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Abstract 
We present laboratory measurements of scattering properties of 15 different types of coastal and inland water 

phytoplankton species and two types of estuarine sediments. These properties are the scattering function as well as 
the angular distribution of a ratio of scattering matrix elements, which in practice equals the degree of linear 
polarization of the scattered light if the incident light is unpolarized. Laser light with a wavelength of 633 nm was 
used, and a scattering angle range from 20° to 60° was covered. The results can be used in the context of water- 
quality studies and to test results of theoretical models. The measured scattering functions are all strongly peaked 
in forward directions, but not equally so. For the covered angles, they vary significantly as a function of scattering 
angle. The measured angular distributions of the degree of linear polarization are mostly bell shaped, showing a 
maximum near 90°, whose magnitude is clearly different for the phytoplankton compared to the silt particles. We 
find that the morphology and structural features of the particles studied play an important and complex role in their 
light-scattering behavior. In particular, internal cell structures such as gas vacuoles alter the scattering patterns of 
the phytoplankton species considerably. The external shape of the cells appears to have a much smaller influence. 
The experimental results are compared with results of Mie calculations and with the “standard scattering function” 
of San Diego Harbor water. In most cases, Mie calculations cannot provide an adequate approximation of the 
measured scattering behavior, which indicates that more sophisticated models are required. Only 3 of the 17 mea- 
sured scattering functions resemble the San Diego Harbor standard scattering function. One of these pertains to 
small silt particles, showing that this function is representative for water dominated by these particles. 

Diverse particles occur in coastal and inland waters, such 
as phytoplankton particles (i.e., cyanobacteria and algae), de- 
tritus (organic nonliving particles), and mineral particles 
(Dekker 1993; Mobley 1994). The scattering and absorption 
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properties of these particles are interesting from various 
points of view, as discussed below. 

Theoretical models describing light scattering by small 
particles have evolved during many decades. It is possible 
to solve Maxwell’s equations for spherical particles (Mie 
1908) and for nonspherical particles having simple shapes 
(cylinders, spheroids, and fluffy particles) with methods such 
as the T-matrix method and the discrete dipole approxima- 
tion (e.g., see Hovenier [1996] and references therein). It 
may soon become possible to perform calculations for light 
scattering by particles with more complicated internal or ex- 
ternal structures. However, because it often takes a lot of 
effort to extend existing computer programs, it is important 
to know beforehand whether structural features affect the 
scattering properties in a significant manner. One way to 
obtain such information is to perform measurements of the 
scattering properties of various particles. The results of these 
measurements may guide the development of theoretical 
models and can be used to test the calculations. In these 
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cases, it is important to measure not only the angular distri- 
bution of the flux, but also that of the polarization of the 
scattered light for unpolarized incident light. 

Models describing radiative transfer in water have been 
developed and are being improved (e.g., Mobley 1994). 
Such models can be used to study and interpret the under- 
water light climate. This light climate is important for the 
study of ecosystems, particularly with respect to the growth 
and decay of phytoplankton. Radiative transfer models rely 
on the assumption that the single scattering properties of the 
various constituents are known. Therefore, it is important to 
have available representative scattering properties of these 
constituents and to determine how they may differ between 
waters containing different particles. Presently, one standard 
model for the scattering properties of turbid waters is gen- 
erally employed, namely, the volume scattering function of 
turbid ocean water measured in the San Diego Harbor by 
Petzold (1972). In this paper, we present new measurements 
that can be used to determine to what extent this standard 
function is representative for various water types (e.g., turbid 
and/or eutrophic inland waters). 

Semiempirical methods are often used to interpret remote- 
sensing images taken above water (see sect. 7.4 in Kirk 
1994) wherein spectral signatures of the reflection properties 
of water are used to derive concentrations of water constit- 
uents, using so-called water-quality algorithms. For example, 
one seeks to determine concentrations of chlorophyll a (Chl 
a) pigments and silt from remote-sensing images. If, for dif- 
ferent water types, the scattering properties of the particles 
differ significantly, one may expect significant bias in the 
results obtained from such water-quality algorithms. It is 
therefore important to know the differences in scattering 
properties that occur for different water constituents (e.g., 
Dekker et al. 1995). 

Relatively few measurements of the angular distribution 
of light scattered by hydrosol particles have been reported. 
Some results for natural waters have been published (Spil- 
haus 1968; Petzold 1972; Whitlock et al. 1981; Sugihara et 
al. 1982; Kullenberg 1984; Voss and Fry 1984). Some au- 
thors have focused on individual hydrosol species (Privoznik 
et al. 1978; Morel and Bricaud 1986; Quinby-Hunt et al. 
1989; Krol et al. 1992; Lofftus et al. 1992; Witkowski et al. 
1993), whereas others have measured light scattering by in- 
dividual particles at a limited number of scattering angles by 
using flow cytometric techniques (Dubelaar et al. 1987; Ac- 
kleson and Spinrad 1988; Ackleson et al. 1993). Comparison 
of results for various species is difficult, because differences 
may in part be attributed to the use of different instruments. 
Some authors have found small differences in the shape of 
the angular scattering function of various (oceanic) water 
constituents (Petzold 1972; Voss and Fry 1984), whereas 
others have found considerable differences (Sugihara et al. 
1982). 

In 1995, we began charting differences in scattering and 
absorption properties of various constituents of water that 
are common in Dutch coastal and inland waters. Phytoplank- 
ton samples cultivated under controlled conditions at the In- 
stitute for Freshwater Ecology (IFE, England) and at the 
Netherlands Institute of Ecology, Centre for Estuarine Coast- 
al Ecology (NIOO-CEMO, Yerseke, The Netherlands), as 

well as two differently sized silt samples, were transported 
to Amsterdam to measure the angular distribution of light 
scattered by these small particles. The setup was originally 
designed for measuring the angular distribution of light scat- 
tered by aerosol particles, but has been adapted to measure 
scattering properties of hydrosol particles. The setup used is 
a revised and improved version of that described by Stam- 
mes (1989), Kuik et al. (1991), and Kuik (1992). Hence, it 
suffices to describe the adaptations made to perform mea- 
surements on hydrosol particles. Here, we report results of 
measurements of the angular distribution of the flux of the 
light scattered by 15 different types of phytoplankton and 
two types of sediment. For checking purposes and to facil- 
itate comparisons with theoretical models, we also report 
measurements of quantities describing polarization proper- 
ties of the light scattered by the sample. However, because 
the phytoplankton samples must be in the exponential phase 
of growth during measurements, we restricted our measure- 
ments pertaining to polarization to two additional elements 
of the Mueller matrix involved. Furthermore, we compare 
our results with those of Mie calculations and with the stan- 
dard function of Petzold (1972). Not all measurements ob- 
tained during the project are reported here. Other results, 
such as spectral absorption properties, will be published else- 
where. 

The main purpose of this paper is to provide information 
on the angular scattering properties of a large set of different 
hydrosol species. Results can be used (1) to guide devel- 
opment of theoretical models and test their results, (2) to 
assess differences of angular scattering properties that can 
be used in studying the underwater light climate, and (3) to 
evaluate the accuracy of water-quality algorithms used for 
deriving water-quality parameters from remote-sensing im- 
ages. 

