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This Letter is an extension of an earlier paper! (referred to
hereafter as BM) that described a theoretical modeling of
light attenuation and scattering by pigmented phytoplank-
tonic cells in the common case when reliable and indepen-
dently assessed data on spectral refractive index are lacking.
The present work conforms to the notation and symbols
previously used.

In essence, the BM model was developed, first, to deter-
mine whether the spectral scattering properties of algal cells
can be adequately explained and reproduced when the (ex-
perimental) spectral absorption and the actual size distribu-
tion of the cells are known (and used as input parameters in
the computation); second, to test the applicability of the
anomalous diffraction approximation of van de Hulst? for
algal cells that can significantly deviate from the idealized
case of perfectly homogeneous spheres; and, finally, to pre-
dict backscattering properties of these cells. Note that the
phytoplanktonic cells are characterized by the complex in-
dex of refraction, m = n — in’, so that {m — 1} remains very
close to zero.

In the BM model the wavelength-dependent imaginary
part n’(\) of the refractive index is derived from the mea-
sured absorption spectrum by an iterative procedure. The
theoretical absorption efficiency factor Q,(5’) [Egs. (10),(2)
in BM] is forced to equal the experimental value of that
factor by allowing n’ to vary, thus providing its correct value.
The overbars indicate that the efficiency factors are comput-
ed for a mean cell of the actual polydispersed population.
The spectral values of the real part n(\) are written as n(\) =
1+e+An(A). Thewavelengthindependent quantity 1 + ¢is
referred to as the central value because the real part n differs,
in general, from 1 + ¢ by An due to the effect of absorption.
An(}) is linked to n’(A) through the anomalous dispersion
(Ketteler-Helmholtz) theory and is computed after the n’
spectrum has been decomposed into several distinct oscilla-
tors with appropriate resonance peaks and damping con-
stants [Fig. 5 and Eqgs. (11),(5),(6) in BM].

When using the anomalous dispersion theory, the choice of
¢ is crucial as diverse patterns can result in the modeled
efficiency factors for attenuation @, scattering §, (and back-
scattering @), according to the value assigned to ¢ (Fig. 6 in
BM). In the BM model a first guess for ¢ is based on a
graphic comparison of the experimental spectrum of the
efficiency factor for attenuation . with that of the so-called
nonabsorbing equivalent particle, NAF, computed through
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the van de Hulst approximation. A plausible range for
compatible with the range of experimental §,()) values can,
in principle, be delimited; hence ¢ can be estimated. Recall
that the hypothetical nonabsorbing equivalent population
(NAE) has the same characteristics as the actual one except
that n’ = 0and n = 1 + ¢ everywhere in the spectrum. It was
then indicated that the ¢ value can be refined by trials and

-errors comparing the @, spectrum predicted from the van de

Hulst approximation with the experimental one. Note that
even if the measured attenuation spectrum is not, strictly
speaking, an input parameter in the BM model, it is implicit-
ly used as such, at least in a qualitative manner, when the
first guessed value of ¢ is adopted.

If now, and conversely to the second aim of BM, wea priori
rely on the van de Hulst approximation because the algal
cells under consideration are essentially homogeneous and
spherical, the situation is different from that envisaged in
the BM model; refinements and simplification in the compu-
tational scheme become possible, namely,
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Fig. 1. Spectra of efficiency factors for attenuation Q., scattering
@,, and absorption §, of the cyanobacterium Synechocystis de-
duced from the spectrophotometric measurements of absorption
and attenuation and from the cell size distribution determined with
the electronic particle counter combined with an epifluorescence
technique for cells counting. In both panels, the growth irradiance
for the cyanobacterium culture is indicated. The inset shows the
mean size distribution of the Synechocystis population (in relative
units). This distribution is practically insensitive to changes in
growth irradiance.
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Fig.2. Upperpanel: the decomposition of the n’(A) spectrum into

distinct oscillators and its recomposition for the Synechocystis cul-

ture grown under 20 uE - m~2 s~!. Lower panel: the spectral

variations of the real part of the refractive index (solid line) as

recomposed from the oscillators (dotted lines). The wavelengths A,
are indicated by arrows.

