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We advance a method to determine the diameter D and the complex refractive index �n � n�i� of marine
particles from flow cytometric measurements of forward scattering, side scattering, and chlorophyll
fluorescence combined with Mie theory. To understand better the application of Mie theory with its
assumptions to flow cytometry �FCM� measurements of phytoplankton cells, we evaluate our flow
cytometric-Mie �FCM-Mie� method by comparing results from a variety of phytoplankton cultures with
independent estimates of cell D and with estimates of n and n� from the inversion of bulk measurements.
Cell D initially estimated from the FCM-Mie method is lower than independent estimates, and n and n�
are generally higher than bulk estimates. These differences reflect lower forward scattering and higher
side scattering for single-cell measurements than predicted by Mie theory. The application of empirical
scattering corrections improves FCM-Mie estimates of cell size, n, and n�; notably size is determined
accurately for cells grown in both high- and low-light conditions, and n� is correlated with intracellular
chlorophyll concentration. A comparison of results for phytoplankton and mineral particles suggests
that differences in n between these particle types can be determined from FCM measurements. In
application to natural mixtures of particles, eukaryotic pico�nanophytoplankton and Synechococcus have
minimum mean values of n� in surface waters, and nonphytoplankton particles have higher values of n
than phytoplankton at all depths. © 2003 Optical Society of America

OCIS codes: 010.4450, 120.4640, 260.2510, 290.4020, 290.5850, 350.4990.
1. Introduction

The properties of the suspended particulate matter in
the upper ocean are an important determinant of
optical variability,1–3 affecting how sunlight is atten-
uated with depth in the ocean and how it is reflected
from surface waters, two important factors in ocean-
color algorithms. The primary factors that deter-
mine how a particle suspension interacts with the
ambient light field include particle concentration and
the distributions of size and complex refractive index
�n � n�i�. The complex refractive index is composed
of a real part n that describes scattering at interfaces
and an imaginary part n� that is indicative of the
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particle’s light-absorption properties. Changes in
particle properties affect the particle’s inherent opti-
cal properties of absorption, scattering, and backscat-
tering. For example, smaller particles and particles
with higher values of n tend to have higher
backscattering-to-scattering ratios. From simula-
tions of the optical properties of oligotrophic waters,
Stramski et al.4 found that phytoplankton dominated
absorption at most wavelengths mainly because of
their high values of n�, whereas inorganic particles
were the most important contributors to both scat-
tering and backscattering mainly because of their
high values of n. From their simulation results,
these authors concluded that an increased effort is
needed to characterize the types and concentrations
of particles suspended in seawater, both in situ and in
the laboratory.

Flow cytometry is one of the few tools available for
analyzing the optical properties of large numbers of
individual particles. Flow cytometry �FCM� forward
and side scattering, fluorescence, and labeling tech-
niques can be used to enumerate, classify, and size
various phytoplankton and nonphytoplankton parti-
cles.5 With flow cytometry it is possible to enumer-



ate and distinguish specific groups of particles in the
ocean including Prochlorococcus, Synechococcus, eu-
karyotic picophytoplankton and nanophytoplankton,
coccolithophorids, pennate diatoms, cryptophytes,
and heterotrophic bacteria.5–7 Cell size has been es-
timated from empirical relationships between FCM
forward scattering and cell volume developed for lab-
oratory cultures7–9 and field populations of phyto-
plankton.10 As well, cell size has been determined
from FCM scattering and with a time-of-transit mea-
surement through the illuminating beam, an ap-
proach that avoids the effects of cell refractive index
on scattering versus volume relationships.11

In this paper we develop a method for determining
size, n, and n� of individual particles with flow cytom-
etry and Mie theory. We have advanced an ap-
proach first developed by Ackleson and Spinrad12

who applied Mie theory to angular scattering mea-
surements from flow cytometry to determine size and
n for phytoplankton cells of less than 10-�m diame-
ter. Given the size, n, and n� of a homogenous
spherical particle, Mie theory describes how incident
light is absorbed and scattered, including the angular
distribution and polarization of the scattered light.13

The method for applying Mie theory to flow cytometry
involves a comparison of theoretical and measured
angular scattering for particles of known size and�or
n and n�, including polystyrene beads and oil suspen-
sions; we have added silica beads because they are
within the range of n expected for phytoplankton
cells. In addition to size and n we have incorporated
the determination of n� for phytoplankton cells, from
an empirical relationship between FCM chlorophyll
red fluorescence and absorption cross section.14

Mie theory is the theoretical basis in our approach
for determining the size and complex refractive index
from FCM angular scattering and fluorescence mea-
surements. Inherent in the theory are the assump-
tions that particles are spherical and homogenous,
assumptions from which natural particles, such as
phytoplankton cells, are known to deviate. Mie the-
ory �or approximations of the theory� have previously
been applied to bulk optical measurements to infer n
and n� of phytoplankton cultures, and these values of
n and n� have been within the ranges expected for
phytoplankton and were correlated with intracellular
carbon and chlorophyll concentrations.4,15,16 Re-
cently, Volten et al.17 compared the angular distribu-
tions of light scattered by phytoplankton suspensions
measured in the laboratory with Mie theory esti-
mates of angular scattering based on bulk optical
determinations of n and n�, and they found signifi-
cant differences between measured and theoretical
angular scattering. They suggested that these devi-
ations were due to phytoplankton not being homoge-
nous spheres, as assumed for Mie calculations.
Perhaps for this reason Ackleson et al.18 observed
that their estimates of n from single-cell optical mea-
surements tended to be higher than previously pub-
lished estimates of phytoplankton n from bulk optical
properties. Given these discrepancies we further in-
vestigated the accuracy of FCM determinations of

size, n, and n� by comparing them to independent and
bulk estimates of these values.

The purpose of our research is to improve on the
application of Mie theory to FCM measurements to
determine the properties of phytoplankton and non-
phytoplankton particles in natural samples. The ac-
curate determination of individual particle properties
is necessary for interpreting the variability in bulk
optical properties. We have developed a method for
determining cell diameter, n, and n� from single-
particle measurements on the basis of validation with
independent and bulk estimates of these values for
cultures of phytoplankton. Although phytoplankton
cells are known to deviate from the assumptions of
Mie theory, we wished to explore whether using the
theory would improve our ability to characterize nat-
ural particles compared with previous purely empir-
ical approaches. We found that the successful
application of Mie theory to phytoplankton depends
on the characterization of how their forward and side
scattering compares with that of spherical, homoge-
nous particles, an assumption inherent in the theory.
Our modified approach for the analysis of individual
particle measurements improved the determination
of cell properties for different species of phytoplank-
ton and in different growth conditions. For nonphy-
toplankton particles we used our method to
determine diameter and n. However, assumptions
need to be made for n� and how the scattering of these
particles relates to that of homogenous spheres. We
applied our method to natural mixtures of particles
containing phytoplankton and nonphytoplankton
from New England continental shelf waters to exem-
plify how particle properties vary in natural samples.

