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The relationships between beam attenuation spectra, chlorophyll and pheophytin pigment concentrations,
and particle size distributions are examined for a coastal region (Monterey Bay area) believed to have negli-
gible concentrations of terrestrially derived dissolved organic compounds (during May 1977) but large quan-
tities of phytoplankton and resuspended sediments. It was found that the slope of the beam attenuation
spectra increases when the hyperbolic slope of the size distribution increases. The magnitude of this in-
crease in slope was consistent with calculations based on a range of particle diameters from 0.5 to 30 m, so
that it would be possible to predict the slope of the particle size distribution if the slope of the beam attenua-
tion spectra is known. The ratio of chlorophyll and pheophytin pigments to suspended volume concentra-
tions affected the beam attenuation spectra to a lesser degree and in a more complex manner. Because of
the strong effect of slope, it was concluded that the chlorophyll and pheophytin pigment content of suspend-
ed particles could not be efficiently predicted by means of beam attenuation measurements.

1. Introduction

Light is attenuated in seawater by the water itself, by
dissolved substances, and by suspended particles. The
attenuation spectrum of pure water is fairly well-known,
and the effect of dissolved salts is small for the visible
wavelengths. 1 Dissolved organic compounds (yellow
matter) can be highly variable but are generally asso-
ciated with continental runoff. The presence of yellow
matter is easily detected by its strong absorbance in the
short-wavelength region.23 The component that is
most variable and hardest to treat theoretically is the
suspended matter. Not only does the concentration of
suspended matter vary but so do its size distribution,
index of refraction, shape, and structure. Size distri-
butions are routinely obtained,4 5 but quantitative data
for the latter three aspects are extremely hard to acquire
in sufficient quantity to be statistically useful. Chlo-
rophyll and pheophytin data are easier to obtain and
provide some information on these aspects. In this
paper, the relative effects of the size distribution and
the nature of the suspended particles on the attenuation
spectral will be examined using the slope of the size
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distribution and the ratio of chloropigment concen-
tration to suspended volume concentration. This ratio
should be low for resuspended sediments and light-
inhibited phytoplankton and high for light-limited
phytoplankton.

II. Description of Data

The beam attenuation coefficient (c) is defined as
the internal attenuance of an infinitesimally thin layer
of the medium normal to the beam divided by the
thickness of the layer, and it is computed by c = ln(Tr),
where n denotes the natural logarithm and Tr is the
percent transmission of a beam of light over a 1-m path
length. In general, the attenuation can be divided into
several parts as c = c + ay + bp + ap, where c is the
attenuation coefficient of optically pure seawater, ay is
the absorption coefficient of dissolved organic com-
pounds, and bp and ap are the scattering and absorption
coefficients for the particulate suspension. b and ap
are not truly independent of each other, and their sum
is denoted by cp. All these coefficients are a function
of wavelength.

During May 1977, we made measurements in Mon-
terey Bay of the beam transmission at every 50 nm from
400- to 650-nm wavelength. Chlorophyll a and pheo-
phytin concentrations and particle size distributions
were also obtained. A complete data set, including
descriptions of the spectral transmissometer and
methods for data collection, has been published else-
where.6 Monterey Bay is a semicircular embayment
in the central California coastline. Most of the stations
were along a transect extending generally southeastward
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from Soquel Cove at the north end of the bay. The
bathymetry along this transect consists of a shelf with
a gentle slope of 40 m in 5 NM and then an abrupt
descent to depths in excess of 200 m over the next 2 NM
at the edge of the Monterey Canyon.

The year 1977 was a time of severe drought in central
California, so river runoff was negligible, and conse-
quently the concentration of terrestrially derived dis-
solved organic materials is expected to be negligible. A
summary of the research done on yellow matter is given
by Jerlov.1 While dissolved organic compounds are
ubiquitous and mechanisms have been found for their
production in the ocean, their contribution to the at-
tenuation of light in the region from 400- to 650-nm
wavelength is small except in regions of high continental
runoff. The contribution of yellow matter can be
computed2 by ay (380 nm) = (c - c ) 380 nm - k(c -
cW) 655 nm, where k is determined from the ratio of (c
- cw) 380 nm/(c - cw) 655 nm in the deep clear waters
which have generally lower concentrations of dissolved
organic compounds. In the present study, the highest
values of (c - cw) 400 nm/(c - cw) 650 nm were found
in the clearest waters. The above method produces zero
or slightly negative concentrations of yellow matter.
The only remaining sources of optically variable com-
ponents are various types of phytoplankton and resus-
pended or windblown sediment.