Materials and methods 

Description of the hydrosols- We provide below an over- 
view of properties that determine the scattering behavior of 
hydrosols, such as their shape, structural features, size dis- 
tribution, and complex refractive index. These properties are 
listed in Table 1 for the different types of hydrosols studied 
here. Values of these parameters have been obtained either 
from additional measurements or, if these were not available, 
from the literature. The values for size distributions and 
(complex) refractive indices have been used in Mie calcu- 
lations. Values of the imaginary part of the refractive index 
and the width of the size distribution, which could not be 
obtained in other ways, have been derived from fitting the 
measurements with Mie calculations (see below). We will 
now discuss columns 3-7 of Table 1. 

Particle cell shape and structural features- Phytoplank- 
ton (algae and cyanobacteria) show a wide variety of shapes. 
The shapes listed in Table 1 have been taken from photo- 
graphs and the literature. Employing classifications frequent- 
ly encountered in flow cytometry and theoretical light-scat- 
tering studies, we distinguish between two main classes- 
spherically celled species and cylindrically celled species. 
The remaining species belong to neither class (e.g., the box- 
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Table 1. Overview of the cell shape, structural features, size distribution, complex refractive index, and N,,,,, (number of light-scattering 
measurements) of the phytoplankton and sediments under investigation. 

Name of hydrosol Group* 

calcite mantel 
no calcite mantel 

Size distribution 

shaped and the sickle-shaped species). The silt particles have 
irregular shapes. Apart from the filamentous species, two 
other species form colonies. Astrionella formosa tends to 
group itself into star-shaped colonies, and Volvox aureus 
forms spherical colonies, the size distribution of which is 
given in Table 1 (in contrast to the other species in this table, 
for which the size distributions of the cells are given). 

Algae (here, chlorophyta, bacillariophycae, and prymne- 
siophycae) can have pronounced internal structures (e.g., 
chloroplasts, mitochondria, and glycogen-storage structures). 
Some species are surrounded by calcite plates or silicate 
mantels. Cyanobacteria have less internal structure than do 
eukaryotic species. In contrast, gas vacuoles are common in 
many cyanobacteria species. Gas vacuoles are groups of gas 
vesicles, which are spindle-shaped rigid structures filled with 
air, with lengths between 300 and 700 nm and diameters 
between 60 and 110 nm (Donze et al. 1987; Walsby 1994). 
These dimensions are more or less the same for all organism 
types. One cell can contain up to a few hundred gas vacu- 
oles. 

Two of the phytoplankton species have been modified for 
investigating the influence of specific structural features on 
the scattering pattern. We have performed measurements on 
Microcystis aeruginosa with and without gas vacuoles. Like- 
wise, we studied Emiliania huxleyi with calcite mantels and 
with the calcite mantels removed. 

Size distribution- Table 1 lists the effective radius, rCff, 
and the effective variance, veff, for volume-equivalent spheres 

(Hansen and Travis 1974). The volume-equivalent effective 
radii of cells range from ~ 1 to 16 µm. 

Most size distributions were determined with a micro- 
scope or a Coulter counter, i.e., an instrument that measures 
the change in voltage induced when a particle passes be- 
tween two small electrodes. This change in voltage is as- 
sumed to be proportional to the particle volume (e.g., see 
Sheldon and Parsons 1967). For Oscillatoria agardhii, E. 
huxleyi, and the two differently sized Westerschelde silt sam- 
ples, no such measurements were performed. For these spe- 
cies, we assumed a gamma size distribution (Hansen and 
Travis 1974) for which either v,, (for E. huxleyi) or both r,, 
and v,, for volume-equivalent spheres were determined by 
fitting the measurement results to results of Mie calculations. 
The effective radius of E. huxleyi was taken from Bricaud 
and Morel (1986). 

Refractive index- Throughout this paper, all values for the 
refractive index (m = n - in ‘) are given relative to water 
and are valid for a wavelength, A, of ~633 nm in air. 

For some samples, we estimated the real and imaginary 
part of the refractive index by using cell size and cell number 
data and absorption measurements, following the method of 
Morel and Bricaud (1986). This method is not rigorous. 
However, in the absence of more accurate data, the values 
thus produced provide a reasonable starting point (e.g., for 
Mie calculations). We relied on literature data for estimates 
of the real part of the refractive index for the other phyto- 
plankton samples. Unfortunately, few such values of indi- 
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vidual phytoplankton species relative to water are available 
(Carder et al. 1972; Morel and Bricaud 1986; Spinrad and 
Brown 1986; Ackleson and Spinrad 1988; Stramski and Mo- 
rel 1990; Ackleson et al. 1993). However, because the chem- 
ical composition of the phytoplankton is more or less known, 
the bulk refractive index can be inferred. This has been done, 
for example, by Aas (1981), who assumed that phytoplank- 
ton consists of a mixture of 70 to >80% water and <20- 
30% other constituents, i.e., mainly organics. In general, we 
can conclude that, assuming no internal structures, the bulk 
real part of the refractive index varies from n = 1.015 to 
1.08. Following Morel and Bricaud (1986), we adopted n = 
1.04 for the phytoplankton species for which we could not 
derive an experimental estimate. For the two size distribu- 
tions of silt particles, we determined a refractive index n = 
1.1 from measurements combined with fits to anomalous dif- 
fraction theory. 

An estimate of the imaginary part of the refractive index 
(of samples for which we could not derive an estimate oth- 
erwise) was obtained from fitting results of Mie calculations 
to measured elements of the scattering matrix. We followed 
this procedure rather than choosing one central value, be- 
cause bulk values of the imaginary part of the refractive 
index differ considerably for distinct species. However, we 
can estimate the probable range of n ‘. Morel and Bricaud 
(1986) derived a typical value of n ’ of 0.0025 for absorption 
due to Chl a by assuming a typical value of 1.5% for the 
ratio of the mass of Chl a to the dry mass of an algal cell. 
The presence of other pigments may increase this value. 
However, in general, the bulk value of n ’ is small (<0.01 or 
0.02). In some cases, it may become negligible, and the cell 
can be regarded as transparent. 

Some concepts from light-scattering theory-- We sum- 
marize some concepts from light scattering theory used in 
this paper. The flux and polarization of a beam of light can 
be represented by a column vector Z = {I, Q, U, V}, or 
Stokes vector (see sect. 5.12 in Van de Hulst 1957). The 
Stokes parameter Z is proportional to the total flux of the 
beam. The Stokes parameters Q and U represent differences 
between two components of the flux for which the electric 
field vectors oscillate in orthogonal directions. The Stokes 
parameter V is the difference between two oppositely cir- 
cularly polarized components of the flux. A plane through 
the direction of propagation of the beam is chosen as a plane 
of reference for the Stokes parameters. 

If light is scattered by an ensemble of randomly oriented 
particles and time reciprocity applies, the Stokes vectors of 
the incident beam and the scattered beam are, for each scat- 
tering angle 8, related by a 4 X 4 scattering matrix as follows 
(see sect. 5.22 in Van de Hulst 1957): 

matrix with elements Fij is called the scattering matrix. Its 
elements depend on the scattering angle but not on the azi- 
muthal angle. Here, the plane of reference is the scattering 
plane. The elements Fij contain information about the size 
parameter, shape, refractive index, and structure of the scat- 
terers. 

