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Abstract—Particles are responsible for the vertical transport of material in the ocean. Size is an
important characteristic of a particle, determining its fall velocity, mass content, scattering cross-
section, and food value, as well as other properties. The particle size spectrum describes the
distribution of particles in a volume of water as a function of their sizes. We measured particle size
spectra in Monterey Bay, CA, using six different instruments that examined particles ranging from
approximately 1 um to 10 mm. Before the results could be combined, they had to be adjusted for the
different particle properties actually measured. Results from different optical instruments were
similar, although the spectral values were sensitive to minor variations in the diameter assigned to
particles. Sample volume was crucial in determining the effective upper size limit for the different
techniques. We used fracial scaling to piece the results together, deriving fractal dimensions of 2.26—
2.36. Diver observations of visible particles showed that they were composed mostly of aggregated
diatoms. The particle size spectra n; were remarkably well fitted with a power law function
ny = ad,""ﬂ where dj is the image diameter and 5;=2.96-3.00. The equivalent slopes for particles
measured with an aperture impedance instrument were 3.50-3.61. The particle volume distribution
showed that most of the particle mass was in the 0.1-3 mm range. This volume distribution is
consistent with theories that assume particle sizes are controlled by simultaneous coagulation and
disaggregation. © 1998 Elsevier Science Ltd.

INTRODUCTION

Ranging from the almost dissolved colloids about 1 nm in size to organisms many meters
long, particles are concent-ated packets of material in a dilute ocean. By active swimming or
passive settling, particles work against homogenization by a turbulent ocean, moving
matter from one region to another. As small particles collide and combine to form larger
particles, the physical processes that affect them change from molecular diffusion to
turbulent shear, settling and swimming. The importance of size in controlling their
interactions with the environment makes an accurate description of particle size
distributions an essential part of understanding particles and their role in modifying the
environment.
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One description of particle concentration and size distribution is the cumulative particle
size distribution N, where N(s) is the number of particles per unit volume greater than a size s
(see Table 1 for notation). The particle size can be volume, surface area, cross-sectional area,
diameter, radius or any other measure of how big a particle is. More useful is the related
particle size spectrum 7, the concentration of particles per unit size interval. It is also known
as the differential size spectrum to distinguish it from N. The two descriptors of particle
distributions are relatec. by

dN

n(s) = - M

Table 1. Notation

Symbol Definition Units
a Constant describing spectrum

b Constant describing spectrum

B Constant

c Constant for fractal scaling

C1, €2, €3, and ¢4 Constants

C Carbon content of cell pg-Ceell ™!
d Particle diameter cm

dy Diameter of monomer cm

d, Conserved diameter cm

dy Diameter of gyration (=2ry) cm

dy Image diameter

d, Diameter at which »; and n, are equal

D Fractal dimension

my Mass of kth subparticle in aggregate

M Total aggregate mass

n Particle size spectrum em™*
ne Particle size spectrum for d;

ne n. interpolated to jth point

ny Particle size spectrum for dy

nyj ny transformed to 4, equivalents for jth value

Apmin Minimum » calculable cm™*
N Cumulative particle size distribution cm™3
Pc Particulate organic carbon concentration

ro Radius of monomer cm

rg Radius of gyration (r.m.s. radius) cm

e Distance from aggregate center to kth subparticle

s Generic particle size arbitrary
5 Lower bound of a size range

Su Upper bound of a size range

|14 Volume of cell pm3
Ve Conserved particle volume cm’
Vsamp Volume sampled

Vic Total conserved particle volume from POC

Vrs Total conserved particle volume for spectrum

a Constant

¥ Constant relating d, to dy

A Constant

Pe Constant to convert POC to volume

(4 Fitting error
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The property n is usually estimated by counting the number of particles within a given size
range and dividing that number by the extent of the size range and the volume sampled.
Because the value of n is estimated using whole number counts, the minimum particle size
spectrum that can be measured nmin(s) occurs when there is one particle in a size range:

1 particle
(sy—51) - Vsamp

Amin(s) = 2
where s, and s, are the upper and lower values of the size range and Vgamp is the volume of
water being sampled.

Equation (1) can be used to relate size spectra expressed in terms of different measures of
particle size. For example, a spectrum s(d) expressing size in terms of particle diameter d is
related to n(¥), the spectrum in terms of conserved, or solid, volume by
dd

V.

n(Ve) = n(d) 5

3)
Segments of the particle size spectrum often fit an expression of the form

n(d) = ad™® “)

where a and b are constants and 4 is the particle diameter (e.g. Sheldon et al., 1972; Lal,
1977). The value of b has been used to infer information about the processes forming the
aggregates (e.g. Friedlander, 1977; Hunt, 1980a, 1982). Most such work in aquatic systems
has been done for relatively narrow size ranges, typically 1-100 pm (e.g. McCave, 1983,
1984; Eisma, 1986; Sternberg ef al., 1988).

