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THE DEEP OCEAN OPTICAL MEASUREMENT (DOOM) PROGRAM

* Prepared by:
Donald E. Matlack

ABSTRACT: A ship borne system is described and results of
in-situ measurements of the inherent optical properties of
ocean water are presented. This Deep Ocean Optical Measurement
(DOOM) system is designed to measure to any depth in the ocean
spectral attenuation coefficients from 380 to 560 millimicrons,
the volume scattering function at 436 nillimicrons through an
angular range from six to 92 degrees, and background illumination
of both celestrial and biological origin. Representative data
obtained from December 1967 through January 1970 on six .
measurement cruises to various areas of the Atlantic are
presented. Future cruises and plans are discussed.
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The; Deep Ocean Optical Measurement (DOOM) Program

The measurement program described in this report was conducted
by the Optical Oceanography Section of the Radiation Physics
Division (formerly the Infxared Group of the Solid State
Division) of the Applied Physics Department. The work was
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Oceanographic Research Program under Task Number
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only and is not intended as a recommendation for action.
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Chapter 1

INTR ODUCTION

Of the mari physical problems confronting man's exploration
of the sea, perhaps the most confining is the degradation
of vision when venturing beneath the surface of the world's
oceans. In the atmosphere man with his optical instruments may
view past the horizon or probe into the far reaches of space,
but on entry into the hydrosphere, even with the most sophisticated
of optical instruments his visibility is limited to but tens
of feet. At depths below several hundred meters the ocean
becomes a realm of perpetual darkness, where sources of
artificial illumination are a requisite ever for marginal
viewing. Although sonar systems, because of low attenuation
losses in water, have been employed extensively and quite
successfully in a large number of undersea applications, their
performance is not to b *e confused with that of quality optical
devices - in terms of information rate and imaging quality.
The inherent nature of sound propagation in water limits the
information rate and resolution of sonic devices by several
orders of magnitude as compared to optical systems. Optical
wavelengths unfortunately suffer severe tran~smission losses
in aqueous media; thus very bright source lights at these
wavelengths are required even for modest viewing ranges.

The recent development of the laser which nolds promise
of being an unexcelled source for underwater applicationf, has
stimulated interest in light propagation through watez and
led to a numb~er of studies at NOL and elsewhere (a, b, c).
Laboratory measurements of the spectral attenuation coefficients
at several w~velengths for tap, distilled, and filtered water
were made at NOL during the mid sixties. Propagation of
pulsed green laser li ht (530 mj) in water was investigated
during field tests (a? in a 2500-foot model basin at the
Naval Ship Research and Development Center, Carderock, Maryland.
Further studies of lasers in water were conducted with both
the pulsed green laser and a continuous wave gas laser oeerated
in the red (632.8 mp) in the 100-foot vertical undersea
weapons tank at NOL (d). The above studies confirmed the
belief that coherent laser emissions are atte-nuated and
scattered in the same manner and by the same mechanisms as
conventional incoherent light sources. Thus measurements with
conventional optical instruments may be validly applied tostudies of laser systems for underwater naval use,

UNCLASSIFIED
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A Deep Ocean Optical Measurement (DOOM) program was
initiated at NOL in 1966 for the purposi of measuring in-situ
the optical properties of the ocean which influence underwater
light transmissions. Although many studies of absorption
and scattering by natural waters have been made, (e, -k) these
have lacked the cohesiveness which would provide an adequate
picture of the attenuation phenomena in the sea. Some shortcomings
of past studies are the followings

(1) Measurements were not made in-situ but with collected
water samples either in the laboratory or aboard ship,
thus disturbing the biological and dynamic physical processes
occurring in the ocean.

(2) Only one optical parameter was measured either
attenuation or scattering, without correlating the two.

(3) Information from the depths of the ocean basins
is quite meager.

(4) Equipments were old and unsophisticated resulting
in data of questionable accuracy. The objective of the D6
program is to measure quantitatively under controlled optical
conditions with modern instrumentation the optical prop*.ies
at all depths of Atlantic and Carilbean ocean waters.

This report will describe in detail the Instrumentdtion
and techniques developed to fulfill this objective. Sea trials
to date will be discussed briefly and examples of typical
data will be presented.