In this paper, measurements of two matrix elements are 
presented, F11 and F,,. A third element, F,4, was measured 
as well, but was found to be identically zero for all samples 
within the accuracy of the measurements and will further be 
omitted from the results. For unpolarized incident light, F,, 
is proportional to the flux of the scattered light and is also 
called scattering function or phase function. For reasons of 
convenience and tradition, we often refer F,, relative to the 
total flux and use a minus sign. Thus, we use 

where, for unpolarized incident light, ZI represents the flux 
of the scattered light polarized perpendicular to the plane of 
reference and Z,, represents the flux of the scattered light po- 
larized parallel to the plane of reference. The ratio -F,JF1, 
equals the degree of linear polarization of the scattered light 
if the incident light is unpolarized and if F,, = F,, = 0. 
Therefore, note that it seems reasonable to assume that F,, 
= 0 for most phytoplankton (e.g., Fry and Voss 1985; Voss 
1997 pers. comm.) and that our measurements yielded F,, 
= 0. Note further that I -FJF, ,I I 1 (see Hovenier et al. 
1986). 

Because we used a relatively long wavelength (633 nm) 
in our experiment, the influence of inelastic Raman scatter- 
ing by pure water and fluorescence by pigments in phyto- 
plankton can be neglected (see Mobley 1994). 

Experimental setup -The experimental setup used to mea- 
sure the scattering matrix elements of the samples is depicted 
in Fig. 1. Except for the basin and hydrosol sample holder 
(Figs. 1, 2), the setup is similar to that developed by Hunt 
and Huffman (1973) and is a revised and improved version 
of that described by Stammes (1989), Kuik et al. (1991), and 
Kuik (1992). The angles of optical elements are measured 
counterclockwise when looking in the direction of propa- 
gation of the light. Light with a wavelength of 633 nm from 
a linearly polarized continuous wave HeNe laser (5-mW 
TEM00, beam diameter 0.8 mm, divergence of 1 mrad) pass- 
es through a polarizer (extinction ratio >l : 10-4) oriented 
at 0° between the scattering plane (horizontal plane) and its 
optical axis. The linearly polarized light propagates through 
a low voltage modulator (LM 0202, Gsanger) oriented at 
-45° between the horizontal plane and its optical axis and 
is scattered by an ensemble of randomly oriented particles. 
The scattered light is detected by a photomultiplier tube that 
moves along a ring 300 mm from the scattering sample. The 
field of view of the photomultiplier is restricted to ~1.7°, 
by two pinholes (see below). For hydrosol particles, the pho- 
tomultiplier covers a scattering angle range from 20° (nearly 
forward scattering) to 160° (nearly backward scattering). The 
particular configuration of the optical components used in 
the setup allows us to measure simultaneously the scattering 
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from the scattering sample. To prevent these reflections from 
reaching the detector and to avoid spherical aberrations of 
the beam, the glass basin has flat entrance and exit windows 
(20 mm wide). In addition, reflections are partly removed 
from the field of view by placing a semicylindrical screen 
made of blackened brass foil inside the cuvette. 

The Pyrex glass and glycerine do not influence the state 
of polarization of passing light. 

A magnetic stirrer in the cuvette homogenizes the hydro- 
sols continuously. A syringe is used to change the samples 
in the cuvette, so that the cuvette remains in place and 
aligned. 

Data reduction- Before performing light-scattering mea- 
surements, we determined the proper sample concentration 
to ensure that measurements were in the single scattering 
regime. After results of the light-scattering measurements 
were obtained, they were corrected for (1) the changing scat- 
tering volume as seen by the rotating detector, (2) back- 
ground scattering, and (3) reflections at the walls of the sam- 
ple holder (see below). 

To avoid multiple scattering, care was taken to use sam- 
ples with sufficiently low concentrations (e.g., Cross and 
Latimer 1972; Fry and Voss 1985). By contrast, samples 
should not be too diluted, since this decreases the signal-to- 
noise ratio. To determine the optimal sample concentration, 
the detector was placed at a fixed position at 15°. Subse- 
quently, a series of measurements was made with increasing 
sample concentration. As long as the scattered flux was pro- 
portional to the hydrosol concentration, it was assumed that 
multiple scattering was negligible. This procedure enables 
determination of the appropriate sample concentration. We 
assumed that cells were not damaged by osmotic shock ow- 
ing to the dilution, since no rapid change in the measured 
signal just after changing the concentration was observed. 

The scattering volume as seen by the detector is deter- 
mined by the scattering angle, by the geometry of the scat- 
tering volume inside the cuvette (length of 30 mm, i.e., di- 
ameter of the cuvette, and width of 1 mm, i.e., 2w, of the 
laser beam), by the distance to the photomultiplier (300 
mm), and by the ‘circular pinholes in front of the photomul- 
tiplier (one with a diameter of 5 mm directly in front of the 
tube and one with a diameter of 1 mm 100 mm from it). 
Taking this geometry into account and assuming that the 
width of the laser beam can be neglected, correction factors 
as a function of scattering angle were derived by which the 
measured flux has to be multiplied to correct for the scat- 
tering volume as seen by the detector. This function equals 
sin0 for most of the angle range (see Fig. 3), i.e., roughly 
between 25° and 155° (e.g., see sect. 13.2.1 in Bohren and 
Huffman 1983) and was used to correct the measurements. 

Because we explicitly wanted to investigate the light-scat- 
tering behavior of the selected hydrosol particles, the amount 
of light scattered by the background was subtracted from the 
hydrosol measurement results such that F,, = F;pas - 
F:Fkgr and F,, = F 

12 - F:2ackgr, where Fpfckgr and Fp?kgr are 
results of measurements of the cuvette filled with the same 
fluid as during the measurements of fl;“” and fly but with- 
out the phytoplankton or silt. We thus ensured that our re- 
sults are independent of the medium in which particles were 

scattering angle (in degrees) 
Fig. 3. Correction factors as a function of scattering angle (solid 

line) by which the measured flux has to be multiplied to correct for 
the changing scattering volume as seen by the detector. 
equals sine (dashed line) for most of the angle range. 

The function 

suspended. This background medium consisted either of de- 
mineralized water (demi water) or “Baker-analyzed HPLC” 
reagent for high-performance liquid chromatography (HPLC 
water) with various amounts of growing medium, (i.e., water 
containing nutrients, such as carbohydrates, salts, nitrates, 
and phosphates, in which the phytoplankton was cultivated). 
At concentrations <3%, the influence of the growing me- 
dium proved to be negligible. Therefore, the growing me- 
dium was taken into account for cases where the amount of 
growing medium with phytoplankton in the sample holder 
was 23% of the total. Measurements of Fpkgr and FFykgr of 
the cuvette filled with demi water, HPLC water, and HPLC 
water with the appropriate amount of growing medium were 
performed regularly. 

The background correction is significant for measure- 
ments where we had to use use low concentrations to avoid 
multiple scattering. For all measurements, the influence of 
this correction is most prominent at the smallest and largest 
scattering angles, where the background signal is strongest 
(see below for an example of Fpykgr relative to flyas; see 
Lofftus et al. 1992). 

