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Abstract

We calculated the optical scattering and backscattering coefficients for assemblages of marine colloids from the
measured size distribution and the assumed refractive index of colloids. The comparison of pure seawater scattering
and backscattering coefficients with our results from 11 samples of small colloids (sized between 0.01 and 0.2 mm)
and 10 samples of large colloids (;0.4–1 mm) suggests that (1) the role of colloids in light scattering in the ocean
can vary from insignificant to very important as a result of variations in the concentration, size distribution, and
refractive index of particles; (2) whereas small colloids generally play an insignificant role in particulate scattering,
large colloids can make a sizable contribution because their scattering can exceed that of pure water by more than
an order of magnitude; and (3) small colloids appear to play an important role in the overall colloidal backscattering.
The combined backscattering of small and large colloids is typically higher than that of pure seawater over most
of the visible spectrum (e.g., by a factor of 2.5 at 550 nm and 5.6 at 700 nm from our average results). This
indicates that the contribution of colloids to the particulate backscattering is typically significant.

Colloid material is usually defined as microparticles, mac-
romolecules, and molecular assemblies in the size range be-
tween 1 nm and 1 mm (Vold and Vold 1983; Buffle and van
Leeuwen 1992). The submicrometer-sized particles are the
most abundant particles suspended in ocean waters. The con-
centrations of small colloids (,0.2 mm) can exceed 1015 m23

(Wells and Goldberg 1991, 1994), which is at least one order
of magnitude higher than typical concentrations of viruses
that belong to that size range (Bergh et al. 1989; Maranger
and Bird 1995). The abundance of larger colloids (sized be-
tween ;0.4 and 1 mm) can exceed 1013 m23, which is typ-
ically one to two orders of magnitude higher than the num-
ber of bacteria within that submicron range (Koike et al.
1990; Longhurst et al. 1992; Yamasaki et al. 1998). These
results indicate the dominance of nonliving particles in the
submicrometer range.

Marine colloids have received much attention because of
their significance in biogeochemical cycling of organic mat-
ter and bioactive elements, as well as fate and transport of
toxic elements and pollutants (Moran and Moore 1989; Guo
et al. 1994; Moran et al. 1996). From a chemical point of
view, the functional definition proposes that ‘‘an aquatic col-
loid is any constituent that provides a molecular milieu into
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and onto which chemicals can escape from the aqueous so-
lution and whose environmental fate is predominantly af-
fected by coagulation–breakup mechanisms, as opposed to
removal by settling’’ (Gustafsson and Gschwend 1997, p.
523). Colloidal particles are thus considered to be large
enough to possess an interface and interior chemically dis-
tinct from the surrounding medium but small enough for
gravitational settling to be insignificant. Such a ‘‘chemcen-
tric’’ definition allows for discriminating colloids from a tru-
ly soluble phase and from settling particles. The colloidal
phase consists of a variety of organic microparticles, poly-
meric organic substances and gels, inorganic particles, or-
ganic–inorganic complexes, and living microbes and viruses
(Leppard et al. 1997; Chin et al. 1998; Santschi et al. 1998).
Because of low electron opacity of most colloids observed
by transmission electron microscopy, Wells and Goldberg
(1991, 1992) suggested a predominantly organic composi-
tion.

The role of marine colloids in light propagation in the
ocean is poorly understood. The problems involved in quan-
tifying this role include instrumental and methodological
limitations, especially difficulties in accurate determinations
of concentration of colloids and their properties. Oceanog-
raphers have traditionally used the filtration of water through
0.2- or 0.45-mm pore-size filters to partition water samples
into ‘‘dissolved’’ and ‘‘particulate’’ phases. Interpretation of
light absorption by colloids has been confounded by the ex-
ecution of measurements on the operationally defined dis-
solved and particulate phases, which both include colloidal
particles. Previous efforts to quantify the light scattering by
marine colloids have been based mostly on theoretical con-
siderations. Some of these early studies suggested that sub-
micrometer particles can be a significant source of scattering,
especially in backscattering directions (Brown and Gordon
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1974; Gordon 1974). Calculations of a light-scattering bud-
get associated with various particle types also indicated the
significance of colloidal material to backscattering (Morel
and Ahn 1991; Stramski and Kiefer 1991). In addition, it
was pointed out that at typical particle concentrations in the
submicrometer range, the nonliving material appears to be
more important to backscattering than viruses and microbes
such as bacteria (see also Stramski et al. 2004). Laboratory
measurements of light scattering by viral suspensions sup-
ported the notion that viruses are not a major source of light
scattering in ocean waters (Balch et al. 2000).

