AN ABSTRACT OF THE THESIS OF

RICHARD WILLIAM SPINRAD for the degree of DOCTOR OF PHILOSOPHY

in OCEANOGRAPHY presented on MARCH 2, 1982

TITLE: OPTICAL CHARACTERISTICS OF THE SUSPENDED SEDIMENT IN

THE HIGH ENERGY BENTHIC BOUNDARY LAYER EXPERIMENT

Redacted for privacy

3 Ronald V. Zaneveld:
Redacted for prlvacy

Hans J‘ thrader /i;—\ i

Redacted for privacy

s e e = e m e 1 T

LaVerne D. Kulm

ABSTRACT APPROVED:

Profiles of light transmission versus depth have been studied
in the region of the High Energy Benthic Boundary Layer Experiment
(HEBBLE) at bottom depth between 4900 m and 5000 m. A component
model has been developed and consists of five components of trans-
mission which can be combined to accurately duplicate any given
transmission profile. The components are shown to be representa-
tive of three basic phenomena: the particle concentration within
an even flow; the separation of a benthic nepheloid layer; and the
trailing edge of a benthic cloud. 1In the case of even flow it is
the relative magnitudes of settling and eddy diffusion which deter-
mine the shape of the transmission profile. Separation of the ben-
thie nepheloid layer was inferred to be caused by an occasicnal
cross-slope velocity component. The component model yields dif-
fusion coefficients comparable to those estimated by a simple dif-

fusion/settling model.



Using the components, various features of the HEBBLE area
have been studied. Integration of the transmission profiles
together with reasonable estimates of the size of the benthic tur-
bidity cloud indicate mass fluxes on the order of a metric ton per
second over a period of four or five days past é cross-sectional
area of 10 km2. In addition, Fulerian and Lagrangian transforma-
tions have been performed on the data obtained over several weeks
and covering distances of hundreds of kilometers. The Eulerian
transformation shows that benthic storms that were detected at one
location and time appear nearly identical at a later time down-
stream. Similarly, TLagrangian transformation shows that separate
benthic storms can be detected over a large distance. Distance
and time scales obtained from these transformations show the
HEBBLE area tc be one characterized by bottom storms which keep
their general form over periods of at least two weeks and for
distances travelled of at least 400 kilometers,

An excellent correlation exists bhetween transmission and par-
ticle wvolume concentration, A nearly identical correlation was Ob-
tained in the same area at a time eighteen months after the initial
correlation was determined. Index of refraction determination yield
indices raﬁging from 1.55 to 1.60, characteristic of typical marine

clays.
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OPTICAL CHARACTERISTICS QF THE SUSPENDED SEDIMENT IN

‘ THE HIGH ENERGY BENTHIC BOUNDARY LAYER EXPERIMENT

I. INTRODUCTION

‘ Optical characteristics of deep sea suspended par-

‘ ticulate matter shall be used in conjunction with models

0of sediment transport to determine various features of

the flow of near~bottom water masses in the region of the

‘ High Energy Renthic Boundary Layer Experiment {(HEBBLE).

‘ HEBBLE is a multi-disciplinary, multi-institutional pro-
gram 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 zone of study lies about
400 miles east of Wocds Hole, Massachusetts and 250 miles

‘ south of Nova Scotia, covering the shelf, slope and

‘ abyssal plain within the area bounded by 39° to 43°N

and 59° to 66°W (Figure 1). The data contained within

| this thesis were collected primarily during Cruise Number

\ 74, from 7 September 1979 to 4 October 1379, aboard the

‘ R/V KNORR from Woods Hole Oceanographic Institute. A

large amount of data was collected over the whole HEBBLE

region (nearly 50 CTD' casts were made on this one cruise)

The CTD is a Conductivity-Temperature-Depth measuring

instrument designed by Neil Brown Instrument Svstems.

A light transmissometer designed at Oregon State Uni-

versity and a General Oceanics - Niskin bottle rosette

sampler were used in conjunction with the CTD on each
cast.
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and several zones of interest were surveyed. It was
fcund, however, that the region of highest activity lay
at the deepest part of the continental rise, near the
landward edge of the Sohm Abyssal Plain. It was in this
zone that bottom photcgraphs, current meters, transmis-
someters and sediment traps indicated the highest levels
of near bottom turbulence (Hollister et al., 198C; per-
sonal communication Hollister, Biscaye, Weatherly). For
this reason the work described herein will concentrate
on the data cobtained from the staticons that were located
in bottom depths between 4900 m and 5000 m. This depth
range also corresponds to the zone where the fixed-loca-
tion instruments {e.g., Bottom Ocean Monitor, Chandelier,
and TRIFFID?) were placed during this time. The CTD
stations within this depth zone were numbers 8, 10, 11,
i2, 19, 23, 24, 27, 35, 36, 37, }0, 41 and 44 (corres-
ponding Ship Station numbers are 8, 10, 11, 12, 21, 25,
27, 30, 38, 39, 40, 43, 44 and 50, respectively). Sta-
tion number 35 (Ship Station 38) was aborted due to
equipment failure in mid-cast so there is insufficient
data to include that station in the analysis.

Profiles of transmission provide excellent records
of suspended particulate concentration. 1In turn,
preofiles of particle concentration supply valuable

T Mt e - A S e M e W e s e - ———— — ——

The Bottom Ocean Monitor contained an OSU transmisso-
meter, a nephelometer, and an Aanderaa current meter.
Chandelier was a vertical array of current meters to
be described later. TRIFFID contained bottom cameras,
transmissometer and sediment trap.



informaticn regarding transport processes because, in
much the same way as salinity or temperature, turbidity
may be used as a water mass tracer (Pak, 1970). By mea-
suring light transmission at a number of times and loca-
tions the processes involved in sediment transport with-
i the HEBBLE area may be detected and analyzed. The
usefulness of this type of measurement lies in the need
to better understand the effects of bottom currents on
the geclogy of the world's oceans.

The use of precise optical insiruments in the sea
is fairly new. Kalle (1939) first developed the concept
of using the Tyndall effect as an indicator of the size
of suspended particles. He also proposed the hypothesis
that light scattering and particle cross-sectional area
were directly proportional. Using the theory of Mie
(1908), van de Hulst (1959), Jerlov (1953), and Burt
(1956) accurately calculated the dependence of light
scattering on the size and index of refraction of spher-
ical suspended particles. Measurements of light scatter-
ing were improved with the use of photographic technigques
and the develeopment of in situ nephelometers such as the
ones of Jerlov (1957}, and Lamont-Doherty Geological Ob-
servatory (Thorndike and Ewing, 1967). The L-DGO nephel-
ocmeter has been used for many years in the world's oceans
(Eittreim et al., 1972; Eittreim and Ewing, 1972; Biscaye
and Eittreim, 1974}. With the advent of light-emitting

diodes and electronic microprocessors nephelometars of



5
higher resolution were developed znd used by Oregon State
University (Beardsley et al., 1970) and the Visikility
Lab at Scripps Institute of Qceanography (Smith et al.,
1974). Presently, measurements of extremely fine resolu-
tion cof suspended particulate matter can be made with
highly collimated beam transmissometers (Tyler et al.,
1974; Bartz et al., 1978). 2as a trace; of water masses
measurements of light transmission have been made in con-
junction with salinity and temperature (Drake, 1971; Pak
and Zaneveld, 1977; Zaneveld et al., 1979), current velo-
city (Harlett and Kulm, 1973), irradiance (Spinrad and
Zaneveld, 1979), and particle size distributiocns ({Kitchen
et al., 1978; Zaneveld et z1l., 1978). It is these types
of light transmission measurements that will ke used in
- the work described here.

The history of the study of sediment transport is
reviewed éxtensively in the texts of Raudkivi (1967),
Graf (1971) and Yalin {(1872). More recent work is con-
tained in Geldberg et al. (1977). Nearly all of the
models of sediment transport have been for the determina=~
tion of the processes involved in sedimentation or de-
position on the continental shelves but they all utilize
the same basic concept of conservatiocn of mass of sedi-
ment, Within a given vclume ©f sea water a change in
suspended particulate matter (which is manifested as
either ercsion, sedimentaticn, or transport) c¢an cnly

be due to a combination of any of three processes:
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i) advection; (including settling of the particles them-
selves); 1i) turbulent (or eddy) diffusion; and iii) cre-
ation or dissolution within the sample volume. Bv vary-
ing the intensities of each of these three processes the
particuiate content of the veclume of sea water may be
varied. Using such a2 technigue some modelers have been
able to explain the existence of maxima in the vertical
distribution of particles in the sea (Jerlov, 1959) and
the existence of transparent (i.e., particle-free) zones
in the water column (Bassin et al., 1972; Ichive et al.,
1972; Bassin, 1974).

By using a beam transmissometer as an in situ con-
tinuous detector of suspended particulate matter, reason-
able estimates can be made of the particle volume con-
centration within the suspended load of the water column.
In this way the sediment transport can be detected and
one can make reasonable observations about the features
of the flow in the region where light transmission mea-
surements are made. This region does not include the
bedload in this work.

Specifically, the major guestion to be answered is:
what is the nature of benthic sediment transport in the
HEBBLE area as determined from optical measurements?

The temporal and spatial scales of formation of benthic
turbiity "storms" will be analyzed as well as the sta-
bility over time and space of these phenomena. The form

of transport (i.e., continuous or pulsed) will also be



discussed as well as the physical systems responsible
for the structure of particle concentration as detected.
Several recurrent small-scale (102 m) and large-scale
(lO2 km) optical features will be presented and their
roles in the overall scheme of sediment transport will

be discussed.



IT. THE OPTICS

A. General

The use of optical measurements as an indicator of
particle concentrations is a well accepted practice
(Gibbs, 1974a,b,c; Jerlov and Sleemann-Nielsen, 1974;
Pak and Zaneveld, 1977; Rullenberg, 1974; Carder et al.,
1974; Pak, 1974). The "optics problem” may best be

expressed as:

c = C. + ap + bp + ay {Jerlecv, 1976) (1)

where ¢ beam attenuation coefficient defined as the

internal attenuance of an infinitesimally thin

layer of medium normal to the beam divided by

the thickness of the layer (m_l)

a = the absorption coefficient defined as the in-
ternal absorptance of an infinitesimally thin
layer of the medium ncrmal to the beam, divided
by the thickness of the layer (m-l)

b = the scattering coefficient defined as the
internal scatterance of an infinitesimally thin
layer of the medium normal to the beam, divided

by the thickness of the layer (m 7)

also ¢ a + b.

The subscripts w, p and v refer to water, particles

and yellow matter (humic acids and dissolved organic



substances which fluoresce in the blue) respectively.
There is negligible scattering by yvellow matter alone.

Ir addition Kalle (1966) has shown that because of the
wavelength dependence of absorption by yellow matter, ay
may be considered negligible for red light (660 nm). For
this reason transmission measurements made at 660 nm will

vield values of the beam attenuation coefficient of:
c=¢.+a + b =c¢c +c (2}

The absolute value of .y at 660 nm is not known but
estimates range from rouchly 0.35 to Q.50 m_l (Jerlov,
1976) (the explanation for this lies in the extreme dif-
ficulty in obtaining an optically clean system to measure
the attenuation of pure sea water), The beam transmis-
someter used in this experiment has been calibrated to
vield a value of c_ of 0.40 n Y. The relationship

between the beam attentuation coefficient and transmis-

sion, T, is a simple one:
\ -Ccr
T = e _ (3)

where T = the fraction of incident light transmitted

r = pathlength = 1 meter in this case.

B. Correlation cf Transmission and Volume Concentration

With a single measurement of light transmission at
660 nm one can obtzin the beam attenuation coefficient

of the suspended particles. The correlation of the beam



attenuation cocefficient with particle concentration is
well documented (Peterson, 1978). Particle volume con-
centrations were measured by Coulter Counter at the same
locations as transmission measurements were made for the
work described herein. A strong correlation was found

(r = 0.96; see Figure 2) and is given by

Ea

P = -265.1 + 569.5¢ (

where P is in parts per billion volume concentration and

¢ is in m™T 40 ppB < P < 600 PPB.