The particle size distributions obtained by a resistive
pulse counter were parametrized into total volume
concentrations, VOL (ppm) and differential hyperbolic
slopes s, hereafter referred to as slope. The slope s is
obtained by assuming the size distributions to be ap-
proximated by dP = fD-sdD, where dP is the change
in the cumulative size distribution over a range of di-
ameters dD in the limit as dD approaches zero, and f is
a different constant for each sample. Thus, a larger
slope indicates relatively more small particles in relation
to the number of large particles. The measured size
distribution covered spherical equivalent diameters
between 1.6 and 32 m.

For this study, only samples for which the particle size
distributions, attenuation spectra, and pigment con-
centrations were all available were used. Furthermore,
samples for which the beam attenuation at 650 nm was
>4.0 m-1 were discarded because the logarithmic
transformation from percent transmission readings
(1-m path length) to beam attenuation coefficient
magnifies random error for samples which are that

Fig. 1. Distribution of nutrients, beam attenuation coefficients (650
nm), and hyperbolic slopes of the size distributions during 5 and 10

May 1977 along a transect in Monterey Bay.

turbid. We obtained 131 samples satisfying the above
conditions.

111. Results

To illustrate the topography and physical variability
of the area, Fig. 1 shows the distribution of beam at-
tenuation coefficients at 650 nm, slopes, and nitrate plus
nitrite concentrations (,uM) in transects taken on 5 and
10 May. Pigment parameters are not shown since the
sampling for them was too spotty to contour. On 5
May, the transect indicates that upwelling brought
clean nutrient-rich water to the surface at the shelf-
canyon break, and by 10 May a phytoplankton bloom
partially utilized these nutrients and produced a large
patch of surface water too turbid to measure with a 1-m
path length beam transmissometer.

The correlations between the variables were com-
puted and are presented in Table I. Slope, suspended
volume concentration, beam attenuation coefficient,
and pigment concentrations are all highly correlated
with one another, slope being negatively correlated with
the other parameters. This complicates the translation
of statistical relationships between attenuation spectra

Table 1. Squared Correlation Coefficients for the Regressions Between the particle Size Distribution Slopes, Suspended Volume Concentrations,
Chloropigment Concentrations, Chloropigment to Suspended Volume Ratios, Chlorophyll a to Chloropigment Ratios and Beam Attenuation Coefficients

(650 nm) a

Suspended Particle size Chloropigment Chlorophyll
volume Chloropigment distribution slope suspended volume chloropigment c(650)

Suspended volume - 0.54 -0.47 -0.04 -0.03 0.65
Chloropigment 0.54 - -0.34 0.10 -0.03 0.27
Particle size distribution slope -0.47 -0.34 - 0.00 0.01 -0.35
Chloropigment/suspended volume -0.04 0.10 0.00 - -0.02 -0.05
Chlorophyll/chloropigment -0.03 -0.03 0.01 -0.02 - -0.02
c(650) 0.65 0.27 -0.35 -0.05 -0.02 -

a Sign indicates positive or negative correlation.
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Table II. Squared Correlation Coefficients a for the Regressions Between All Possible Spectral Ratios of the Particulate Beam Attenuation Coefficients
and Chlorophyll Plus Pheophytin, Suspended Particle Volume, Hyperbolic Slopes of the Size Distributions, and Chloropigment to Suspended Particle

Volume Ratios

Standard
Spectral ratio deviation CHL + PHE VOL s PR = CHE+PHE CHL

VOL CHL+PHE
cp(400)/cp(450) 0.097 0.00 0.01 0.02 -0.14 0.00
cp(400)/cp(500) 0.110 -0.06 -0.02 0.12 -0.06 0.00
cp(400)/cp(550) 0.131 -0.06 -0.02 0.14 -0.14 0.00
cp(400)/cp(600) 0.156 -0.14 -0.08 0.24 -0.13 0.00
cp(400)/cp(650) 0.188 -0.20 -0.19 0.38 -0.05 0.00
cp(450)/cp(500) 0.066 -0.12 -0.21 0.11 0.08 0.00
cp(450)/cp(550) 0.068 -0.14 -0.13 0.25 -0.03 0.00
cp (450)/cp (600) 0.099 -0.27 -0.26 0.38 -0.04 0.00
cp(450)/cp(650) 0.143 -0.30 -0.40 0.49 0.00 0.00
cp (500)/c, (550) 0.056 0.00 0.00 0.04 -0.19 0.00
cp(500)/cp(600) 0.075 -0.13 -0.07 0.21 -0.17 0.01
cp(500)/cp(650) 0.106 -0.22 -0.27 0.43 -0.03 0.01
cp(550)/c,(600) 0.041 -0.32 -0.30 0.31 -0.03 0.00
cp(550)/cp(650) 0.079 -0.33 -0.53 0.50 0.02 0.00
cp(600)/cp(650) 0.058 -0.13 -0.33 0.29 0.09 0.00

a Sign indicates positive or negative correlation. Squared correlation coefficients with negative signs preceding indicate negative correla-
tions.