Light scattering in the ocean is caused by a continuum of
particle sizes, so improving our knowledge of scattering con-
tributions by different particle types and size fractions that
play different roles in marine biogeochemistry and ecosys-
tems is important (e.g., Stramski et al. 2001). This knowl-
edge is a prerequisite not only to an understanding of sub-
stantial variability in optical properties and light fields within
the ocean and leaving the ocean but also to applications in-
cluding satellite remote sensing for estimating water con-
stituents that are biogeochemically important. In that regard,
marine colloids represent a particularly interesting size range
because they can account for a large fraction (30–50%) of
organic carbon within the operationally defined dissolved
phase (Benner et al. 1992; Guo et al. 1994). They also show
the potential to affect the remote-sensing reflectance of the
ocean owing to considerable contribution to light backscatter
(Morel and Ahn 1991; Stramski and Kiefer 1991). An im-
portant limitation of earlier analyses of colloidal light scat-
tering was the lack of particle size and concentration mea-
surements in the submicrometer size range. Quantifying
colloidal scattering without such measurements could in-
volve substantial uncertainty because the particle concentra-
tion and size distribution are first-order determinants of the
scattering properties of water samples. The objective of this
study is to quantify the range of variability in the spectral
scattering and backscattering coefficients for assemblages of
marine colloids, whose concentrations and size distributions
were actually measured in various regions of the world’s
ocean.

Methods

Our approach involves calculations with Mie scattering
theory for homogeneous spherical particles (Mie 1908; Boh-
ren and Huffman 1983). The input data to these calculations
include the measured size distributions of marine colloids
and the assumed values for the complex index of refraction
of particles.

Input data—Our analysis is carried out for two particle
size fractions; the small colloids sized between 0.01 and 0.2
mm and the large colloids sized between ;0.4 and 1 mm.
We have selected the measured particle size distributions
from two studies that cover various oceanic conditions, from
nearshore environments with high phytoplankton biomass to
oligotrophic open ocean waters. The study by Wells and
Goldberg (1994) provided the data for small colloids, and
the study by Yamasaki et al. (1998) provided the data for
large colloids.

We selected 11 size distributions of small colloids from
the data set of Wells and Goldberg (1994) (Fig. 1). Their
measurements were made in North Atlantic waters on the
Scotian Shelf, the Scotian slope, and in the Sargasso Sea, as
well as in shelf and open-ocean waters off the Antarctic
Peninsula in the Southern Ocean. We use the data collected
within the top 50 m of the ocean (with the exception of one
sample from the Sargasso Sea collected at 70 m). Our pri-
mary interest in the surface oceanic layer stems from the
applicability of optical remote sensing to surface waters and
the significance of biological production within the upper
water column. Colloid numbers and sizes were determined
by Wells and Goldberg (1994) from images of samples,
which were obtained with transmission electron microscopy.
The detection limit for colloid concentrations was ;1013

m23, which corresponded to one to two colloids in a micro-
scope field. Colloid sizes, D, were determined as twice the
minor axis of an ellipse having the same area as the colloid.
The size distributions of small colloids used in our study are
based on colloid counts within 19 size classes, each of which
has a width, DD, of 0.01 mm. These classes cover a range
of sizes between Dmin 5 0.01 mm and Dmax 5 0.2 mm. Be-
cause of incomplete recovery efficiencies of colloids with an
ultracentrifugation technique, Wells and Goldberg (1994) in-
dicated that their data should be considered a conservative
low estimate of colloid concentrations, especially in the
,0.03-mm fraction. In addition, fibrillar colloids (Santschi
et al. 1998) were not included in particle counts by Wells
and Goldberg (1994).

For large colloids, we used 10 size distributions measured
by Yamasaki et al. (1998) in northwest Pacific coastal en-
vironments (Fig. 2). Water samples from four stations along
a nearshore–offshore transect from the Sagami Bay to off
the Izu Islands (Japan) were analyzed. The measurements
were made with an electronic particle counter (Elzone
80XY). With this instrument, the measured particle size, D,
represents the volume-equivalent spherical diameter. The
size range analyzed was from Dmin 5 0.425 mm to Dmax 5
0.99 mm. The size distributions are based on particle counts
within 34 size classes whose width varies between 0.01 and
0.024 mm. The detection limit of particle concentration was
108 m23.

The size distributions provide the values of N(D)DD for
each size class, where N(D)DD is the number of particles
per unit volume of water within the size class of width DD,
and where D is the midpoint of the particle size class. The
values of N(D)DD and D are used as inputs to our Mie
scattering calculations. A common feature of the distribu-
tions shown in Figs. 1 and 2 is a decrease in the particle
concentration with increasing D, although some irregularities
can be superimposed on this general pattern. The small col-
loids show significant variability in the concentration of par-
ticles and the shape of the size distribution both between and
within sampling regions, which includes variation with sam-
pling depth (Fig. 1). In contrast, the large colloids show rel-
atively small differences in the shape of the distribution, al-
though variations in particle concentration are large (Fig. 2).