Also shown in the figure are the 95% confidence
limits of the ordinate (volume concentration) about the
mean beam attenuation coefficient. {0.91 m—l). In addi-
tion, the limit defined by two standard deviations from
the predicted concentration has also been plotted.

These ranges approximately define the 95% confidence
limits of the regression given by the relationship in
Eguation (4).

This relationship yields a value of ¢ = 0.47 m * or
T = 63% for clean water. While this value does not agree
exactly with the previously specified calibration value
it is within the range of expected attenuation coeffi-
cients for clean water and thus is quite acceptable. In
this way the transmission measurement provides data for

determining the particulate voclume concentration. A

similar correlation was calculated by McCave (personal
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communication) for data collected in the same area but a

year and a half later. The correlation he obtained was

-203.4 + 49%96.0c

o
fl

r = 0.93

The agreement between this correlation and the one
used in this work is quite good as shown by the extent of
the overlap in Figure 2.

The fact that the correlation between volume concen-
tration and beam attenuation coefficient is so gocod im-
plies an important feature of the particle size distribu-
tion in this area. A given volume concentration may be
obtained from an infinite number of possible size distri-
butions. As a simple example consider a volume concen-
tration of 100 PPB. Such a concentration could be ob-
tained with one large (108 um3 or roughly 600 um dia-
meter) spherical particle per liter or ten spherical
particles of diameter 300 um per liter or one million
particles of diameter & um per liter or an infinite num-
ber of combinations of particle size distributions. The
beam attenuation ccefficient, however is dependent on
the total cross-sectional area of the particles and con-
sequently any changes in the particle size distribution
that would otherwise go undetected in measurements of
volume concentraticen would be seen by the transmisso-
meter. The opposite situation is also valid: the par-

ticle size distribution could change without a change in
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the overall cross~sectional area. However in that case
the volume concentration would-change. Simply, the
volume concentration is proportional to the integral,

! D3f(D)dD, and the total cross-sectional area is pro-
portional o the integral, / D2f(D)aD, (where (D) is
the distribution or concentration of particles having
diameters between D and D + dD) so a change in the par-
ticle size distribution will affect the volume concen-
tration and the beam attenuation coefficient unequally.
Yet the previocus discussicn of the excellent correlation
between volume concentration and beam attenuation coef-
ficient indicates a linear relationship between the two.
Since changes in the particle size distribution over the
range of volume concentrations observed would result in
deviations from the curve shown in Figure 2, the conclu-
sion is that variations in the particle size distribution
in the zone under consideration are minimal. This con-
clusion is verified by the measurements made with z par-

ticle size arnalyzer,

C. Particle Size Analvysis

Concurrent with the measurements of transmission,
water samples were obtained and in vitro measurements of
particle size distributions were made using a Coulter
Counter particle size analyzer. These measurements were
made by M. J. Richardson at Woods Hole Oceanographic

Institute. Data for Stations 12, 24 and 36 have been
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made available to this author and are shown in Table I
and Figure 3. The slopes indicated are the slopes of
the differential size distribution given by:
Number of Particles
with Diameters between -y

D and D+dD per Unit ~ D
Volume

(Bader, 1970) (5)

where v = differential slope.

Size distributions are generally presented as cumu-
lative or differential. Cumulative size distributions
indicate the concentration of particles larger than a
given diameter whereas differential particle distribu-
tions are defined as above. The differential particle
distribution is therefore the first order derivative of
the cumulative distribution. Since Coulter Counter data
are presented in terms of the concentration of particles
having diameters within a given range, the differential
size distribution is used here.

The most obvious feature of Table I and Figure 3 is
the homogeneity of the particle size distribution in the
HEBBLE area. Within the bottom kilometer of the water
column the slope of the distribution never varied by more
than 0.3 from a value of 3.1. These data represent mea-
surements taken over the course of nearly two weeks in
time and roughly 80 kilometers separation in distance.
In fact, at the bottom of the water colﬁmn the mean

slope for these three stations is 3.1 with a standard



TABLE I

CTD HEIGET ABOVE DIFFERENTIAL
STATION BOTTOM (m) SLOPE
12 4 3.1

4 3.0
57 3.1
134 3.0
240 3.4
673 3.2
24 4 3.1
4 3.0
55 3.0
182 3.3
290 3.1
434 3.1
572 3.0
727 3.0
36 4 3.3
4 3.2
127 3.3
157 3.2
196 3.2
277 3.2
360 3.0
510 2,9
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deviation of only 0.1, Additional Coulter Counter data
indicate that this homcgeneity is the general rule for
HEBBLE suspended particle distributions (personal com-~
municatior, M. J. Richardson). For all samples taken at
heights of less than 1000 m off the bottom the mean slope
increased only a small amount and standard deviations
were roughly the same as those obtained for the hottom

samples.

D. Particulate Index of Refraction

In addition to supplying information about the par-
ticle concentration the transmissometer data may also be
used to study the particles themselves. Specifically, an
analysis may be made of the particulate index of refrac-
tion.

For a single particle of diameter D, with a single-
valued index of refraction, m there exists a guantity

called the effective area coefficient, or the efficiency

facter, 0, given by

-
]
,’dn

(2 (6)
n2

i

=

where cP = particulate beam attentuation coefficient.

Similarly, for N particles of diameter D, per unit

volume, Equation (6) becomes
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and is therefore dimensionleaess.

Q0 is found to behave somewhat as a Bessel function
with increasing particle size and/or refractive index and
it approaches an asymptote of 2.0 (Figure 4). Van de
Hulst (1957) used classical light scattering theory to

define the curve shown in Figure 4 as

Q=2 - 4 sin ab + 4 (1 - cos abD) (8)
aD 2.2
a b
where
A !‘p w o
» = wavelength of light in a vacuum
m = refractive index of the water = 1.33

and the particles are assumed to be non-absorbing spheres
with refractive index near that of water.

Consequently, for a particle size distribution Equa-
tion (6) may be written as

WDﬁ
cp = N.Q. 1 (9)

o~

i

1
N, is the number of particles of diameter D, per unit

volume. As discussed earlier the HEBBLE samples have

particle size distributions that are given approximately

by
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Hewever, while this equation is accurate enough to
define the shape of the particle size distribution, it
is much too coarse an estimate to be used in solving
Equation {9). A much better solution is obtained by
numerical analysis using the data as obtained from the
Coulter Counter,

It would be presumptuocus to try to evaluate the par-
ticulate index of refraction toc a single value for the
material in the HEBBLE region. In fact most particles
are not characterized by a single index of refraction
but rather by a distributioﬁ of values over a range of
indices (Zaneveld et al., 1974; Roach, 1975). Zaneveld
et al. {(1974) have shown that oceanic particles display
a bimodal distribution of indices of refraction with one
peak near 1.05 (relative to water) and another peak at
1.15. These two peaks are thought to represent the or-
ganic and inorganic components, respectively.

By inserting Equation (8) into Equation (9) one

obtains
R N. (2 D2 . & D, sin aD, + 2o (L - cos aD,)) (10)
p 4" " i a “i i 5% 1

A numerical solution for the value of "a" in the
equation above was obtained for indices of refraction
varying from 1.02 to 1.30 relative to water {1.36 to 1.73
absolute). For each of the three stations observed (CTD
12, 24 and 38) the best approximation of the particulate

beam attenuation coefficient was obtained when high



values of the index of refraction were used. Having
little or no defined variation with altitude above bottom
the index of refraction was found to have an approximate
range of 1.15 to 1.25 for Station 12, 1.13 to 1.26 for
Station 24, and 1.13 to 1.20 for Station 36. The varia-
tions detected were a consequence of allowing an error in
cp of 0.03 m_l. This errcr arises from the transcription
of transmission values from the profiles obtai%ed. This
error also allows for the variation in the estimate of
the beam attenuation coefficient of the pure water (as
discussed earlier).

Since any method similar to the one used here is
really a rough estimate of refractive index it is impor-
tant not to try to obtain a unigue value for each sample
cbserved. Rather, the technigue used here was employed
solely to get an idea of what sort of values may serve
to characterize the optical properties of the particles
seenrr in the HEBBLE area. The suspended particles cb-
served in HEBBLE are of high relative index (1.15 to 1.25
relative to water}. This result is consistent with the
adoption of a value of 1.15 to 1.20 for the refractive
index of inorganic materials as denoted by Jerlov (1576).
It would seem reasonable that the material at 5000 m
depth in the ocean would be resuspended inerganic mate-
rial. The high refractive indices cobserved here are also

comparable in value to the indices of most oceanic clays
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(e.g., approximately 1.17 to 1.20 for mcst aluminosili-
cates). Conseguently, if a single value is scught for
the index of refraction of particles in the HEBBLE regicn

any values between 1.55 and 1.60 are egually viable.
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ITII. THE MODEL

A. Basic Ccncepts and Applications

From the data obtained with a beam transmissometer
and using the correlation outlined previously the trans-
mission profiles may be used to provide values of the
volume concentration profile. While no two transmission
profiles that were obtained were identical it has become
apparent that there are only a few general types of pro-
files seen in the HEBBLE area. All of the profiles may
be broken down into characteristic components. Each of
these components will be shown to be representative of a
physical system responsible for yielding such a particle
profile. Thus, by considering all of the transmissometer
profiles as compilations of the same components the
interactions of these physical systems in the HEBBLE
area may be better understood. It would alsc be possible
to consider each profile individually by "smoothing" the
data and reducing each transmission value to a particle
concentration. Such a method might be inherentlv mcore
precise for each uniqgue transmission profile but it would
be of little use in the consideration of the overall pic-
ture of how the physical systems of sediment transport
are working amongst themselves within the HEBBLE area.

The components are shown in Figures 5 through 10.

Respectively, these profiles are defined as follows:
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T = AL + B (lla)
T = A sin BZ + D (11b)
B "i" indicates
T = = F - F
t Ti A(E ‘i) starting value (1ic)
T =2 sin2 B + D (114)
T=2+ B 1ln & (1le)
where T = transmission
£ = a non—-dimensional distance above the bottom
given by % (h = the height of the flow zone;

zZ = + upward)
and A, B and D are constants determined by the shape of
the specific profile under observation. 1In actuality
any observed profile may be considered a construction of
these components. The value of the beam attenuation
coefficient, c, is then obtained from the above equa-
tions, since ¢ = -1n T. These components will be re-
ferred to as Components I through V, respectively (that
is, Component I corresponds to Equation {(lla); Component
IT corresponds to Eguation (llb), etc.). Component IV
never occurs by itself but is found in the data as a
linear addition to either Component I or II.

The solutions of Equations (lla) through (lle) were
derived numerically from the transmissometer profiles.
The profiles were decomposed into segments, each having
a form characterized by one of the components. The num-
ber of components in a profile varied from one to seven

with a mean of three.  The term h was determined as being
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the altitude at which the transmission reached a steady,
clean value. This height varied from 60 m toc 410 m with
a mean value of 180 m. The wvalue cof h, the numker of
components and their type, as well as the values of the
coefficients are shown in Table II. In addition, Figures
11 through 23 show the fit between the data and the nu-
merical component model using the parameters given in the
table (thin solid line = data).