(1) when applying the anomalous dispersion theory the
choice of ¢, while retaining physical consistency, can be made
on a mathematically well-defined basis;

(2) the n()\) spectrum can be obtained without appealing
to the anomalous dispersion theory, i.e., without requiring
the decomposition into oscillators.

The input parameters are now explicitly three: the ab-
sorption spectrum transformed into Q.()); the attenuation
spectrum transformed into @.(\); and the size distribution
function F(d). The aim of this Letter is to present the
modified computational scheme and to compare the results
with those obtained through the BM model, when applied to
an almost ideally spherically shaped cyanobacterium cell
(Synechocystis, Cyanophyceae), with a mean diameter of
~1.2 um. Absorptive and scattering properties of this pico-
planktonic species are strongly variable in response to
growth irradiance making such a cell an interesting optical
object.t The data that serve here as input parameters are
shown in Fig. 1; the measuring methods are described else-
where.!*

As regards (1), recall that the comparison of @NAF and @,
spectra (as in BM) is not fully justifiable because the experi-
mental §.(\) values are naturally affected by absorption a
priori anywhere inside the entire (visible) spectrum. There-
fore, a refined procedure for selecting the central value 1 + ¢
can be imagined, which is formulated as follows. Figure 2
shows, for the cyanobacteria adapted to low growth irradi-
ance (20 uE m~2 s71), the n’()\) spectrum derived from the
actual absorption by iterative scheme (as in BM), its decom-
position into oscillators and the spectral behavior of the
recomposed n(\) around the unknown central value 1 +¢. In’
this case thirteen oscillators lead to almost perfect recompo-
sition of the n/(\) spectrum. The real part of the refractive
index displays appreciable variations with wavelength. The
analogous results but for the cyanobacteria grown under high
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Fig.3. AsinFig. 2but for growth irradiance of 700 uE m~2s~! (note
change of ordinate scales from Fig. 2).

irradiance (700 wE m~2 s~1) are shown in Fig. 3. The n’(\)
absorption pattern, recomposed with fifteen oscillators,
strongly differs from the preceding one. In general, a good
reconstruction requires many trials and is difficult to achieve
when the n’(\) spectrum is strongly structured with very low
values at absorption minima. When looking at the recom-
posed n(}\) spectra (lower panels and heretofore published
results!:3) it appears that, within the spectral range consid-
ered, An can be zero at least once and in some cases at several
wavelengths, denoted A. As expected, one of these wave-
lengths is generally found in the vicinity of the blue absorp-
tion peak around 440 nm (perhaps except when the absorp-
tion remains relatively high at the shorter wavelength side of
the spectrum). At wavelengths A, where n is exactly 1 + ¢,
the §.(\o) can be used to infer ¢ by a simple method. Having
fixed wavelength A, @NAE is generated as a function of p and
in fact as a function of the single variable ¢, since the size
distribution is given. Recall that taking into account the
polydispersion the @NAE(p) are calculated according to

Q=) = [* QIF(pIsdo [ I F(,,,,,zd,,]“, @
0 0

where F(p) is obtained from the experimental size distribu-
tion by the replacement of d by p and Q.(p) from van de
Hulst’s formula assuming { = 0:

Q.{p) =2 — (4/p) sinp + (4/p%)(1 ~ cosp). ay’