1-2
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Chapter 2

THEORY

Optical properties of the ocean may be divided into
two separate classes, the inherent properties and the apparent
propertiesLI) The former are intrinsic physical properties of
the medium and determine the manner in w-hich a beam of light
is propagated within that medium. They are independent of the
orientation of the beam and of the existiog light fields within
the medium. Apparent optical properties depend in a rather
complicated way on the inherent properties and are dependent
on the geometric structure of the various light fields in
the medium. Inherent properties measured by DOOM are the
attenuation coefficient and the volume scattering functicn.

If a collimated beam of light is propagated through water
over a path of length x., the radiant power of Px remaining is
given by

Px = P O -' x

where P represents the total flux initially in the beam, The
total a~tenuation coefficient a, defined by this equation,
has the dimensions of reciprocal length and in this report
will be expressed in units of reciprocal meters (m-l). In
theory Px excludes flux that has been deviated by any scattering
process, but in practice all functional measuring devices do
accept both single and multiple scattered flux from small
forward angles that are within the receiver field of view.

Attenuation coefficients of electromagnetic radiation in
all waters, both pure and natural, are a marked function of
wavelength; the only real window in the entire spectrum falls
in the visible near 480 mp. Spectral attenuation coefficients
of pure water prepared and measured in the laboratory by several
investigators are presented in Figure 1. The pure water of
Matlack was prepared by filtering demineralized tap water
through 0.22 kt pore size millipore seives, while multiple
distillation was employed in the preparation of the other
samples. In addition to the NOL measurement are the much
referenced works of Hulbert (h) and a more recent effort by
Sullivan (m) which exhibits a somewhat higher transmission in
the blue-violet. rhe work of Sawyer (e) from the 1930's is
typical of some of the earlier results which yielded lower

2-1
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roefficients and consequently higher water transmissions than
are believed correct today. The curves of the other observers
which in general agree in magnitude, shape, and location of the
window, represent currently accepted levels of minimum attenuation
in water.

Attenuation of light in water results from two independent
mechanisms: absorption and scattering. Absorption includes
all processes where radiant flux is converted into other forms
of energy, such as the irreversible thermodynamic conversion
to kinetic energy. Scattering is a random process by which
individual photons are deviated and thus lost from the original
beam of light. The attenuation coefficient a is the sum ofthe absorption coefficient a and the total volume scattering
coefficient s, thus

= a + s.

To determine that portion of the attenuation due to
scattering, consider an elemental volume dv within a collimated
beam of monochromatic light as in Figure 2. Let H be theirradiance input to dv and dJ(e) be the radiant intensity of
light scattered in the direction e. The volume scattering
function a(e) is defined by the equation:

a('e) = dJ(e)Aidv

so o(e) is a measure of the light from the beam that is
scattered per unit volume of water per unit solid angle in
the direction e. Its unit is commonly expressed in steradian -l
meter - . If a is integrated over the entire solid angle (n)
about dv, the total volume scattering coefficient s is obtained;
thus

s = fedn = 2Tr T1 sin ede

where it has been assumed that the scattering is symmetrical
about the beam. Its unit is expressed in reciprocal meters (m-l).

Scattering in pure water must be considered on a molecular
level and may be described by the Raleigh equation (n) or by
the Smoluchowski Einstein fluctuation theory (o, p). Spectral
distribution will vary as the inverse fourth power of the
Avvelength and the angular distribution as (1 + 0.835 cos 2 e) (j).
In practice however it is virtually impossible to obtain water
completely free of particulate matter, so in all probability
perfectly clean water has never.been measured. The theoretical
volume scattering function and those measured from pure
water samples in the laboratory are presented in Figure 3. (h, q)
Although the functions have been measured at different wavelengths,
the shape of the curves show the departure from the theoretical
thus indicating the presence of foreign particulate matter.

2-3
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Since two independent mechanisms, scattering and absorption,
govern water clarity, no single quantity can adequately specify
the attenuance of light in natural water. Rather a combination
is required such as the attenuation coefficient c and th~total
volume scattering coefficient s. A compilation for pure water
of spectral t after Hulbert (h) and spectral s for the theoretical
case from Le Grand (r) is presented in Table I. From the
magnitude of the coefilcients, it is evident that the spectral
attenuation is much more strongly dependent upon selective
absorption than the inverse fourth power wavelength scattering
term.

