived on the basis of sparse experimental data
and is thus imprecise. Moreover, it does not take into account the pigment
package effect in phytoplankton cells (see e.g. van de Hulst 1981, Morel
& Bricaud 1981).

The second model (Bricaud et al. 1995, 1998) was created on the
basis of a larger set of experimental material and does account for the
above-mentioned package effect. According to this model the absorption
coefficients depend on chlorophyll a concentrations in seawater in the
following manner:

ap(A) = a;l(/\) C,
ay(N) =AM G "V [

(2)
where the coefficients A(\) and B () are determined in Bricaud et al. (1995,
Table 1).

In both of these models the chlorophyll a concentration C, is an
indispensable magnitude for determining light absorption coefficients. On
the one hand, the surface chlorophyll a concentration C,(0) can be obtained
from satellite data (see e.g. Gordon & McCluney 1975, Wozniak et al.
1995b); on the other, the statistical relationships published in many papers
allow the chlorophyll a concentration in the water column C,(z) to be
determined from the surface concentration C,(0) (Lewis et al. 1983, Platt
et al. 1988, Morel & Berthon 1989, Sathyendranath et al. 1989, Wozniak
et al. 1992a and b, 1995a). Thus, both models can formally be used in
remote sensing algorithms. But to their disadvantage, neither model takes
into consideration the depth-related changes in the coefficient a;;l(/\) caused
by variability in the pigment composition, which in turn is due to photo-
and chromatic acclimation and the package effect.

The model of phytoplankton absorption properties recently formulated
by Wozniak et al. (1999) accounts for these acclimation processes and the
package effect. It thus enables ay,(A) to be calculated from, inter alia, known
values of particular pigment concentrations. Unfortunately, however, these
concentrations cannot be determined directly from satellite data.

Statistical ~relationships were subsequently found (Majchrowski
& Ostrowska 1999 and 2000, this volume) between the composition of
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phytoplankton pigments and the spectral irradiance conditions in the sea.
From these relationships, various pigment concentrations can be computed
from the surface chlorophyll a concentration C,(0), the incoming irradiance
PAR(0"), and the bio-optical model of the sea (Wozniak et al. 1992a, b,
1995a). C,(0) and PAR (07) can be determined from satellite observations.
Therefore, by combining these two sets of model formulae (by Wozniak
et al. 1999 and by Majchrowski & Ostrowska 2000, this volume) and taking
into consideration further statistical relationships to be discussed below, we
can set up a model of light absorption by live phytoplankton that allows
us to estimate the phytoplankton light absorption capacities using satellite
C,(0) and PAR (0") data. This modelling was the subject of Majchrowski’s
doctoral dissertation (Majchrowski 2000).

2. Structure and mathematical apparatus of the model

Figure 1 presents a block diagram of the model’s algorithm. It consists
of three sections:

Section A: specified input data necessary for the computations: sur-
face chlorophyll a concentration C,(0) (block 1), surface irradiance
PAR (0) (just below the sea surface (index +) (block 3)) and depth z
or optical depth 7 in the water column (block 2).

Section B: model formulae approximating the relationships between:

— the surface chlorophyll concentration C,(0) and vertical chloro-
phyll profiles C,(2) (block 4);

— the chlorophyll concentration C,(z) and optical quantities de-
scribing the underwater irradiance transmittance (block 5);

— the underwater irradiance characteristics, and chromatic and
photoacclimation factors (block 6);

— chromatic and photoacclimation factors and the relative pigment
concentrations (block 7);

— phytoplankton pigment concentrations and the specific absorp-
tion coefficients of the pigments (block 8).

At the same time, these model relationships are the assumptions on
which the present synthesis is based. They are discussed in detail in
earlier publications cited in the relevant places in the text.