The complex refractive index of particles is also required
as input to Mie calculations. To our knowledge, no data exist
on the refractive index of marine colloids, so assumptions
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Fig. 1. The density function of particle number size distribution
for samples of small colloids obtained from measurements of Wells
and Goldberg (1994). Fig. 2. The density function of particle number size distribution

for samples of large colloids obtained from measurements of Ya-
masaki et al. (1998).
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Fig. 3. Spectra of the imaginary part of refractive index (rela-
tive to water) of marine detrital particles. Thin solid lines represent
exponential fits to n9 data obtained at 10 discrete wavelengths be-
tween 410 and 675 nm for particles sampled at depths of 4, 10, 20,
25, 40, 50, and 60 m in the Sargasso Sea. The lowest and highest
of these curves are for the depths of 10 and 50 m, respectively.
Dotted lines are for the depths of 80 and 107 m. The thick solid
line is the average spectrum of n9 from the data, shown as thin solid
lines (one thin solid line is not seen because it is covered by the
thick solid line). This average spectrum is assumed in this study for
colloids. This spectrum can be described by an exponential function
n9(l) 5 0.010658e20.007186l.

are necessary about the spectral values of the real and imag-
inary parts of the refractive index of the particles relative to
water, n(l) and n9(l), respectively (l is light wavelength in
a vacuum, and we assume that the refractive index of water
is 1.34). We chose to make two basic sets of Mie calcula-
tions: one for a low value of n 5 1.04 and the other for a
high value of n 5 1.18. In each case, we assumed that n is
independent of l. The low refractive index is typical for
many organic particles that are characterized by relatively
high water content. For example, on the basis of metabolite
composition and water content of phytoplankton cells, Aas
(1996) showed that n of the cells varies typically between
1.02 and 1.08. The high refractive index is typical for min-
eral particles and dry (or weakly hydrated) organic com-
pounds. For example, the mean n is 1.124 for montmoril-
lonite, 1.155 for crystalline quartz, 1.167 for kaolinite, 1.171
for illite, and 1.195 for calcite (Kerr 1977). The mean n is
1.146–1.167 for dry algal mass, 1.172 6 0.0075 for protein,
and 1.157 6 0.015 for carbohydrates (Aas 1996). Although
it cannot be assumed that all colloids at any given time or
location in the ocean have either a low or high refractive
index, one could expect that our scattering calculations for
n 5 1.04 and n 5 1.18 will demonstrate a plausible range
of variability associated with colloidal composition. As a
sensitivity test, we made additional Mie calculations for a
very low value of n 5 1.02.

Given the lack of data on light absorption by colloids, it
is sufficient to our analysis to make a realistic assumption
that colloids exhibit some absorption that increases toward
the short-wavelength end of the spectrum. Both organic de-
trital particles and mineral particles typically show two main
features: first, a small or undetectable absorption in the red
and near-infrared spectral region (Babin and Stramski 2002,
2004), and second, an increase in absorption with decreasing
l, which is often approximated by an exponential function
(Bricaud and Stramski 1990; Babin et al. 2003). Figure 3
shows the variation in the imaginary part of the refractive
index, n9, of marine detrital particles. We determined these
n9 spectra from an inverse model (Bricaud and Morel 1986)
applied to microspectrophotometric measurements of indi-
vidual particles made by Iturriaga and Siegel (1989) in the
Sargasso Sea. They measured particle sizes and absorption
efficiency factors at 10 wavelengths (between 410 and 675
nm) for 11 to 35 particles at different depths. The mean
particle size ranged from 9 to 27 mm at different depths. For
this analysis of colloids, we made Mie calculations with the
average spectrum n9(l) (thick solid line in Fig. 3) that was
obtained from seven spectral curves (thin solid lines in Fig.
3) corresponding to the Iturriaga and Siegel (1989) samples
from depths of 4, 10, 20, 25, 40, 50, and 60 m. The total
number of particles analyzed for the average spectrum n9(l)
was 143. This spectrum represents a relatively weak particle
absorption with n9(l) on the order of 1024. To test the sen-
sitivity of our colloidal results to changes in n9(l), we made
additional Mie calculations for the lowest and the highest
n9(l) among the thin solid lines in Fig. 3. These low and
high n9(l) spectra differ by a factor of about two from the
average spectrum at the short-wavelength end of the spec-
trum (and less at longer wavelengths). Note that Fig. 3 also
shows that n9(l) of detrital particles can occasionally be con-

siderably higher (see the dotted lines that represent the It-
turriaga and Siegel [1989] samples of detrital particles from
depths of 80 and 107 m).

Calculations of light scattering—We used Mie scattering
code for homogeneous spherical particles that allows the cal-
culations to be a function of l for arbitrary particle size
distribution and spectral values of n and n9. The core of the
code for a sphere with a given diameter and complex re-
fractive index is published in Bohren and Huffman (1983).
The calculations were made for 11 size distributions of small
colloids and 10 size distributions of large colloids. For each
size distribution, the calculations were made for the assumed
values of n and n9(l) (as defined above) in the spectral re-
gion from 350 to 750 nm at 1-nm intervals. The assumption
that the particles are homogeneous and spherical produces
an uncertainty with regard to light scattering by real parti-
cles. Most of the colloidal particles analyzed by Wells and
Goldberg (1991, 1994) were globular and rounded in shape,
and many appeared to be aggregates of smaller granules.
However, fibrillar colloids and aggregates of fibrils and glob-
ular particles can also be common (Santschi et al. 1998).
Presently, it is not possible to evaluate the effect of the in-
homogeneous, aggregative, and nonspherical morphology of
colloids on their scattering properties.