The nature of the attenuation processes become much more
complicated when natural waters are considered due to the
presence of dissolved and suspended impurities within the
media. Spectral attenuation of natural waters vary over wide
ranges as indicated by the measurements of Figure 4 (h).
Factors which may influence the transmission of light in sea
water are (1) dissolved inorganic salts, (2) yellow substance,
and (3) suspended particulate matter, both inorganic and organic.
Studies by several observers (f, M) have substantially proved
that dissolved salts in the sea exert virtually no influence
on light transmission. Yellow substances are dissolved organic
compounds, consisting of humic acid, melanoidins, and other
compounds which result from the decomposition of plant and animal
life. Attenuation by yellow substance, which is prominent in
coastal and surface waters, increases towards the shorter
wavelengths and when strong results in a shift of the transmission
window at 480 m; towards the longer wavelengths.(s). Inorganic
particulate matter consists of opaque and transparent mineral
particles such as silt which in general have diameters large
relative to the wavelength of visible light. Organic particulate
material' includes the plankton populations, both zoo- and phyto-,
of the surface layers and the associated detritus produced by
the biological kingdom within the sea. Planktonic organisms,
many of which are transparent and range in size from microns to
centimeters, both scatter and absorb light thus increasing
attenuation. Selective absorption by these organisms tends to
increase attenuation towards the shorter wavelengths. Since
the size of suspended particulate materials in natural waters is
usually large compared to the wavelength of light, spectral scattering no
longer follows the Einstein relationship as in the pure water case,
but becomes essentially independent of wavelength.

Background radiant flux within the ocean may originate
from two basic areas, (1) the atmosphere and celestrial bodies
in space and (2) from the luminescent organisms contained
within the hydrospace itself. Illumination entering the ocean's
surface from above is basically derived from the sun with some
coltributions from the sky, moon, and stars. The level of
illumination at the surface, which varies both seasonally and
diurnally, may change by as much as nine orders on magnitude
during transition from full sunlight to the overcast night sky.

2-6
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TABLE I

Measured Spectral Attenuation Coefficients
and Theoretical Scattering Coefficients for

Pure Water

A (mU) (x (1loml) s(103 m- )

400 80 5.03

425 57 3.89

450 40 3.05

475 36 2.43

500 38 1.97

525 41 1.60

550 47 1.33

575 75 1.11
600 197 0.93
625 273 0.78

650 308 0.67

675 390 0.58

700 576 0.49

2-7
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Radiant flux entering the.ocean is attenuated exponentially
with depth as e-Kd where K is the diffuse veztical attenuation
coefficie,.t and d is the ocean depth. The euphotic zne is
the region where ample light is available for photosynthesis.
Depending on water clarity, it extends to depths of from 60
to 150 meters. Below this zone the remaining light is blue-
green due to selective attenuation and K approaches a nearly
constant value. Although lower values have been recorded,
the diffuse coefficient K nominally ranges from 0.03 to 0.04
for clear ocean wat~r and frcm, 0.05 to 0.15 m-1 for surface
and coastal waters.%S) Surface illumination in clear ocean
waters has been detected by photoelectric devices at depths in
excess of 800 meters.

Precise measurement of K at these depths is complicated
by the presence of luminescence from marine organisms which
may contribute at low light levels a significant portion of
the total flux present. Bioluminescence, either spontaneous
or stimulated, generally occurs as flashes of light ranging in
duration from .ess than 0.2 seconds to more than one second.
In all ocean axeas thus far investigated by a number of observers
(t, u), some bioluminescent flashing was recorded at every
depth where it could be distinguished above ambient background
illumination. The frequency of flashing reported varied from a
maximum of 160 per minute in certain surface layers to one
per minute at a depth of 3750 meters. Spectral emissions, peaked
in the blue-green transmissi n window, have pro ucrd peak
irradiances greater than 101 microwatts per cm5. s)