Ecuations (ila) through (lle) express transmission,
and therefore, beam attenuation ccefficient, as a func-
tion of height above bottom; Equation (4) expresses par-

icle concentration as a function of beam attenuation
coefficient, and therefcre, transmission. Thus, combin-
ing Equations (4) and (l1la) through (lle) will yield the

expressions of concentration as a function of altitude,

P(Z):
P = -265.1 - 569.5 1ln (Af + B)
(12a)
for Compconent I
P = -265.1 - 569.5 1ln (A sin Bf + D)
(12b)
for Component II
P = -265.1 - 569.5 1n (T, + A(L - £.)5)
1 1 (12c)
for Component III
P = -265.1 - 569.5 In (A + B + C sin® DE)
(124)

for Components I + IV
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]

TABLE IT
CTD
STATION h{m} b2 COMPOMENT A B D
g 115 0.74 I 0.01 0.54
i I 0.27 0.35
10 130 0,23 I -0.02 0.20
0.69 T 0.23 0.24
1 III 0.63 0.55
1l 215 0.47 I .02 0.56
G.c1 I 0.24 0.46
1 I -0.11 0.74
12 1306 0.63 I 0.03 0.41
0.77 I 0.43 0.16
1 A 0.65 0.52
19 60 0.5 I 0.02 0.33
1 I 0.54 ¢.07
23 410 0.09 I 0.11 0.28
0.21 I 0.50 0.25
0.28 I 1.71 -0.01L
0.38 I 0.20 0.41
0.5¢C II -1.48 3.57 1.94
0.65 II 1.39 2.69 =-0.85
1 I 9.26 0.35
24 365 0.18 I 0.05 0.40
0.23 I 2.75 =0.11
0.45 II -0.71 4.89 1.15
0.80 I 0.23 0.486
0.71 IT -2.99 2.36 3.55
0.86 Iz 10.08 2.01 -9.45
1 T 0.50 0.15
27 325 0.15 I 0.67 0.00
1 v 0.658 0.34
386 83 1 I 6.05 0.58
37 285 2.3 II+IV -0.02 12.08 179 0.02
1 0.64 0.18
40 315 0.24 I 0.04 0.38
0.49 v 0.75 ¢.24
1 I 0.1l4 G.49
41 2890 0.11 Ix -0.12 28.5¢ 0.34
0.236 IiI 0.14 0.22
0.64 I 0.18 0.2
0.89 I 0.16 0.39
1 II1T 0.13 0.18
44 200 0.45 I+IV 0.02 0. 6£2.83 0.01
1 I 0.44 0.21

.39




m o oW w e Mm--4 m

T O -« - O w

CTD STATION 8

529 fiTiIFrl’:if'frl“l’rl_r‘(lffi‘1||'l_l_l[!
458 -
4P -
352— -
382 -]
259 ' -
292, . -
15e— -
ieg. -
50 - ™

lllllllllllLllllIlllllll’i»‘J;I_LJ__._L

2 2
i8 20 382 40 52 8g 70
PERCENT TRAMSHISSION
Figure 11. Comparison of actual transmission

profile and component model for CTD
Staticn 8.

28



m & o w

I 0 - - O

u)mm«-tm;t

CTD STATION 18

saaTl‘a_l'(l_rrri_r_llllt_riTli’YI]ri‘l*r[TIYr
439l -
4@el -
352
.

300 -

i
250 -
2e8L- -
ise- -
1eo- -]
sa |- .
o ..llllLLLLALLJ}L..llLJLLILJLLJLi.

° 12 29 38 49 50 §8 78

PERCENT TRANSHMISSION

Figure 12, Comparison of actual transmission
profilc and component model for CTD
Station 10

29



M c O w > W oM A M 3

X 0O A4 4 0w

CTD STATION 1

B M B e R R S
4590 ‘ ]
401 S
3sel .
300 A
258l ' -
2ol i
158 -
182l , .
58 - -
o S FETE FTTTE EYS TETUE DS IS P

10 28 32 40 5e 15 ¢

PERCENT TRANSHISSION

Fiqure 13. Comparison of actual transmission
profile and cromponent model far CTD
Station 11

30



- O w MmcoCcowoDn W & ™M ~ M

T o A

CT2 STATION 2

SBO YF!!I'I'!TI![(riirI rrT!lrlnrrf| LI B
'
458[_ -
f
S42C— -
354 -
%
Ieg
B 7
25e- -
202~ -
135e -
P
1€ -
¢
52— -
ISP WP APUPRPIT BT AP BN S
2 e
12 243 2 42 53 s5g a2
PERCENT TRAMSTIIESSION
Figure 1la, Comparison of actual transmission

prefile and component model for CTD
tation 12 . -

31



m < oOoOw>D O oM+ M

X 0 4 <4 O W

CTD STATIOH 18

SB rrrr"rrrf'rrrlfﬁl’rrr]’(il!&Ii'!ll’
45— -
408 -
350 -
3ag_ —
258, -
zZ2aa- -
158 ' .
120p- —
5@ r -
DS EWENEEUENE B S PWEEE FPUEE PN
g @
12 28 38 48 52 &8 78
PERCENT TRANSHISSIOCH
Figure 15. Comparison of actual transmission

prefile and componen® modal for CTD
Staticn 19 .

32



m Cc O w D nw A M- m:>I3

0 A 4 0w

CTD STATION 23

S8

T;(Klfr‘rrrrl’TrlT|‘l_'7rrl_llrlr[lrl’rr‘

459 -

358
-

388

25—

2eB—

168

IENAT I B RIS N A T A VE SR AN 25 SN U S I UL A A B S B B A N N

2 g
io 28 3e 48 52 ep 78

PERCEHT TRAHSHISSIOHN
Figure 16. Conmparison of actual transmission

profile and component model for CTD
Station 23 .

33



m D w > m WM -AmMm 2

0 &4 - 0w

CTD STATION 24

B S B o o I Ranas
458l -
4e0f -
358 -

Jas. \\\ -

258
288
158
188
58
IR AT AT A W
8 g
12 29 39 A0 58 cg 78
PERCENT TRANSHISSIOHN
Figure 17. Comparison of actual transmission

profile and component nodel for CTh
Station 24 .

34



CTD STATION 27

s

lJlr]’rl"(rlljf(rl{rrlfffrrrllrl’

458 —

488~ —

w o Mm-Aam2=2

358r

3eg

mCowD>y

23e

208

158

2 O N~ 0w

188

S8 -

,lll]llllllllll.jlltflll!flIll!l_l11

B g
12 2e 38 48 C1] ga 78

PERCEMT TRANSHISSIOH

Figure 12, Conparisen of actual transmission
profile and compsnent model for CTph
Station 27 .

35



m o 0O w o W AN M- m X

x0 A A Q @

Se

CTD STATION 36

4568

420

356

258

2838~

15e—

188

LI LENLEE B T T U ¢ LA B 4 T 1 T 3 T o7t L
) f i { i I

(S NN W N R ST T Y 1 T

2 @
18

Figure 19.

23 3e 40 Se 2% 7o

PERCENT TRAWNSHISSION

Comparison of actual transmission
profile and component rodel for CTD
Staticn 36



M ow>» wom M4 mx

X O 4 <t 0w

CTD STATION 37

SB I_Fti! ¥ (|i‘i 1 l T V17 fl!‘ LR § l T 1 s IT[ 1T 7 i
4358 -
428 -
358 -
2&28}- -
2581 -
288 —
158 -
iBg —
38 ' =

J_lLLILLlIIJ_Lllglll; IS I I A

Qg
i9 2 28 42 1) 60 70
PERCENT TRAMSHISSION
Figure 20. Compariszon of actual transmissicn

profile and component model for CTD
Station 37

37



CTD STATION 48

saa4,ll‘fliI‘lirT.rTITl’![r"Tr(f—fr[fIl3
‘ n
£
; 458 N
£
‘ R 4pel. _ -
s
| A 356 -
B
0
3gel A
v
\ e
250 R
g
D
‘ ; 298 i
T
‘ . D ysei B
H
’ 180 ~
50 - -
|
lllllLllLiL(l!!'Ll_Lrlll.lllllllLijlll

\ ¢
ie z2p 39 40 50 62 7e

‘ PERCENT TRAHSHISSION

Figure 21. Comparison of actual transmission
profile and component mccéel for CTD
Station ¢0 . :



m <c o W 0 x M A M

X O -4 A O W

CTD STATION 4§

sag LI B I | I rTrrr rr LB VY rr T Ty TT T v
459 -
408 —_
358 T
33aL. -
5
zSeL /-’*’ -
228} !f -
/i
158 {f —
ez /g T
j-::
se I~ J/.g .
Hﬁi;
4L} f b ! Llaiz'ﬁ...a_l It L TR | [EREN U BN
9 e
1e ee 32 48 59 (51% 79
PERCENT TRAMNSHNISSION
Figure 22. Comparison of actual transmission

profile and component medel for CTD
Station 41 :



mcowD G M - M

T O N - 0w

Se

CTD STATION 44

458

408

3585,

Jad-

258

289

158

les.

llll'\l(llll)l’llll lllllllLlliL[l

lr[r]TT'r"'ll{_rll'lIII'II'IT_rrTTIIT

2 a

Figure

18 2D 32 40 58 g9 78

FPERCENT TRANSHISSIOHN

23, Comparison of actual tranzmission
profile and component nodel for CTD
Station 44

40



41

2

P = -265.1 - 569.5 1In (A sin BEZ + C sin® D& + F)
(l2e)
for Components II + IV
P = -~265.1 - 569.5 1In A + B 1ln &)
(12£)

for Component V

Similarly, P' = %% so the following relationships are
obtained:
| I A‘L
P' = =-569.5 {Kf'z_§
{13a)
for Component I
fom = - AB cos BE
P 569.5 ‘"X sin BE + D}
(13b)
for Component II
el B-
AB{(§ - &) 1
P' = -569.5 { B}
(13c)
for Component IIT
p' = -569.5 (A * 2CD sin D gos Dg}
AE + B + C sin™ DE
(134)
for Component I + IV
p' = -5g9.5 {AB cos BE + 2CD 512 D5 cos D&y
A sin BE + C sin” DI + F
(l3e)
for Component II + IV
B
P' = 5o }
569.5 BT I C
(13%)

for Component V
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B. Physical Explanation of the Components

i) Component I

As mentioned previously each of the five transmis-
sion components has a physical significance. In addi-
tion, the contiguity of two or more components in a given
profile may be indicative c¢f an even different physical
system. The physical interpretation of these components
serves as a useful tool in determining the existing
transport processes.

Component I (linear) basically represents a system
of particles within a uniform, steady flow. This is
especially apparent in the case when T is nearly constant
with altitude ([A[<<l). Such is the case in the boundary
layer for several stations (e.g., Stations 8, 10, 11,
19}. As the value of A increases and the transmission
values increase with altitude the profile characterized
by Component I is representative of a system in which
particle settling has begun. If an initially well mixed
polydisperse particle mixture is allowed to settle, the
continuous range of particle settling velocities will
produce a smooth transition from a low concentration of
particles near the top to a high concentration below at
a given time. he Eulerian analog for this Lagrancgian
view is a particle settling tube in which, at a given
location over a range of time, an initially homogeneous

mixture of particles slowly and smoothly gets clearer and
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clearer. More exactly, if a simplified eddy diffusion-
settling model is considered for a steady, uniform flow

the solution for particle concentration is of the form:

-b (e.g., Shepard, 1%63; Raudkivi, 19%67;

Poad Smith and McLean, 1977)

where b is a coefficient that depends on particle set-
tling velocity and magnitude of the flow. Using a series
expansion for the solution above one finds that to the
first order the particle concentration is characterized

by a logarithmic profile:

cP 21 _pince

S0

P o ln £

This is in direct agreement with the profile of par-
ticle concentration that is obtained from Equation (1l2a)
in which it is seen that for a linear transmission pro-

file
P o 1ln Z.

Thus it is apparent that in general Component I
represents a well-defined, even-flowing system. The
slope of the transmission profile is indicative of the
extent to which settling has occurred. The resemblance
of profiles derived from models of steady, uniform eddy

diffusion/settling and the transmission profiles shows



44

that wherever Component I exists the system is probably
deminated by a smooth, even current in which particle
settling produces a logarithmic profile of particle con-
centration. The only exception to this physical system
occurs when the transmission value is non-varying with
altitude. 1In such a case particle settling is minimized,
probably by turbulence. There is no indication in the
transmission profiles that the slope is at all affected
by or dependent on the degree of turbidity. Overall,
Component I appears to characterize a system in which
there is little vertical activity (after the initial
homogenization, of course). The system may be well
mixed initially and then settling and eddy diffusion
become the dominant processes. This is shown quite
dramatically in some of the temperature profiles that
were taken concurrently with the transmission measure-
ments., Figure 24 shows the linear transmission érofile
near the bottom as well as the temperature profile for
Station 12. The bottom linear profile of transmission
corresponds to a cold water mass near the bottom. But
this bottom water mass is not being mixed as is evident
by the adiabatic temperature profile from roughly 125 m
above bottom down. These two profiles could only coexist
in a slow-moving, non-turbulent flow in which particles
could settle out and the water itself could maintain a
strong adiabatic temperature profile. Such is the type

of flow defined by Component I.
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ii) Component II

Compenent II (sinusoidal) is & transient feature
which was détected above the bottom at four stations (23,
24, 37 and 41). While Figure 6 depicts Component II as
a smoothly varying function of moderate amplitude and
wavelength, the actual data profiles varied considerably
from sharp, narrow peaks to broad, low-amplitude trans=+
mission minima. This is demonstrated by the range of
values of the cocefficient A and B for the stations listed
previously in Table II.