The quantities obtained with the Mie calculations include
the spectral efficiency factors for total scattering, Q̄b(l), and
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Table 1. Identification of stations where colloidal particles were sampled and the values of the concentration and average projected area
of colloidal particles.

Wells and Goldberg
(1994) stations

Depth
(m)

Total
concentration of
small colloids

NSC (m23)

Average
projected areas

of small colloids
ḠSC (m2)

Yamasaki et al.
(1998) stations

Depth
(m)

Total
concentration of

large colloids
NLC (m23)

Average
projected areas

of large colloids
ḠLC (m2)

Scotian shelf

Scotian slope

5
10
20
40

3.6831015

2.0531015

1.1331015

5.0431014

6.03310216

6.54310216

3.31310215

5.55310215

Sta. B

Sta. C

0
33

0
23

3.8431012

4.3231012

1.5331013

6.8131012

2.34310213

2.44310213

2.37310213

2.27310213

Sargasso Sea

Southern Ocean shelf

30
50
70
40

3.6531015

1.8931015

3.2831015

1.5531015

6.98310216

1.31310215

6.45310216

2.62310215

Sta. D

Otsuchi Bay

0
34
55

5

2.3231013

7.1331012

5.8431011

2.4231013

2.78310213

2.25310213

2.21310213

2.72310213

Southern Ocean open waters 3
30
50

7.6131014

6.8431014

3.3531014

5.01310215

5.81310215

7.78310215

25
40

1.3931013

1.0831013

2.37310213

2.37310213

backscattering, Q̄bb(l). The efficiency factor Q̄b(l) at wave-
length l is a ratio of radiant power (at l) scattered in all
directions by a single ‘‘average’’ particle derived from the
examined polydisperse particulate assemblage to the radiant
power (at l) incident on the geometric cross-section, Ḡ, of
the ‘‘average’’ particle. The definition of Q̄bb(l) is similar
but involves only backward scattering angles. For a given
size distribution and complex refractive index of particles,
Q̄b(l) and Q̄bb(l) are calculated from Eq. 1 (Bricaud and
Morel 1986; Morel and Bricaud 1986),

Dmax

2Q (l, D, n, n9)N(D)D dDE i

Dmin

Q̄ (l) 5 (1)i Dmax

2N(D)D dDE
Dmin

where the subscript i is used to denote either b or bb; Qi(l,
D, n, n9) is the efficiency factor at l calculated from the Mie
theory for a particle that has a diameter D, the real part of
the refractive index relative to water, n, and the imaginary
part of the relative refractive index, n9 (both n and n9 are at
wavelength l); and N(D) is the density function of the size
distribution (i.e., the number of particles within the size class
centered at D per unit volume of water and per unit width
of the size class). An ultimate objective of our calculations
was to estimate the scattering, b(l), and backscattering,
bb(l), coefficients (m21), which are produced by a population
of colloidal particles that obey a given size distribution
N(D). The coefficient b(l) was obtained from

Dmax

¯ ¯b(l) 5 Q (l)G N(D) dD (2)b E
Dmin

where # N(D) dD is the total number of particles in theDmax
Dmin

size range from Dmin to Dmax per unit volume of water (for
brevity, this total particle concentration will be denoted by
N), and Ḡ is determined by Eq. 3.

Dmaxp
2N(D)D dDE4 Dmin

Ḡ 5 (3)
Dmax

N(D) dDE
Dmin

The backscattering coefficient bb(l) was obtained from Eq. 4.

bb(l) 5 Q̄bb(l)ḠN (4)

We also calculated the backscattering ratio b̃b(l) 5 Q̄bb(l)/
Q̄b(l)—equivalently, bb(l)/b(l)—which is a measure of the
contribution of backscattering to total scattering.

Results and discussion

Concentration and size of colloids—Table 1 summarizes
the data of N and Ḡ calculated from the size distributions
presented in Figs. 1 and 2. For clarity, in the notation of N
and Ḡ, we use the superscript ‘‘SC’’ to indicate that the
variable represents the small colloids and the superscript
‘‘LC’’ to indicate the large colloids. The total concentrations
of small colloids were highest in the Scotian Shelf (depth 5
m) and Sargasso Sea (30 m), where NSC exceeded 3.6 3 1015

m23. The lowest NSC of 3.35 3 1014 m23 was observed in
the Southern Ocean (50 m). Thus, NSC varies by an order of
magnitude among the samples examined. A similar range of
variability (a factor of ;13) is observed for ḠSC, which is a
measure of variation in the shape of the size distribution.
Interestingly, the small colloids show a remarkable tendency;
the higher NSC is, the smaller ḠSC is. For example, the sample
with the highest NSC (Scotian Shelf, 5 m) has the smallest
ḠSC (56.03 3 10216 m2), and the sample with the lowest NSC