2. Methods for Particle Measurements

A. Flow Cytometry

A modified Epics V flow cytometer �Coulter Electron-
ics Corporation� interfaced with a Cicero acquisition
system �Cytomation, Inc.� was used to measure for-
ward light scattering �FLS� ��3–19° at 488 nm�, side
light scattering �SSC� ��54–126° at 488 nm�, chloro-
phyll fluorescence �CHL� �660–700 nm�, and the con-
centration of particles. The dynamic range of FLS,
SSC, and CHL measurements was increased by split-
ting the optical signals and independently detecting
and amplifying them with separate photomultipliers
and three-decade logarithmic amplifiers. For each
property the relative sensitivities of the two measure-
ments were adjusted to have a one-decade overlap,
and thus the potential measurement range was ex-
panded to 5 orders of magnitude. Particles were in-
jected into a saline sheath flow and illuminated by
light from an argon-ion laser beam polarized parallel
to the fluid stream. The samples were delivered
with a peristaltic pump �Harvard Apparatus�, and
cell concentration was determined from pump flow
rate and sample analysis time. Polystyrene micro-
spheres of various sizes �from 0.57 to 6.2 �m YG
beads from Polysciences, Inc.� were measured as ref-
erence particles. Data were saved as listmodes and
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analyzed with a version of CYTOWIN software �original-
ly written by D. Vaulot, http:��www.sb-roscoff.fr�
Phyto�cyto.html� modified to merge data from two
logarithmic amplifiers. For populations of beads
and cultured cells the arithmetic means of FLS, SSC,
and CHL were computed following the transforma-
tion of distributions to linear values. All values of
FLS, SSC, and CHL were normalized to values for
the 2.14-�m beads.

B. Absorption and Attenuation

The spectral absorption coefficients a of phytoplank-
ton suspensions were measured on a Perkin-Elmer
Lambda 18 UV�VIS spectrophotometer equipped
with a 60-mm integrating sphere. Samples were
placed in a 1-cm quartz cuvette at the entrance to the
integrating sphere, and measurements were made
over the spectral range of 300–900 nm with a speed
of 240 nm s�1, a slit width of 4 nm, and a scan interval
of 1 nm. The optical density of cultures was mea-
sured relative to syringe-filtered �0.22 �m� culture or
fresh media �depending on the experiment� in the
reference cuvette. A dilution series was measured
at the start of each experiment to ensure that in
subsequent measurements the multiple-scattering
effects were negligible. All spectra were offset to
zero optical density at 750 nm.

A flow-through absorption and attenuation meter
with a 25-cm path length �ac-9, WETLabs� was used
to measure the spectral beam attenuation coefficient
c at nine wavelengths �412, 440, 488, 510, 532, 555,
650, 676, and 715 nm�. Two reservoirs were at-
tached with tubing to the inlet and outlet of the ac-9,
samples were gravity fed through the instrument,
and data collection was monitored to ensure the ab-
sence of air bubbles. Filtered seawater was used to
dilute phytoplankton cultures before measurement
and was analyzed between samples and subtracted
as a blank. A dilution series was measured at the
start of the experiment to ensure that there were no
concentration-dependent effects on the measure-
ments. During data processing, temperature correc-
tion was applied to account for the difference between
water temperature at the time of sampling and dur-
ing instrument calibration.19 The values of a mea-
sured with the spectrophotometer and ac-9 were
similar, and we chose to use the spectrophotometric
values since they are less susceptible to noise and
other sampling errors.

C. Ancillary Measurements

Cell-size distributions were determined with a
Coulter Multisizer �Coulter Corporation� equipped
with either a 30-, 50-, or 100-�m aperture, depending
on the size of the cells. The instrument was cali-
brated with 5.11-, 9.32-, and 19.61-�m microspheres
for the 30-, 50-, and 100-�m apertures, respectively.
Cultures were diluted with filtered seawater to ob-
tain coincidence rates of 6% or less. The size distri-
butions of replicate samples were averaged and
normalized to the cell concentration from FCM anal-
ysis. Size distributions of the smaller cells were fit

with a Gaussian curve to extrapolate distributions
where the signal-to-noise ratio was low. The 256-
channel data of cell-diameter distributions were used
to calculate the diameter of the mean cell D and the
geometric projected area of the mean cell to include
the effects of polydispersion in our calculations.20,21

Duplicate samples of 1–2 ml of culture were filtered
onto GF�F filters and frozen in liquid nitrogen for
later fluorometric chlorophyll a analysis. The flu-
orometer �Turner 10-AU with optical filter kit 10-
040R� was calibrated with a dilution series of pure
chlorophyll a �Sigma Chemical Company� in 90% ac-
etone. Filtered samples were removed from liquid
nitrogen, extracted overnight in cold 90% acetone,
agitated, and the supernatant was removed after 5
min in a clinical centrifuge ��4000 � g�. Fluorom-
eter readings were made before and after acidifica-
tion to account for the effects of phaeophytin in the
calculation of chlorophyll a concentration.22 Consis-
tent with previous work23 we found that our extrac-
tion approach was ineffective for Nannochloris sp.
and two unidentified eukaryotes �t6 and isb�, all of
which are small �	3-�m� cells containing chlorophyll
b. These species were excluded from data analysis
involving chlorophyll relationships.

Duplicate 25-ml samples of each culture were also
filtered onto precombusted GF�F filters, frozen, and
later dried overnight at 60 °C before analysis on a
Perkin-Elmer 2400 CHN analyzer with acetanilide as
the standard. Carbon values of wet and dry filter
blanks were a few percent of sample carbon signals
and were subtracted from sample values. Intracel-
lular carbon concentration �kg m�3� was calculated
by averaging replicate samples and dividing raw car-
bon values by volume filtered, cell concentration, and
mean cell volume.

D. Particle Types

We compiled a data set of physical and optical mea-
surements for numerous types of phytoplankton
ranging in size from 1 to 10 �m, polystyrene and
silica microspheres �beads�, suspensions of oil drop-
lets, and clay minerals. FCM measurements were
made of oils and beads as reference particles to cali-
brate the application of Mie theory to our FCM con-
figuration. Phytoplankton data were derived from a
combination of several laboratory experiments as
well as from analysis of natural seawater samples,
and a variety of measurements were made on them as
described below. As well, FCM measurements were
made of clay mineral suspensions to compare angular
scattering by organic and inorganic particles.

We divided our phytoplankton laboratory experi-
ments into correction and application data sets for
which measurements were made independently �Ta-
bles 1 and 2�. An empirical correction for determin-
ing cell D, n, and n� from Mie theory and flow
cytometry was developed from the correction data
set, and then the correction was evaluated by apply-
ing it to the application data set. The correction
data set included ten species of phytoplankton, for
which all particle measurements were made. The
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application data set, which contained 22 cultures,
differed from the correction data set in that the ex-
periments were diel studies involving many measure-
ments for the same species or because only a subset of
particle measurements were made. The application
data set contained 13 species of phytoplankton each
grown at low-light levels and high-light levels �for
experimental details for a subset of these cultures,
see Shalapyonok et al.24�. The application data set
also included two diel studies of Micromonas pu-
silla25 and Nannochloris sp.,16 for which measure-
ments were made every 2 h over a 24-h period. We
did not include in our measurements phytoplankton

cells that are far from spherical �e.g., pennate dia-
toms or chains of cells� or contained gas vacuoles; the
measured cells had morphologies ranging from
spherical to cylindrical with aspect ratios as high as
2. Considering all cultures, an average of 56,000
cells per culture was analyzed on the flow cytometer,
and the mean coefficients of variation for FLS, SSC,
and CHL were 16%, 20%, and 26%, respectively.