Careful study of the transmission profiles and tem-
perature profiles indicates that the water masses charac-
terized by Component II are bottom-derived. Similar
intermediate particle maxima have been detected elsewhere
in the deep ocean (Armi and D'Asaro, 1980) and have heen
traced back to benthic boundary layers. The sinusoidal
band develops as a detachment from the bottom nephelcid
layer and may exist over a distance of tens of kilo—
meters. Such a process also occurs at the shelf break
where detached kenthic layers flow over the slope to
become intermediate nepheloid layers over the continental
slope (Pak et al., 1980). The relative cleanliness of
the waters above and below the intermediate band suggest
that detachment from the benthic boundary layer is the
most likely explanation for the appearance of Component

IIC
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At two stations (23 and 24) the sinusoidal decrease
in transmission was accompanied by a small sinusoidal
increase immediately above it. This phenomencn was ob-
served only at these two stations which alsoc happen to
be the stations with the most complex structure. The
"positive sine" transmission profile (i.e., A > 0) was
not seen to occur without the "negative sine" transmis-
sion profile directly below it. This structure may rep-
resent a complication of the simple model of a detached
benthic layer. One might interpret this as a more com-
plex situation in which the detached benthic boundary
layer causes a slight turbidity decrease in the region
directly above it. The exact mechanism for such a con-
sequence 1s open for speculation.

At one staticn this process was actually detected
from the onset and the profiles obtained present dramatic
evidence of this growth process. Figure 25 shows a
series of four transmission profiles taken consecutively
at Station 23. The times for each cast are shown on the
figure. Over the course of two hours an intermediate
layer was detected initially at an altitude of 50 m, just
at the top of the benthic nepheloid layer. As time pro-
gressed the layer detached from the benthic layer and
rose to an elevation of 75 m to form a completely separ-
ate intermediate layer. The detached nepheloid layers
are not necessarily stable since they are unbounded and

they represent significant fluctuations from the local
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conditions. In fact, where Component I was seen to exist
repeatedly over several casts the features of Component
II within a given profile changed éramatically owver
periods of less than one hour. Such drastic fluctuations
and variations in the intermediate nepheloid layer are
shown in Figure 26 which depicts a similar "time series"
of profiles for Station 24.

As discussed previously and as presented in the
literature (Weatherly et al., 1980} the bottom nepheloid
layer in this region is a cold, murky filament of water.
This is seen in the profiles shown in Figures 27 through
29. In agreement with this fact is the observation that

the appearance of Component II in the transmission pro-
files coincides with a drop in temperature in nearly all
cases. The most dramatic example of this is shown in
Figure 30 which shows the transmission and temperature
profiles for Station 41. The near-bottom Component II
shows a decrease in transmission of roughly 15% from the
immediate value. Conseguent with this is a drop in tem-
perature of 25 m°C. Similarly, Figure 31 shows that for
tation 24 the intermediate layer centered at 125 meters
above bottom is accompanied by a very slightly lower tem-
perature which shows up as a reduction in the adiabatic
temperature gradient from roughly 100 m°C/km above the
zone to roughly 50 m°C/km within the zone and then back
up to 150 m°C/km below the zone. The cold, turbid bottom

water breaks up and the detached laver (or layers) are
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Figure 29. Transmission and temperature pro-
files taken at CTD Station 40.
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files taken at CTD Station 24.
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seen in both the temperature and transmission profiles at
elevations from tens to hundreds of meters above bottom.
At Station 23 in which the actual separation of the inter-
mediate layer from the bottom layer was detected opti-
cally the temperature profile also shows the time change
in structure as the cool water band is seen to rise pro-

gressively from the bottom (Figure 32).

iii Components III and V

Component III (exponential) and Component V {lcoga-
rithmic) are similar in appearance and are representative
of the same phenomenon. The difference between the two
lies oﬂly in the guestion of which one fits a particular
transmission curve better; Component V fits curves of
sharper transmission changes while Component III is char-
acteristic of more gradual variations in transmission.

These two components are never found in the bottom-
most layer and in most cases they exist just above a
linear {i.e., Type I) component. They represent the con-
tinuous transition from turbid to clear water. The ver-
tical extent of these components is widely variable from
thickness of 31 meters at Station 41 to a thickness of
275 meters at Station 27. The general physical process
represented by these components is one of vertical mix-
ing and entrainment of the cold, turbid benthic boundary

layer. 1In fact these components actually represent the
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boundary effects of the diffusion-settling model de-
scribed previcusly for Component I.

Consider a system defined by a well contained ben-
thic flow bound on one side by the bottom and on the
other side by a zone of near-infinite shear. Figure 33
demonstrates how the theoretical particle concentration
(and transmission) profile would appear in such a case.
In actuality the system is one in which the upper boun-
dary is not characterized ky infinite shear and conse-
quently a degree of shear-induced instability causes
turbulent diffusion of particles upward into the water
column. The system then takes on the qualities as out-~
lined in the diffusion-settling model discussed pre-.
viously (Shepard, 1963). With increased interaction be-
tween the lower and upper layer the particle concentra-
tion takes on the appearance of the profile shown in
Figure 34. Raudkivi (1967) has shown that by varving
the ratic of the relative magnitudes of settling velo-
city and eddy diffusicn one can obtain particle concen-
tration profiles which agree in appearance with those I
have called Components III and V. Figure 35 shows the
agreement between the profiles of Raudkivi (19%67) and
the profiles I have obtained for each of these two com-
ponents. The exponents indicated on the plot are the
values of the term
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tem of bounded fiow.
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where WS = particle settling velocity
k = von Karman's constant (= 0.40)
u, =

shear velocity defined by u, = , T , with
9]
T being the fluid stress and p the £luid

density.

The figure shows that at low values of the exponent
the use of Component III (with coefficients of A = (0.082
and B = 0.709) preoduces a particle concentration profile
that is compatible to within a standard error of 2.4%.
A standard error cf 6.0% is found between Component V
(A = 0.641; B = 0.027) and the curve for an exponent of
1.0. It is thus clear that Components IIT and V repre-
sent a similar type of diffusion-settling model as de-
scribed by the diffusion-settling model of Raudkivi
(1967). The point at which either Component III or V
provides a better fit to the diffusion-settling model is
not clear but it seems to occur when the value of the
exgonent is approximately 0.6. The source of most of the
error between the components and the diffusion-settling
model lies in the regions nearest the top and bottom.
The diffusion-settling model tends to show a sudden drop
in particle concentration near the top and an exaggerated

increase in particle concentration near the bottom.

These features of the model do not agree as well with the

features of the profiles seen in the HEBBLE area as do

the profiles obtained using Components III and V. The
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source of this error lies in mixing effects at the boun-

daries between two components.

iv) Component IV

Component IV only occurs at a very few stations and
the physical explanation for it is not obvious. When the
feature occurs it is characterized by uniform transmis-
sion increases and decreases on the order of 1% to 2%
over a vertical distance of approximately five meters.
The altitude of a particular maximum or minimum of trans-
mission may vary over a short period of time (Figure 36).
This indicates that the phenomenon is not a stagnant,
sessile lamination of clean and turbid water layers.
There are no concurrent anomalies in the temperature pro-
file to indicate anything other than a uniform water mass
within the zones described by Component IV. These zones
are roughly 70 to 100 meters thick and they are limited
to regions where the transmission is roughly between 35%
and 50% (turbid, but not exceptionally so). The proba-
bility of machine error as the source of Component IV is
gquestionable due to a number of considerations. The
form of Component IV in all cases is not as uniform as
would be expected from a systematic malfunction. The
component only appears in several stations; these are
stations which, in all other respects (temperature, pres-
sure, turbidity, salinity), are similar to many other

stations. Ccnseguently, one nmust ask why the feature is
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seen so infrequently. Firally, in one slightly shallower
station (CTD Station 34; bottom depth 4880 m) Component
IV was detected on the first downcast, the first upcast,
and the secord downcast. However, on the second upcast
the turbidity was greatly decreased {from a minimum of
32% -~ 35% on the three earlier casts to a minimum cf 53%)
and Component IV was no longer present (see Figure 37).
The fact that Component IV exists in.conjunction with the
three turbid casts and not with the fourth cleaner one
indicates that the phenomenon is not a conseguence of
machine error. There are indications, however, that the
phenomenon may be a figment of the trajectory of the
instrument. The path of the instrument through the water
column may, in fact be the explanation behind the appear-
ance of these apparent particle laminae.

The original data tapes for Station 37 were re-pro-
cessed and plots of pressure and transmission vs. time
were composed. As the instrument is raised or lowered
through the water column pressure changes detected by
the instrument are not always even and smooth with time.
This is a consequence of a variety of processes including
shifting wire angle, ship roll and "kiting" of the in-
strument package. Figure 38 shows the "step-like" in-
crease in pressure near the bottom as the transmissometer
was lowered at Station 37. A coherent transmission sig-
nal is seen to fluctuate in phase with the plot of pres-

sure changes. Pressure fluctuations are seen to be
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minimal from 5050 db (0 sec) to roughly 5080 db (55 sec).
The same is true of transmission fluctuations. Below
3080 db, however, pressure and transmission exhibit
coinciding steps and peaks respectively. Figure 39 shows
that the duration of time spent at a specific pressure
(i.e., a "step") is proporticnal to the magnitude of the
transmission peak., For example at a pressure of 5078.5
db (time = 4 sec) the corresponding transmission profile
shows an increase of 1% while the pressure remained vir-
tually unchanged for roughly two seconds. Later (time =
61 sec) at a pressure of 5107.5 db the pressure remained
unchanged for over four seconds and the transmission
showed an increase of 1.5%. This same pattern is also
shown in Figure 40 which shows the time profile of pres-
sure and transmission during upcast at Station 37, Steps
in pressure are not as pronounced in the upcast as in the
downcast due to the fact that more tension is held on the
wire to raise the instrument. Conseguently, as just ex-
plained, with less prolonged pressure “stepping” the
transmission peaks should be less significant and in fact
this is shown by the figure. While there are exceptions
~to this trend, in general the more prolonged the "step-
ping"” in pressure, the greater the magnitude of the Com-
pronent IV transmission.

The concept of debris c¢linging to the frame of the
instrument and periodically being dragged into and out of

the light path must be discarded for several reasons.
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Firstly, the altitude of appearance and disappearance of
Component IV in successive upcasts and downcasts is con-
sistent. It is highly improbable that strands of debris
would continually deposit themselves and remove them-
selves at the same exact depth. Secondly, any debris
capable of becoming snared on the instrument would most
likely be large enough to induce a transmission fluctua-
tion of significantly more *han 2%, Lastly, if a strand
of debris were snared on a portion of the transmisscmeter
the correlaticn of pressure steps and transmission peaks
would be reversed on the up- and down-casts. If debris
were snagged above the instrument then transmission
minima would be detected at the pressure steps on the
downcast and between the pressure steps on the upcast due
to the material settling into or being dragged through
the light path in each respective case. The reverse
would hold if the debris were located just below the
transmissometer. However, the correlation of pressure
steps and transmission maxima is the same for the upcasts
and downcasts, so there cannot be debris causing these
periodic transmission peaks.