(Southern Ocean, 50 m) has the largest ḠSC (57.78 3 10215

m2).
The large colloids show large variations in NLC but rela-

tively small variations in the shape of the size distribution,
and hence relatively small variations in ḠLC (Table 1). The
maximum value of NLC (Otsuchi Bay, 5 m) is ;40 times
higher than the minimum value (Sta. D, 55 m). However,
there is a difference by a factor of only 1.25 between the
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Fig. 4. (A) The range of variation in the scattering efficiency
of colloidal particles. Thin solid lines show the minimum Q̄b(l)
(Sargasso Sea, 30 m) and maximum Q̄b(l) (Southern Ocean, 50 m)
for small colloids with a particle refractive index of n 5 1.04 rel-
ative to water. Dotted lines correspond to the same two samples of
small colloids but with n 5 1.18. Thick solid lines show the min-

←

imum Q̄b(l) (Station D, 55 m) and maximum Q̄b(l) (Station D, 0
m) for large colloids with n 5 1.04. Thick dashed lines correspond
to the same two samples of large colloids but with n 5 1.18. (B)
Same as panel A, but the spectra represent the backscattering effi-
ciency factor. (C) Same as panel A, but the spectra represent the
backscattering ratio.

maximum and minimum values of ḠLC (see Sta. D, 0 m and
55 m, in Table 1). The result, that the shape of the size
distribution of large colloids is weakly variable, is intriguing,
but it is based on 10 samples from one region only. Further
scrutiny of this question is required.

The product N 3 Ḡ represents the total projected area of
suspended particles per unit volume of water. The average
value of NSC 3 ḠSC from all samples of small colloids is
2.88 m21, which is similar to the average value of NLC 3
ḠLC 5 2.77 m21 for large colloids. However, the variability
among the samples is much smaller for NSC 3 ḠSC than for
NLC 3 ḠLC. Whereas the minimum and maximum of NSC 3
ḠSC are 1.34 m21 and 4.06 m21, respectively, there is a 50-
fold difference between the minimum (0.13 m21) and max-
imum (6.58 m21) of NLC 3 ḠLC. The small range of NSC 3
ḠSC is caused by the inverse relationship between NSC and
ḠSC. The large variation in NLC 3 ḠLC is associated primarily
with variation in NLC.

Optical properties derived from Mie calculations—The
efficiency factors Q̄b(l) and Q̄bb(l) of colloids are shown in
Fig. 4A,B, respectively. To illustrate the range of variation,
only the lowest and highest spectral curves among the sam-
ples examined are displayed. For small colloids, both Q̄ fac-
tors show large variation. For a given value of n, the Sar-
gasso Sea sample (30 m) shows the lowest Q̄b(l) and Q̄bb(l),
and the Southern Ocean sample (50 m) shows the highest
values. This is attributable to the effect of particle size dis-
tribution because in the size range of small colloids, both
efficiency factors increase rapidly with an increase in particle
size (Bricaud and Morel 1986; Morel and Bricaud 1986).
The Sargasso Sea sample (30 m) shows steep size distribu-
tion and relatively small ḠSC; hence, Q̄b(l) and Q̄bb(l) are
low. Because the slope of size distribution for the Southern
Ocean sample (50 m) is less steep and ḠSC is larger, Q̄b(l)
and Q̄bb(l) are much higher. The difference in Q̄b(l) between
these extreme samples is a factor of ;40 at 350 nm, 60 at
550 nm, and almost 80 at 750 nm. For Q̄bb(l), the difference
is a factor of 10 at 350 nm, 40 at 550 nm, and 60 at 750
nm. The extent of this particle size–induced variation in
Q̄b(l) and Q̄bb(l) is similar regardless of whether n 5 1.04
or 1.18. However, for any sample of small colloids, the in-
crease of n from 1.04 to 1.18 produces an ;20-fold increase
in Q̄b(l) and Q̄bb(l). Note that the lowest values of Q̄b(l) or
Q̄bb(l) calculated with n 5 1.18 for the Sargasso Sea sample
are comparable to the highest Q̄b(l) or Q̄bb(l) calculated with
n 5 1.04 for the Southern Ocean sample.

Because of the effect of particle size on efficiency factors
(e.g., Bricaud and Morel 1986), the Q̄b(l) and Q̄bb(l) values
for large colloids are higher than those for small colloids.
However, there is little variation in Q̄b(l) and Q̄bb(l) among
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Fig. 5. (A) The range of variation in the scattering coefficient
of small colloids. Thin solid lines show the minimum b(l) (Sargasso
Sea, 70 m) and maximum b(l) (Southern Ocean, 3 m) for small
colloids with n 5 1.04. Dashed lines correspond to the same two
samples of small colloids but with n 5 1.18. For comparison, the
scattering spectrum of pure seawater is also shown (thick solid line).
(B) Same as panel A, but the spectra represent the backscattering
coefficient. The minimum bb(l) corresponds to the sample from the
Sargasso Sea (70 m). Two curves representing the maximum bb(l)
are displayed (Southern Ocean, 3 and 30 m). These two samples
show very similar bb(l).

the different samples of large colloids at a given refractive
index (Figs. 4A,B). This is a result of small changes in the
shape of the particle size distribution of large colloids. The
differences in Q̄b(l) are 15–30% between the extreme sam-
ples (Sta. D, 0 and 55 m). The variation in Q̄bb(l) is even
smaller, generally ,10%. The effect of n on Q̄b(l) and Q̄bb(l)
of large colloids is strong. The increase of n from 1.04 to
1.18 induces a 15- to 20-fold increase in Q̄b(l) and a 30- to
50-fold increase in Q̄bb(l).