Although a great many kinds of marine organisms are known
to emit luminescent light, it appears that most flashing is
produced by small organisms ranging in size from one centimeter to

the microscopic unicellular forms. Continuous physical
agitation of ocean water off Puerto Rico containing large
populations of the tiny dinoflagellatea stimulated a sustained
irradiance of about 10-2 microwatts/cm2 . (v) Optical stimulation,
in the form of a pulse train from a Xenon arc lamp have similarly
produced in-situ sustained luminescence that exceeds the
background radiance by as much as a factor of 104 . (x)

2-9
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Chapter 3

INSTRULMENTATION

The Deep Ocean Optical Leas.rement (DOCM) system is a
self-contained, internally powered research instrument designed
to measure simultaneously to any depth in the ocean the spectral
attenuation coefficient, total volume scattering coefficient,
and levels of background Illumiration. As pictured in Figure 5,
the DOGM system continuously samples and records optical data
as it is lowered on a wire rope from the mother ship to the
ocean bottom. The metal framework, which serves to support
the system on deck as well as protecting it from impact during
handling, contains the following basic componentss

1! Instrument sphere
2 Optics cylinder
3 Pressure temperature probe
4 Abyssal pinger
5 External White mirror system

Stepping motor

This framework is eight feet in length* three feet wide,
and the top of the sphere stands about four feet off the deck.
Total weight in air is about 2200 pounds, in water some
600 pounds lightez. Both the instrument sphere and optics
cylinder are watertight housings fabricated of inch-thick
precipitated hardened stainless steel desicned to withstand
hydrostatic pressure to 20,000 psi. The sphere has an inside
diameter of 29 inches, the cylinder an ID of 12 inches and a
total length of 32 inches. Equipment within the sphere supplies
the measurement system with necessary power, control, signal
processing, and signal recording functions. Electrical continuity
between the sphere and cylinder is provided by multi-conductor
connector and cable assembly proof tested to 20,000 psi. The
optics cylinder houses separate optical instruments for the
measurement of attenuation, scattering and background. Light
enters and emerges from the cylinder thxugh a total of five
windows of one inch thick fused quartz each of which provides a
free aperture of 20.6 mm. An eight pass White mirror system
provides a 7.5 meter folded external light path in water for
the attenuation measurement section. Light emerging from the
scattering section is deflected through varying angular increments
by a mirror attached to a deep sea stepping motor thus providing
a measurement of the scattering function aoe). Pressure and

3-1
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temperature are continually recorded to all depths by the
external PT probe. Signals from the abyssal pinger are used
to determine the distance of the package from the bottom.

The spect ral attenuation measurement section is shown
schematically in Figure 6. Light from a coiled filament
tungsten lam.. is imaged on the entrance slit of a Littrow type
reflectance grating monochrometer. Spectral slit widtr
of the monochromatic as determined by the 600 groove/mm grating,
the 125 mm focal length collimating lens L2, and the 0.5 mm slit
widths, is essentially constant at 6.6 nU over the useful
spectral range of the instrument. Wavelength scanning is
accomplished by rotating the grating with an eighteen step
cam driven byan AC synchronous motor at rates of either
one or two RPM. A spectral interval of about 170 mA, scanned
in 10 nU incremental steps, is positioned in the near UV
and visible wavelength regions. The exit slit of the onochrometer
is imaged by the field lens L3 through the quartz window A
into the water at the entrance plane Ii (Figume 7) of the White
system. The field stop Al, also imaged by L3 but at the primary
mirror M1 of the White system, restricts the light bundle diameter
to 44 mm in air and 33 mm in water. Positions of these images
are the game in air as in water because the quartz windows have
been fabricated with a slight negative curvature. An eight pass
White ootical system, attached on the outside of the cylinder
provides a 7.5 meter external water path. Three 76 mm diameter
mirrors with radii of curvature 910 mm, aluminized on the front
surface and overcoated with silicon monoxide for salt water
protection, fold the light for eight water passes in the manner
shown in Figure 7. Light leaving the White system enters the
cylinder through window B, is collected by lens L4 and eventually
imaged on the cathode of the photosensor, an S4 spectral response
photomultiplier tube. Appropriate field and aperture stops limit
the field of view of the sensor so it accepts only light reflected
within the solid angle subtended by the third mirror M3 of the
White system. The function of the Wratten filter Number CCSOM
is to modify the spectral content of flux received from the
tungsten lamp so that the output signal of the S4 photomultipliex
is more uniform with wavelength. Chopping of the light at the
oxit slit of the monochrometer permits the receiver electronics
to differentiate between the DC background light and that of
the chopped AC source and also facilitates signal processing.
In order to provide a reference signal in case of changes in
system responsivity, a portion of the source energy is deflected
by a beam splitter directly to the sensor optics. Mirrored and
open segments of a reference wheel are positoned in the reference
and a signal beams by a stepper motor synchienized with the
grating drive. During the normal ( measurement, light from
the White system is allowed to pass to the photodetector.
But once each spectral scan at a prescribed wavelength, the mirrored
portions are rotated into the beam so as to block light from
the exterior and deflect that from the reference beam onto the
sensor. Separate mirror segments of two different reflectivities