The hydrosols in the sample scatter the incoming light in 
all directions. The light scattered toward the screen inside 
the cuvette is mostly absorbed. However, when direct laser 
light is reflected by the inner wall of the cuvette or basin, 
this light follows its trace back, reenters the cuvette, and to 
some extent is scattered by the hydrosols, etc. The flux of 
the first-order reflected and then scattered light is propor- 
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detector 

direct scattering first order reflection-scattering 

Fig. 4. Comparison of direct scattering by the hydrosols and first- 
order reflection scattering. The flux of the first-order reflected light 
is proportional to the scattering function at an angle 180° - 8. 

tional to F, ,( 180” - t9) times a reflection coefficient R (see 
Fig. 4). Taking into account multiple reflections, the follow- 

where we used the expression for a geometric series 

and F,, represents the true scattering function. The reflection 
coefficient R has been determined empirically (see below). 
A similar expression follows if we substitute 180° - 8 for 
8 in Eq. 4 and multiply by R, yielding 

(6) 

Subtracting Eq. 6 from Eq. 4 yields the following exact ex- 
pression for the true scattering function (for similar expres- 
sions, see Sugihara et al. 1982; Schnablegger and Glatter 
1993): 

Test measurements on latex spheres- Accuracy of the set- 
up was investigated by comparing results of measurements 
of latex spheres to results of Mie calculations for spherical 
particles with a log-normal size distribution having reff = 
1.55 µm, veff = 0.0005, and refractive index n - in ’ = 1.191 
- i0.005, relative to HPLC water (see Fig. 5). The values 
for r,, and n were specified by the manufacturer of the latex 
spheres (Coulter Electronics); the values for v,, and n ’ were 
chosen for providing good agreement between the measure- 
ments and Mie calculations. The size distribution of the latex 
spheres is narrow, causing strong oscillations in the scatter- 
ing pattern, which makes comparison between theory and 
measurement more accurate. 

To clarify the different steps in the reduction procedure, 
we show in the left panel of Fig. 5 several intermediate re- 
sults. We used R = 0.017, based on an empirical value for 

0.5 

-0.5 
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R of 0.017 ± 0.001, which was deduced by Schreurs (1996) 
by optimizing the comparison of the measurements on latex 
spheres with the results of Mie calculations. This value for 
R is about half of what is expected for normal incidence of 
the beam on both the cuvette and the basin. However, the 
beam is distorted by the cylindrical shape of the cuvette, 
which probably accounts for the lower value of R. 

After applying the reflection correction on the latex sphere 
results, we found good agreement between measurements 
and results of Mie calculations, particularly for the F,, ele- 
ment. The discrepancies are largest at small and large scat- 
tering angles. Part of the differences between measurements 
and calculations may be due to the size distribution of the 
latex spheres not being perfectly log normal. Scanning elec- 
tron microscope pictures of the latex spheres revealed that a 
few particles were larger than expected. 

Error estimates- Total errors in the measurements result 
from several effects. In the first step of the data reduction 
procedure, the background contribution was subtracted. The 
two background functions were composed of an average of 
several FFykgr and Fp?kgr measurements (e.g., see Fig. 5). The 
statistical spread in these average background functions pro- 
vided the first part of the error calculation. The length of the 
resulting error bars depends on the strength of the hydrosol 
scattering relative to the background scattering by the water. 
For some hydrosols, the background scattering at small and 
large angles was of similar magnitude to the scattering by 
the hydrosols themselves, which resulted in disproportion- 
ately large error bars, thereby rendering such data useless. 
For these cases, results are given for a smaller angle range 
than 20°-160°. In general, errors due to this background cor- 
rection are largest at small and large angles. 

Second, the effect of the uncertainty in the determination 
of the reflection coefficient R = 0.017 ± 0.001 was calcu- 
lated. The contribution to error bars of the individual mea- 
surements can become significant at large angles. 

For samples in which the number of available measure- 
ments, Wm,,, (see Table 1, last column), was larger than one, 
weighted averages were calculated using the errors originat- 
ing in the background correction and the reflection correc- 
tion. The standard deviations combined with the errors men- 
tioned above determined the total resulting error. For 
samples with only one measurement available, we used the 
error estimates of other measurements with approximately 
the same level of unprocessed signal, since we then expect 
the signal-to-noise level to be the same. 

Results and discussion 

Scattering functions, F, , , and - F,*( Q/F,, (0) ratios were 
measured as functions of the scattering angle for 15 different 
samples of phytoplankton and 2 samples of silt (see Table 
2). The results of these measurements are shown in Figs. 6- 
9. Figure 6 shows the results for species that are more or 
less spherically celled, Fig. 7 shows the results for filamen- 
tous phytoplankton, and Fig. 8 shows results for phytoplank- 
tonic species that do not fit the above classifications. Finally, 
Fig. 9 depicts the results for Westerschelde silt. The mea- 

sured values of F,, are scaled to the San Diego Harbor scat- 
tering function at 90°. 

In Tables 2-5, the measured values of F,, are given that 
correspond to the data presented in Figs. 6-9, respectively. 
These tables are included to facilitate the use of these results, 
e.g., in the context of water-quality studies. 

The errors of the measurement results indicated in Figs. 
6-9 and Tables 2-5 reflect the combined effect of the main 
error sources (i.e., one standard deviation errors due to the 
statistical spread in the measurements themselves, one stan- 
dard deviation errors due to the statistical spread in the back- 
ground measurements, and one standard deviation errors due 
to the uncertainty in the determination of the reflection co- 
efficient R). The magnitude of errors differs significantly 
from one species to another because of the difference in the 
maximum sample concentration that could be used. As a 
consequence, the scattering behavior of some species of phy- 
toplankton is hard to measure accurately (e.g., Figs. 7b,d, 
8d,e). 

Scattering function behavior- In general, the shape of the 
measured scattering functions is similar to those reported for 
in situ measurements of seawater or other algal species (e.g., 
Kirk 1994 and references therein). The scattering functions, 
F, ](8), are all strongly peaked in forward directions, but not 
equally so. For the angles covered, the flux ranges vary from 
3 decades for Phaeodactylum (Fig. 8c) to only ~1 decade 
for Microcystis sp. and silt (Figs. 6c, 9b). 

It is clear from Figs. 6-9 that the differences in scattering 
behavior are not easily derived from the morphology of the 
particles. For instance, the scattering behavior of the spher- 
ical Microcystis sp. (Fig. 6c) is similar to that of the cylin- 
drical Oscillatoria agardhii (Fig. 7c). The occurrence of 
such similarities was also reported by Morel and Bricaud 
(1986), who found that their measured values of F, ,(0) of a 
cyanobacteria sample were similar to those of Privoznik et 
al. (1978) for a chlorophyta sample, Chlorella pyrenoidosa. 
Also, Sugihara et al. (1982) found a similar scattering be- 
havior for two different suspensions of phytoplankton, Chlo- 
rella (more or less spherical cells) and Ankistrodesmus fal- 
catus (long cylindrical cells). 

In contrast, large differences in scattering behavior are 
found among the cylindrical phytoplankton (Fig. 7). Similar 
large differences are apparent between the three Microcystis 
samples (Fig. 6a,b,c). Note that the absence of gas vacuoles 
in one of the samples is the main difference between the 
samples corresponding to Fig. 6a and b. 

Although most curves measured are smooth, in certain 
cases, structure is present. Pronounced oscillations over the 
total observed angle range are found for the filamentous spe- 
cies Prochlorothrix hollandica and Melosira granulata (Fig. 
7a,d), which may result from the narrowness of the size dis- 
tribution of the radii of the scattering cylinders, since reso- 
nances in the scattering pattern are more likely to occur for 
uniformly shaped particles with a narrow radius distribution 
(Stammes 1989). Filamentous species with cylindrical cells 
are more apt to have a narrow radius distribution than are 
single-celled species. This most probably accounts for the 
oscillations seen in the scattering functions of some of the 
filamentous phytoplankton (e.g., Fig. 7a,d). 
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b 

d 

e 

scattering angle (in degrees) 

Fig. 6. The measured scattering functions, F,,, and ratios -F,,/F,, are shown in the left and 
right panels, respectively (filled circles) for (a) Microcystis aeruginosa without gas vacuoles, (b) 
Microcystis aeruginosa with gas vacuoles, (c) Microcystis sp., (d) Phaeocystis, and (e) Volvox 
aureus. Also plotted are the scattering function for San Diego Harbor (solid, left panels) and the 
results of Mie calculations (dashed, left and right panels). The F, ,(0) functions are scaled at 90° to 
the scattering function of San Diego Harbor. Errors are smaller than symbols if no error bar is 
indicated. 