and the above parameters into physical interpretations.
Fortunately, there is essentially no correlation between
slope (s) and the ratio PR = (CHL + PHE)/VOL where
CHL, PHE, and VOL are the chlorophyll, pheophytin,
and suspended volume concentrations, respectively.
Conceptually, this ratio is the best indicator of the na-
ture of the particles that we can achieve with the
available data. Another ratio that might be indicative
of particle type is CHL/(CHL + PHE), but this pa-
rameter is negligibly correlated (Table II) with all
spectral ratios [cp(X1)/cp(X2)] as might be expected
since the absorption spectra of chlorophyll and pheo-
phytin are very similar. Thus, it is unnecessary to
subdivide the chloropigment concentration into its
component parts.

Before examining the relationships of PR and s with
the shape of the beam attenuation spectra, it is prudent
to become familiar with their relationship to the pri-
mary variables. In Figs. 2(a) and (b), the essentially
independent parameters slope and PR are used for the
axes, and suspended volume and chloropigment con-
centrations are contoured, respectively. Volume and
pigment values are distributed similarly in respect to
slope and PR except in the lower right-hand corner of
the figures (high slope, low PR) where volume increases
as pigment concentration decreases. Although volume
and chloropigments are highly correlated (r = 0.74),
their ratio varies by a factor of 10. The highest volume
and pigment concentrations produce medium values
(6-10 g/liter) of the ratio PR. It is also observed from
Fig. 2 that most of the samples are concentrated in two
ranges of slope from 2.8 to 3.2 and from 4.0 to 4.4.

Figure 2 suggests that the samples be divided into six
groups. Samples with high slopes can be distinguished
from those with low slopes at s = 3.6. PR values will be
considered high if they are >10 g/liter and low if they
are <6 g/liter, otherwise samples will be labeled medium
PR. The location of samples from the above groupings
is indicated on an idealized composite transect in Fig.

25 30 35 4 40 5 50 25 30 35 0 45 50 

SLOPE OF SIZE DISTRIRUTION

Fig. 2. Suspended particle volume and chloropigment concentra-
tions as a function of the slope of the particle size distribution and the
ratio of chloropigment concentrations to suspended particle volume

concentrations.

3. This figure was constructed by using bottom depth
as the abscissa and sample depth as the ordinate. The
scale change at 40 m on the abscissa not only made
plotting the data more efficient but also represents the
shelf-canyon break. The high slope-high PR samples
are found mainly in the canyon at depths >40 m (Fig.
3), presumably indicative of relatively small light-lim-
ited phytoplankton. The surface water samples from
above the canyon also exhibit high slopes but only
low-to-medium PR values. At the opposite extreme,
the waters of the inner half of the shelf exhibit low
slopes and low PR values, while the outer half of the
shelf and over the canyon break contain a mixture of all
particle types except the high slope-high PR one. It is
the only region where there are a significant number of
samples with low slopes combined with medium and
high PR values. This condition could arise by blooms
of diatom species larger than the size range measured
by the particle counter or by light limitation caused by
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Fig. 3. Composite distribution of water types along an idealized
transect. The samples are classified as having high or low slopes, with
low meaning <3.6, and as having high, medium, or low ratios of
chloropigment to suspended particle volume concentration, with the
medium encompassing 6.0-10.0 g/liter. Thus, a region labeled HM
would be characterized by samples with particle size distributions with
a slope >3.6 and a particle pigment content between 6.0 and 10.0

g/liter.

the extremely turbid near-surface waters often found
here.