For the laboratory experiments, monospecific but
nonaxenic cultures were grown in f�2 medium26 in
defined conditions of light intensity and temperature;
various measurements were made. All cultures
were grown in either natural light conditions �high

Table 1. Specifications for Cultures in the Correction Data Seta

Phytoplankton Species D ��m�

Bulk Estimates

Qa Qc n n�

Synechococcus sp. �7d95m� 1.21 0.11 0.98 1.063 0.0033
Unidentified eukaryote �isb� 1.27 0.30 2.50 1.12 0.0098
Unidentified eukaryote �t6� 2.19 0.25 2.81 1.075 0.0052
Nannochloris sp. 2.59 0.23 2.55 1.063 0.0039
Unidentified eukaryote �islow1� 2.61 0.33 2.21 1.056 0.0061
Isochrysis galbana 4.42 0.38 2.71 1.070 0.0041
Emiliania huxleyi �no coccoliths; Clone BT6�b 4.57 0.47 3.65 — —
Thalassiosira pseudonana 4.81 0.22 2.36 1.032 0.0022
Monochrysis lutheri 5.26 0.37 2.38 1.065 0.0033
Dunaliella tertiolecta 7.93 0.55 2.64 1.037 0.0042

aCultures were grown at a growth irradiance of 90 �mol photons m�2 s�1.
bCulture excluded from analysis because no independent solution was found for n or n�.

Table 2. Specifications for Cultures in the Application Data Sets

Phytoplankton Species Light Level ��mol photons m�2 s�1� D ��m�

Synechococcus sp. �WH8109� 50–100 0.93
Synechococcus sp. �WH7803� 50–100a 1.01
Synechococcus sp. �WH8012� 50–100a 1.10
Synechococcus sp. �WH8103� 50–100 1.13
Synechococcus sp. �7d95m� Natural,b 70b 1.16
Micromonas pusilla 120a,c 1.63
Unidentified eukaryote �t6� Natural, 70b 2.41
Pycnococcus provasolii 50–100a 2.63
Nannochloris sp. Natural,b 70,b Natural,c 50–100a 2.68
Unidentified eukaryote �islow1� Naturalb 2.76
Minutocellus polymorphous �13DT11� Naturalb 3.72
Emiliania huxleyi �with coccoliths; Clone 12-1� Natural,b 50–100 3.98
Unidentified eukaryote �t11� Naturalb 4.10
Isochrysis galbana 50–100a 4.72
Monochrysis lutheri Natural,b 50–100a 5.10
Isochrysis sp. Natural,b 70b 5.13
Emiliania huxleyi Naturalb 5.58
Dunaliella tertiolecta Natural,b 70,b 50–100 7.81
Amphidinium carterae 50–100 9.25
Hymenomonas carterae 50–100a 9.29
Platymonas sp. Naturalb 9.66
Olisthodiscus sp. Naturalb 9.82

Note: The growth irradiance natural denotes cultures acclimated for growth in natural light during the summertime �June–August�
in Woods Hole, Mass. When multiple irradiances are specified they refer to separate experiments.

aCultures �in addition to the correction data set� used to determine the relationship between spectrophotometrically determined 
a �488
nm� and FCM CHL �680 nm�.

bData from Shalapyonok et al.24

cCultures for which diel measurements were made; data from DuRand and Olsen16 and DuRand et al.25
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light, summertime in Woods Hole, Mass.� or Cool-
White fluorescent lights �low light, 50–120 �mol pho-
tons m�2 s�1�; all light levels were constant, except in
the case of the natural light studies and the diel
studies of Micromonas and Nannochloris for which
cultures were grown under a 12:12 light:dark cycle.
In each case the temperature was held constant at a
value between 20 and 24 °C. A variety of measure-
ments were made on cultures in either the exponen-
tial or the stationary phase of growth. For all
cultures in the correction data set and for the two diel
experiments in the application data set, a full suite of
measurements was made, including FCM FLS, SSC,
CHL, spectral a and c, Coulter Counter size distribu-
tions, and carbon concentrations; chlorophyll concen-
trations were measured only for cultures in the
correction data set and the Micromonas diel experi-
ment. Spectral c was measured with an ac-9 �as
described above� except in the case of the Nannochlo-
ris diel experiment for which c was measured at 665
nm on a SeaTech transmissometer �25-cm path
length�. �The conversion to 488 nm is discussed be-
low.� For all other cultures in the application data
set a more limited set of measurements was made
that included FCM FLS, SSC, CHL, Coulter Counter
size distributions, and in some cases spectrophoto-
metric measurements.

Oil suspensions were measured on the flow cytom-
etry and used as calibration particles with known
refractive index. Suspensions of heptane, nonane,
or dodecane �Sigma Chemical Company� were made
by adding a small amount of oil to a syringe of filtered
seawater and shaking vigorously to form a polydis-
persion of droplet sizes.12 Refractive indices of the
oils were measured on a refractometer �Fisher Scien-
tific� in the laboratory as 1.0325, 1.0467, and 1.0590
for heptane, nonane, and dodecane, respectively.
�All refractive indices are discussed relative to sea-
water for which n � 1.339 relative to a vacuum.�
These values differ slightly from those in the CRC
Handbook of Chemistry and Physics �1998–1999�
that were published as 1.0364, 1.0496, and 1.0617,
respectively. The values measured on the labora-
tory refractometer gave accurate readings for a set of
standards and were used in our analyses. The oils,
which are colorless, were assumed to be nonabsorb-
ing as in previous work �Ackleson and Spinrad12�.

Beads of known size and refractive index were
measured on the flow cytometry and used as calibra-
tion particles. Polystyrene beads of several sizes
�0.57, 2.14, 2.9, 3.79, 5.2, and 6.2 �m� and n of 1.19
were analyzed in conjunction with each laboratory
and field experiment. A silica bead of 1.58 �m
�Duke Scientific, Inc.� was also included in the cor-
rection data set and Micromonas diel experiment and
is of particular interest because its refractive index of
1.09 is closer than that of polystyrene beads to values
within the plausible range for phytoplankton cells,
generally from 1.01 to 1.10. Polystyrene-bead ab-
sorption was measured spectrophotometrically for
the 2.14-�m bead and was calculated for the other
sizes of polystyrene beads by multiplying by the ratio

of each bead’s mean FCM CHL to that of the 2.14-�m
bead. In contrast to the polystyrene beads the silica
beads are not manufactured with dyes so they were
assumed to be nonabsorbing. Considering all beads,
the mean coefficients of variation for FLS, SSC, and
CHL were 4%, 7%, and 7%, respectively. Polysty-
rene and silica-bead suspensions were found to con-
tain numerous other particles as well, such as bead
fragments, fused beads, and doublets �despite soni-
cation�. These particles at other sizes can be present
at significant concentration. For FCM measure-
ments this is not an issue because the population at
the size of interest is chosen in data analysis and all
other particles are disregarded. However, obtaining
a monodisperse population of beads for bulk analysis
would be difficult.

Clay minerals were measured on the flow cytom-
etry and were used to compare angular scattering by
organic and inorganic particles. Four species of clay
minerals were measured �University of Missouri Clay
Repository�: kaolinite �KGa-1b�, montmorillonite
�SAz-1�, illite �IMt-1�, and hectorite �SHCa-1�. Min-
eral suspensions were made by adding a small
amount of the sample to a syringe of filtered seawater
and shaking vigorously to form a polydispersion of
particle sizes. Ranges of n for each mineral type
were determined from the CRC Handbook of Chem-
istry and Physics �1998–1999� as follows: kaolinite
�1.14–1.17�, montmorillonite �1.11–1.22�, illite �1.15–
1.20�, and hectorite �1.11–1.13�.

Selected field samples analyzed during the Coastal
Mixing and Optics Experiment27 were chosen to ex-
emplify the application of our analyses to field data.
The sampling site was located on the New England
Shelf in 70 m of water at a single location �70° 30� N,
40° 30� W�. We analyzed FCM samples collected
during a noon depth profile on 6 May during a spring
1997 cruise.28 FCM measurements were made on
water samples collected with Niskin bottles on a ro-
sette equipped with a conductivity-temperature-
depth sensor. Eukaryotic pico�nanophytoplankton
populations were discriminated from nonphytoplank-
ton particles on the basis of their FCM CHL signal,
and Synechococcus cells were discriminated by their
orange fluorescence. With our methodology for ap-
plying Mie theory to FCM measurements, we ana-
lyzed each particle in a sample and created size and
refractive-index distributions for eukaryotic phyto-
plankton, Synechococcus, and nonphytoplankton.

