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Light transmissionprofileshave beenusedto studythe opticalpropertiesof the suspendedparticles
which are characteristic of the area of the Scotian Rise in the North Atlantic Ocean. This area is

typifiedby very strongbottomcurrentsanda highlyvariablebedformmorphology.A goodcorrelation
(r = 0.96) has been found between the suspendedvolume and the light beam attenuation coefficient.
This correlation is consistentwith the fact that the cumulative slope of the hyperbolic particle size
distributionis nearly constantthroughoutthe region (slope = 3.1 + 0.3). Numerical analysisof the
optical data in conjunction with particle size analysis yields values of the index of refraction of the
suspendedparticles of 1.20 + 0.07 relative to water. The conclusiondrawn from these results is that
the Scotian Rise benthic zone is characterized by suspendedparticles of high relative index of
refractionand size distributionswhich do not vary muchwith altitudeabovebottomor over periodsof
time of more than a year in spite of the extensivefluctuationsin activity of the region.
INTRODUCTION

Optical characteristicsof deep-sea suspendedparticulate
matter have been studiedas part of the High Energy Benthic
Boundary Layer Experiment (HEBBLE) (Figure 1). HEBBLE is a multi-disciplinary, multi-institutional program developed in order to "... increase dramatically our understanding of the flow dynamics and geological effects of
strong flows in the deep-ocean benthic boundary layer"
[Hollister et al., 1980]. The data presentedin this work were
collected primarily during cruise number 74, from September 7, 1979, to October 4, 1979, aboard the R/V Knorr from
Woods Hole OceanographicInstitution. A large amount of
data was collected over the whole HEBBLE region (nearly
50 CTD casts were made on this one cruise) and several
zonesof interestwere surveyed. (The CTD is a conductivitytemperature-depth measuring instrument designed by Neil
Brown instrument Systems. A light transmissometer designedat Oregon State University and a General OceanicsNiskin bottle rosette samplerwere used in conjunctionwith
the CTD on each cast.) It was found that the region of
highestactivity lay at the deepestpart of the continentalrise,
near the landward edge of the Sohm Abyssal Plain; it was in

TRIFFID contained bottom cameras, transmissometer,and
sediment trap.)
Measurements of fine resolution (_+10%) of suspended
particulate matter concentrationcan be made with highly
collimatedbeam transmissometers[Tyler et al., 1974;Bartz
et al., 1978].The use of optical measurementsas an indicator
of particle concentrationsis a well acceptedpractice [e.g.,
Kalle, 1939; Jerlov, 1957; Thorndike and Ewing, 1967;
Eittreim et al., 1972; Eitreim and Ewing, 1972; Biscaye and
Eittreim, 1974; Gibbs, 1974a, b, c; Jerlov and SteemannNielsen, 1974; Kullenberg, 1974; Carder et al., 1974; Pak,
1974; Pak and Zaneveld, 1977].
METHODS

The attenuation coefficientis expressedas

c = c•v+ ap + bp + ay

(1)

[Jerlov, 1976] where c = beam attenuation coefficient de-

fined as the internal attenuanceof an infinitesimallythin
layer of mediumnormalto the beamdividedby the thickness

of the layer(m-•); a = the absorption
coefficient;
b = the

scatteringcoefficient also c = a + b.
thiszonethatbottomphotographs,
currentmeters,transmis- The subscriptsw, p, and y refer to water, particles, and
siometers,and sedimenttraps indicatedthe highestlevels of yellow matter (humic acids and dissolved organic subnear-bottom current activity [Hollister et al., 1980; Spinrad stances), respectively (if no subscripts are used then the
terms refer to total attenuation, scatteringand absorption).
and Zaneveld, 1982]. For this reason the work described
Owing to the greatly reduced attenuation by dissolved
herein will concentrate on the data obtained from the stations that were located in bottom depths between 4900 and matter in the long wavelengths, the transmission measure5000 m. This depth range also correspondsto the zone where ments made at 660 nm described in this paper will yield
values of the beam attenuation coefficient of
fixed-location instruments (e.g., Bottom Ocean Monitor,
Chandelier, and TRIFFID) were placed during this time.
c= c,•+ a, + b, = c,•+ c,
(2)

(The Bottom Ocean Monitor contained an OSU transmissometer, a Lamont nephelometer, and an Aanderaa current
meter. Chandelier was a vertical array of current meters.