A more likely explanation is that the profiles were
made in or near the wide trailing edge of a benthic
"cloud". This explanation requires periodic horizcntal
and vertical displacement cf the instrument; a process
explainable by "kiting" of the instrument due to ship

rcll combined with wire descent or ascent. From the
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preceding figures one can discern that the period of the
fluctuations seen in both the transmission and pressure
profiles is very close to eight seconds. From Airy wave
theory it is found that an eight second deep water wave
can develop a maximum vertical velocity of 100 cm/sec
(or 60 m/min, which was the lowering rate used on the
winch in these sections of the profiles) if the wave
height is roughly 2.5 m. This impliies that for a reason-
able wave condition the instrument package will be sub-
Ject to equal downward and upward velocities every eight
seconds and thus will remzin stationary at those times.
In addition it implies that four seconds after the instru-
ment stops it will be moving at roughly 200 cm/sec up
{(during upcast) or down (during downcast). The actual
system is not likely to be so precise as to bring the
instrument to a standstill every period but with reascn-
able wave corditions {(in fact 2.5 m wave height were
quite common during this research) the instrument is apt
to periodically slow considerably as evidenced by the
previocus figures. This surging of the instrument may
result in extensive "kiting": vertical descent coupled
with small but significant horizontal deviation. If the
turbid cloud through which the transmissometer is being
lowered is not uniform horizontally then one would expect
transmission peaks as seen. Such would ke the case at
the trailing edge of a benthic cloud. Figure 41 shows a

simple example of how a "kiting" instrument would yvield
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the type of pressure and transmission profiles that are
described by Component IV. This system is consistent
with other data coexistent with Component IV. The sud-
den disappearance of the turbid zore in Station 34
(Figure 37) is consistent with the concept of a trailing
edge of a benthic cloud: the first three profiles were
made within the cloud, near the edge, and the fourth pro-
file was made outside the cloud. The fact that Component
IV appears at the same altitude, repeatedly, is explained
by the fact that the cloud itself only exists to that
altitude. Component IV alsoc only exists in water of
transmission 35% to 50%. As mentioned previously this
represents water which is not excessively turbid or
clear. It stands to reason that within the trailing
edge of a benthic cloud the turbidity would be moderate
or transitional,

The extent of "kiting" required in crder for the
instrument to detect a 1% to 2% change in transmission
depends on the horizontal gradient of particle concentra-
tion within the cloud as well as the velocity of the
cloud relative to the instrument. A change in transmis-
sicn of this magnitude represents a change in volume con-
centration cf only about 25 PPB at a transmission of 40%
per meter. Horizontal particle gradients can be inferred
from measurements of transmission made over time with the
staticnary Bottom Ocean Monitor (BOM). Unfortunately,

current meter data are unavailable for the same time and
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location. However, it is found from the BOM data that if
the velocities are slow (v 10 ggg) at the trailing edge
then the profiling transmissometer would detect changes
of 1% to 2% if it were to "kite" through approximately
one to two meters of water horizontally (normal to the
front). Considering that the average ship drift velocity
during a CTD cast was on the order of 10 % to 20 EE_,

sec sec
then an instrument being lowered from the ship could
easily move horizontally a meter or two in a matter of
five to ten seconds.

To pogitively identify this outlined process as
being the driving force behind the appearance of Com-
ponent IV would require extensive measurements with
moored and profiling transmissometers as well as current
meters and possibly even wave measuring instruments.
However, careful consideration has yielded this process

as being the only one that is consistent with all the

data and evidence available.

C. Compatibility of the Component Model with the

Egquations of !Mass Conservation

As shown previously for several components the com-
ponent model yields particle profiles that can be made
to conform well with profiles obtained from a simple
diffusion-settling model. In the previous section how-

W

ever, the term ki was specified and the component
*

model was adjusted to f£fit the curves obtained. It will
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now be shown that for the actual profiles of transmission

W
S

ol ! obtained independently,
s *

obtained at sea, values of

agree well with the values determined from other techni-
gues. This verifies the compliance of the component
model with the simplified equation of vertical mass con-
servation.

If we assume that the water column may be divided
into a series of infinitely small volumes of dimensions
dx, dy, dz, and if we assume that within each volume
there is transfer of particulate matter but there cannot
be spontanecus creation or destruction of material, then
the conservation of suspended mass within a given volume

is expressed as:

P \ 3
TT + e {up) + 5? (vP) + v ([w—wSJP)
(14)
@ ap 3 5P 2 ap
= R W tw By sy e B w

(See, for example, Smith, 1977.)

velocity in the + x direction (cm/sec)

where u
v = velocity in the + y direction (cm/sec)

w = veloCity in the + z (up) direction (cm/sec)

w_ = settling velocity of the particles (cm/sec)

K,r K,» X = eddy diffusion ccefficients in the x, v and

. . 2
z direction {(cm”/sec).,

In actuality, with the z-axis orieanted positive up-

ward the vertical velocity term in Equation (14) should
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be w+w_. However, Vg is always directed downward and
rather than expressing the settling velocities in the
text as negative values the vertical velocity term in
Equation (1l4) is expressed as wW=w_, with the settling
velocities given as positive numbers.

Equation 14 expresses the conservation of suspended
mass as a balance of horizontal and vertical advection
with eddy diffusion. That is, a given volume observed
may undergo a decrease in particle concentration at that
location or an increase in particle concentration. If
cne assumes an initially clean system then the gquestion
becomes: what type of flow could displace the particles
sc that-they distribute themselves as seen in any given
instantaneous transmission profile? Or, what kind of
sediment transport system exists which could yield par-
ticle distributions as detected? Transmissometer pro-
files give good representations of concentration as a
function of depth but not of either x or y. For this
reason it is only valid to compare the vertical compo-
nent of the mass conservation eguation with results
obtained from the transmissometer. The vertical contin-

uity equation is given by

[
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Long-term measurements of transmission by the
moored Bottom Ocean Monitor have shown that at time the

HEBBLE area may be considered a highly variable (tem-
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porally)} zone while at other times a steady state pre-
vails. The repeated vertical profiles of transmission
made at many stations indicate that at roughly 30% of

the staticns

P

lo.)

<<

REINeS
t
Qr

= ({w—wS]P)

This statement does not define the situation as
necessarily being steady state. It actually states that
for a majority of stations temporal changes are much
smaller than the vertical gradients of ccncentration.
Exceptions to this were stations like Station 23 where
large temporal changes were detected. Thus, for a scaling
analysis or an order-of-magnitude solution, Equaticn (15)

may generally be simplified to

~
Q

3P
Az 3z

3z

((w-w 1P) = 2= (k 2

In addition, i1f cne assumes a horizontal bottom
with negligible vertical velocity then the simplified

vertical sediment mass conservation equation is:
(K 22 (16)
32

This expression is actually the classical equation
of balanced particle settling and diffusion (see for
example, Shepard, 1963, or Raudkivi, 1967). Aadvective
effects are included in the form of the eddy diffusion
coceificient, K, used in this experiment. This, in fact,

is where the existing medels of sediment transport vary.
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Essentially, K is a function of the magnitude of the
shear stress in the flow, and the location within the
flow. That is, K = K(u,,z).

The most basic form of K is given by
K = ku,z (17)

where kK = von Karman's constant (= 0.4).
A much safer approach to modeling is taken when no

assumptions are made about the form of the eddy diffusiv-

ity, K. 1In this case Equation (16} is integrated over z

to give
_ 3P
-WS P = K ?.‘}—E (18)
or
W
s _ 1 3ap
K - P 3z (1%)

By considering a flow of thickness, h, and using
the previously defined value of £ (= z/h) then the above

equation becones

W
s __ 1P
XK~  hopP (20)
where P' = %g

This equation represents a very simplified form of
the diffusion equation. The simplicity of this model
lies in the fact that one does not need to know the con-

centration at a reference level, nor the height o

th
ot
=2
®
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viscous sublayer (i.e., the roughness length); the clas-
sical solution of Eguaticn (9) was described earlier with

regard to Components I, III and V and it is given by

-w_/ku,
- %_ 8 (21)
0

”UI'“C]

0
where PO 1s the concentration at the reference level

given by the height of the viscous sublayer, =z and

Or

K = ku,z.

By using Equation (20) the profiles of light trans-
w

missicon will provide values of ﬁi without any assumptions
W
concerning the shape of the profile of EE' In fact, the

purpose of this section is just to show that the values
of ;ﬁ obtained in this manner are similar to valuss ob-
tained using more conventional instruments such as cur-
rent meters and bottle samples.

Using the equations for P and P' outlined in Section
A of this chapter and the coefficients as specified in

W
Table I values of log == can be ohbtaired. With reason-

K
able estimates of the wvalue of W the value of X, the
eddy diffusion coefficient can be obtained and compared
to results from other techniques.
The settling velocity of a particle size distribu-
tion must, by definition, alsc be a distribution itself,
However, by considering the particle size distribution

as having a single=-valued flux and a single valued mass

concentration then a unique settling velocity is obtained
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(Peterson, 1978). This settling velocity is termed the
"concentration-weighted settling velocity" (CWSV) and
this is what the value of "ws“ aquals in Eguation (20},
The CWSV may ke determined by considering the eguivalence
of the vertical continuity equation for a whole particle
size distribution and the sum of the vertical continuity
equations for each size component within that distribu-
tion. That is:
D

P {24+ 7 - wp =224 7 . wp (22)
) m m t s

2l e

Q

(J. D. Smith, perscnal communication)

where Pn = volume concentration of the m size compenent
1
of the distribution
W= settling velocity of the m size component of
the distribution.
3y B n 3P
— L P A+ Y + I WP = — 4+ Y «wpP {23)
dtm:lm m=1 m m ot S
n
by definition I P = p
m=1 &
therefore Equation (23) becomes
n
T mem = wsP - (24)
m=1l
and
n n
z Wum . w P
w=m=l ____m=l mom (25)
s P n
T P
- m
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Eguation (25) indicates that the CWSV, given by W
is equal to the ratio ¢f the sum of the individual fluxes
to the total concentration. Thus with a measurement of
the particle size distribution and assuming spherical
particles with Stckesian settling it is possible to
determine the CWSV. It is found that for the water sam-

ples in the HEBBLE region at the bottom of the water

column a mean value of CWSV = 6.25 x 10—3 gga is found,
with a standard deviation of 2.85 x 10 ° g%a (largely due
to one measurement of 11.5 x ].O-'3 %26 at Station 36). A

nearly identical value is found for all samples at depths

within 100 meters of the bottom (CWSV = 6.52 x 10—3 ggg:

S.D. = 2.51 x 10-3 §2c)‘ For the samples within 500

meters of the bottom the mean value of the CWSV increases

to 10.31 x 10"3 gga. This increased CWSV, however, is

accompanied by an increase in the standard deviation to
7.25 x 10“3 ggg, ieaving a significant overlap in the
range of values of CWSV, and consequently the CWSV may
still be considered as having only small variations. If
viewed as the settling velocity of a single particle the
mean value of the CWSV in the deeper samples would char-

acterize a silt particle (density = 2.65 —2x) of diameter

3
cm

8.3 um while the "shallower" mean corresponds to a 10.7
pum particle or a change in ¢ of only 0.36. Again, it is
important to note that the variations of CWSV over a
large temporal and spatial range are really very small.

From one station to the next, for example, the total
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variation in the mean wvalue of CWSV at the bottcm is less
than 3 x 107° &,

secC
By assuming a reasonable value for the settling
velocity, W it now becomes possible to extract
estimates of the value of the eddy diffusion coefficient

w
from Egquation (20). The soluticns for log = may now be

X
transformed into solutions for log K at the bottom of
the water column since it has been determined that a

rough estimate of wo is giwven by
-2.5 < leg w, < -2.0 (26)

from the Coulter Counter data.