The angular distribution of scattered light is expected to
vary considerably as a function of colloid size because small
colloids are smaller than the wavelength of light and large
colloids are comparable or somewhat larger than l (e.g.,
Morel and Bricaud 1986). The backscattering ratio, b̃b(l),
reflects these changes (Fig. 4C). For the small colloids, b̃b(l)
is relatively large and ranges from ;0.1 to 0.5, the latter
value being a limit representing molecular scattering with
equal forward and backward scattering. The highest b̃b(l)
was obtained for the Sargasso Sea sample (30 m), for which
b̃b(l) increases from ;0.4 at 350 nm to 0.48 at 750 nm. For
the large colloids, b̃b(l) is significantly lower, ranging from
;0.003 to 0.025. These values indicate forward-dominated
scattering. Whereas the values of b̃b(l) for small colloids are
weakly dependent on n, the increase of n produces a sub-
stantial enhancement of b̃b(l) for large colloids. Both the
small and large colloids are characterized by an increase of
b̃b(l) with l.

Bulk scattering and backscattering coefficients—The
range of variation in b(l) and bb(l) is illustrated in Figs. 5,
6 for small and large colloids, respectively. According to
Eqs. 2 and 4, b(l) or bb(l) is controlled by the product of
three variables: N, Ḡ, and Q̄b(l) or Q̄bb(l). For the small
colloids, the Southern Ocean sample (3 m) shows the highest
values of b(l) and bb(l) (Fig. 5). The Southern Ocean (30
and 50 m) and the Scotian Slope (40 m) samples also ex-
hibited relatively high b(l) and bb(l) (not shown). These
high values of b(l) and bb(l) were obtained despite the low-
est particle concentrations in these samples (NSC on the order
of 1014 m23; see Table 1). For these samples, the low NSC is
compensated for by the highest values of ḠSC . 5 3 10215

m2 (Table 1) and the highest values of Q̄b(l) and Q̄bb(l). The
Sargasso Sea samples (70 and 30 m) show by far the lowest
b(l) and bb(l). Although NSC for these samples is relatively
high (.3 3 1015 m23), ḠSC and Q̄ factors are relatively small.
Our general observation for small colloids is that the large
variations in Q̄b(l) and Q̄bb(l) associated with changes in the
size distribution counteract the inverse relationship between
NSC and ḠSC to the extent that b(l) and bb(l) exhibit large
variation among the samples examined. For example, for n
5 1.04 and l 5 550 nm, b(550) varies between 8.07 3 1025

m21 (Sargasso Sea, 70 m) and 6.02 3 1023 m21 (Southern
Ocean, 3 m), which represents a 75-fold change. The bb(550)
coefficient varies between 3.71 3 1025 m21 (Sargasso Sea,
70 m) and 1.82 3 1023 m21 (Southern Ocean, 3 m), which
represents a 50-fold change.

To gain more insight into the potential role of small col-
loids in light scattering in the ocean, our results in Fig. 5
are compared with the scattering and backscattering coeffi-
cients of pure seawater, bw(l) and bbw(l). It is well recog-

nized that bw(l) makes only a small contribution (typically
,10%) to the total scattering coefficient of seawater, even
in clearest ocean waters. However, bbw(l) can make a large
or even dominant contribution to the total backscattering co-
efficient in clear ocean waters; typically tens of a percent
and, in extreme cases, up to ;80% in the blue spectral re-
gion (Morel and Gentili 1991). The coefficients bw(l) and
bbw(l) show strong wavelength dependence of l24.32. In the
middle of the spectrum at l 5 550 nm, the generally ac-
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Fig. 6. The range of variation in the scattering coefficient of
large colloids. Thin solid lines show the minimum b(l) (Sta. D, 55
m) and maximum b(l) (Sta. D, 0 m) for large colloids with n 5
1.04. Dashed lines correspond to the same two samples of large
colloids but with n 5 1.18. For comparison, the scattering spectrum
of pure seawater is also shown (thick solid line). (B) Same as panel
A, but the spectra represent the backscattering coefficient. The min-
imum bb(l) corresponds to the sample from Sta. D (55 m) and the
maximum bb(l) to the sample from Otsuchi Bay (5 m).

cepted scattering and backscattering values are bw(550) 5
0.0019 m21 and bbw(550) 5 0.00095 m21 (Morel 1974; Smith
and Baker 1981).