For aggregates, the relationship between particle diameter and particle volume is
complicated by the fact that aggregates are porous objects, with a porosity that increases
with aggregate diameter. This variable porosity results in apparent sizes for particles that are
not related to the particle mass in the same way that the diameter of a solid sphere is related
to its volume and mass. Measures of apparent particle size could include the diameter of the
smallest sphere capable of encasing the particle, the square root of the projected area, and
the r.m.s. radius, also known as the radius of gyration r,. These measures of apparent
particle radius and diameter are linearly related to each other for particles formed by
aggregation processes because they exhibit what is known as fractal scaling (e.g. Rogak and
Flagan, 1990; Logan and Kilps, 1995). The relationship between particle length and
conserved volume (the volume of the solid constituents of an aggregate, which is
proportional to the solid mass when the matter is of constant density) for such fractal
scaling is

Ve = cdé) (5

where D is the fractal dimension, the diameter of gyration is defined as dy=2r,, and cis a
constant (e.g. Avnir, 1989; Vicsek, 1992). If an aggregate is composed of p sub-particles of
mass my located a distance r, from the aggregate’s center of mass, then

) 0.5
rg= M"Y mr; (6)
k=1

where M = }_7_, my is the total aggregate mass (e.g. Jackson and Lochmann, 1993). If the
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sub-particles are all the same, as would be expected for an initially mono-disperse system,
then this reduces to

P 0.5
rg = (p"" Zri) : ©)

For a solid sphere of radius r, r, is determined by integration:

a4z N\ 03
rgz[(?rg) f()r2-4n'r2 dr]
~ Eo,sr
=3 0.

The values of ¢ and D) depend on the system. If the aggregates are not porous, D is three.
Values of D have been estimated for marine systems that range from 1.26 to 2.49 (e.g. Logan
and Wilkinson, 1990; Li and Logan, 1995; Jackson et a/., 1995). Smaller values of D usually
indicate more porous structures.

The fractal properties of particles are important when particle size spectra obtained with
different instruments are compared, because the instruments measure different particle
properties. For example, aperture impedance particle counters, such as the Coulter and the
Elzone particle counters, measure a property that approximately, but not exactly,
corresponds to the volume of the solid particles composing an aggregate. Imaging systems
usually measure the cross-sectional area of the porous aggregate, which is then used to
calculate the image diameter d;. Jackson ez al. (1995) used equations (3) and (5) to combine
imaging and aperture impedance spectra in a marine mesocosm of aggregating algae. In this,
they were using the fact that the length obtained from the projected area of a fractal
structure is proportional to d; (e.g. Logan and Kilps, 1995).

Although equation (5) suggests a way to calculate ¢ and D by comparing particle mass
and the diameter of gyration, this is true only when measurements of both properties exist
on the same particles. Attempts to use measurements from different instruments that are
measuring over different size ranges are more problematic.

This paper describes particle size spectra over a range of almost 1-10* um measured off
California. Because constructing these spectra required combining results from different
instruments, we examine the data from the different instruments before combining them.

®

SAMPLE SITE

Data were taken as part of a program to study particle size spectra in Monterey Bay
funded by the Office of Naval Research (ONR). Data discussed here were collected on 29
July 1993, in 70 m of water at 36°50' N, 121°53' W. The operation used two vessels (R.V.
Sproul and R.V. Shana Rae) to allow relatively synchronous data collection. Water samples
for analysis by laboratory instrumentation were collected using 30 1 Niskin bottles. In situ
instruments were deployed as soon as possible thereafter from both vessels. All samples
were collected within 1h of each other, at around 11:00 h Pacific Daylight Time. The
samples discussed here were collected at nominal depths of 10, 15, and 30 m. Although
information exists on particle spectra at other depths, these three depths represent regions
where all the instruments sampled.
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Fig. 1. Vertical water column structure at 10:50 h, 29 July 1993. Left: temperature; center: density;
right: salinity. Nitrate concentrations were 2.5, 5, 9.4, and 16.2yM at 3 m, Sm, 15m, and 30 m,
respectively.