To statistically quantify these observations, ratios of
particulate beam attenuation (cp = c - c ) were cor-
related with the various primary variables. We were
not able to use published values1' 7 for cw, because the
25-nm bandwidth of our optical filters caused the
measured beam attenuation at 500 and 600 nm for the
clearer waters to be much closer to published values of
c,, than the other wavelengths. Both these wavelengths
are near sharp bends in the attenuation spectrum of
pure water. It has also been observed8 that, even in the
extremely transparent waters off Hawaii, the attenua-
tion spectrum changes with depth and this change is
proportional to X-4. This could be due to changes in
concentrations of dissolved matter or particles <1 Am
in diameter. To obtain a set of cw values which incor-
porate the effect of low background concentrations of
dissolved or superfine particulate materials as well as
the optical characteristics of the filters, we used the
various published values1'7 and various clean-water
values obtained with our instrument as starting points
and refined these values by minimizing the systematic
error indicated by the structure of the residuals for the
multiple-regression equations predicting the various
spectral ratios from slope and PR. The resulting set of
values for c (useful for our instrument only) for
wavelengths from 400 to 650 nm in 50-nm steps was
0.118,0.035,0.022,0.085,0.245, and 0.395 m-1; these are,
for the most part, within the range of published values
for c. The above values were subtracted from the
observed beam attenuation coefficients, and all possible
ratios were formed. The squared correlation coeffi-
cients (r2) between these ratios and the primary vari-
ables are given in Table II. The squared coefficients
are presented because they have a practical interpre-
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Fig. 4. Beam attenuation coefficients at 450-nm wavelength are
plotted vs the attenuation coefficients at 650-nm wavelength.
Samples with particle size distributions characterized by hyperbolic
slopes between 4.0 and 4.4 are plotted with solid symbols, while those
characterized by slopes between 2.8 and 3.2 are represented with open
symbols. Low, medium, and high ratios of chloropigment to sus-
pended particle volume are denoted by circles, triangles, and squares,
respectively, with values between 6.0 and 10.0 g/liter labeled

medium.

tation, which is the fraction of the variance removed by
the corresponding regression equations. Any squared
correlations over 0.03 are significant at the 95% level for
the existing 130 degrees of freedom. Since slope and
PR have essentially zero correlation, the r2 values are
additive for these two parameters only.

The ratios cp (450)/cp (650) and cp (550/cp (650) were
the most highly correlated with slope at r2 = 0.50, and
cp (500)/cp (550) was most highly correlated with PR, r2

= 0.19. cp (500)/cp (600) was the only ratio highly cor-
related with both slope and PR at r2 = 0.21 and 0.17,
respectively. In general, slope is the most consistently
correlated with the spectral ratios and exhibits the
highest correlation coefficients. The pigment ratio, PR,
is slightly to moderately correlated with most of the
ratios but not nearly to the degree that slope is. The
correlations with the chloropigment and volume con-
centrations generally follow the correlations with slope
but not at as high a level. This is expected because of
the high correlations between these parameters (r2 =
0.38-0.54).

To examine the relationships between the spectra,
slopes, and PR in an unambiguous manner, Fig. 4 was
drawn. This figure displays the beam attenuation
coefficients at 450-nm wavelength vs those at 650 nm.
The solid symbols indicate samples with slopes between
4.0 and 4.4, and the open symbols indicate those with
slopes between 2.8 and 3.2. Low, medium, and high PR
values are indicated by circles, triangles, and squares,
respectively. The 450- and 650-nm wavelengths were
chosen because they displayed the maximum influence
of slope. A plot of the attenuation coefficients at 400
vs those at 650 nm would be very similar. The effect of
slope is fairly obvious in Fig. 4, but PR seems to affect
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only the more turbid waters and even that assessment
is based on a paltry number of points. Similar plots for
combinations of wavelengths that Table II suggests as
being most sensitive to the ratio PR show only a linear
relationship between the attenuation coefficients. This
is not inconsistent because the standard deviation of
these ratios is small.

Figure 5 displays the variation in the shape of the
particulate beam attenuation spectrum as a function of
slope and PR. The spectra for samples from each of the
six groups (Fig. 3) were averaged after subtraction of our
cW values and after normalization of each spectrum by
the sum of the six values of cp (X). The confidence
limits shown in Fig. 5 are for the means and not for the
sample values. Confidence limits for the sample values
are much larger. The effect of slope on the spectral
shape is quite large. There are significant differences
in the average relative attenuation due to PR only at 400
and 600 nm, and then only for the low slope samples.