We take a closer look at the comparison of bw(l) and
bbw(l), with conservative estimates for small colloids (i.e.,
for n 5 1.04). As seen in Fig. 5, bw(l) and bbw(l) generally
fall within the range of variation of b(l) and bb(l) of the
low-index small colloids. The Southern Ocean sample (3 m)
produces b(550) that is over three times higher than bw(550),
and it produces bb(550) that is nearly twice as high as
bbw(550). These results suggest that the contribution of small

colloids to the total scattering and backscattering coefficients
of seawater can be important in some situations. Our analysis
cannot, however, answer the question of how widespread
such conditions are in the ocean. Our results also suggest
that scenarios with a negligible role of small colloids are
likely to occur, as indicated by the lowest curves for low-
index small colloids in Fig. 5. Specifically, the calculations
for the Sargasso Sea sample (70 m) with n 5 1.04 produce
b(l) and bb(l) that are lower than bw(l) and bbw(l) by a
factor of ;25.

The results for small colloids with n 5 1.18 in Fig. 5
show that an increase of n from 1.04 to 1.18 produces a 20-
fold increase in b(l) and bb(l), just as for Q̄b(l) and Q̄bb(l).
If all the small colloids had n 5 1.18 (which is naturally
unrealistic), b(550) would be as high as 0.127 m21 and
bb(550) would be as high as 3.68 3 1022 m21, as indicated
by the calculations for the Southern Ocean sample (3 m).
These values are improbably high. Circumstantial evidence
for this conclusion is provided by determinations of the total
particulate backscattering coefficient, bbp, from in situ mea-
surements in the Southern Ocean (Stramski et al. 1999;
Reynolds et al. 2001). Those measurements showed bbp on
the order of 1024–1023 m21 in the green spectral region. Our
calculations for a low refractive index produce more realistic
results (than those for the high index) in the sense that the
calculated values are not higher than the typical estimates of
particulate scattering or backscattering from measurements
in the ocean. Nevertheless, one must bear in mind that some
colloids likely have a high refractive index, which will en-
hance scattering compared with the scenario in which all
colloids have a low refractive index.

Figure 6 shows b(l) and bb(l) for large colloids. As for
the small colloids, the use of the high refractive index for
large colloids appears to produce unrealistically high values
of b(l) and bb(l). This is indicated by the high values of
bb(l) for n 5 1.18, which in extreme cases extend above 0.1
m21. For a given sample of large colloids, the b(l) and bb(l)
values for n 5 1.18 are higher by 20- and 50-fold, respec-
tively, than those for n 5 1.04.

There is a large variation in b(l) and bb(l) among the
samples of large colloids (Fig. 6). For n 5 1.04, we found
a 65-fold range in b(l) and a 50- to 60-fold range in bb(l)
between the samples with the highest scattering (Otsuchi
Bay, 5 m) and the lowest scattering (Sta. D, 55 m). This
variation is driven primarily by changes in the total concen-
tration of large colloids, NLC. Recall that NLC for Otsuchi Bay
(5 m) is ;40 times higher than that for Sta. D (55 m; Table
1). The remaining part of the variation in b(l) and bb(l) is
attributable to relatively small differences in the values of
ḠLC and efficiency factors Q̄b(l) and Q̄bb(l), which are as-
sociated with relatively small variations in the shape of the
size distribution of large colloids.

The importance of large colloids to total b(l) and bb(l) in
the ocean is suggested on the basis of the comparison with
pure seawater curves in Fig. 6. The calculations for n 5
1.04 produced colloidal b(l) that is higher than bw(l) for all
samples examined. For all but one sample (Sta. D, 55 m),
b(l) is at least an order of magnitude higher than bw(l). The
range of bb(l) for n 5 1.04 generally encompasses the range
associated with spectral variation of bbw(l) (Fig. 6B). The
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Fig. 7. (A) Spectra of the scattering coefficient of colloidal par-
ticles as calculated by averaging the results for the 11 examined
samples of small colloids with the refractive index n 5 1.04 (dotted
line) and by averaging the results for the 10 examined samples of
large colloids with n 5 1.04 (dashed line). For comparison, the
spectrum for pure seawater is shown (thick solid line). (B) Same as
panel A, but the spectra represent the backscattering coefficient.

lowest curve for Sta. D (55 m) is distinctive in the sense
that bb(l) is much lower than that of all the remaining sam-
ples examined. The second lowest bb(l) (Sta. B, 33 m; not
shown) is ;8 times higher than that for Sta. D (55 m). As
a result, all samples of large colloids except for Sta. D (55
m) have bb(l) higher than bbw(l) in the red portion of the
spectrum.

The spectral shape of b(l) and bb(l) of colloids is the
same as that for Q̄b(l) and Q̄bb(l) (see Eqs. 2, 4). For the
small colloids, the best fit values of the exponent g of the
power function b(l) ; l2g range from 2.9 to 3.8 among the
different samples (not shown). The effect of n on g is very
small (,2%). The slope x of the power function bb(l) ;
l2x varies between 1.1 and 3.6. For the Southern Ocean
samples (see the highest bb(l) in Fig. 5B), the spectra of
bb(l) flatten noticeably in the blue-violet spectral region. For
these particular spectra, the power function fit over the entire
wavelength range of 350–750 nm is not appropriate. The
slope g of large colloids is less steep and more sensitive to
n than that for small colloids. For the large colloids, g ranges
from 2.15 for the calculations with n 5 1.04 to 1.7–1.8 for
n 5 1.18. The backscattering spectra bb(l) of large colloids
with n 5 1.04 are nearly flat, with only slight undulation
within the spectrum. For n 5 1.18, the slope x ranges be-
tween 0.6 and 0.7 for different samples.