3-3
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roughly 0.80 and 0.18, provide reference signals differing in
magnitude by a constant factor of abobt 4.5. This difference
serves as a monitor of system gain during a measurement drop.

The scattering measurement section is designed to measure
through angles from six to 92 degrees, the volume scattering
function of ocean water for 435.8 millimicron wavelength.
light. Thois section is shown schematically in Figure 8.
Radiation from the 100 watt Mercury short arc l1mp producing
an average brightness of 140,000 candlepower/cm over the
0.31 mm arc diameter, is imaged one to one by lens Li in the
0.50 mm diameter aperture Al. This aperture is imaged by lens L2,
f = 109.4 mm, in the water at a distance of 1.92 meters which
corresponds to twice the distance from the exit window A to
the stepper mirror. Source light is deflected by the stepper
mirror, Figure 7, which is attached to the motor shaft of a
reversible deep sea stepping motor. The motor is programmed to
scan in nine individual steps over a predetermined angular range
and then return to the original angle at a rate of one complete
cycle per minute. The angdlardeviation of the reflected
beam from the inciaent beam varies from minimum of six degrees
to 92 degrees as shown in Figure 7. At the minimum six-degree
angle, the image of Al, seven mm in diameter in water, falls
on the rear of a black mask attacked to the cylinder adjacent to
the entrance window. This six-degree minimum angle is determined
by geometrical considerations, such as the 962 mm distance to
the stepping mirror, the 69.8 mm window separation, the image
size, and the 20.6 mm free aperture of the window. The axis
of the field of view:ofthe optical receiver parallels at
he 69.8 mm distance that of the source bundle. Aperture A2,

3.0 mm in diameter, located in the focal plane of collecting
lens L4, f = 90.7 mm, determines the 33 milliradian circular
field of view. Thus only flux scattered within the common
volume of the reflected source beam add the solid angle subtended
by aperture A2 and in the direction of A2 can enter the photo
sensor compartment and contribute to the scattering signal.
Accepted flux is reflected from 0.90 reflectivity beam
splitter and filtered before falling on the cathode of an
Sll, 11 dynode photomultiplier. The interference filter which
has a peak transmission of 65 percent and a half width of
11 mp, passes only the 435.8 mW line of the HG arc light.
Since signal levels decrease by orders of magnitude as the
scattering angle is scanned to larger angles, attenuation is
required at the small angles in order to maintain a more
nearly flat respQnse. A filter wheel synchronized with the
deep sea stepping motor, rotates appropriate neutral density
attenuators into the light bundle within the receiver optics.
As in the a section, a high and a low reference signal
recorded during each cycle provide periodic checks on system
sensitivity and gain. When the reference mirror wheel is
positioned to intercept the source beam, lens L3 images Li
through an attenuating filter, the beam splitter, and the

3-6
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interference filter onto the photocathode of the sensor. Here
again chopping is employed to facilitate background rejection
and signal processing.