For two of the phytoplankton species, Microcystis aeru- 
ginosa and E. huxleyi, the effect of a modification of the 
structural features was investigated. The scattering behavior 
of M. aeruginosa has been measured with and without gas 
vacuoles. In the latter case, the gas vacuoles were collapsed 

under pressure following the method of Dubelaar et al. 
(1987). At near-forward angles, the scattering function of M. 
aeruginosa with gas vacuoles (Fig. 6b) shows an unexpected 
decline toward smaller angles. This feature is absent for the 
same species without gas vacuoles (Fig. 6a). This suggests 



Scattering by hydrosols 1189 

scattering angle (in degrees) 

Fig. 7. Same as Fig. 6 for (a) Prochlorothrix hollandica, (b) Oscillatoria amoena, (c) Oscil- 
latoria agardhii, (d) Melosira granulata, and (e) Anabaena flos aquae. 

that gas vacuoles may be responsible for this feature. A sim- 
ilar, somewhat less pronounced feature occurs in the F,, 
curve of Microcystis sp. (Fig. 6c). Possibly, this feature may 
also be attributed in part to the presence of gas vacuoles. 

The coccolithophorid E. huxleyi was studied with and with- 
out a calcite mantel. For the removal of the calcite mantel, 
carbon monoxide gas was used (Van Bleijswijk et al. 1994). 
Our measurements of both E. huxleyi with and without coc- 

coliths are of poor quality (Fig. 8d,e). It is impossible to draw 
conclusions about the influence of the calcite mantels on the 
F, ,( 0) behavior, except that both E. huxleyi samples scatter very 
little. This is consistent with the findings of Morel (1987) and 
Ackleson et al. (1994), for example, who argued that the re- 
flectances observed for coccolithophore-dominated waters like- 
ly originated from the numerous detached coccoliths rather than 
from the living cells themselves. 
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The angular dependence of -F,,(O)/F,,@)-Almost all 
measured -F,2( 0)/F,, (0) curves are similar in shape and 
show a maximum near a scattering angle of 90°. However, 
there are considerable differences in the height of the max- 
ima, ranging from ~0.85 for M. aeruginosa with gas vac- 
uoles and Prochlorothrix (Figs. 6b, 7a) to ~0.5 for Selen- 
astrum capricornutum and Phaeodactylum (Fig. 8b,c) and 
even lower values (0.38 and 0.25) for silt (Fig. 9a and b, 
respectively). For Oscillatoria amoena (Fig. 7b), there is no 

maximum at all. However, the measurements of this species 
suffer from large errors. 

The results are similar to what has been found for natural 
ocean water samples (Voss and Fry 1984; maxima between 
0.6 and 0.8) and for phytoplankton samples grown in the 
laboratory (Fry and Voss 1985; Quinby-Hunt et al. 1989; 
maxima, ~0.8). Note that, in these cases, probably no cor- 
rections were made for the contribution of the water itself 
to the scattering. 
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scattering angle (in degrees) 

Table 2. Measured scattering functions F,, as functions of scattering angle for five phytoplankton species, corresponding to curves 
presented in Fig. 6. The digits in parentheses are the uncertainty in the last digits of the given value. 

Scattering Microcystis 
angle in aeruginosa 
degrees no gas vacuoles 

Microcystis 
aeruginosa 

with gas vacuoles Microcystis sp. Phaeocystis Volvox aureus 

20. 0.76 (22) 
25. 0.42 (13) 
30. 0.282 (75) 
35. 0.175 (14) 
40. 0.109 (10) 
45. 0.0692 (7 1) 
50. 0.0426 (49) 
55. 0.0292 (28) 
60. 0.0211 (28) 
65. 0.0183 (12) 
70. 0.0136 (13) 
75. 0.0119 (11) 
80. 0.01051 (82) 
85. 0.00927 (88) 
90. 0.00841 (80) 
95. 0.00752 (82) 

100. 0.00728 (84) 
105. 00068 1 (88) 
110. 0.00654 (84) 
115. 0.00641 (85) 
120. 0.00665 (60) 
125. 0.00754 (54) 
130. 0.0065 (14) 
135. 0.00803 (77) 
140. 0.0075 (14) 
145. 0.0073 (17) 
150. 0.0071 (26) 
155. 0.0098 (31) 
160. 0.0120 (57) 

0.76 (27) 
0.61 (15) 
0.430 (92) 
0.284 (13) 
0.1804 (81) 
0.1090 (59) 
0.0682 (37) 
0.0424 (25) 
0.0283 (11) 
0.01928 (75) 
0.01476 (60) 
0.01206 (46) 
0.01011 (33) 
0.00910 (29) 
0.00841 (21) 
0.00781 (26) 
0.00719 (27) 
0.00698 (25) 
0.00684 (25) 
0.00657 (22) 
0.00628 (25) 
0.00664 (3 1) 
0.00729 (76) 
0.00782 (93) 
0.00775 (60) 
0.0077 (13) 
0.0095 (18) 
0.0108 (33) 
0.0109 (63) 

0.153 (73) 
0.158 (41) 
0.115 (26) 
0.0857 (30) 
0.0659 (18) 
0.0506 (15) 
0.03915 (86) 
0.03041 (78) 
0.02462 (16) 
0.01974 (07) 
0.01644 (17) 
0.01362 (17) 
0.01144 (07) 
0.00972 (04) 
0.00841 (03) 
0.00752 (05) 
0.00675 (08) 
0.00631 (07) 
0.00593 (08) 
0.00561 (11) 
0.00543 (12) 
0.00537 (13) 
0.00522 (26) 
0.00510 (22) 
0.00527 (21) 
0.00557 (38) 
0.00531 (50) 
0.00487 (95) 
0.0055 (18) 

0.24 (43) 
0.36 (24) 
0.195 (53) 
0.158 (26) 
0.099 (14) 
0.063 (12) 
0.0439 (61) 
0.0286 (37) 
0.02257 (83) 
0.01718 (57) 
0.01395 (40) 
0.01159 (37) 
0.00994 (35) 
0.00941 (37) 
0.00841 (49) 
0.00756 (34) 
0.00718 (30) 
0.00671 (33) 
0.00641 (42) 
0.00612 (39) 
0.00584 (22) 
0.00630 (39) 
0.0066 (14) 
0.0074 (14) 
0.0067 (13) 
0.0060 (22) 
0.0077 (25) 
0.0050 (44) 
0.009 (10) 

0.59 (59) 
0.26 (25) 
0.205 (87) 
0.121 (38) 
0.084 (23) 
0.058 (12) 
0.0424 (88) 
0.0322 (47) 
0.0254 (39) 
0.0208 (23) 
0.0159 (16) 
0.01316 (88) 
0.01109 (59) 
0.00995 (62) 
0.00841 (44) 
0.00761 (3 1) 
0.00750 (32) 
0.0069 (10) 
0.00604 (53) 
0.00602 (43) 
0.00617 (51) 
0.00603 (66) 
0.0063 (13) 
0.0060 (12) 
0.00657 (9 1) 
0.0053 (24) 
0.0079 (35) 
0.0080 (38) 
0.0087 (84) 
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Table 3. Measured scattering functions F,, as functions of scattering angle for five phytoplankton species, corresponding to curves 
presented in Fig. 7. The digits in parentheses are the uncertainty in the last digits of the given value. 