Section C: optical characteristics of the marine environment and various
properties of the phytoplankton which can be determined from the
above input data and model formulae, together with the help of

other well known formal relationships in biophysics and hydro-optics
(blocks 9 to 18).
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Fig. 1. Block diagram of the model of in vivo spectral absorption properties of
algal pigments (adapted from Majchrowski 2000)

The mathematical

apparatus of the algorithm is

given

in detail

in Table 1. The key model formulae in this algorithm (egs. (T1)-(T20))
were established by means of statistical analyses of empirical data and
semi-empirical modelling. This is described in detail in our earlier papers
(WozZniak et al. 1992a and b, 1995a, 1997, 1999, Kaczmarek & Wozniak,
1995, Dera 1995, Majchrowski & Ostrowska 1999 and 2000, this volume).
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Table 1. Mathematical apparatus of the spectral absorption properties of algal
pigments: in vivo model

Section A

The input parameters of the model are the surface chlorophyll con-
centration C,(0) [mg tot.chla m~3] (block 1), depth in the water
column — the real depth z [m] or the optical depth 7 (block 2) and the
dailly mean surface irradiance PAR (07) [uEin m~2 s~!] or scalar irra-
diance PARy (07) [uEin m~2 s71] (block 3).

Section B
The model formulae are:

Block 4: relationships between vertical profiles of chlorophyll a concen-
tration Cy(2) and its surface concentration Cy(0):

Ceonst +Cm exp|—(2—2max )0z 2
Ca(Z) = Ca(o) Cco;:+cm eE)(E)[E(Zmax)U)zP] ) (Tl)

where

e for stratified oceanic waters (Wozniak et al. 1992a and b):

Cloonet = 10[70-0437+0.8644 (log Ca (0))—0.0888 (log Ca (0))?]

Cyn = 0.269 + 0.245 (log C,(0)) + 1.51 (log C,(0))? + 2.13 (log C,(0))>+
+0.81 (log C,(0))4,

Zmax = 17.9 — 44.6 (log C,(0)) + 38.1 (log Cy(0))? + 1.32 (log C,(0))3+
—10.7 (log C,(0))*,

o, = 0.0408 + 0.0217 (log C,(0)) + 0.00239 (log C,(0))?+
+0.00562 (log C,(0))? + 0.00514 (log C,(0))*;

e for Baltic waters (Wozniak et al. 1995a):

Ca(0
Ceonst = [0.77 = 0.13 cos (274514 ) | o
Con = g7 [(0:36)% @ 1] x [M + 1+ (M — 1) cos (2245520,
M =2.25(0.765)% @) + 1,
Zmax = 9.18 — 2.43 (log C,(0))+0.213 (log C,(0))? — 1.18 (log C,(0))3,
0, =0.118 — 0.113 (log C(0))—0.0139 (log C5(0))24+0.112 (log C,(0))?,

ng — the day number of the year.
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Block 5: bio-optical relationships for estimating the following quanti-
ties (according to Wozniak et al. 1992a and b, 1995a, Kaczmarek
& Wozniak 1995):

e optical depth in the sea:
7(z) = —InT(2); (T2)

e spectral distribution of irradiance:
feE(\, 2) = fE(X,0)exp l—de(/\, 2) dz]; (T3)
0

e transmittance of irradiance through the water column:

700 nm
T(z) :400f fe(\ z)dA, (T4)

where

fe(A,0) —normalised typical spectral distribution of irradiance PAR
entering the sea (see e.g. Fig. 4b in Dera 1995):

700 nm

| fE(\0)dX =1,
400 nm

K4(\, z) — downward spectral irradiance diffuse attenuation coefficient.

The coefficient K4(\, z) is related to the chlorophyll
concentration Cy(2):

Kd(/\7 Z) =Ky (/\) + Ca(z){cl (/\) exp [_al(/\) Ca(z)] + Kd,i(/\)} + Alf()‘);
TS

where

AK()\) = 0 for oceanic Case 1 Waters,
~ ] 0.068 exp[-0.014 (A — 550)] for Baltic Case 2 Waters.

The constants C1(A), a1(X), Kg,;(\) and the attenuation of pure water
K,,(\) are given in Wozniak et al. 1992a and b (ibid. Table 2).