Finally, the exact value of ¢ is indicated by such QNAE(p) that
it equals @,(\). QNAEis a nonmonotonic function of 5, more
than one value of p can thus provide QN2 equal to Q.(\).
To overcome this ambiguity a plausible domain for 5 is easily
delimited, as has been explained previously.! Note, howev-
er, that the method for selecting ¢ is inefficient for large 5
where Q. becomes nearly independent on 5. The central
values of n, determined here for the low light and high light
adapted cyanobacteria, are 1.053 (£0.0019) and 1,0588, re-
spectively. The former value is an average based on three
wavelengths )\, i.e., 437.5, 562.5, and 617.5 nm. As seen in
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Fig. 4. Upper panel: the spectrum of the experimental efficiency
factor for attenuation compared with that representativeof an NAE
cell computed for the determined central values 1 +¢. Lower panel:
the real part of the refractive index obtained from the iterative
scheme (solid lines) compared with that estimated from the decom-
position into oscillators (dashed lines, the selected values of 1 + ¢ are
indicated by horizontal arrows). In both panels, the growth irradi-
ance for the Synechocystis culture is indicated.

Fig. 4 (upper panel), the experimental spectra of Q. are in
excellent compatibility with @NAE spectra computed with
the above values of 1 + ¢. The fact that 1 + ¢ is determined
from and depends on the accuracy of the attenuation mea-
surement at a single wavelength could be seen as a disadvan-
tage of the proposed refinement. This can, at least partly, be
overcomed by using a few discrete wavelengths around A, and
averaging the estimates of ¢ or using more than a single A, if
they exist. The important advantage, however, lies in that
this procedure is mathematically well defined and eliminates
guess intervention.

Asregards (2), if again we rely on the van de Hulst approxi-
mation having available the experimental values of Q,(\)
and Q.()), the spectrum of the real part of the refractive
index can be directly computed without appealing to the
anomalous dispersion theory. Given that the imaginary
n’()\) values have been derived (as in BM), the computational
scheme allowing n()\) to be obtained is as follows. At each
wavelength separately (2.5-nm interval), the theoretical val-
ue of §.(p) is iteratively forced to equal the experimental
‘Q.(\) value. The varying parameter in this procedure is the
real part of the refractive index n. To avoid possible multi-
ple solutions, n is incremented within a plausible domain,
and the iteration is pursued until the criterion [[Q.(3) —
Q.(M))/Q.(V)| < 1073 is satisfied. Analogously to Eq. (1) the
formula for Q.(p) allowing for the effect of polydispersion is

- - -1
Q. = ]0 Q.(0)F(p)pdp [ L F(p)pzdp] , @

where Q.(p) is computed from
Q.(p) = 2 — 4 exp(—p tan{)|(cos/p) sin(p — {)

+ (cost/p)? cos(p — 20)] + 4(cos{/p)? cos2f. )
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In Fig. 4 (lower panel) the n(\) spectra computed by this
iterative scheme are compared with those obtained from the
decomposition into oscillators. As seen, the method based
on the decomposition leads to higher values of n(A). In
practice, the differences do not appear to be 8o significant
(<0.005) and become easily understandable in view of the
fact that the accuracy of each approach is affected by differ-
ent sets of factors, namely, @,()\) followed by the decomposi-
tion and choice of ¢ in BM instead of @,()\) and Q.()) in the
direct iterative method.

Of crucial importance in both approaches is the accuracy
of size distribution function. A sensitivity test showed that
the deviations from the mean size distribution of cyanobac-
terium population, as actually detected by day-to-day obser-
vation, could lead to variations in the 1 + ¢ estimate to within
4 0.0025. Theiterative method for n()) should obviously be
used with caution if errors in experimental §.(\) are suspect-
ed, possibly leading in extreme cases to unsuccessful conver- -
gence.

Summarizing, we conclude that both computational
schemes, BM (including the refined procedure for selecting
¢) and the iterative one, for determining n(\) are consistent
to within experimental errors affecting the input data, pro-
vided that the van de Hulst approximation is applicable.
The iteration method appears to be faster and more conve-
nient for practical applications, whereas the tedious decom-
position into oscillators provides a physical understanding of
the spectral behavior of n. The present computational
schemes are especially useful when studying the small sized
picoplanktonic species having spherical shape and weakly
pronounced internal structures.
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