Scattering 
angle in 
degrees 

Prochlorothrix Oscillatoria 
hollandica amoena 

Oscillatoria 
agardhii 

Melosira 
granulata 

Anabaena 
flos aquae 

20. 0.39 (19) 
25. 0.34 (11) 
30. 0.281 (72) 
35. 0.157 (11) 
40. 0.0882 (55) 
45. 0.0780 (77) 
50. 0.0711 (73) 
55. 0.0450 (47) 
60. 0.0249 (14) 
65. 0.0205 (22) 
70. 0.0231 (26) 
75. 0.0219 (17) 
80. 0.0152 (11) 
85. 0.00942 (41) 
90. 0.00841 (34) 
95. 0.01004 (44) 

100. 0.01121 (29) 
105. 0.01030 (43) 
110. 0.00828 (65) 
115. 0.00661 (25) 
120. 0.00548 (21) 
125. 0.00561 (20) 
130. 0.0072 (15) 
135. 0.0092 (32) 
140. 0.0094 (10) 
145. 0.0097 (11) 
150. 0.0112 (14) 
155. 0.0113 (25) 
160. 0.0127 (54) 

0.26 (1.17) 
0.07 (70) 
0.131 (91) 
0.055 (90) 
0.046 (51) 
0.033 (33) 
0.032 (16) 
0.027 (18) 
0.0204 (79) 
0.0136 (49) 
0.0122 (54) 
0.0114 (54) 
0.0097 (45) 
0.0104 (55) 
0.0084 (39) 
0.0081 (30) 
0.0077 (20) 
0.0072 (22) 
0.0070 (24) 
0.0075 (27) 
0.0073 (32) 
0.0080 (53) 
0.0080 (53) 
0.0059 (43) 
0.0077 (60) 
0.0094 (73) 
0.0041 (60) 
0.011 (11) 
0.014 (28) 

0.470 (69) 
0.298 (39) 
0.169 (24) 
0.1172 (28) 
0.0789 (15) 
0.0570 (14) 
0.04210 (67) 
0.03187 (43) 
0.02472 (9) 
0.01940 (6) 
0.01542 (5) 
0.01283 (4) 
0.01089 (4) 
0.00930 (3) 
0.00841 (3) 
0.00754 (4) 
0.00698 (3) 
0.00664 (3) 
0.00657 (3) 
0.00634 (3) 
0.00631 (4) 
0.00643 (7) 
0.00637 (19) 
0.00629 (19) 
0.00609 (18) 
0.00616 (34) 
0.00602 (53) 
0.0065 (10) 
0.0077 (20) 

1.0 (1.8) 
- 

0.15-(11) 
0.143 (59) 
0.150 (52) 
0.113 (25) 
0.099 (16) 
0.0366 (79) 
0.0217 (49) 
0.0156 (54) 
0.0131 (54) 
0.0089 (45) 
0.0086 (55) 
0.0084 (39) 
0.0080 (30) 
0.0084 (20) 
0.0082 (22) 
0.0067 (24) 
0.0057 (27) 
0.0055 (32) 
0.0059 (53) 
0.0048 (56) 
0.0184 (52) 
0.0110 (40) 
0.0161 (87) 

- 

0.040 (37) 

0.19 (24) 
0.35 (16) 
0.193 (24) 
0.134 (18) 
0.098 (11) 
0.0711 (72) 
0.0512 (66) 
0.0385 (28) 
0.0315 (26) 
0.0233 (18) 
0.0181 (12) 
0.01452 (88) 
0.0125 (12) 
0.01063 (90) 
0.00841 (22) 
0.00785 (29) 
0.00776 (41) 
0.00687 (36) 
0.00682 (28) 
0.00627 (34) 
0.00611 (35) 
0.00642 (53) 
0.0068 (12) 
0.0072 (13) 
0.00875 (72) 
0.0077 (18) 
0.0062 (23) 
0.0037 (42) 
0.0084 (61) 

We found the highest maxima of -F,,/F,, for phytoplank- 
ton species that contain gas vacuoles. Gas vacuoles strongly 
influence the behavior of -F,,/F,,. This follows most clearly 
from the curves of M. aeruginosa with and without gas vac- 
uoles (Fig. 6a,b). In this case, the gas vacuoles cause an 
increase of -F,,/F,, from ~0.65 to 0.85 at 90°. Indeed, on 
theoretical grounds, we expect -F,,/F,, to be higher for 
smaller particles, such as gas vacuoles (Van de Hulst 1957, 
chap. 6; Bohren and Huffman 1983, chaps. 5, 13). In con- 
trast, -F,,/F,, is expected to decrease for higher refractive 
indices. This agrees with what we observe for the curves of 
E. huxleyi with and without coccoliths (Fig. 8d,e). After re- 
moval of the calcium carbonate coccoliths (n = 1.2), the 
maximum in the -F,,/F, , curve increases from ~0.5 to 0.75. 
The expected decrease for higher refractive indices is also 
in agreement with the fact that we find the lowest significant 
values of -F,JF, , for the inorganic silt particles. Therefore, 
investigations of -F,JF, , values near 90° may provide a 
useful tool to distinguish between organic and inorganic 
scattering material. 

For -F,,/F, , curves, an enhancement at backscattering an- 
gles is observed for M. aeruginosa, Phaeocystis, Oscillatoria 
agardhii, and Phaeodactylum (Figs. 6a,b,d, 7c, 8C). How- 
ever, these enhancements are usually accompanied by large 
error bars, because in this region, the errors (because of in- 

accuracies in background and reflection correction) can be 
large. 

Comparison of scattering measurements with Mie calcu- 
lations- Because Mie theory holds only for spherical ho- 
mogeneous particles, phytoplankton and silt particles usually 
have internal or external structures too complex to justify 
using Mie calculations to model their scattering behaviors. 
However, compared to other light-scattering computations, 
Mie calculations can be performed relatively quickly. They 
require relatively few input parameters that, in principle, can 
be readily measured or estimated, namely, the size distri- 
bution and the complex refractive index. Therefore, we in- 
vestigated whether results of Mie calculations produce rea- 
sonable approximations of the measured results, particularly 
when using measured or estimated input parameters. 

The dashed lines in Figs. 6-9 represent results of Mie 
calculations, both for the scattering functions (left panels), 
also scaled to the San Diego Harbor scattering function at 
90°, and the angular distributions of -F,JF,, (right panels). 
The parameters used for these calculations, i.e., size distri- 
butions of volume-equivalent spheres and real and complex 
parts of the refractive indices, are given in Table 1. For the 
Mie calculations, we used measured input parameters or, if 
not available, values from Bricaud and Morel (1986) (see 
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Table 4. Measured scattering functions F,, as functions of scattering angle for five phytoplankton species, corresponding to curves 
presented in Fig. 8. The digits in parentheses are the uncertainty in the last digits of the given value. 

Scattering 
angle in 
degrees 

20. 
25. 
30. 
35. 
40. 
45. 
50. 
55. 
60. 
65. 
70. 
75. 
80. 
85. 
90. 
95. 

100. 
105. 
3 10. 
115. 
120. 
125. 
130. 
135. 
140. 
145. 
150. 
155. 
160. 