Monterey Bay is the site of intense upwelling of water with high nutrient concentrations
(e.g. Graham, 1993). High phytoplankton concentrations and aggregates formed from algae
have been observed there (Trent ez al., 1978). The physical properties of the water column
during our program indicate the water had a strong temperature and density gradient from
the surface to about 20 m, with a substantially weaker gradient deeper (Fig. 1). Observations
over time indicate that the water profile was very active, with internal waves causing strong
vertical shifts in isopycnals. There was also a tongue of low salinity water (33.35%o) in the
midst of the higher salini:y water column (33.40-33.45%.). Nutrient concentrations in the
region were high, with nitrate concentrations being 2.5 uM, 5.0 uM, 9.4 uM, and 16.2 uM at
3 m, 10 m, 15 m and 30 m, respectively.

The particle concentrations as measured by the dry weight concentration were relatively
constant through the watzr column at about 4 mg 17! (Fig. 2). Particulate organic carbon
(POC) concentrations did change with depth, decreasing from 0.26 mg1™' at 7m to
0.14mg1~" at 30 m (Fig. 2). Methods for sample collection and analyses have been
described by Alldredge et al. (1995). Divers reported that the water between 0 and 14 m was
very green, with extensive suspended material that, upon collection and examination, was
composed of diatoms of approximately 10 pm length of the genus Thalassiosira. Aggregates
collected between 14 and 25 m were composed of large Chaetoceros peruvianus or C.
concavicornis cells with ciliates and some fecal material.
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Fig. 2. Particle concentrations as captured on filters for 29 July 1993. Left: dry weight; right: POC.
Chlorophyll @ concertrations were 1.3, 1.6, 1.6, and 1.6 pgl~! at 3m, 10m, 15m, and 30 m,
respectively.

INSTRUMENTS

Aperture impedance particle counters

Coulter particle counter. The model used was a Coulter Multisizer II. Samples were
analyzed using two apertures (100 um and 400 um) for sample volumes of 0.5 cm?® and
100 cm?, respectively. Results were combined by using the results for the smaller aperture
for particles less than 20 pum and results from the larger aperture for larger particles. Further
details have been given by Li and Logan (1995).

Elzone particle counter. The Elzone 280 particle counter isa re51stance particle counter
that is similar to the Cculter Multisizer II. Samples of 1 cm® and 3 cm® were analyzed using
120 pm and 380 um aperture tubes, respectively. A further description has been given by
Dam and Drapeau (1995). There was some uncertainty about whether reported data from
the 380 pum aperture were particle counts for 1 or 3 cm®. We assumed that they were for
3 cm’ after an analysis of particle count distributions at low concentrations.

Image analysis of filtered sample

A sample volume of 15 cm® was filtered onto a 1.0 um pore-size black polycarbonate
P p
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membrane filter (25 mm diameter, Poretics). Samples were stained with acridine orange
before filtration; filtered samples were stained using alcian blue. Samples were analyzed
using an automated image analysis system at 100 x magnification. Because only about 20%
of the filter was analyzed, the effective volume sampled was actually 3 cm®. Further details
have been given by Li and Logan (1995).

In situ image analysis systems

Photographic camera. The SNOWCAM system photographed particles illuminated in a
light slab formed by the collimated light from a strobed light system (Fig. 3a). The slab was
10.4 cm x 14.7 cm x 5 cm (772 cm®). The system was tethered at the desired depth for the
desired time, with natural water flow providing unsampled water for sequential
photographs. Film negatives were scanned with a 1000 line video camera system and the
digitized image corresponding to a volume of 0.27 | was analyzed using a computerized
image analysis software system. Total sample volume at a depth ranged from 1.1 to 3.8 1.
Further details have been given by MaclIntyre et al. (1995). Values shown here represent 2 m
averages (1012, 14-16, and 30-32 m).

Confocal television systems. The Marine Aggregated Particle Profiling and Enumerating
Rover (MAPPER) system uses four diode lasers (685 nm), each set at the corner of a square,
and line-generator optics to create a thin (approximately 1 mm) sheet of illumination (Fig.
3b). Three longpass-filtered video cameras with different magnifications have coincident
image planes in the light sheet. The MAPPER system is deployed with a loose tether,
essentially falling free through the water column, sampling water that passes through the light
sheet. Recorded images for each of the three cameras were processed to determine the size
distribution of particles captured in the light sheet. Analysis of sequential images captured
over a small depth range provided sample volumes larger than that of the light sheet.