3. Theoretical Development

A. Mie Theory and Estimation of Bulk n and n�

Bulk estimates of n and n� at 488 nm were derived
through an inverse method that uses Mie-scattering
theory and�or an approximation of the theory. The
cross sections for attenuation 
c, absorption 
a, and
scattering 
b were computed as the relevant bulk
coefficients normalized to cell concentration �e.g.,

c � c��N�V�, where N�V is the number of cells per
volume
. With the optical cross sections and mean
cell diameter as inputs the dimensionless efficiency
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factors for absorption Qa and attenuation Qc were
calculated from the anomalous diffraction approxi-
mation29 through iteration �following the approach
described by Bricaud and Morel30�. The value of n�
was determined from

Qa���� � 1 � 2
exp�����

��
� 2

exp���� � 1
��2 , (1)

where n� � ����4���2��D�2�
����1.339��. Once n�
was determined, n was calculated through iteration
from

Qc��� � 2 � 4 exp��� tan ���cos �

�
sin�� � ��

� �cos �

� �2

cos�� � 2��� � 4�cos �

� �2

cos 2�,

(2)

where � is the phase lag and tan � � 1�2������. For
the Nannochloris data set, n��488 nm� and n �665 nm,
wavelength of transmissometer, see Section 2� were
derived from the anomalous diffraction approxima-
tion; n �665 nm� was converted to 488 nm by appli-
cation of an average ratio observed between n at 665
nm and n at 488 nm for Nannochoris in the correction
data set. For the correction data set and Micromo-
nas diel experiment, the n and n� values were derived
through an iterative procedure and optimization rou-
tines provided with the MATLAB software package
�Mathworks, Inc.�, in which the differences between
Mie-modeled and measurement-derived Qa and Qc
were minimized. The initial values of n and n� for
the Mie-modeling approach were computed from the
anomalous diffraction approximation. For cells in
the correction data set that were �4 �m in diameter,
two solutions were found for n, and the value was
chosen that best fit the relationship of n versus the
intracellular carbon concentration for all cells in the
data set.

B. Mie Theory and Flow Cytometry

Our objective was to use Mie theory to infer particle
D, n, and n� from FCM measurements of FLS, SSC,
and CHL �for an overview, see Fig. 1�. For this we
need to know the particle’s 
a, the magnitudes of FLS
and SSC, and the scattering angles associated with
FLS and SSC. For phytoplankton, 
a can be esti-
mated from an empirical relationship with FCM CHL
�see Section 4�. We measure the magnitudes of FLS
and SSC, but we do not know the optical geometry of
FCM scattering precisely enough for the application
of Mie theory. To infer the angles of FLS and SSC,
we developed an optimization approach that uses
FCM measurements of calibration particles and Mie
theory calculations of scattering for these particles.
The optimization allows for variation both in the
range of angles contributing to FLS and SSC and in
the weighting of contributions from different angles.

We performed an unconstrained, nonlinear mini-
mization for calibration particles of known refractive

index and�or size with optimization routines pro-
vided with the MATLAB software package. Embedded
in our optimization is the program for Mie scattering
that was provided by E. Boss and based on the FOR-
TRAN code of Bohren and Hoffman,31 and our applica-
tion of Mie scattering to flow cytometry is a
modification of a code originally written in FORTRAN by
Ackleson and Spinrad.12 Particles used in our opti-
mization included polydisperse oil suspensions of
heptane, nonane, and dodecane, polystyrene beads,
and a silica bead. There were four variables in the
optimization, two that were used to weight contribu-
tions to forward scattering �fls1 and f1� and two that
were used to weight contributions to side scattering
�ssc1 and f2�. In both the forward- and side-
scattering directions, light is scattered from a particle
through the flow cell wall and collection lens and into
the detector. For our FCM configuration, horizontal
beam obscuration bars block the collection lens for
both the forward- and side-scattering detectors, and
additionally the entire lower half of the lens for the
forward detector is obscured. The geometry of FLS
scattering is sufficiently constrained for determina-
tion of an empirical function and, at a given angle, is
based on the percentage of light that is obscured for
a cone of light scattered from a particle and projected
onto the forward detector. This leads to a weighting
function for the forward detector of

wfls��� � f1�1 �
2fls1

�d tan�2��

360�� , (3)

Fig. 1. Flow chart showing how D, n, and n� were derived from
FCM measurements and Mie theory. The application of Mie the-
ory to FCM measurements was optimized for measurements of
standard particles �beads and oils� to develop weighting functions
for FLS and SSC. The cell properties of D, n, and n� were deter-
mined from FLSc, SSCc, and 
a from a lookup table, where FLSc

and SSCc were calculated from FCM FLS and SSC by using em-
pirical corrections derived for phytoplankton.
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where 3° � � � 19°, d is the distance from the particle
to the collection lens �� 24.9 mm�, fls1 � 1�2 the
width of the obscuration bar, and f1 is a scalar mul-
tiplier �Fig. 2�a�
. In contrast to FLS the collection of
light scattered to the side angles is too complex to be
defined empirically for our FCM configuration, and a
sine function was chosen to represent the weighting
for SSC because it provides good agreement between
FCM measurements and Mie theory. The weighting
for the side detector is described by

wssc��� � f2 sin���wa� � wb��180
, (4)

where ssc1 � � � �180-ssc1�, wa � 180��180-2*ssc1�,
wb � �wa*ssc1, and f2 is a scalar multiplier �Fig.
2�b�
. As in Ref. 27, differential scattering cross sec-
tions in the FLS and SSC directions were calculated
by multiplying the FLS and SSC weightings, wfls���
and wssc���, by the first two elements of the scattering
matrix to account for a polarized source �S11 and S12
in the notation of Bohren and Hoffman31� and by
summing over all angles contributing to detected
scattering signals. The first two elements of the
scattering matrix, S11 and S12, are functions of S1
and S2 that are obtained directly from Mie theory.
All values of FLS and SSC were normalized to angu-
lar scattering by a reference bead �a 2.14-�m poly-
styrene bead�; in the case of Mie-modeled angular
scattering the same weighting functions were used
for the reference bead as determined above.

C. Development and Testing of the Flow Cytometer-Mie
Method

With the weighting function results from this optimi-
zation a three-dimensional lookup table of Mie-
theory-based solutions for particle FLS, SSC, and 
a
was created over the expected ranges of particle D
�0–10 �m at a 0.1-�m resolution�, n �1–1.10 at a
0.002 resolution; 1.10–1.30 at a 0.005 resolution�,
and n� �0–0.010 at a 5 � 10�4 resolution; 0.010–
0.030 at a 1 � 10�3 resolution� for the marine parti-
cles of interest �i.e., phytoplankton cells, detritus, and
minerals� �Fig. 1�. For each particle, measured val-
ues of FLS, SSC, and 
a can be compared with values
in the lookup table and a solution �i.e., associated
with values of D, n, and n�� chosen by finding the
minimum distance where

distance � �log10�FLSt� � log10�FLSo�

2

� �log10�SSCt� � log10�SSCo�

2

� �log10�
a,t� � log10�
a,o�

2, (5)

where the subscripts o and t refer to observed and
theoretical values �i.e., from the lookup table�, respec-
tively. Forward and side scattering are normalized
to that of a reference bead. The absorption cross
section is represented by 
a,o and 
a,t. At the posi-
tion of minimum distance between the observed and
theoretical values, D, n, and n� are chosen from the
lookup table as the particle’s estimated properties.
We refer to this approach for applying Mie theory to
FCM measurements as the flow cytometry-Mie
�FCM-Mie� method.