The determinaticn of the eddy diffusion coefficient,
K, using the model outlined above can only be significant
1f it can be verified. Corrcborative data were collected
during this experiment making such a comparison reason-
ably straightforward. A string of rotor current meters,
called the Chandelier, was deployed by Weatherly of
Florida State University at a site very near Staticn 11
in approximately 4900 meters of water. This array of
instruments was set up to detect currents at elevations
cf 0.7, 2.0, 3.9, 8.6, 18.4 and 28.9 meters above the
bottom and they were allowed to operate for almost nine
days, from 1700 Z 14 September to 1600 Z 23 September,

1979. Current speeds were averaged and recorded every

hour,
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0f the stations under consideration in this experi-
ment two are of importance in terms of compariscn with
the current meter data: Stations 11 and 12. These two
stations satisfy the requirement of being virtually coin-
cident temporally and spatially with the current meter
string. While Station 11 was actually taken just prior
to the deployment of the current meter string, the time
delay was really guite small {cnly five hours, ccmpared
to the time delay of the next nearest station, Station
36, which was taken 102 hours after the array was re-
covered). Station 12 was taken while the current meters
were in operation and was located just to the southwest.
The bottom depths at the current meter site, and Station
11, and Station 12 were all within 15 meters of each
other. The similarities in space and time of these sta-
tions and the current meter string location should allow
comparisons of the data obtained herein and the datsa
derived from the currents.

Figure 42 shows the variation in u, over time during
the period of deployment of the current meter arrav (data
obtained from Weatherly). Weatherly mekes use ¢f Equa-
ticn (17), the basic eguation for the eddy diffusicn
ccefficient, to determine values of K. Specifically, the
following equation is used to determine the friction
velocity, U,, and the roughness parameter, zo, using two

Or more current meters:
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u, (z+z ) p - 1
k z, Shepard, 1963)
but
0 ui =T (28)
and alsoc
Ju = 3
PR 727 = 7 (29)

so, in order for Eguation (28) to be used, the value of

X that one uses must be:

K = ku_z (17)

*

Station 12 was recorded at the bottom at 0300 hours,
GMT, on 14 September 1979. This time corresponds very
closely to a time of ten hours on the current meter data.
Using the data available from one hour before to one hour
after the "bottom time" for Station 12 (i.e., from 2200
to 2400 hours) it is found that u, only varies from 0.95
cm cm - cm_

——— to 1.43 ==—, with a mean wvalue of 1.17

. The
sec sec sec

Coulter Counter data described earlier in regard to set-
tling velocities were obtained at an altitude of z = 4060
cm above bottom. Consequently, at this height, using
Equation {17), the eddy diffusion ceoefficient is given

by the range:
2.2 < log K < 2.4 (30)

corresponding to the range of values of u, given above.
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For Station 12, at a height of 4 m (£ = 0.03) it is

found that the transmissometer model yields a value of
“7
log Ei of -4.9. As stated earlier the range of values

of log w_ is from -2.0 to -2.5. As a result, with a

=3

value of u, = 1.43 €M .nd a value of w = 3.2 x 10—3
sec s
%gé (both of which are in the range of applicakility! it

is found that the transmisscmeter model yields the zame
value for the eddf diffusion coefficient as obtained
using the time series of currents at different altitudes.
Station 1l was taken immediately prior to the de-
pioyment of the current meter string. The "bottom time"
for this station was 1200 7z, 14 September 1979, five
hours before the current meters began data acquisition.
From the current meter data shown in Figure 42 a periodic
fluctuation in u, is seen with a period of between 10 and
15 hours. This information is necessary to make a rea-
sonable estimate of the value of u, just prior to the
time at which data acquisition began with the current
meters. The extrapolation involved is shown in Figure

43, in which the best fit is found to have a period of

14.4 hours (standard error for this fit+ is 0.18 gga).
The exact fit is given by
ue = 0.5 sin (22857 4+ 0.9 (31)

t = time from start (hours).
From this curve (Figure 43) and the eguation given

above, an extrapolated value of u, = 1.3 —— is obtained
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for t = -5 hours. Using Eguation (17) again at an alti-
tude of four meters above bottom, this value of u, yields

2 .
cm

an eddy diffusion coefficient of 208 sec’ that is, log

K= 2.3. At four meters abowve the bottom the transmis-
V‘T
someter vields a value of log S of -4.8. Using the

K
range of values of log w, as outlined in Eguation (26)
the transmissometer profile indicates a range of values
of the eddy diffusion cecefficient at this station as
being 2.3 < log K < 2.8. Once again, identical sclutions

are obtained when a low value of the settling velocity,

Wer is used. 1In this case, the best agreement is ob-

-3 cm

tained using w_ = 3.2 x 10
S sec

, Just as it was in the
case of Station 12 discussed previously. It is apparent
that the transmissometer model developed herein will
vield values of the vertical eddy diffusion coefficient
which compare well with values obtained by observing the
current shear. 1In the two examples presented previously
it is convincing that complete agreement between the two
methods occurred when the same settling velocity was used
in both cases. That is to say, it is reassuring to see
that in order for the present model to work in two
examples which were relatively close spatially and tem-
porally the settling velocity of the particles {and thus,
the nature of the particles and their size distributions,
themselves) remained constant.

Any discrepancies between transmissometer findings

and current meter results may have arisen as a result of
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the lack of precise coincidence between the two transmis-
someter stations and the current meter string. Station
11 was taken prior to the start of data acquisition on
the current meters and there may be a source of errocr in
the extrapolation of the current meter data to determine
the form of the current profile five hours beforehand.
Similarly, Station 12 was offset spatially from the cur-
rent meter string and that may have caused some discrep-
ancies. While absolute fluctuations in u, were small
over the course of hours (on the order of 0.5 %ga over
six to ten hours) such fluctuations in the turbulence
regime during the time it takes to travel the distance
to Station 12 could account for the factor-of-three
range seen in K. Such a threefold change is apparent if
u, gees from 0.5 ggg to 1 %ga and then to 1.5 ggg in the

course of hours. Consequently, the model developed here-~

in gives results that agree within a half an order of

-magnitude with the results using a current meter, and

may agree even better. However, to determine accurately
the degree of agreement it is necessary to apply the
present model to data taken concurrently and at the exact
lccation as current meter data. Such data have recently
become available with the advent of a multi-instrument
package called the BASS (Benthic Acoustic Stress Sensor)
developed at Woods Hole Oceanographic Institute and using
some of the instrumentation developed at Oregon State

University.
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The BASS was deployed for a three-day period from
27 September 1980 tc 30 September 1980 at a depth of
4,984 meters and a lccation of 39°946.1' N, 62°41.0' W.
Three transmissometers were aligned at altitudes identi=-
cal to three current rotors: 29 cm, 86 cm, and 182 cm
above bottom. Current speed data were collected over
half-hour intervals once every eight hours. Average
speeds were computed for each interval and least sguare
estimates were made of u,. Transmission measurements
were made continuously over the whole three-day period.

Since transmission measurements were made at three
discrete altitudes, the value of %g in Equation (19) must
be estimated as %g. This results in three different
estimates of %g for each time interval under considera-
tion: one between the lewest and highest sensors, one
between the lowest and middle sensors, and one between
the two highest sensors. Similarly there are three

~

3u . . .
values of = for each time interval. It is necessary to

. J . . . .
obtain a value of 5% since the ewvaluation of X in this

=i

case will be perfcrmed by using Equations (28) and (29)

to yield:
2
Uy
-, _ !
X ~a {32)
dZ

Equation (32) implies that between senscrs, X is
constant. While this represents a simplification it is

necessary for comparison purposes. The transmissometers
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only supply data on particle concentrations at specific

A

locaticns and so, in determining %g one assumes this
slope is constant between two sensors. That is, there
is no way of knowing what the slope is at one sensor
(1.e., one point)}. Consequently, if slopes of particle
concentration are used in the calculation of K from
transmission data then slopes of current speed shcould
also be used in the calculation of K from current rotor
data in order to be consistent. Simply, if Equation (17}
were used to determine X from current data then it is
ambiguous what value of z should be inserted for compari-
son with transmissometer data.

Equation {19) rather than Equation (20) was used to
reduce the transmissometer data. This was done because
the BASS data represent only a small segment of the flow
and there was nc way of knowing the thickness of the
flow, h. Conseqguently, use of Eguation (20), which is a
function of h, was impossible. Eqguation (l9) represents
the same relationship and thus may be used without prob-
lems.

Figure 44 shows the time record of transmission from
the BASS data at 1 m above bottom. Fluctuations in
transmission were small during the half hour over which
current speeds were averaged. As a result, approximate

values of the beam transmission for each interval could

be picked off the record with little fear of significant
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variation. Generally, over the half-hour intervals ob-
served in this case ¢ varied by liess than 0.02 m L.

A comparison of calculations of log K using the
transmissometers and current meters was guite convincing
when a value of log wo = -2.0 (recalling -2.5 < lpg W <
-2.0) was used. The results obtained (see Table III)
were guite satisfactory. For each time interval the mean
value of log K was also computed from the results of the
three sensors. These mean values as well as the complete
data set are plotted on Figure 45. For the sake of
reference the approximate range of values of log X as
previously discussed for Stations 11 and 12 is also shown
in Figure 45. The line of perfect correlation has also
been drawn on Figure 45 and clearly passes through both
data sets. Extensive experimentation with current meters
and transmissometers would be necessary to guantify the
accuracy in determination of the vertical eddy diffusion
coefficient optically.

Taken alone, the results of each of the two experi-
ments described previously (one being Stations 11 and 12;
the other being the BASS data) are reasonably convincing
that the transmissometer comgponent model is compatible
with the simplified esguation of vertical mass conserva-
tion. Together, the two data sets show that the model
can work quite well over a range of values of log X. 1In
addition, within the limits placed on the value of W

the model works equally well within the bottom meter of



TABLE IIT
TRANSMISSCMETER BASS
LOG K TIME LOG K
1.83 27 Sep 1980 1728% 1.09
1.49 17287 1.16
1.38 17287 1.21
1.36 28 Sep 1980 01282 1.27
1.37 01282 1.43
1.38 01282 1.56
1.46 09287 1.39
1.20 09282 1.36
1.41 17282 1.30
1.21 17287 1.40
1.53 29 Sep 1980 01282 1.31
1.28 © pl128% 1.36
1.28 1728% 1.27
1.05 17282 1.29
1.23 30 Sep 1980 0128% 1.40
1.00 01287 1.56
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the benthic boundary layer as well as many meters above

the bottom. The model even shows that best fit is ob-

tained when a value of w, o= 3 x 10'3 ggg is used at four
meters above bottom and a value of W, o= 1 x 10'2 ggé ig

used in the bottom meter of water. This result in itself
is significant in that it indicates the existence of a
small shift in the particle size distribution from larger
particles very near the bottom to more smaller particles
at an altitude of four meters. The range of values of

u, given by 0.4 < u, < 0.8 gg; from the BASS data, when
compared with well-established curves of the limits of
“first motion" (such as the Sundborg curve), indicate
that all particles smaller than roughly 30 um will be
transported. The largest particles would be transported
as bed-~load and smaller particles would presumably be
carried in suspension. The appearance of more large
particles nearer the bottom is, therefore, as it should
be.

One cannot conclude from this discussion and pre-
sentation of data that a beam transmissometer is as
viable 2 tool as a current meter in the determination of
hydrodynamic parameters. The assumptions made in the
initial part of this section serve to verify that the
transmissometer results presented here are merely first
order, very rough estimates of *he characteristics of a
flow. With the addition of temporal changes or vertical

velocity structure tc the system major complications
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would arise and large sources of error would develop in
the model. The purpose of this section was to verify

that the transmissometer model was merely compatible, to

some degree, with the standard models of sediment trans-
port. That is, that transmissometer results do integrate
well with the other aspects of the whecle physical system.
This goal was attained; any Ffurther implementation of

this model to define the flow more precisely would exceed

the limitations of the model itself.
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IV. OBSERVATIONS AND DISCUSSICN

Observations made based on the vertical profiles and
their components will now be discussed more fully. Some
features of the profiles have already been explained and
described but a more in-depth discussion of the signifi-
cance of these features would be beneficial to an under-

standing of the processes involved in the HEBBLE aresa.