The absolute value of c,• at 660 nm is not known but

estimatesrangefrom roughly0.25-0.50 m-• [Jerlov,1976;
Smith and Baker, 1981] (the explanation for this lies in the
extremedifficultyin obtainingan opticallyclean systemand
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optically pure seawater). The beam transmissometerused in
this experimenthas been calibratedto yield a value of c,• of

0148-0227/83/003C- 1020505.00

0.40 m-•. The relationship
betweenthe beamattenuation
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Zaneveld [1973] has shown that a linear correlation exists

Stations

between suspendedmass or volume concentration and an
optical measurement, provided the nature of the particles
(including particle size distribution) does not vary. The beam
attenuation coefficient is dependent on the total crosssectional area of the particles, and, consequently,any
changesin the particle size distribution that might go undetected in measurement of volume concentration

would be

seen by the transmissometer.The opposite situation is also
valid: The particle size distribution could change without a
change in the overall cross-sectionalarea. However, in that
case the volume concentration would change. Yet the previous discussion of the correlation
tion

•øW

Fig. 1. Map of the study area showing bathymetry and station
numbers.

and

beam

betwen volume concentra-

coefficient

indicates

a linear

relationship between the two. The narrowness of the 95%
confidenceinterval about the ordinate emphasizesthe nearconstancy of the ratio of the beam attenuation coefi%ient to
the particle volume concentration. Changes in the slope of
the particle size distribution over the range of volume
concentrations

coefficient and transmission, T, is

attenuation

observed

would result in deviations

from the

slope of the curve shown in Figure 2. Calculationsof c and
T = e -cr

(3)

where T = the fraction of incident light transmitted and r =
pathlength - 1 m in this case.
The beam attenuation coefficient and particle concentration

are well

correlated

when

size and refractive

index

distributionare constant or mutually compensating[Peterson, 1978]. Particle volume concentrations were measured

by Coulter Counter at the same locations as transmission
measurements.A strong correlation was found (r = 0.96; see
Figure 2) and is given by
P = -265.1

+ 569.5c

(4)

where P is in parts per billion volume concentration and c is

in m-• (40ppb-< P -< 600ppb).
Also shown in Figure 2 are the 95% confidence limits of
the slopeas well as the limit definedby 2 standarddeviations
from the predicted concentrations.

This relationship
yieldsa valueof c = 0.47 m-• or T =
63% for particle-free water. This deviation of the attenuation
coefficient for clear water from the calibration

value Of 0.40

PPB indicatethat the slopeof the curve shownin Figure2
would exceed the 95% confidencelimits if the slope of the

particlesizedistributionwereto increaseby about0.35. The
result is that optical measurementsindicate that variationsin
the slope of the particle size distribution in the zone under
consideration are small. This conclusion is verified by the
measurementsmade with a particle size analyzer; data for
stations 12, 24 and 36 have been made available to these

authors and are shown in Table 1 and Figure 3. The slopes
indicated are the slopes of the cumulative size distribution
given by
ND "• D- •
(5)

[Bader, 1970] where 3/ = cumulative slope, and ND =
numberof particleswith diametersgreater than D per unit
volume.

TABLE 1. CumulativeSlope of the Hyperbolic Particle Size
Distribution

Height Above Bottom, m

m-l is a consequence
of the way in which the Coulter
Counter data were acquired. Instrument limitations make it
impossible to count accurately the smallest particle sizes.
Consequently, depending on the experimental setup, the
Coulter Counter can "miss" a certain percentage of the
particle size distribution. In this way the water samplewhich
the Coulter Counter may considerreasonablyclear is one for
which the transmissometermay detect small particle concentrations. This discrepancy also explains most of the
scatter seen in Figure 2. Additional sources of scatter in the
figure are variations in the optical characteristics of the
particlesand local inhomogeneitiesin the suspendedparticle
concentrations.

A similar correlation was calculated by McCave for data
collected in the same area a year and a half later. The
regressionequation he obtained was (I. N. McCave, personal communication, 1981)
P = -203.4

+ 496.0c

r = 0.93

The agreementbetween this regressionand the one used
in this work is shown in Figure 2.

at Various Altitudes

Above Bottom

Cumulative Slope
Station

12

4
4
57
134
24O
673

3.1
3.0
3.1
3.0
3.4
3.2

Station 24
4
4
55
182
290
434
572
727

3.1
3.0
3.O
3.3
3.1
3.1
3.O
3.O
Station

36

4
4

3.3
3.2

127

3.3

157
196
277
360
510

3.2
3.2
3.2
3.0
2.9
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Fig. 2. Correlationof particlevolumeconcentration
(ppb = partsper billion)and beamattenuationcoefficient.
The most obvious feature of Table 1 and Figure 3 is the
homogeneity of the particle size distributions in the HEBBLE area. The slope of the distributions never varied by
more than 0.3 from a value of 3.1. These data represent
measurementstaken over the course of nearly two weeks in
time and roughly 80 km separationin distance. At the bottom
of the water column the mean slopefor these three stationsis
3.1 with a standard deviation of only 0.1. Additional Coulter
Counter data indicate that this homogeneity is the general
rule for HEBBLE suspendedparticle distributions (M. J.
Richardson, personal communication, 1981).
The transmissometerdata may also be used to study the
nature of the particles. Specifically, an analysismay be made
of the particulate index of refraction by applying the classical
equations of light attenuation to the measurements made
here.