4. Results and Discussion

A. Single-Particle Absorption

Phytoplankton absorption for laboratory and natural
samples was calculated from FCM CHL. A regres-
sion was determined between spectrophotometrically
derived 
a �m2 cell�1� at 488 nm and FCM CHL at
680 nm; this regression was based on results for 14
phytoplankton species �25 cultures� measured in the
laboratory, including all of the correction data set and
a subset of the application data set �Table 2�. The
cultures used represent major taxonomic groups and
range in size from 1 to 10 �m. A high correlation
was observed between 
a and FCM CHL �r2 � 0.96
with a power function; Fig. 3�. When the regression
was applied to FCM CHL values for the cultures, a
mean error of 30% was observed between modeled
and measured 
a. Previously, a relationship be-
tween FCM CHL and 
a was described by Perry and
Porter14 who reported a strong correlation between
FCM CHL and 
a for 16 phytoplankton species �46
cultures; r2 � 0.93�.

B. Flow Cytometry and Mie Theory Optimization

We applied our optimization routine for deriving
weighting functions that match FCM and Mie theory
scattering �see Section 2� to measurements of oils and
beads made during each phytoplankton experiment.

Fig. 2. Flow cytometric angular weighting functions for �a� for-
ward scattering �wfls���
 and �b� side scattering �wssc���
, normal-
ized to the scalar multipliers f1 and f2, respectively �see Eqs. �3� and
�4�]. The values of fls1 � 1.11 mm and ssc1 � 26° were used in
Eqs. �3� and �4� according to results from our optimization ap-
proach applied to an average data set of oils and beads �see Section
4�]. The angular range for FLS was set to 3° � � � 19°, whereas
the angular range for SSC was determined by the optimized vari-
able ssc1.
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Little difference was seen between oils and beads
measured for each experiment in the correction and
application data sets even though there were often
months to years between measurements. Thus one
optimization was performed on an averaged data set
of oil and bead FLS and SSC measurements. We
found good agreement between theoretical and mea-
sured FLS and SSC, especially in the size range of
phytoplankton cells of interest, between 1 and 10 �m
�Fig. 4�. Significant deviation of the oil measure-
ments from theory does not occur until below approx-
imately 1 �m and above 15 �m. For the silica and

polystyrene beads the mean deviation between the-
ory and measurements was 7% for logarithmic values
of FLS and 5% for logarithmic values of SSC �report-
ed on a logarithmic scale because these are the values
considered in Eq. �5�
.

From the weighting function optimization and the
resulting Mie-based lookup table, estimates of bead
D, n, and n� from the FCM-Mie method were com-
pared with known values. A comparison between
the FCM-Mie estimates of D, n, and n� and measured
values for all polystyrene beads analyzed resulted in
the FCM-Mie method underestimating D by an av-
erage of 6%, overestimating n by 29%, and overesti-
mating n� by 48%. For the silica bead the FCM-Mie
method overestimated D by 14%, underestimated n
by 20%, and accurately determined n�. The errors in
n and n� for the polystyrene beads were larger than
expected possibly because the relationship between
FLS and SSC predicted from Mie theory is compli-
cated at the higher value of n associated with the
polystyrene beads �n � 1.19�. Because phytoplank-
ton cells are in the range of n for organic particles
�n � 1.02–1.10�, the lower errors associated with the
silica bead and better fit for oil suspensions �Fig. 4�
should be more representative of the application of
the FCM-Mie method to phytoplankton. Note, how-
ever, that the actual errors for phytoplankton cells
may be larger because they are not spherical and
homogenous particles.

C. Evaluation of Method �for Phytoplankton�

To evaluate the validity of the FCM-Mie solutions, we
compared estimates of D, n, and n� with other esti-
mates of these values from measurements of phyto-
plankton cultures in the laboratory. Only cells of
less than 10 �m in size were used owing to the lim-
itations of our FCM approach that uses Mie theory
and because it is difficult to determine independent
values of n from bulk optical measurements for larger
cells because unique solutions cannot be found.

Initially the values of D, n, and n� estimated from
the FCM-Mie method were compared with indepen-
dent estimates of D and bulk determinations of n and
n� for the correction data set �Table 1�. The culture
of Emiliania huxleyi was excluded from analysis be-
cause no bulk solution was found for n or n�. For the
10 species of phytoplankton studied, the cell D values
were underestimated �slope � 0.9 forced through
zero; Fig. 5�a�
, and n and n� values were generally
overestimated �slope � 1.5 and 1.7, forced through
one and zero, respectively; Figs. 5�b� and 5�c�
. The
unidentified culture denoted isb was not included in
the statistics for n and n�, because its bulk estimate
of n of 1.12 is considered to be outside the range
plausible for phytoplankton cells. One explanation
for the high value of n for this culture could be the
presence in the sample of nonphytoplankton parti-
cles, such as bacteria or cell debris, for which concen-
trations were not measured.

We have confidence in our bulk values of n and n�,
because bulk estimates of n at 488 nm were well
correlated with intracellular carbon concentration

Fig. 3. Relationship between spectrophotometrically determined
absorption cross section 
a �488 nm� and flow cytometrically de-
termined chlorophyll fluorescence, FCM CHL �680 nm�, for a va-
riety of phytoplankton species �Tables 1 and 2�. Four of the 25
cultures used to determine this relationship are cyanobacteria.

Fig. 4. Comparison of theory-based estimates and measurements
of forward light scattering, FLS, and side light scattering, SSC, for
beads and oil dispersions. The bead and oil measurements are an
averaged data set over all experiments in the correction and ap-
plication data sets. Several bead types were used in this compar-
ison including 0.66-, 2.9-, 3.79-, 5.2-, and 6.2-�m polystyrene beads
and 1.58-�m silica beads. Oil dispersions of heptane, nonane,
and dodecane are shown. In cases in which the correspondence
between FCM and Mie bead points is not obvious �i.e., the 5.2- and
6.2-�m polystyrene beads�, the arrows show the match between
bead points.
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�y � 2894.1x � 2819, r2 � 0.61, n � 14, data not
shown�, and bulk estimates of n� at 675 nm were
correlated with intracellular chlorophyll concentra-
tion �y � 653.99x � 0.617, r2 � 0.47, n � 11�. These
findings agree with previous work by Stramski,32

who reported intracellular carbon concentration to be
correlated with n at 660 nm and intracellular chloro-
phyll concentration to be correlated with n� at 675 nm
for Thalassiosira pseudonana and Synechococcus.
One explanation for the differences that we observe
between FCM-Mie and independent and bulk deter-
minations of D, n, and n� is that the FCM-Mie method
depends on the quantification of angular scattering
�FLS and SSC�, which may be more highly affected by
the deviation of phytoplankton cells from the Mie
assumptions of sphericity and homogeneity com-
pared with the independent and bulk property esti-
mates. Another possibility is that cell D was
underestimated by the FCM-Mie method, because
elongated particles are oriented in flow in the flow
cytometer so that a smaller diameter would be in-
ferred from FCM scattering. When cell D is under-
estimated a higher value of n needs to be invoked to
account for measured values of FLS and SSC, which
could explain overestimated values of n determined
from the FCM-Mie method.