Block 6: acclimation factors defined as functions of specific absorption
coefficients of various pigment groups of the phytoplankton and selected
properties of the underwater light field

(according to Wozniak et al. 1997):
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e chromatic acclimation factor for the j-th group of pigments
(or function of spectral fitting):

Fi(z) == | f(\2)ai(n)dx; (T6)

J»max 400 nm

e photoacclimation factor (known as the Potentially
Destructive Radiation):

PDR() = 1" a0 (o O 2))awy A (17)

where

f(\, 2) = fe(\, 2)/T(2) — spectral distribution of irradiance in the PAR
spectral range at depth z:

*

aj(A) — spectral specific absorption coefficient for the j-th group of

‘unpackaged’ pigments (i.e. in solvent) (for chlorophyll a
—a}(N); for chlorophyll b — a;(\); for chlorophyll ¢ — a’(\);
for photosynthetic carotenoids — apg-(A)). The numerical
values of aj(A) can be determined using the sub-algorithm
given by eq. (T13) below;

7 max — Specific absorption coefficient at the maximum absorption
K

spectral range of the j-th ‘unpackaged’ pigment;

(Eo(A, 2))aay = PARo (07) f(X, 2) or (Eg (A, 2))day &
~ 1.2PAR(0") fg (\, 2z) — daily mean spectral scalar
irradiance at depth z:

a

PARy (0%) — scalar irradiance, PAR (0%) — irradiance — just below
the water surface (index (0")) in the PAR spectral range
(approximated from 400 to 700 nm).

Block 7: relationships between acclimation factors and pigment con-
centrations (according to Majchrowski & Ostrowska 1999, 2000,
this volume):

e for photosynthetic pigments:
€rsc = 1.348 < Fpsc >a- —0.093, (TS)
S =54.07 < F, >X17 40.091, (T9)

e =0042 < F, >0 < Fo > (T10)

z
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e for photoprotecting carotenoids:

€epc = .1758 < PDR* > +0.176, (T11)
where

Cy, Ce, Cpsc, Cppc [mg pigment m~3] — respective concentrations of
chlorophylls b, chlorophylls ¢, photosynthetic carotenoids PSC and
photoprotecting carotenoids PPC

< Fyu>ps <EFy>pan, <F.>aA., < Fpsc>a., < PDR* >A, — mean
values of chromatic acclimation factors and photoacclimation factor, in
a water layer Az = 29 — z1:

z2
< Fj >a= ﬁZfFJ(Z) dz,
1

z2
< PDR* >pa,= ;Zl | PDR(z)*dz,
Z1

29—

where

Jj — pigment group index (a, b, ¢ or PSC),
z71=2—30m if 2>30m and 2z =0, if 2<30m, 29 =2+ 30 m.

The mean values in water layer Az have been taken in order to include
the influence of water mixing.

Block 8: model relationships between pigment concentrations and dif-
ferent optical capacities of marine phytoplankton (according to Wozniak
et al. 1999):

e relationship between the product Cjd and the
chlorophyll concentration Cl:

Crd=24.65C0597, (T12)
where
‘]

C1 [mg tot.chla m™°] — intercellular chlorophyll a concentration,

d [m] — cell diameter, (C, value given in [mg tot.chla m~3]);

e relationships between the specific absorption coefficient of ‘unpack-

aged’ pigments (i.e. in solvent) and chlorophyll a concentration:
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(i) for the j-th pigment group:

a;(A) =2 Gax, i e_%(A A‘:dx’l)

spectral maximum band,

photosynthetic carotenoids PSC and photoprotecting
carotenoids PPC'). The values of Ayax, i, 0; and a},
in Table 3 in WozZniak et al. 1999.

max, 7

(ii) for photosynthetic pigments PSP
(in solvent — index 5):

(iii) for photoprotecting pigments PPP
(in solvent — index S):

a*PPP,S()‘) = c% [Crpcappc(N)],

(iv) for all the phytoplankton pigments
(in solvent — index S):

ay s(A) = apgp s(A) +appp g(N);

e the relationship between the package effect spectral function,
Q*(\) the product C7 d and the ‘unpackaged’ absorption
coefficient a; o:

ep(A epk)1

QW) =g |1+ 5oy + 25 |

where

p'=ay ¢ Crd (the so-called optical parameter of cell size);

max, ¢ ) (Tlg)
7
where
Amax, i [nm] — centre of the spectral maximum band [nm],
o; — dispersion of the band,
U, i [m? (mg pigment)~!] - specific absorption coefficient in the

where ¢ — Gaussian band numbers of major groups of phytoplankton
pigments (e.g. chlorophylls a, chlorophylls b, chlorophylls c,

are given

apsps(\) = o [Caaz(N) + Coaj(N) + Ceai(A) + Cpsc apse(N)], (T14)