ihe background measurement section is housed within one
of the hemispherical end caps of the optics cylinder. It is
a passive receiver of light ffom the submarine radiance
fields existing in the ocean. Accepted radiant flux is
restricted to a moderatt*y small horizontally oriented solid
angle and to a narrow spectral band in the blue-green visible
region of the electromagnetic spectrum. The backgroucid section
is shown schematically in Figure 9. Light collected by the
82 mm focal length lens Li is deflected by a 45 degree mirror
to the variable aperture Al located in the focal plane
of LI. Aperture diameter is adjustable from 2.5 to 25 mm
permitting fTelds of view for the 82 mm lens from 2.3 x 1O-4

to 2.3 x l0- steradians in water. Lens L2 images the aperture
on the cathode of an Sl1, 11 dynode photomultiplier tube. The
interference filter passes a spectral band peaked at 485 m&A
and 20 m . wide at the one-half transmission level while the right
angle prism serves simply to divert the light towards the
optical sensor. An opaque shutter positioned by a rotary
solenoid blocks incoming flux for a duration of five seconds
out of every minute thus providing a zero signal level.

Solid state electronics employing operational amplifiers
with logarithmic outputs are used to process signals from the
three optical sections. Amplifiers are matched with photo-
multiplier current outputs which are linear from the noise
level, about 10-7 amp, to saturation at about 10-3 amp, or
over a dynamic range of 04. Multiple decade log amps are
required for the background and scattering section, beczuse
their output currents may encompass the full dynamic range.
The a section however manages with a two-decade range. Direct
current outputs from the log-amps are then recorded on a light
beam galvanometer recording oscillograph. Frequency responses
for the three recorded signals from the attenuation, scattering,
and background sections are respectively 120, 120, and 30 hertz.

Two equipments, a Ramsay Mk XI Deep Sea Probe and 3 Hydro
products Abyssal pinger are attached externally to the pressure
housings on the DOOM package. The Ramsay Probe simultaneously
measures temperature and pressure to depths of 33,000 feet
and converts these parameters to DC voltages. Temperature
over a range from 0 degrees to 35 degrees is sensed by two
thermistors connected in a DC bridge circuit. The pressure
sensor is a 0 to 15,000 psi silicon strain gauge pressure
transducer manufactured by Fairchild. A deep sea cable from
the instrument sphere provides external power for operating
the instrument and permits recording of sensor 6Utputs in
the sphere. The abyssal pinger is a self-contained unit
providing 13 watts of peak acoustic power in pulses two
milliseconds in length and at a frequency of 12 kilohertz.

3-8
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Pulse repetition rate is chronometer controlled at one pulse (ping)
per second. The difference in time of arrival of the directly
transmitted pings and those reflected from the bottom are
recorded on the ship's conventional 12 Khz depth sounder and
the resulting trace separation provides the means for determining
the distance of the package off the bottom.

Power for the DOOM instruments is supplied by two
rechargeable silver zipc batteries. The primary voltage at
28 VDC is used both directly and after conversion to regulated
AC and DC voltages, i.e., 115 VAC, ± 15 VDC, 1200 VDC, etc.
A separate 40V battery provides power for the mercury arc
lamp. An internal timer automatically turns the system off
after a maximum three-hour operating period as determined
by the capacity of the batteries.

Seven channels of analog information are simultaneously
recorded by a D. G. O'Brien, model 300 light beam galvanometer
oscillograph on 3 5/8-inch photosensitive paper. These
seven data channels consist of the three optical signals, the
Ramsay probe outputs of pressure and temperature, a timing
marker at two-second intervals, and a static reference trace
provided by a fixed mirror.

3-10
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Chapter 4

CALIBRATION AND DATA REDUCTION

Both spectral attenuation and volume scattering measurements
are quantitative determinations of their respective coefficients
while the background data are strictly relative in nature.
The C measurement is dependent upon the accurate relative
measurement of the difference in received optical power for
two cases, (I) when the attenuation is essentially zero, which
occurs in air and (2) when the system is submerged in the
attenuating medium. The scattering measurement requires
a determination of the total power in the source beam relative
to that received when in the scattering medium. Thus in the
a and s sections a calibration standard is not required since
both sections contain their own sources of radiation and
calibration involves only an accurate comparison of signals
under two different conditions. Such is not the case for the
background section which acts soJely as a passive receiver of
external light. Hence a standard radiation source would be
required for an absolute quantitative calibration. Due to
the difficulty of obtaining and operating such a standard in
the field, in this case on a rolling spray-lashed deck at sea,
only qualitative data on background lighting is recorded.