Astrionella Selenastrum 
formosa capricornutum 

1.30 (92) 0.53 (45) 
0.52 (51) 0.52 (27) 
0.356 (72) 0.274 (35) 
0.317 (53) 0.151 (26) 
0.233 (30) 0.095 (14) 
0.130 (26) 0.063 (13) 
0.072 (13) 0.0453 (62) 
0.0648 (82) 0.03 10 (40) 
0.0249 (16) 0.02628 (80) 
0.0191 (10) 0.01996 (49) 
0.01513 (86) 0.01585 (45) 
0.01207 (82) 0.01301 (39) 
0.01052 (77) 0.01088 (38) 
0.00929 (70) 0.00980 (35) 
0.00841 (70) 0.00841 (36) 
0.00769 (71) 0.00803 (35) 
0.00736 (70) 0.00748 (35) 
0.00611 (71) 0.00709 (36) 
0.00588 (72) 0.00695 (36) 
0.00540 (7 1) 0.00632 (34) 
0.00544 (72) 0.00659 (37) 
0.00501 (91) 0.00694 (45) 
0.0066 (28) 0.0085 (14) 
0.0065 (27) 0.0078 (13) 
0.0083 (22) 0.0089 (11) 
0.0086 (46) 0.0106 (17) 
0.0117 (74) 0.0080 (20) 
0.0097 (91) 0.0135 (47) 
0.011 (23) 0.036 (11) 

Phaeodactylum 
1.96 (32) 
0.84 (17) 
0.50 (11) 
0.296 (13) 
0.1922 (78) 
0.1222 (89) 
0.0812 (39) 
0.0563 (41) 
0.0388 (18) 
0.0278 (17) 
0.0213 (12) 
0.01626 (78) 
0.01251 (72) 
0.01022 (56) 
0.00841 (54) 
0.00756 (71) 
0.00667 (40) 
0.00630 (32) 
0.00593 (46) 
0.00579 (5 1) 
0.00579 (16) 
0.00599 (22) 
0.00612 (81) 
0.00623 (98) 
0.00670 (90) 
0.0076 (13) 
0.0090 (22) 
0.0114 (46) 
0.0057 (91) 

Emiliania 
huxleyi 

with coccoliths 
- 
- 
- 

0.151 (29) 
0.101 (51) 
0.062 (45) 
0.043 (22) 
0.030 (18) 
0.0253 (79) 
0.0191 (49) 
0.0154 (54) 
0.0128 (54) 
0.0112 (45) 
0.0097 (55) 
0.0084 (39) 
0.0073 (30) 
0.0087 (20) 
0.0063 (22) 
0.0064 (24) 
0.0066 (27) 
0.0055 (32) 
0.0083 (53) 
0.0110 (53) 
0.0123 (45) 
0.0024 (60) 
0.0051 (74) 

- 
- 
- 

Emiliania 
huxleyi 

no coccoliths 
- 
- 

0.138(96) 
0.092 (53) 
0.056 (47) 
0.041 (23) 
0.027 (15) 
0.0268 (79) 
0.0181 (49) 
0.0145 (54) 
0.0123 (54) 
0.0101 (45) 
0.0096 (55) 
0.0084 (39) 
0.0080 (30) 
0.0074 (20) 
0.0070 (22) 
0.0068 (24) 
0.0065 (27) 
0.0064 (32) 
0.0068 (53) 
0.0060 (50) 
0.0034 (46) 
0.0102 (36) 
0.0067 (79) 

- 
- 
- 

Table 1).’ Unfortunately, not all parameters for reff, veff, and 
n’ could be established. In such cases, we present results of 
Mie calculations with parameters that yield the best fit to the 
measured data. 

In general, results of Mie calculations differ significantly 
from the measured data, both for F, , and -F,,/F, , . Similar 
results have been reported by others (e.g., Sugihara et al. 
1983; Quinby-Hunt et al. 1989). Most often, the Mie cal- 
culations produce a steeper scattering function, F, ,, than the 
measured function and the San Diego Harbor scattering 
function. Note that when a Mie function is not too steep, the 
measured or fitted complex refractive index has a real and/ 
or imaginary part that is larger than expected, at least for 
the bulk complex refractive index (i.e., n > 1.08 and/or n’ 
> 0.02). 

The difficulties in reproducing the measurement results 
using Mie theory become especially clear from the fitted veff 
and n’ parameters that often attain extreme values. For ex- 
ample, for the smaller silt particles, the fitted v,[~ is extremely 
broad, since v,, = 0.5 is the maximum value possible for a 
gamma distribution. In contrast, the fitted veFr of the larger 
particles is zero, causing strong oscillations in the the re- 
sulting Mie curves, which are not observed in the measure- 
ments. Likewise, for the two silt samples, the fitted values 
of n’ go to opposite extremes. 

In summary, results of Mie calculations using a priori 
known or estimated input parameters do not generally pro- 
duce good approximations to the scattering behavior of phy- 
toplankton and silt, although, in some cases, the results of 
measurements and calculations seem to agree reasonably 
well. 

Comparison with the San Diego Harbor scattering fine- 
tion- A comparison of measurements of the element F,, 
with a scattering function of San Diego Harbor water (solid 
lines, Petzold 1972) is also shown in Figs. 6-9. This function 
was measured at a wavelength of 514 nm with a 75-nm 
bandwidth. It is frequently used in modeling remotely sensed 
reflectance of turbid waters (e.g., Dekker 1993; Kirk 1994), 
which is the reason we chose this function as a standard to 
compare our results with, even though Petzold’s (1972) re- 
sults pertain to in situ measurements of natural waters rather 
than to laboratory measurements of individual phytoplank- 
ton species like ours. The measured scattering functions have 
been scaled to the San Diego Harbor scattering function at 
90°. 

The San Diego function is strongly peaked in the forward 
direction and rather flat at backward angles. In contrast, most 
of the measured scattering functions show an increase at 
backward angles, with the possible exceptions of Microcystis 
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Table 5. Measured scattering functions F,, as functions of scat- 
tering angle for two Westerschelde silt samples, corresponding to 
the curves in Fig. 9, plus the San Diego Harbor scattering function 
(Petzold 1972). The digits in parentheses are the uncertainty in the 
last digits of the given value. 

Scattering 
angle in 
degrees 

Westerschele Westerschelde 
silt 3-5 µm silt 5-12 µm 

San Diego 
Harbor 
Petzold 
(1972) 

20. 0.34 (17) 
25. 0.189 (98) 
30. 0.160 (57) 
35. 0.1067 (65) 
40. 0.0728 (37) 
45. 0.0510 (32) 
50. 0.0366 (21) 
55. 0.0278 (17) 
60. 0.02181 (81) 
65. 0.01838 (62) 
70. 0.01441 (70) 
75. 0.01243 (56) 
80. 0.01064 (36) 
85. 0.00941 (49) 
90. 0.00841 (42) 
95. 0.00723 (45) 

100. 0.00697 (38) 
105. 0.00618 (44) 
110. 0.00558 (34) 
115. 0.00549 (42) 
120. 0.00498 (22) 
125. 0.00507 (16) 
130. 0.00446 (82) 
135. 0.00445 (40) 
140. 0.00418 (51) 
145. 0.00402 (74) 
150. 0.0045 (12) 
155. 0.0049 (21) 
160. 0.0029 (46) 

0.143 (66) 0.4452 
0.087 (38) 0.2734 
0.071 (22) 0.1613 
0.0510 (26) 0.1109 
0.0384 (15) 0.07913 
0.0317 (13) 0.05858 
0.02501 (83) 0.04388 
0.02046 (68) 0.03288 
0.01737 (32) 0.02548 
0.01498 (24) 0.02041 
0.01264 (28) 0.01655 
0.01155 (22) 0.01345 
0.01033 (14) 0.01124 
0.00911 (20) 0.00964 
0.00841 (17) 0.00841 
0.00779 (18) 0.00740 
0.00718 (16) 0.00669 
0.00666 (18) 0.00622 
0.00663 (15) 0.00589 
0.00631 (18) 0.00573 
0.00622 (11) 0.00555 
0.00577 (9) 0.00534 
0.00573 (36) 0.00515 
0.00610 (21) 0.00497 
0.00630 (30) 0.00482 
0.00634 (41) 0.00464 
0.00656 (63) 0.00463 
0.00713 (77) 0.00490 
0.0078 (16) 0.00514 

sp., 0. agardhii, and the small silt particles (Figs. 6c, 7c, 
9a. 