In an effort to characterize and correct for the de-
viations between FCM-Mie and independent and
bulk estimates of cell properties we investigated the
relationship between modeled and flow cytometri-
cally measured FLS and SSC. The modeled values
of FLS and SSC were calculated from Mie theory with
measurements of D and bulk estimates of n and n�.
The FCM measurements of FLS were generally lower
than modeled FLS by an average of 39%. The oppo-
site trend existed for SSC with measurements gen-
erally higher than modeled values by an average of
19%. A second-order polynomial fit between loga-
rithmic values of modeled and measured FLS gave
a high correlation coefficient �r2 � 0.96; Fig. 6�a�
.
For SSC there was not a simple relationship be-
tween measured and modeled values, so we used a
linear fit �forced through the position of Synechococcus�

to describe the general bias; this fit explained
40% of the total variance �Fig. 6�b�
. Our general
findings for SSC agree with those of Volten et al.17

who found that, for 13 of the 15 phytoplankton cul-
tures that they analyzed, measured polarized scat-
tering at the side angles was significantly higher

Fig. 5. Results for cultures in the correction data set �see Table 1�. Comparison is shown between cell properties, �a� mean diameter D,
�b� real refractive index n, and �c� imaginary refractive index n�, estimated with the FCM-Mie approach and with independent and bulk
methods. Independent D is from electronic particle counter measurements, and bulk n and n� are determined from the inversion of bulk
optical measurements: dotted lines, 1:1 lines; solid lines, linear regression forced through zero in the case of D and n� and through one
in the case of n.

Fig. 6. Relationships between flow cytometrically measured and
Mie-modeled values of �a� forward light scattering, FLS, and �b�
side light scattering, SSC, for the correction data set �Table 1�.
Mie-modeled FLS and SSC values were determined from indepen-
dent estimates of D and bulk estimates of n and n�: dashed lines,
1:1 lines; solid lines, least-squares regression results between
logarithmic-measured and modeled values.
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than that estimated from Mie theory. Notably, and
contrary to the general trend that we observed in
SSC, the smallest cell that we measured, Synecho-
coccus, had modeled values similar to or higher than
the measured SSC values. Volten et al.17 also found
this trend for the two smallest cells that they mea-
sured, Prochlorothrix hallandica and Selenastrum
capricornutum. Thus either there is some size de-
pendence in the relationship between modeled and
measured volume-scattering functions or smaller
cells are more like homogenous spheres.

We used the regression results between modeled
and measured FLS and SSC to calculate the cor-
rected values of FCM FLS and SSC �FLSc and SSCc�
before the particle measurements were compared
with values in the Mie-based lookup table �Fig. 1�.
This represents a crude approach to account for gen-
eral effects of the phytoplankton shape and structure.
It cannot be expected to provide highly accurate re-
sults for every phytoplankton cell type but should
provide improved estimates of D, n, and n� for many
types. As expected, when applied to the correction
data set, the results showed better agreement for all
three parameters, D, n, and n� �Fig. 7�. Cell D was
the most accurately predicted of the three properties
�slope � 1.0, r2 � 0.93�. The correlations between
FCM-Mie and the bulk estimates of n and n� were

still not significant, but the bias in the data was
reduced �slope � 0.9 and 0.8 for n and n�, respective-
ly�, and the mean values were more accurately pre-
dicted. Our relationship between the modeled and
measured values for SSC has a higher variance than
for FLS, most likely because FLS is highly dependent
on diameter, whereas SSC is a more complex function
of diameter, cell structure, and cell shape. This is
supported by the fact that D is accurately predicted
from FCM measurements for the correction data set
with only an FLS correction, but that, to determine n
and n�, an SSC correction is also needed. Since the
correction approach was developed with the correc-
tion data set, these results do not represent indepen-
dent verification that the approach is reasonable; for
this we used results from other experiments.

D. Laboratory Application

We evaluated our modified FCM-Mie approach �i.e.,
with corrected FLS and SSC, FLSc and SSCc� by ap-
plying it to independent data from the Micromonas
and Nannochloris diel experiments.16,25 For both
species, cell D, n, and n� were better resolved by our
FCM-Mie method with FLS and SSC corrections
�Figs. 8 and 9�. The mean errors in estimates of D
were 4% and 6% for the Micromonas and Nannochlo-
ris diel experiments, respectively. Significant diel

Fig. 7. Results for the correction data set �see Table 1�. Comparison is shown between cell properties, �a� diameter D, �b� real refractive
index n, and �c� imaginary refractive index n�, estimated with the modified FCM-Mie method �i.e., with FLSc and SSCc� and with
independent and bulk methods. The correlation coefficients for the n and n� relationships are not significant: dotted lines, 1:1 lines; solid
lines, linear regression results.

Fig. 8. Results for Micromonas sampled every 2 h over a 24-h period. Comparison is shown between cell properties, �a� diameter D, �b�
real refractive index n, and �c� imaginary refractive index n�, estimated with the modified FCM-Mie method and with independent and bulk
methods. FCM-Mie estimates of D, n, and n� are shown, E, before and, F, after FLS and SSC corrections are applied: dotted lines, 1:1
lines.
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changes in D for both experiments were resolved by
the FCM-Mie method �r2 � 0.90 and 0.81 for linear
fits�. Previously we reported for these experiments
that no consistent diel trends were observed in n and
n� determined with bulk methods16,25; this is consis-
tent with our observation that diel trends were gen-
erally not observed in FCM-Mie n and n�. The
exception to this is that FCM-Mie values of n� for
Nannochloris showed some indication of a diel pat-
tern. Because no measurements of intracellular
chlorophyll concentration were made for this experi-
ment, we cannot assess whether the bulk or FCM-
Mie values are more accurate in this case. Mean
deviations between FCM-Mie and bulk n for the Mi-
cromonas and Nannochloris diel experiments were
35% and 8%, respectively, and mean deviations for n�
were 67% and 22%, respectively. FCM-Mie n and n�
were more accurately determined for Nannochloris
than for Micromonas, because Micromonas is further
from the regression line determined for the SSC cor-
rection. Further work on the scattering properties
of Micromonas will be necessary to explain this ob-
servation.

Previously, the majority of FCM studies �with the
exception of Ackleson et al.,18 Ackleson and Spin-
rad,12 and Ackleson and Robins33� have used FCM
FLS to determine cell D from an empirical relation-
ship with phytoplankton cell volume measured on an
electronic particle counter.7–9,24,34 For this ap-
proach, different empirical relationships are neces-
sary to determine D for cells grown at low- and high-
light levels �Fig. 10�.24 The high-light empirical
relationship presented here was based on cells grown
in high light from the application data set, and the
low-light empirical relationship was based on cells
grown in low light from the application data set.
The high- and low-light empirical relationships pre-
dict significantly different estimates of cell D from
FCM FLS and increasingly so as cell D increases.
For example, for cells at the upper end of our diam-
eter range of interest an FCM FLS of 15 gives a
predicted cell D of 9.9 �m from the low-light empir-
ical relationship and 7.4 �m from the high-light em-
pirical relationship. At the smaller end of our

diameter range of interest an FCM FLS of 1 corre-
sponds to cell D of 2.1 �m from the low-light empir-
ical relationship and 1.9 �m from the high-light
empirical relationship.