For a single particle of diameter D, with a single-valued

index of refraction,mp, the effectivearea coefficientor
efficiencyfactor, Q, is given by
c•

Q= .n(D2/4)

(6)

where.cp= particulatebeamattenuationcoefficient.
For a given particle size distribution equation (6) may be
written

as
:

= • NiQi
•*tog2
Cl•
i=i
4

(7)

Ni is the number of particles of diameter Di per unit volume.
Most particle ensemblesare not characterizedby a single
index of refraction but rather by a distribution of values over

a rangeqf indices[Zaneveldet al., 1974;Roach, 1975].

7644
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A numerical

24

oSta. $G

0.8

solution was obtained for indices of refraction

varying from 1.02 to 1.20 relative to water (1.36 to 1.60
absolute) and using the Coulter Counter data. A similar
single-componentmodel for the determination of the index
of refraction has been used by Carder et al. [1972] and
Carder et al. [1974], however, the technique they have used
was based on measurementsof light scattering. For each of
the three stationsobserved(12, 24, and 36) the best approximation of the particulate beam attenuation coefficient was
obtained when high values of the index of refraction were
used. Figure 4 shows the curves of refractive index versus
particulate beam attenuation coefficientobtained from equa-

oSta. /2
*$ta.

LAYER

O.G
2'

tion (8) for specificwater samplestaken at each of the three
stations. The actual value of the particulate beam attenua0.4

tion coefficient,Cp,as obtainedfrom the transmissometer
is
shown(i.e., Cp= c - Cw).The consequent
indexof refraction is then obtained

from the intersection

of the measured

value of Cp with the curve. Having little or no defined
variation
1.20 for

0
0

o

i

2

Slope

J

4

5

Fig. 3. Cumulative slope of the hyperbolic particle size distribution as a function of altitude above bottom (from data provided by
M. J. Richardson).

By insertingthe expression
for O [Van deHulst, 1957]into
equation (7) one obtains
•r

with altitude

above bottom

the relative

index of

refraction was found to have an approximate range of 1.15-

O•

4

Cp= --,Y_,
Ni (2 Oi2 - --Oi
sinoldi
4
ot

all three

stations.

This

variation

allows

for the

accuracy in the estimate of the beam attenuation coefficient
of pure water. (No direct in vitro analyses of the index of
refraction of HEBBLE sedimentshave yet been performed.)
This result is consistentwith the adoptionof a value of 1.151.20 for the relative refractive index of inorganic materials as
denoted by Jerlov [1976]. Rothe and Tucholke [1981] have
shown that the principal mineral components found in the
sedimentary formations of the western North Atlantic are
aluminosilicates and calcite (relative index of refraction
1.17-1.20). Consequently, if a range of values is soughtfor
the absoluteindex of refraction of particles in the HEBBLE
region it would be between 1.55 and 1.60.
CONCLUSIONS

4

wherea is a functionof wavelengthandparticulateindexof

The area of the high Energy Benthic Boundary Layer
Experimentis one in which the optical characteristicsof the
suspendedparticles are nearly constant, despitethe highly

refraction.

variable nature of the currents and bottom bedforms.

+ •-(1 - cos
otOi)
)
(8)
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Fig. 4. The curvesof solutionof equation(8) wherem is the particulaterelativeindexof refractionand Cpis the
particulatebeamattenuationcoefficientfor watersamplesat stations12, 24, and36. The intersection
of Cpfor a given
sample with its curve indicates the relative refractive index of the particles in that sample.

The
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correlationbetween particle concentrationand beam attenuation coefficientwas found to vary little over a period of
morethan one year (with a standarddeviationof 65 ppbfor a
given value of c). This result is consistent with the fact that
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Jerlov, N. G., Marine Optics, Elsevier, New York, 1976.
Jerlov, N. G., and E. Steeman-Nielsen, Optical Aspects of Oceanography, Academic, New York, 1974.
Kalle, K., Teilfahrt der deutschenoratlantischeExpedition "Meteor 5," Die chemischen Arbeiten auf der "Meteor' '--Fahrt, Januar

the cumulative slope of the particle size distribution was
bis Mai, 1938,Ann. Hydrog. Meteorol., Suppl. Pap., 23-30, 1939.
nearly constantat 3.1 (-+0.3). Further analysisof transmis- Kullenberg, G., The distribution of particulate matter in a Northwest African coastal upwelling area, in Suspended Solids in
sion data and particle size data yielded a minimum error
Water, edited by R. J. Gibbs, Plenum, New York, 1974.
when a particulate index of refraction relative to water of Pak, H., Distribution of suspended particles in the Equatorial
1.20 -+ 0.07 was used. This correspondsto an absoluteindex
Pacific Ocean, in SuspendedSolids in Water, edited by R. J.
Gibbs, Plenum, New York, 1974.
of refractionof 1.60 -+ 0.09 which comparesto 1.55-1.65 for
marineclays [Carder et al., 1974].The particle size data and Pak, H., and J. R. V. Zaneveld, Bottom nepheloid and bottom
mixed layers observed on the continental shelf off Oregon, J.
index of refraction calculationswere also nearly constant
over distances of tens of kilometers.
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