To get a better impression of the overall differences in 
shape between the measured scattering functions and the San 
Diego Harbor scattering function, we plotted (Fig. 10a) a 
subset of four measured scattering functions divided by the 
San Diego Harbor scattering function (Petzold 1972). This 
subset is representative of the differences in shape among 
the whole set of phytoplankton functions and has been se- 
lected for having relatively high signal-to-noise ratios. 
Again, the scattering functions have been normalized at 90°. 
In Fig. l0b, the same is shown for the two silt samples. 

It is clear from Fig. 10a that the differences in the shapes 
of the scattering functions of the phytoplankton can be large. 
In forward directions, the differences in steepness between 
the scaled functions are up to about a factor of 10, although 
a factor of 2 is more common. In this range, functions are 
found both below and above the San Diego Harbor standard. 
Remarkably, in backward regions, the discrepancies in shape 
relative to the standard can also be large, up to about a factor 
of 6 for the scaled functions, but beyond 90°, all scattering 

functions of phytoplankton are found above (or equal to) the 
standard of San Diego Harbor water. 

In Fig. l0b, the scattering function of the smaller silt par- 
ticles resembles the San Diego standard rather well (see Fig. 
9a). This is probably not a coincidence, since silt is an im- 
portant particle constituent in Harbor water (Petzold 1972). 
However, the scattering function of the larger silt particles 
differs considerably from the San Diego Harbor function. 
This function, normalized to the standard function, is about 
a factor of 7 lower in the forward direction, thus indicating 
that particle size is an important parameter for the light- 
scattering behavior of these irregular particles. 

Conclusion 

The measured scattering functions F, ,( 0) presented here 
are used in the context of water-quality studies (Dekker et 
al. 1996). Shapes of the scattering functions of phytoplank- 
ton show substantial differences, even though the results of 
these measurements show some features (e.g., scattering 
functions F, ,( 0) being peaked in forward directions, as well 
as more or less bell-shaped --F&@/F, ,(@ functions) similar 
to those reported for in situ measurements of seawater and 
other algal species (e.g., Kirk 1994 and references therein). 

In forward directions, the differences between the scatter- 
ing functions scaled at 90° are up to about a factor of 10 
(although a factor of 2 is more common) both below and 
above the San Diego Harbor standard. In backward regions, 
the differences between the scaled scattering functions are 
also large, up to about a factor of 6. All scattering functions 
of phytoplankton beyond 90° are found above (or equal to) 
the standard of San Diego Harbor water. Only 3 of the 17 
measured scattering functions resemble the San Diego Har- 
bor scattering function closely, most notably in the case of 
smaller silt particles. 

Large differences in shapes of the scattering functions 
may yield a considerable bias in water-quality algorithms 
that are based on the San Diego standard. If one uses an 
empirical approach to remote sensing of water quality, large 
scatter in the data may be expected unless waterbodies are 
first classified according to the dominant scattering particles 
followed by establishment of empirical relationships for each 
water type. 

The scattering behavior is not easily predicted from the 
morphology of the particles. Spherically and cylindrically 
celled species may, for instance, produce similar results, 
whereas two spherical species may yield quite different re- 
sults. Overall, cylindrically celled species seem to have a 
higher probability of oscillations in the scattering function, 
probably due to a narrower size distribution of the radii of 
cylindrically shaped cells compared to cells with other 
shapes. 

Structural features, such as gas vacuoles, inside phyto- 
plankton play an important role in the scattering behavior of 
phytoplankton (e.g., Dubelaar et al. 1987; Ganf et al. 1989). 
Gas vacuoles may be responsible for a remarkable feature 
in the F, , curves of some of the phytoplankton samples (i.e., 
an unexpected decline toward smaller angles). This feature 
is observed clearly for M. aeruginosa with gas vacuoles, but 
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it is completely absent for the same species without gas vac- 
uoles. In addition, gas vacuoles cause a significant increase 
of -F,,/F,, at side-scattering angles. This again follows most 
clearly from a comparison between the curves of M. aeru- 
ginosa with and without gas vacuoles. The presence of coc- 
coliths in E. huxleyi, by contrast, causes a significant de- 
crease in the -F,,/F, , curve around 90”. 

For the measured -F,JF,, curves, we find considerable 
differences in the height of the maxima at -9O”, ranging 
from ~0.85 for Prochlorothrix and M. aeruginosa with gas 
vacuoles to values of ~0.25 for silt, suggesting that it may 
be possible to distinguish between phytoplankton and min- 
eral scatterers by using the maximal height of the -F,2/F,1 
function as a criterion. 

In general, we have found no good agreement between 
results of our measurements and results of Mie calculations. 
Apart from effects of nonsphericity, another reason our Mie 
calculations, using overall sizes and bulk refractive indices, 
did not agree well with the measurements of F, , and -F,,l 
F,, could relate to structural features of the cell. An increase 
in the refractive index, for example, or a decrease in the size 
of the particles produces a less peaked Mie scattering func- 
tion (see Bohren and Huffman 1983; Morel and Bricaud 
1986). Therefore, it is interesting to investigate whether in- 
put parameters different from those used for our Mie cal- 
culations might yield a better description of the measured 
scattering patterns (Schreurs 1996). It is probable that more 
sophisticated scattering approaches are required to describe 
the scattering behavior of phytoplankton and silt. For in- 
stance, calculations for coated spheres (Meyer 1979) indicate 
that their scattering functions are less peaked in the forward 
direction than those of uncoated spheres. Scattering matrix 
elements computed for coated spheres compared well with 

the corresponding elements measured for (spherical) Chlo- 
rella particles (Quinby-Hunt et al. 1989). 

The scattering behavior of some filamentous species (e.g., 
Prochlorothrix hollandica and Melosira granulata, Fig. 
8a,d) may approximate those of infinitely long cylinders, for 
which computer codes are available (Stammes 1989). We are 
presently comparing measured scattering patterns of these 
phytoplankton species with those calculated for infinitely 
long cylinders (Schagen 1997). Alternatives may be offered 
by calculations for (coated) ellipsoids (Cross and Latimer 
1972; Farafonov et al. 1996), discrete-dipole approximation 
calculations (Lumme and Rahola 1994), and T-matrix cal- 
culations (Mishchenko et al. 1996). 

Clearly, the scattering properties of natural water constit- 
uents are diverse and interesting enough not only to call for 
more detailed scattering calculations, but also for more elab- 
orate measurements. In particular, there is a need for more 
measurements on clay particles as well as detritus from algae 
and peat, since these are frequently important constituents 
of natural waters. Furthermore, measurements over a wider 
range of scattering angles than attained in our study are de- 
sirable. 
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