We applied our FCM-Mie approach to data from
the application data set to evaluate its performance
with cultures grown under different light intensities
and thus with different optical properties. Applying
the FCM-Mie approach, we found that the resulting
values of D were well correlated with measured val-
ues for cells grown under both high- and low-light
intensities �Fig. 11; slopes � 0.97, r2 � 0.86 and 0.98,
respectively�. In contrast the low-light empirical re-
lationship �as discussed above� overestimates D for
cultures grown in high light �Fig. 11�a�; slope � 1.16
,
and a high-light empirical relationship underesti-
mates D for cultures grown in low light �Fig. 11�b�;
slope � 0.73
. This result shows that the modified
FCM-Mie method accounts for absorption and scat-
tering so that we are able to predict accurately
changes in cell size under different light regimes.
The application of the FCM-Mie approach to the de-
termination of D for cells grown at different light

Fig. 9. Results for Nannochloris sampled every 2 h over a 24-h period. Comparison is shown between cell properties, �a� diameter D,
�b� real refractive index n, and �c� imaginary refractive index n�, estimated with the modified FCM-Mie method and with independent and
bulk methods. FCM-Mie estimates of D, n, and n� are shown, E, before and, F, after FLS and SSC corrections are applied: dotted lines,
1:1 lines.

Fig. 10. Empirical relationships between FCM forward light scat-
tering, FLS, and measured cell diameter D for cells grown in
conditions of low- and high-light levels: solid curve, difference in
D between the two fits as a function of FCM FLS. Similar em-
pirical relationships were previously used for determining cell D
from measurements of FCM FLS.
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levels becomes increasingly important as cell size in-
creases, as can be seen by the increasing deviation
between the low- and high-light empirical fits with
increasing cell D �Figs. 10 and 11�.

We determined a level of confidence for each of the
particle properties, D, n, and n�, determined from the
FCM-Mie method. All statistics involving the Mi-
cromonas and Nannochloris diel experiments include
two points from each experiment at the values of the
smallest and largest D. For the application data set
�44 measurements of cultures grown at both low- and
high-light levels� there was a mean error of 13% for D
compared with measured values. The exact error in
FCM-Mie n and n� could not be determined from
comparison with bulk estimates of n and n�, since
both methods are based on inversion techniques that
use Mie theory. We did compare the values of FCM-
Mie n and n� with intracellular carbon and chloro-
phyll concentrations, however. For this comparison
we used data from the correction data set and the
Micromonas diel, because these were the only exper-
iments for which carbon and chlorophyll concentra-
tions were measured. We have confidence in values

of n� determined from the FCM-Mie method because
they are significantly correlated with intracellular
chlorophyll concentration �p � 0.002�, with a linear
model explaining 60% of the variability. In compar-
ison we have less confidence in the FCM-Mie values
of n because they are not significantly correlated with
intracellular carbon concentration even though the
bulk estimates of n are. The higher apparent error
in n compared with D is probably caused by higher
unexplained variance in the SSC correction than in
the FLS correction.

The comparison with bulk n and the intracellular
carbon content suggests that we were able to deter-
mine the mean values of n by the FCM-Mie method
that are reasonable, but we were not able to resolve
the intraphytoplankton variability in n. Our FCM-
Mie method should be useful for discriminating par-
ticles of low refractive index such as phytoplankton
and organic detritus from particles of high refractive
index such as minerals. We could not apply the
FCM-Mie method to our mineral measurements in
the same manner that we did for phytoplankton, be-
cause precisely defined size and refractive-index dis-
tributions were not available. However, we did
measure polydisperse populations of several types of
minerals and found that the values of FLS and SSC
for these particles were within the range of values
determined from Mie theory �Fig. 12�. As well, the
relationship between FLS and SSC for minerals was
very different from that for organic particles, indicat-
ing that the FCM-Mie method should work well in
resolving differences in n between organic and inor-
ganic particles.

Fig. 11. Results for the application data set. Comparison is
shown of cell diameter D estimates from the modified FCM-Mie
method and from empirical relationships between FLS and mea-
sured cell D for cultures grown at �a� high and �b� low light. In
each plot, lines for high-light calibration, low-light calibration, and
FCM-Mie are linear regression results for cultures grown at high-
and low-light levels, respectively; for clarity only the data points
associated with the FCM-Mie approach are shown. The values of
FCM-Mie D show a good correlation with independent D under
both high- and low-light levels �slope, 0.97 in both cases�, whereas
the high- and low-light calibrations work well only for the inten-
sities at which they were determined.

Fig. 12. Results of comparison of theory-based estimates and
FCM measurements of forward light scattering, FLS, and side
light scattering, SSC, for inorganic particles �minerals� and or-
ganic particles �phytoplankton cells and oil dispersions�. Values
of n for the different minerals are montmorillonite �1.11–1.22�,
hectorite �1.11–1.13�, kaolinite �1.14–1.17�, illite �1.15–1.20�, and
average mineral �1.18�. The corrected values of FCM FLS and
SSC �FLSc, and SSCc� are plotted for phytoplankton cultures from
both the correction and the application data sets. The lines la-
beled Oils are theory-based estimates for heptane, nonane, and
dodecane; the FCM-measured values are similar �see Fig. 4�.
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E. Field Application

We applied our methodology to natural samples col-
lected 6 May 1997 in New England continental shelf
waters. Distributions of D, n, and n� were computed
for Synechococcus and eukaryotic pico�nanophyto-
plankton from measurements of FCM FLS, SSC, and
CHL with the modified FCM-Mie method. For non-
phytoplankton particles, absorption was assumed to
be zero, and distributions of D and n were computed
from FCM FLS and SSC with the FCM-Mie method
without the FLS and SSC corrections determined for
phytoplankton. The analysis was limited to parti-
cles of less than approximately 10 �m in size for both
phytoplankton and nonphytoplankton. In size dis-
tributions for the surface sample, the populations of
Synechococcus and eukaryotes had peaked distribu-
tions with mean D of 1.36 and 3.02 �m, respectively
�Fig. 13�a�
. The nonphytoplankton increased in
concentration with decreasing size with a Junge slope
of 4.1, which is within the range of values �2–5 with
3–4 typical� previously reported for marine particle-
size distributions �see references in Ref. 13�. Given
that we were not able to resolve intraphytoplankton
variability in n for cultures, the distributions for phy-
toplankton n presented here for natural samples
probably indicate both errors in our method and real
variability in the scattering properties of cells; it is
clear that further work is needed for an accurate
quantification of n for cells. For the purpose of dis-
cussion, however, we consider that changes in mean
n, even if not quantitatively precise, might indicate
changes in scattering and thus physiological changes
in cells. Real refractive-index distributions for Syn-
echococcus and eukaryotes were in the range ex-
pected for phytoplankton �1.01–1.10�, and the means
�1.061 and 1.062, respectively� were approximately
the same for the two populations �Fig. 13�b�
. Non-
phytoplankton had a mean n of 1.104, which was
higher than the mean n for the phytoplankton.
Imaginary refractive-index distributions for Synecho-

coccus and eukaryotes were in the range expected for
phytoplankton �generally from 0 to 0.02 �Ref. 4�
; the
mean value for Synechococcus of 0.0022 was lower
than that for eukaryotes of 0.0058, presumably be-
cause Synechococcus contain phycoerythrin, a pig-
ment that does not absorb at 488 nm as well as the
accessory pigments of eukaryotes �Fig. 13�c�
.35 Dis-
tributions of D, n, and n� had a broader range for
eukaryotes than for Synechococcus, as expected, be-
cause the eukaryotes comprise a broad range of spe-
cies.