The data from the thre: cameras were combined after the smallest two and largest one size
categories for each subsystem were deleted, as were any values equal to zero. As data from
the three systems overlap, a least-squares fit to a hyperbolic slope of a continuous
distribution was calculaied. This procedure discriminates against individual data points
that are affected by under-sampling or a low signal-to-noise ratio. The effective volumes
sampled were 3.763, 1.659, 0.184 1 per meter of depth for the low, medium and high
resolution cameras. The highest resolution achievable was 50 um. Further details have been
given by Costello er al. (1992, 1995).

The data shown in this paper have been pre-processed and, as a result, do not show the
behavior at small particles sizes of the other in situ results. The values shown here are 2 m
averages centered on the depth of comparison (9-11, 14-16, and 29-31 m).

IR laser-light sheet viaeo system. The Particle Laser Imaging System (PALIS) is mounted
on the forward underside of a remotely operated vehicle (ROV) called BORIS, for Bio-
Optical Remotely operated Instrumented Submersible (Maffione ez al., 1993). Two IR
(840 nm) laser diodes with cylindrical optics create a cross-illuminated, vertically oriented
light sheet approximately 1 mm thick and 15 mm high (Fig. 3c). A high magnification video
camera is focused onto the light sheet, which images the 90° light scattering by the particles
passing through the light sheet as the ROV moves horizontally through the water at a fixed
depth.
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Fig. 3. Schematic diagrams of instruments. (a) SNOWCAM. Above—diagram of the entire
package equipped with still and video cameras, CTD, fluorometer, and transmissometer, all powered
with a 24 V battery. The vertical fins at the rear of the package orient into the local current. Below—
light is passed from a strobed source through three Fresnel lenses to produce a collimated beam 5 cm
thick. The camera is positioned perpendicular to the beam and images only particles illuminated
within the beam. {(b) MAPPER. The instrument is drawn as if the observer were looking up at the
descending instrument. The four cylindrical housings (pointing inward near the bottom of the
instrument) contain the diode laser projectors and optics which create the structured light sheet.
Further upward on the zentral axis of the system is the main housing which contains the three video
cameras and synchronization electronics. Other components make ancillary environmental
measurements or are used for buoyancy and descent velocity contral. (¢} Particle Laser Imaging
System (PALIS). From Maclntyre et al. (1995).
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(b)

Fig. 3. (continued overleaf).

The magnification setting for the data reported here resulted in a single pixel resolution of
about 4 um. The object area at the light sheet was about 1.4 mm diagonal. Particles that pass
through the light sheet in the object area are sized and counted in real time with an analog
video-processing circuit that adds the number of contiguous pixels above a given threshold
and bins them according to their summed cross-sectional area. Because the illuminated
object area is known and the speed of the ROV through the water is measured with a
velocity sensor, the total sampling volume can be accurately calculated. Normalizing the
particle bin counts by the size of each bin and the sampling volume, a differential particle
size spectrum is produced. For the data reported here, volumes sampled ranged from 460 to
1690 cm>. Particles smalier than 10 illuminated pixels and larger than 1 mm, or particles that
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Fig. 3. (continued).

have more than four pixels on the edge of the image, are not counted. These criteria are
somewhat arbitrary and based on empirical tests.

RESULTS

The following analysis starts with an examination of the results for individual
instruments, developing a truncated data set that is used in subsequent sections. The
analysis continues with comparisons of results from instruments based on the same physical
principles (aperture impedance and optical imaging). It concludes with an effort to unite the
two sets of data to provide common particle size spectra over almost four orders of
magnitude of particle length.

Manipulation of data from individual instruments

Minimum detectable particle concentration. A constraint of any technique for estimating
size spectra is that there must be at least one particle present in a size interval to be able to
estimate the particle spectrum. A comparison of the results from the different instruments
with such a minimum spectrum calculated as in equation (2) shows that spectra for all
techniques had values at the large end of their ranges that showed the effect of too few
particles (Fig. 4). The size ranges were characterized by missing values. Those values that
were present were close to those for the minimum spectrum (Fig. 4). If included in the
analysis, they would stow a change in spectral slope for which there is no evidence.
Furthermore, those spectral values calculated using few particle counts suffer from
uncertainties associated with small number statistics. We have deleted all spectral values
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Fig. 4. Particle size spectra for the different imaging instruments as a function of size compared

with the minimum detectable size spectra, 7,;,. Continuous lines represent reported spectral values;

dotted lines represent A, Data represent more depths than the three emphasized in this paper.

Sample volumes were rot always constant between depths. Diameters are those reported for the
instruments, with no attempt to convert to a common basis.