(T15)

(T16)

(T17)
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e the relationships between in vivo absorption coefficients,
‘unpackaged’ absorption coefficients (index S) and the
package effect function:

(i) total for all phytoplankton pigments:

apl()\) = Ca a; ()\)
a;;l()\) - Q*(Aga;l’S(A) }’ (T18)

(ii) for photosynthetic pigments PSP:

apl, psP(A) = Caayy psp(N) (T19)
ay psp(A) = Q@ (Napgp s(A) |’

(iii) for photoprotecting pigments:

apl, pPP(A) = Caappp(N)
a;l,PPP()\) = Q*()\)a}ppﬂg()\) } (T20)

Section C
e The principles of the computations are:

Block 9: vertical profiles of chlorophyll Cy(z) can be calculated from
input data C,(0) using eq. (T1).

Block 10: vertical profiles of optical depth 7(z), spectral distribution
of irradiance fg(\, z) and the irradiance transmittance 7'(z) can be
calculated from their relationships with C,(z) (block 9) using egs.
(T2)—(T5).

Block 11: vertical profiles of the chromatic acclimation factor Fj(z)
can be calculated from fg(\, z) and T'(z) (block 10) using eq. (T6).

Block 12: vertical profiles of the photoacclimation factor PDR*(z) can
be calculated from its relationships with fg(\, z) (block 10) and the
surface irradiance PARy (07) or PAR (0") (input data) using eq. (T7).

Block 13: vertical profiles of the relative concentrations of particular
photosynthetic pigments Cpgp, j/C, can be determined from Fj(z)
(block 11) using eqgs. (T8)—(T10).

Block 14: vertical profiles of the relative concentration of photo-
protecting carotenoids Cppc/C, can be determined from PDR*(z)
(block 12) using eq. (T11).
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Block 15: vertical profiles of products C7d can be calculated from
Co(z) (block 9) using eq. (T12).

Block 16: vertical profiles of specific absorption coefficients

for ‘unpackaged’ photosynthetic pigments apg P, 5(A, z), photopro-

tecting pigments appp (A, 2), and all pigments ay; g(A, 2) can be
determined from Cpgp,;j/Cq, (block 13) and Cppc/C, (block 14)
using egs. (T13)—(T16).

Block 17: the vertical distribution of the package effect spectral func-
tion @Q*(A,z) can be determined from the product Crd (block 15) and
ay s(As z) (block 16) using eq. (T17).

Block 18: vertical profiles of the marine phytoplankton total spectral
absorption coefficient and its components can be determined from basic
‘unpackaged’ absorption coefficients (block 16), the package effect func-
tion (block 17) and chlorophyll concentrations (block 9) using

egs. (T18)—(T20).

Related to both oceanic and Baltic waters, the algorithm can be used to
estimate phytoplankton light absorption coefficients for both Oceanic Case
1 Waters and Baltic Case 2 Waters, according to the Morel & Prieur (1977)
water classification.

3. Conclusions

This is the first nontrivial model of the absorption capacities of
phytoplankton which takes phytoplankton acclimation processes, pigment
package effects and environmental factors into consideration. It enables the
absorption capacities to be computed from remote sensing data (surface
chlorophyll a concentration and solar irradiance at the sea surface). The
insight of the model consists in taking into consideration the acclimation
processes in phytoplankton (photo- and chromatic acclimation and package
effect), which up to now have not been taken into account in remote sensing
models. Moreover, this model can be used to estimate the diversity of
phytoplankton absorption capacities with trophic type of water and depth
in the sea.

Examples of the practical application of the new model, an analysis
of its utility and estimation errors are given in part 2 of this paper (by
Majchrowski et al. 2000, this volume) and in the subsequent papers in this
volume.
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