We also examined the depth dependence of particle
properties in relation to the physical structure of the
water column. Properties were estimated for each
individual particle in a water sample, and then mean
values were determined for each group of similar
particles �i.e., Synechococcus, eukaryotes, and non-
phytoplankton�. The water column was thermally
stratified with a surface mixed layer of �16 m in
which bulk chlorophyll fluorescence was elevated.
For cases in which particle properties exhibited vari-
ation with depth, the mean D was higher within the
mixed layer than below and mean n and n� were
lower �Fig. 14�. The depth distributions of D and n
were more variable for eukaryotes than for Synecho-
coccus, while n� changed approximately twofold with
depth for both. Considering the mean property val-
ues within versus below the mixed layer, eukaryotes
were 29% larger in surface waters �a difference of
0.87 �m� with a 14% lower n �a difference of 0.01� and
a 49% lower n� �a difference of 0.0052�. Synechococ-
cus were 5% larger in surface waters �a difference of
0.066 �m� with a 51% lower n� �a difference of 0.002�;
n did not change significantly with depth for Synecho-
coccus. Mean D, n, and n� were higher for eu-
karyotes than for Synechococcus at all depths, except
for n within the mixed layer, which was not signifi-
cantly different between the two groups. The mean
nonphytoplankton particle was smaller and more re-
fractive than the mean phytoplankton cell at all

Fig. 13. Results for a sample from 1-m depth collected 6 May 1997 from New England shelf waters. The distributions of �a� diameter
D, �b� real refractive index n, and �c� imaginary refractive index n� for Synechococcus, eukaryotic phytoplankton, and nonphytoplankton
are estimated with the modified FCM Mie method. Mean values are indicated for each distribution. The n� distribution for nonphy-
toplankton is not plotted, because these particles are assumed to be nonabsorbing.
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depths. Nonphytoplankton mean D was 3% larger
�a difference of 0.024 �m� within the mixed layer
than below with a 13% lower mean n �a difference of
0.016�.

Values of the real refractive index for nonphyto-
plankton should indicate the relative contributions of
organic and inorganic particles. The mean n for
nonphytoplankton �1.104–1.128� was higher than n
for phytoplankton �1.0609–1.0751� at all depths.
Compared with phytoplankton, these results imply
that nonphytoplankton had a higher mineral content
or, in the case of organic particles, a lower water
content. Our findings are consistent with a recent
study by Twardowski et al.36 who employed an in-
verse method to derive the average real refractive
index for natural particle assemblages from optical
measurements and size distributions. In their
study the values of n were generally lower in areas of
high phytoplankton concentrations and higher in ar-
eas of high detrital content. In our example the val-
ues of n for nonphytoplankton were lower in the
mixed layer than below, which is consistent with bi-
ological processes �e.g., cell death and the production
of fecal material� as a source of organic particles
within the mixed layer and resuspension of bottom
sediments as a source of inorganic particles below the
mixed layer. There are two caveats in the interpre-
tation of nonphytoplankton n determined from the
FCM-Mie method. First, we assumed that these
particles were nonabsorbing, which is consistent with
the low values of n� previously reported for organic
detritus, of the order of 3 � 10�5 at 488 nm.4 The
values of n� for minerals, however, may be higher, on
the order of 10�3.37 Second, and more important, we
did not account for the effects of nonsphericity and
inhomogeneities. The deviation of nonphytoplank-
ton from homogenous spheres is a topic for further
study and is complicated, because nonphytoplankton
contain a broad range of different types of particles,

including minerals, heterotrophic organisms, cell de-
bris, and fecal matter.

The changes in average phytoplankton properties
can be caused by changes at the cellular level and�or
in the species composition of the population. The
depth profile discussed here is associated with a
stratified water column with decreased nutrient lev-
els in the surface mixed layer and was collected near
the end of a phytoplankton bloom in surface waters.28

The differences seen in eukaryotic cell D, with the
largest cells in surface waters, are most likely caused
by differences in the species composition associated
with the bloom within versus below the mixed layer.
In contrast the variability in n� is more likely caused
by changes at the cellular level that probably happen
to all species owing to the effects of a stratified water
column with high-light levels and low nutrients in
surface waters compared with below the mixed layer.
Values of n� for both eukaryotic phytoplankton and
Synechococcus are lower in surface waters, which is
consistent with previous findings that cells have less
pigment per cell in conditions of high light and low
nutrients �e.g., Refs. 38–40�. The increase in n for
eukaryotes with depth suggests that cells have
higher intracellular carbon content below the mixed
layer, which may be caused by changes in species
composition and�or rearrangements in internal
structures. In previous studies the modification of
internal cell structures caused changes in angular
scattering, especially at side angles41,42; these
changes in scattering would presumably affect esti-
mates of n and may be responsible for differences in
eukaryotic n above and below the mixed layer.

5. Summary

We have developed a method for determining the D,
n, and n� of marine particles from the FCM measure-
ments of FLS, SSC, and CHL combined with Mie
theory. Particles of known D, n, and n� were mea-

Fig. 14. Results for water samples collected 6 May 1997. Depth profiles of mean �a� diameter D, �b� real refractive index n, and �c�
imaginary refractive index n�, for Synechococcus, eukaryotic phytoplankton, and nonphytoplankton are estimated with the modified FCM-
Mie method. The mean values were calculated from property distributions, which were in turn derived from an analysis of each particle
in a sample: dashed lines, bottom of the mixed layer at 16-m depth.
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sured to characterize FCM parameters before they
were used in Mie calculations. An empirical labora-
tory calibration, involving a variety of phytoplankton
species, was used to convert from FCM CHL to 
a at
488 nm. For each particle the FCM measurements
of FLS, SSC, and CHL were compared with the val-
ues in a Mie-based lookup table to determine D, n,
and n�. From the initial comparison of these D, n,
and n� values with independent values from elec-
tronic particle counter data and inversion from bulk
optical measurements, we found that cell D was un-
derestimated and n and n� were overestimated by the
FCM-Mie method. For phytoplankton cells the FLS
and SSC empirical corrections were determined from
a comparison of FCM measurements and modeled
values; these corrections were necessary to determine
accurately cell properties from the FCM-Mie method.
The FLS and SSC corrections were probably neces-
sary because cells deviate from the Mie theory as-
sumptions of particle sphericity and homogeneity.

Our modified FCM-Mie method �i.e., with FLS and
SSC corrections� improved the determination of phy-
toplankton cell properties for a variety of cultures.
The FCM-Mie method provided estimates of cell D to
within 13% of directly measured values, and the es-
timates were better than those obtained from the
empirical correlation of FLS with cell D. Notably D
could be determined accurately for cells grown in
both high- and low-light conditions, despite different
FLS:D relationships for these two conditions. FCM-
Mie estimates of n and n� were not correlated with
bulk estimates but were within the range expected
for phytoplankton cells, and values of FCM-Mie n�
were significantly correlated with intracellular chlo-
rophyll concentration. With our method we were
not able to resolve intraphytoplankton variability in
n. However, the FCM-Mie method is useful for dis-
criminating between organic and mineral particles.
Improving the determination of the refractive index
of individual particles by flow cytometry requires ad-
ditional measurements, such as time-of-flight and
pulse-shape analyses, to provide information about
cell shape and internal heterogeneity.

In future work we will apply our FCM-Mie meth-
odology to determining spatial and temporal changes
in D, n, and n� for phytoplankton and nonalgal par-
ticles, including bacteria, organic detritus, and min-
erals, measured during both summer 1996 and
spring 1997 in New England continental shelf wa-
ters. We expect that estimates of individual particle
properties will help explain the variability in bulk
inherent and apparent optical properties. The ap-
plication of our FCM-Mie method to natural assem-
blages should improve our understanding of how
intraparticle variability �changes in D, n, and n�� and
interparticle variability �changes in the relative con-
centrations of particle types� contribute to changes in
bulk optical properties in the ocean.
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scattering matrix for unicellular marine phytoplankton,” Lim-
nol. Oceanogr. 43, 859–869 �1998�.

20 January 2003 � Vol. 42, No. 3 � APPLIED OPTICS 541