A. Detached Benthic Boundary Layers

The detached benthic boundary layvers have been seen
to exist in several profiles. The evolution and develop-
ment 0f such a layer was detected at one station. The
“driving force" behind separation cf the benthic boundary
layer seems unclear in this case. Pak et al. (1980) have
shown similar intermediate nepheloid layers as a result
of detachment of the benthic nepheloid layer at the break
of the continental shelf. Such a process is intuitively
feasible considering the topograrhy involved between the
shelf and the slope. Implicit in this description is the
existence of a cross-shelf velocity compcnent. A similar
process could be involved in the development of the de-
tached benthic nepheloid layer as seen in the HEBBLE area.
Armi (13978) has detected a multiple-step structure in the
nepheloid laver near the region known as the Corner Rise.
The explanation for such a structure is given as the

...advected signature cof bottom mixed layers formed at
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various depths..." (Armi, 1978). Material resuspended
from the bottom is lifted and transported across the
topographic contours to create an intermediate, or
detached, nepheloid layer. So the detached benthic boun-
dary layer really represents an advected benthic layer
from a shallower depth. A regquisite for such a process
is a crecss-slope component of velccity. The magnitude
of such a component required to lift the benthic layer to
an intermediate depth is given by Armi (1978) to be on
the ordexr of 10 to 30 ggE‘ Such a velocity is not atypi-

cal of HEBBLE current meter data yet the data are not

available to determine exactly when a cross-slope compo-

nent of such magnitude occurred. ©Shor and Tucholke (l980f

have used studies of morphology and sediment structure in
the HEBBLE area to verify that there are occasional cross-
slope currents. It is these very currents which would
provide the driving force needed to produce the detached
benthic nepheloid layers such as described by Armi (1978)

and as seen in the HERBLE transmissometer data.

B. Trailing Fronts

The profiles of transmission provide valuable infor-
mation regarding the magnitude cof sediment transport that
exists within the benthic boundary layer. The gradual
clearing of the water column has been discussed in asso-
ciation with the passing of a trailing edge of a benthic

cloud. This passage was seen to take place over a period
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of less than two hours (Figure 37). That is, from the
time of detection of dirtiest water to the time of detec-
tion of clearest water was an interval Of.roughly 5 x 103
seconds (approximately 1 1/2 hours). Weathnerly et al.
(1980) have indicated that a reasonable steady velocity
in this region is 20 to 60 %gg. Consequently, this indi-
cates that the trailing edge of a benthic boundary layer
has a length of between 1 and 3 km. Such a length indi-
cates that the bottom nepheloid layers found in the
HEBBLE experiment are very large scale features with the
dominant dimensions being horizontal on the order of many
kilometers (Weatherly et al. 1980, estimate horizontal
length scales of lO2 kmj. In fact in situ time series
measurements of transmission made with the Bottom Ocean
Monitor indicate that some benthic "storm clouds" exist

for several days and are guite enormous. These data

will be discussed further in a following section.

C. Volume and Mass Flux

The magnitude of sediment transport can alsc be per-
ceived by considering the total mass concentraticn in
the column of water sampled by the transmissometer. A
vertical integration of the particle concentration de-
rived from the transmissometer and using Equations (12a)
through (l2e) yields the total mass concentration within
that column of water above an area of the bottom. If

this concentration is multiplied by the velocity of the
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flow and by the width of the flow then the volume flux
of material within that water column may be estimated.

To achieve this result the components as shown in Table
IT were integrated over the thickness of the nepheloid
layer and the appropriate coefficients were substituted
to obtain the volume concentration above a unit area
(1.e., standing crop) for each station (see Table IV).
The units shown in Table IV are micrograms per square
centimeter (a density of 2 —g§ was used). Table IV
indicates a range in valuescgf the standing crop from

357 to 33,735 Eﬁf with a mean value of approximately

8000 Eii, Alsgmshown in Table IV 1is the value of the
beam ;?tenuation coefficient at the bottom of the water
column for each station. Frigure 46 shows the general
agreement between standing crop and C at the bottom. Ob-
viously water that is more turbid near the sea floor is
apt to have a higher total volume concentration inte-~
grated over the thickness of the benthic nepheloid layer.
The magnitude of standing crop indicated in Table IV and
Figure 46 becomes more significant when it is used to
estimate the volume flux or mass flux at a specific site.
To make such an estimats it is necessary to apply reason-
able values of the water velccity and the width of the
tlow. An order-of-magnitude estimate of the width of the
flow has been given by Weatherly et al, (1980) as being

roughly 102 km (i.e., lOS m). The width estimate used

by Weatherly et al. (1980) turns out to be consistent
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TABLE IV

STATION STANDING CROP (Eﬂj) C (m"l) AT BOTTOM

CI

8 1656 0.62
10 6526 1,20
11 1505 .58
12 5250 0.89
19 3144 1.11
23 13448 1.31
24 €862 0.92
27 33735 <%

36 357 0.53
37 5358 0.89
40 6678 0.97
41 8400 1.08
44 6760 0.89
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with the estimate these authors have made of the water
volume transport within the HEBBLE area. In additicn,
several researchers (e.g., Richardscn and Wimbush, 1980;

Weatherly et al., 1980) have mesasured steady velocities

of 10 gga-to 70 gg: within the nepheloid layer; for the

-

order-of-magnitude estimate a velocity of 40 gga (i.e.,

101‘6 ggaj will be used. Conseguently, with an average

4
value of standing crop being of order 107, then the

resultant mass transport is given by

4 ug 1.6 cm 7 _ 12.6 ug
10 ~5 X 10 sec % 10" cm = 10 =
cm
3 kg

or roughly 10 Py within a given benthic cloud in the
HEBBLE area, This is roughly equivalent to the transport
of the Congc River (between 980 éga and 2220 ggg; Eisma
and Van Bennekom, 1978). However, it must be made clear
that the transport estimate for the HEBBLE area is valid
only during the passage of a nepheloid layer...a period
which lasts for several days; the mass transport for the
Congo River 1s continucus thrcoughout the year. Still,

in a given four-day storm a benthic nepheleoid layver could
transport scme 3.5 x 105 metric tons of suspended sedi-
ment past a plane. This analysis points out dramati-
cally that optical measurements have shown the HEBBLE
area to be one of extremely active mass transport. It
must be reiterated that the preceding discussion is an
order-of-magnitude estimate, however the conclusion is

most likely valid to within less than a factor of ten
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since the maximum variation of any of the three variables

{(standing crop, velocity and area) from the values used

is 100'7, 100'6 and 100'6, respectively. The maximum

4.2 kg

estimated possible mass flux is 10 sec"

D. Large Scale Observations

In order to make sensible large scale observations
of the optical data in HEBBLE some type of normalization
must be used to bring the information into a cohesive
form. One means cf doing this is to use availakle velo-
city data to transform the time or location of sach sta-
tion in order to simulate a data set that is purely tem-
porally or spatially Vafiant. The data set as it pre-
sently stands contains the effects of both extensive tem-—
poral and spatial variaticons. It is most instructive to
separate these two effects and study the large-scale Sys-
tem as it appears at a fixed peint in space (Eulerian
transformation) and as it appears over an area at a fixed
time (Lagrangian transformation). Such a temporal or
spatial transformation would serve to indicate to what
extent the processes that are observed in HEBBLE are
long-term, large-scale phenomena. Several guestions may
be answered by cbserving results obtained from these
transformations:

i) Cver what kind of time scale do processes

occur in the HERBRBLE area?
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ii) Over what kind of spatial scale do pro-
cesses occur in the HEBBLE area?
iii) What can be said about when or where the
HEBBLE nepheloid layers develop?
The first transformation performed was the Eulerian
plot of the stations relative to Station 11. Station 11
was chosen as the reference site since the Bottom Ocean
Monitor was located very nearby. Thus, by using Station
11 as the reference, the time series obtained can be com-
pared to the time series from the BOM. A current meter
was deployed near Station 11 at a depth of 4935 m (50
meters above bottom) by Mary Jo Richardson of Woods Hole.
The data obtained from the current meter for the period
from 13 September 1979 to 24 September 1979 indicate a
siow increase in current velocity followed by a period of

steady flow followed by a sudden decrease (Figure 47).

‘The flow was to the southwest and roughly parallel to the

contours. Using the assumption that the flow extends
over a wide swath (~ 102 km) as claimed by Weatherly et
al. (1980) and using the velocity data outlined above
coupled with the location of each station, *the "bottom
time” (i.e., time at which the first downcast was com-
plete) for each station was transformed to the time at
which the water at that station would have been detected
at or alongside Station 11. This represents a very sim-
plified transformation but, nevertheless, it doces pro-

vide a good first-order estimate of the coarses temporal
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variations detected at Station 1l. Figure 48a shows the
resultant time-based plot of transmission cbtained from
the EFulerian transform for depths of 0 m, 100 m above
bottom and 200 m above bottom. Also shown is the plot of
transmission from the moored Bottom Ocean Monitor. The
mean error in transmission between the BCM and the 0 m
transmissometer plot is 10% transmission. This error may
’be ascribed to small local turbidity fluctuations. PFig-
ure 48b shows the time series of the depth profiles of
transmissicn. The mcst obvious feature of Figures 48 a
and b 1s the excellent gualitative agreement between the
time series as obtained from the transformation and the
actual in situ time series. Both the BOM and thertranSw
formed profiles indicate a strong benthic storm between
18 September and 20 September. Similarly, a weaker
(i.e., less turbid) storm was detected by both technigues
between 22 September and 23 September. The general
"clean water" trends were detected at the start and fin-
ish of the time interval. It is important to note that
the BOM plet is ceontinuous over time while the transmis-
someter transformations are instantaneous. Thus, the
actual fit of the two data sets may in fact be even
better at the times in between those indicated for each
transmissometer profile station.

The observation that is implicit from a study of
Figures 48 a and b is that benthic "storms" in the HERBLE

area are large scale (temporally) and stable. The fact
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that the transformation corresponds well with the BOM
data indicates that the storm that was detected near 19
September at the BOM was the same storm that was detected
at Station 27 con 23 September. In addition, the temporal
transformation was performed for data collected over a
period of some 19 days. Since this transformation agrees
with the fixed-point data one must conclude that the pro-
cesses detected at HEBBLE occur as well-defined, stable
phenomena over time periods of two to three weeks. That
is, the situation-may be compared to a meterological one
where a well-formed storm may be seen to pass over a
given region during a period of weeks. The general form
of the storm remains unchanged and the time record of
meteorological activity at one station is consistent with
the record at a distant station when the appropriate tem-
poral transformation is made based on velocity informa-
tion. The major optical features detected at HEBBLE
remain relatively unchanged as they are transported down-
stream over periods of at least two weeks.,

The logical extension of this observation is an
analysis of spatial transformations. At a given time
are there any obvious features of the suspended sediment
profiles in the HEBBLE area? To answer this guestion a
spatial (i.e., Lagrangian) transformation must be per-
formed upon the data set. This was done in a manner
nearly identical to that described previously with re-

spect to the Eulerian transformation. However, in this
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case the unknown variable for which a solution is sought
is the change in distance from Station 11, not the change
in time. The same velocity profile as shown in Figure
47 was used. The actual time at which each station was
taken was compared to the time for Station 1l. The %time
difference between the two stations was applied to the
velocity data to determine where the water sample from
a given station would have been located at the time of
measurement of Station 11. Again, flow was assumed to
be parallel to the contours toward the southwest.

Figure 49a presents a section view of the transmis-
someter data. The most obvious feature of the figure is
the length scale along the section. The result of apply-
ing the Lagrangian transformation to the data has been
to effectively stretch the length of the section from
roughly 150 miles (see Figure 1) to almost 400 miles.
Thus, the effects that were described previously as being
large-scale temporally can now also be considered to be-
large-scale spatially. The fact that the Eulerian trans-
formation yielded good results, coupled with the conse-
quent large size scale induced by the Lagrangian trans-
formaticn indicates that the phenomena detected in HEBBLE
travel over distances of hundreds of kilometers while
keeping their basic optical structure. Alsoc seen in
Figure 49a is the appearance of the two storms which were
detected in the time plot. These storms appear as an

increase in altitude of the lines of egual transmission
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(isonephs}. The large storm which was most apparent at
Station 27 and which was seen to occur between 18 Septem-
ber and 20 September on Figures 48 a and b can be seen as
the ascensicn of the isonephs between 120 miles and 240
miles upstream. Similarly the isoneph plot shows the
second storm between 280 miles and 360 miles upstream.
The small disturbance in the isonephs seen at seven miles
downstream corresponds to the small feature seen in Fig-
ures 48 a and b between 12 September and 13 September.