To assess the sensitivity of our findings to assumptions,
we made three types of additional calculations. First, we
tested the sensitivity to the real part of the refractive index,
n. Specifically, the sensitivity calculations showed that b(l)
and bb(l) of colloids with a very low refractive index of n
5 1.02 are reduced to ;25% of the values calculated for n
5 1.04. Second, we tested the sensitivity to the imaginary
part of the refractive index, n9 (i.e., the absorption of light
by colloids). The calculations with n9 that differ by as much
as a factor of about two at the short wavelength end of the
spectrum from our base average n9 showed a negligible ef-
fect on colloidal scattering. The largest difference between
our base calculations and the sensitivity calculations was
;1.3% for backscattering by large colloids at short wave-
lengths. Finally, we tested the assumption about the absolute
accuracy of the size distribution data for small colloids.
These colloids were examined with electron microscopy
techniques (Wells and Goldberg 1994), which can result in
particle shrinkage (e.g., Montesinos et al. 1983). We tenta-
tively assumed that the original particle sizes reported by
Wells and Goldberg are underestimated by 20% in terms of
particle volume. The sensitivity calculations with the modi-
fied size distributions of small colloids produced the scat-
tering coefficients 30–40% higher and the backscattering co-
efficients 10–40% higher than those obtained with the
original size distributions.

Given the possible range of variability in the colloidal
concentration, size distribution, and optical properties, it is
difficult to draw simple generalized conclusions about the
role of colloids in light scattering in the ocean. The collec-
tion of colloid size distribution data used in this study was
not accompanied by light scattering measurements. There-
fore, our calculations of colloidal scattering cannot be com-
pared with the total particulate scattering by the samples
examined, so we cannot estimate the contribution of colloids

to light scattering for these samples. The comparison of our
calculations with pure seawater scattering and backscattering
coefficients provides, however, insights into the potential
role of colloids. The results suggest that this role could be
quite variable and often times highly significant. On aver-
aging the data for colloids with n 5 1.04 (i.e., quite con-
servative estimates with respect to the refractive index), we
find that the average scattering coefficient of small colloids
from the 11 samples examined is comparable to the scatter-
ing coefficient of pure seawater (Fig. 7A). The latter is
known to be generally much smaller than the total particulate
scattering. The average scattering of large colloids from the
10 samples examined is more than an order of magnitude
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higher than pure seawater scattering. It thus appears that,
whereas small colloids play a generally small or insignificant
role in total particulate scattering, large colloids can make a
substantial contribution. In any particular situation, this con-
tribution will, however, depend also on the role of larger
particles (.1 mm) present in water.

The average backscattering of small colloids from the 11
samples (with n 5 1.04) is comparable to pure seawater
backscattering in the red portion of the spectrum, but in the
blue, the pure seawater values are considerably higher (Fig.
7B). For the large colloids, the average backscattering spec-
trum is quite flat, with the values higher than pure seawater
at l . 500 nm but lower at shorter l. Because water mol-
ecules are an important contributor to the total backscattering
in natural waters that are not very turbid (such as the open
ocean), Fig. 7B suggests that the colloidal contribution to
the particulate backscattering can be significant or dominant.
If we add the average backscattering values for small and
large colloids, the result is higher than pure water backscat-
tering over most of the visible region (with the exception of
the shortest wavelengths), for example, by a factor of 2.5 at
550 nm and 5.6 at 700 nm. The small colloids contribute
44% at 350 nm and 19% at 750 nm to this average total
colloidal backscattering.

A key benefit of this study over previous calculations of
colloidal scattering is the use of actual measurements of col-
loid concentration and size distribution in seawater. Al-
though this approach provided estimates of the potential
range of colloid scattering in the ocean, significant knowl-
edge gaps remain with respect to quantifying the colloid con-
tributions to the scattering and backscattering coefficients in
various environmental situations. Mie scattering calculations
with a homogeneous sphere model are certainly an oversim-
plification, but attempts to quantify colloidal scattering with
more complex modeling would still be fraught with uncer-
tainty that is difficult to assess. Current limitations in mod-
eling result from the inability to characterize the real hetero-
geneous particle assemblages in terms of all particle
properties that govern scattering, such as size, shape, com-
plex refractive index, internal structures, and degree of ag-
gregation, for example.

Further advancements in understanding the role of col-
loids in the optical properties of aquatic environments are
needed, especially because of the potential broader influenc-
es beyond the field of optics. For example, an adequate
knowledge of the optical signature of colloids such as back-
scattering could lead to new optical methods for measuring
colloid-related biogeochemical properties over extended
temporal and spatial scales. It seems that the greatest prom-
ise for acquiring such knowledge lies in developing obser-
vation strategies and methods for parallel optical measure-
ments and characterization of submicron particles.
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