IV. Discussion

It is commonly reported910 that the beam attenuation
spectrum for a collection of particles with a hyperbolic
size distribution over the entire range of particle di-
ameters should vary proportionally to X(3-s). Such a
size distribution would, however, indicate a concen-
tration of particles approaching infinity as the diameter
approaches zero. In practice, the size distributions in
biologically active areas tend to flatten out1" at diame-
ters under 5 im, and thus the lower size limit of the
optically effective particles would be larger than pre-
dicted by the hyperbolic distribution. Calculations
using 0.5 and 30 m as end points 12 of the particle size
distribution produce attenuation spectra approaching
X(3-s) for particles with an index of refraction () of
1.05 but produce spectra with much lower slopes for an
index of 1.20. A complex component (absorption) of
0.01i added to the index of refraction produced1 2 only
a slight change in the spectra obtained. To compare our
results with these theoretical computations, the mean
ratio of cp (450)/cp (650) and the mean slope for each of
our six groups (Fig. 3) were computed and compared
with the theory9 1012 in Table III. Our results are seen
to be consistent with calculations 12 using 0.5- and 30-jim
diam as end points and not consistent with results ob-
tained using the X(3-s) relationship.91 0 The standard
deviations of the mean ratios and differences in slope
are such that not even the means of the ratios for the six
groups can be determined with sufficient confidence to

0.19k

Z

0

I-

a.

er

0.18_

0.17_

0.16k

0.15_

0.14_

0.13 1
400 500 600

WAVELENGTH (nm)

Fig. 5. Particulate beam attenuation coefficients at each wavelength
were divided by the sum of the particulate beam attenuation coeffi-
cients at the six wavelengths. Average values of these normalized
particulate beam attenuation spectra are given for samples grouped
according to their size distributions and pigment to suspended volume
ratios. The average spectrum for groups with hyperbolic slopes <3.6
are plotted with open symbols, while groups with slopes >3.6 are
plotted with solid symbols. The average spectra for groups with low,
medium, and high ratios of chloropigment to suspended particulate
volume are given with solid, dashed, and dotted lines, respectively.

Medium ratios encompass 6.0-10.0 g/liter.

be able to determine indices of refraction for the groups
from theory.

The effect of chlorophyll and pheophytin absorption
has been modeled1 3'1 4 by having the complex indices of
refraction vary with wavelength. Results of this kind
of modeling reveal two ways that the effect of the pig-
ments are masked. First, the absorption spectrum of
a pure absorbing material flattens as the size of the
particle increases.13 Second, modeling of three layered
spheres representing phytoplankton indicates that the
scattering spectrum is not independent of the absorp-
tion spectrum, and, in fact, the two counteract each
other to some extent to produce an attenuation spec-
trum smoother than either of its components but still
dependent on particle size.1 4 Thus, it may be necessary
to measure both absorption and attenuation spectra or
absorption and scattering spectra to separate the effects
of size distribution and chlorophyll content.

Table l1l. Comparison of the Observed Average Ratio cp(450)/cp(650) for the Samples Separated Into Six
Groups By Slope and Chloropigment to Suspended Volume Ratios With Theoretically Derived Values

c, (450)/c, (650)
observed theoretical

s as mean s.e. mean X3-s numerically integrated 2

PR < 6 s < 3.6 3.11 0.05 1.12 0.02 1.04 M = 1.20 s = 3 1.04
s ' 3.6 4.12 0.05 1.27 0.02 1.51 s = 4 1.22

6 PR < 10 s < 3.6 3.06 0.08 1.10 0.02 1.02 M = 1.05 s = 3 1.11
s > 3.6 4.13 0.06 1.27 0.02 1.52 s = 4 1.42

PR > 10 s < 3.6 3.00 0.06 1.06 0.02 1.00
s > 3.6 4.32 0.13 1.36 0.05 1.62
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V. Conclusions

The shapes of the beam attenuation spectra are
highly correlated with the slopes of the particle size
distributions. This is indicated by the ratio cp(450
nm)/cp (650 nm) having a correlation coefficient of 0.70
with the hyperbolic slope of the size distribution. It
would thus be possible to predict the hyperbolic slope
of the size distributions with some accuracy from the
attenuation spectra. The shape of the beam attenua-
tion spectra is weakly correlated with the concentration
of chloropigments within the particles. The best cor-
relation between the ratio of chloropigment concen-
tration to suspended particle volume concentration and
a spectral ratio was -0.44 for cp (500 nm)/cp (550 nm).
Therefore, pigment content can not be predicted from
the attenuation spectra with much accuracy. The
shape of the average beam attenuation spectra for dif-
ferent size distribution slopes and particle pigment
contents are well-correlated with theory if the size range
of the optically active particles is taken into account.
The theoretical influence of the index of refraction of
particles on the attenuation spectra is too small to allow
analysis of the relationship of pigment content and
particle index of refraction.
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