Also plotted on Figure 4%a is the density data ob-
tained from the CTD profiles. Density variations with

altitude are very small (< 2 x lO_5 §E§ cver 700 meters)

cm
although there is a system of higher density at higher

altitude within this region (a consequence of slight
salinity increase with altitude; Weatherly et al., 1980).
More importantly, the transmission profile znd density
profile are found to have very little significant cor-
relation. Intersection of transmission and density fea-
tures indicates that turbidity variations do exist in an
isopycnal envirenment and density variations occur in an
isonepheloid environment. The transmission profiles can-
not be explained by changes in the density profiles. In
fact the changes in density are minute while transmission
changes are guite large., The apparent density instabil-
ity seen in Figure 49%9a is well documented in additional
Ty data taken within the same area (Weatherly, personal

ceommunication) and is a consequence of decreased salinity
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within the bottom water. In the geostrophic analyses
performed by other researchers in the HEBBLE area (e.qg.,
Weatherly) the 5000 db iscbar is used as a level of no
motion and conseguently a value of-cr5 rather than O is
sought. The purpose of the present work, however, is to
determine the relaticonship of turbidity sections to
actual density sections which are best represented by Ty
profiles,

Figure 49b shows the spatial plot of transmission at
the bottom for the Lagrangian section. Also shown are
the plots of bottom temperature and salinity. The cor-
relations between transmission and each of the other
parameters are very poor. Qualitatively it appears, how-
ever, that the extremely turbid water mass associated
with Station 27 can be related to a water mass that is
both saltier and warmer than the adjacent water masses
{yet of nearly the same density). Nonetheless, this
observation cannot be applied as a rule. It has been
shown that the behavior of the density plot indicates
that turbidity is not constrained by the density struc-
ture within the water column.

The results of the temporal and spatial transforma-
tions indicate that the HEBBLE area is one in which
large benthic clouds are formed hundreds of kilometers
upstream and transported to the socuthwest remainirg rela-

tively unchanged. The measurements show that a profile

of transmission at a given station accurately represents
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what one should expect the profile to look like at a
fature time downstream. More importantly it suggests
that the major features (i.e., large benthic storms)
detected optically are formed in 2 remote region and are
transported along the topographic contours cchesiwvely.
Earlier it was shown that the formation of smaller-scale
features {(e.g., detached benthic nepheloid layers) may
be stimulated by small-scale (i.e., ~ lO2 m) cross-slope
effects. The large-scale features presently under dis-
cussion, however, appear to be formed well upstream and
they resist significant changes as they move through the
HEBBLE area. 7

The relationship of the large scale features to
gross topography can be further understood by considering
the maps of various bottom water parameters.

Figure 50 is a map of the bottom transmission values.
Figure 51 is a similar map showing the thickness of the
bottom nepheloid layer in meters. Both figures demon-
strate a2 southwest-northeast axis of alignment. In the
transmission map (Figure 50) this is seen as the core of
more turbid water and in the thickness map (Figure 51)
this is seen as the zone of the thickest bottom nepheloid
layers. Clearer, thinner nephelcid layers are seen on
either side of this core which lies roughly parallel to
the bathymetric contours. Also, Station 27 in the far
southwest corner is characterized by very low bottom

transmission (v 0%) and a very thick bottom nephelocid
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layer (325 m). In addition it is seen to lie just down-
stream of a large depression. Flow over the depression
could be inducing a higher degree of turbidity and a much
thicker nepheloid layer. Station 19 at the northeast
corner has a high level of turbidity which would classify
it as being in the core, however it is also defined by a
very thin (60 m)} benthic nepheloid layer and consequently
is not considered part of the core as defined above. The
explanation for this discrepancy is unclear, This may

be a conseguence of the small scale local topography
(e.g., depression or elevation affecting the flow) but
the data do not exist to test this hypothesis. QOne can-
not make a definitive statement relating the thickness

of the bottom nepheloid layer to the magnitude of bottom
turbidity, however it is clear that there dces exist a
thick core of generally more turbid water flowing along

the contours from the northeast to the southwest.
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V. CONCLUSIONS

Vertical profiles of turbidity have been shown to be
a useful parameter for the study of particle dynamics in
the deep benthic ccean. Quantitatively, the transmission
values (actually the beam attenuation coefficients) were
found to have a very high correlation with suspended
volume determinations. This excellent correlation indi-
cates that in the HEBBLE region the nature of the par-~
ticles remains nearly unchanged in the lower kilometer of
the water cclumn over a period of several weeks. This
was further verified by independent measurements taken
more than a year later and yielding a very similar cor-
relation. The conversion of beam attenuation coeffi-
cient, c, to volume concentration, P {parts per biliicn),

for this work was given by
P = -2653.1 + 569.5 c.

The constancy of the nature of the particles was
further verified by the analysis of the particulate index
of refraction. The result of this analysis Was a calcu-
lated index of roughly 1.55 tc 1.60. This result agrees
with estimates of the index of refraction of most alumi-
nosilicate clays found in deep oceanic sediments. The
material responsible for fluctuations in turbidity in the
benthic region has the same range of refractive indices
as inorganic resuspended material as described by Jerlov

(1870).
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Using the well-defined correlation of particle con-
centration and beam attenuation coefficient a model was
developed to quantitatively describe the transmissometer
profiles. All the profiles were described by a variety
Of combinations of five components. Each component was
of a simple mathematical form and the components were
shown to be representative of different physical systems.
The model was developed in order to analyze the processes
involved in sediment transport in HEBBLE. However,
before such an analysis was performed it was necessary to
verify that the model was, in fact a good representation
of the system. A test of the model showed that in a
steady, uniform, two-dimensional flow, the component
model as applied to the simplified mass conservation
equation yielded results which were compatible with the
results obtained from two independent data sets. Specif-
ically, current meter measurements, both near the bottom

(< 2mab) and at altitudes of tens of meters above the

W

bottom yielded values of Ei (wS = settling velocity,

K = eddy diffusion coefficient) which matched the values
obtainable from the component model for the range of
applicable settling velocities. Therefore the component
model was deemed viable to the extent of providing in-
sight into what processes were involved in the creation
of the transmissometer profiles.

Both large-scale and small-scale processes were dis-

covered to prevaill in the temporal and spatial analysis



of the optical data. The general scheme of transport

was seen to be one combining advection and settling. It
was shown that these two processes could explain the
appearance of the most dominant components of the trans-
missometer profiles: the linear, logarithmic and expo-
nential. By Vafying the magnitudes of either settling
or advection, the shape of the profile was found to also
vary accordingly. fThe other phenomena observed directly
from the vertical transmissometer profiles were the
detachment of the benthic nepheloid layer and the appear-
ance of the trailing edge of a benthic "cloud". The
detached benthic nepheloid layer was shown to be due most
likely to cross-slope-current-induced benthic layer de-
tachment followed by transport along the contours by the
dominant regional flow to the southwest. Due to the
infrequency of cross-slope currents such a process can-
not be considered common and in fact was detected in only
several stations. The observation of the trailing edge
of a benthic cloud was demonstrated by the periodic fluc-
tuations in transmission within 100 meters of the bottom
followed by the drastic decrease in the turbidity of the
water column. The occurrence of this phenomenon agreed
in appearance with the form of benthic clouds that was
later described by the Eulerian and Lagrangian maps and
sections. The Eulerian transformation of the data pro-
duced a fixed-point time series representation of the

profiles cbtained over z wide area. The result was in
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good agreement with the time series obtained from the
fixed-point in situ transmissometer used on the Bottom
Ocean Moritor.  Similar "storms" and clearing periods
were detected with both technigques. The Lagrangian
transformation of the data yielded a section map of
transmission at a given time. The widely varying bottom
transmission values yielded little or no correlation
between transmission and density (density was shown to
be nearly constant at the bottom). Together, the tem-
poral and spatial transformations of the data indicated
that the major optical features detected in the HEBBLE
area (i.e., large benthic clouds) were stable and nearly
constant in form over periods of greater than two weeks
and over distances travelled of several hundred kilo-
meters. In addition, first order calculations of mass
flux indicated that a typical benthic cloud may transport
one metric ton of suspended sediment per second. This
mass flux is comparable to that of the Congoc River. It
is not, however, a continuous transport and thus differs
from that of the river.

Consideration of the transmissometer results ob-
tained herein with deep-ocean optical data from elsewhere
in the world yields some interesting comparisons. In
general, bottom nepheloid layers of a similar nature to
those in the HERBLE area are found in regicons character-
ized by detectable bottom currents. Highly turbid bottom

nepheloid layers have been detected with nephelometers
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on the ridges and rises of the Canada Basin (Hunkins et
al., 1969), on the continental margin of the North
American Basin (Eittreim et al., 1969), in the Indian-
Pacific Antarctic Sea (Eittreim et al., 1972), and in the
Cape Basin of the South Atlantic (Connary and Ewing,
1972). Fimilarly, all of these regions are characterized
by relatively high average kottom currents (on the order
of 101 %gg). Other benthic areas having lower or near-
zero bottom velocities are not, generally, characterized
by the intensely turbid benthic boundary layers. Exam-
ples are the Angola and Guinea Basins (Connary and Ewing,
1972; Zaneveld et al., 1979), the abyssal plains of the
North Pacific (Ewing and Connary, 1970) and South Pacific
(Pak et al., 1979), and the Canada abyssal plain (Hunkins
et al., 1969).

It is the form of the turbidity profiles that seems
to be unigue to the HEBBLE area. The component defined
in this work by the sloping (i.e., logarithmic or expo-
nential) increase in turbidity near the bottom was also
found in the continental rise of the North American
Basin by Eittreim et al. (1969) as well as in the Indian-
Pacific Antarctic (Eittreim et al., 1972) ard the South-
east Atlantic (Connary and Ewing, 1972). The well mixed
linear comporent was seen in some nephelometer profiles
made on the ridges within the Canada Basin (Hunkins et
al., 1969) and also in some of the deep basins of the

Western North Atlantic (Eittreim et al,, 1972). Near-
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bottom intermediate nepheloid layers (similar to the de-
tached nepheloid layers discussed previously) are rarely
seen and usually are cnly recorded hundreds of meters
above the bottom in regions near topographic highs (Pak
et al., 1880; Eittreim et al., 1969},

Concluding, it appears that the optical prcfiles
seen in the HEBBLE area are similar to turbidity profiles
obtained in other deep-ccean areas of the world which are
characterized by relatively strong benthic currents. The
unigueness of the HEBBLE area seems to lie in the diver-
sity of profiles obtained. All of the other areas dis-
cussed are presented as having somewhat non-varying tur-
bidity profiles. At least it is safe to say that the
variations in turbidity within the same time frame and
spatial separation are much larger within the HEBBLE
area than in any of the cther areas cited. The weak link
in this argument lies in comparing the very precise data
obtained from the transmissometer with the somewhat
coarser data obtained from the nephelometer. In any
event, upon first compariscn it appears that the HEBBLE
profiles of turbidity represent a conglomeration of the
turbidity profiles one would obtain from a variety of
deep-ocean benthic zones around the world.

The data described and analyzed in this thesis are
for a specific oceanic region, yet the technigues used
and the results obtained are applicable for other data

gets as well. 3Several processes have been detected and
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suggested. These are processes whose geographical extent
is not limited to the HEBBLE area. Indeed, optical de-
termination of benthic layer detachment or benthic "storm"
transport is universally applicable. Results may differ
but the important point is that the use of transmission
measurements can provide more information than just
whether or not a water column is turbid. Together with
other instruments, such as the CTD and current meter,
many important transport processes can be detected and
traced. It is my hope that future work in the analysis
of transport processes will include increased emphasis
on the use of optical methods for gualitative determina-

tions.
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