The quantitative X calibration is made by comparing
the respective radiant power, PA and P transmitted through
the two media, air and water. The power retuznng to the
cylinder in the air case is

PA = Po TQA2 9m e

where Po is the source power leaving the cylinder, TQA
is the transmittance of the quartz-air interface, P
is the reflectivity of the folding mirrors, MA is twe
attenuation coefficient in air, and x is the external path
length. Since attenuation in air is negligible the
exponential term approaches unity and the equation becomes

2 7

PA - Po TQA2Pm

4-1
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Recorder deflection produced after logarithmic amplification
is

DA = l/B log k PA

where B is the slope of the logarithmic gain curve and
k is a constant, involving receiver responsivity. For the
water case

Pw = Po TQW m eX

where TQW is the transmittance of the quartz-water interface,

a is the attenuation coefficient of water, and

D= i/B log k Pw

The difference in received signals for the two cases is

aD = DA - Dw = 1/B log PA

W

Substituting for the received powers

AD = 1/B io W AX) I/B log [AP0TQWk m = [T Qw J
since the reflectivity of the front surface mirrors overcoated
with SiO is the same in air as in water. Solving the above
equation for a

2.303 [10log ' B*D]x ogTQA  B

Substituting applicable values for the DOWM system,

S TQW, = .9980, TQA = .9644, and x = 7.444 m, then

= 0.0092 + 0.3094 BAD m "1

To calculate the magnitude of O, it is only necessary to
measure the difference in deflection for the two cases and to
determine t'"e slope of the gain curve of the log amp. This
curve, a plit of relative source power versus recorder deflection
is obtainer, by attenuating the source light with calibrated

4-2
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neutral density filters. A typical gain curve linear
over approximately two decades is shown in Figure 10.

A characteristic of a grating monochrometer is that
the spectral dispersion is a linear function of wavelength.
The DOOM grating is driven by a precision 18 step cam.
From an accurate physical measurement of the radii of the
cam steps and the length of the lever arm drive, the wavelength
interval between steps can be accurately calculated. (uantitative
setting of wavelength is accomplished by adjusting the grating
angle until the 54-6.1 mp line of a Hg lamp is passed through the
exit slit for a specified cam step.

The scattering section measurement consists of measuring
and recording a known portion of the total power of the source
radiation leaving the cylinder and comparing it with that which
is scattered by the water into the solid angle subtended by
the optical sensor. Calibrating apparatus for determining
source power is shown in Figure 11. A glass right angle prismis temporarily secured on the outside of the cylinder across

the two quartz windows so that the source beam is deflected into
the receiver optics in such a way as to pass geometrically the
total source beam. Neutral density filters provide appropriate
attenuation to prevent saturation of the photomultiplier.
The power measured is

PCAL = P TAQ TG TF

where P is the power leaving the cylinder, and TAQ, TGA,
and T Rre the transmittance respectively of the air-quartz
intervace, the glass-air interface, and the attenuating
filter. The recorder deflection produced is

DCAL = 1/B log (k PCAL )

where B is the slope of the log amp gain curve and k is a
system responsivity constant. Scattered power collected
by the optical receiver when submerged in water is

Pw = Po a(e) c(e, (x) TQ 2mwQ m

where o(e) is the volume scattering function, TVQ is the
transmittance of the water-glass interface, Pm is the
stepper mirror reflectivity, and the function C(e, a) is
given by the equation

c(G. CL) = -(2b - a cot e + a csc 8) fn dx/sin

4-3
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The exponential term gives the attenuation loss over the
traversed water path as determined by the scattering geometry,
b being the distance to the stepper mirror and a the window
separation. The integral computes the portion of the flux
from the intercepted length of source beam (dx) falling within
the solid angle ( ) of the receiver that is collected by the
optical sensor. Deflection produced by the scattered light is
given by

Dw = l/B log (kPw )

Subtracting the two deflectionsp

P0 T 1
DCA L - Dw = 4D = I/B log o AQ TGA TF

P0 a(e) c(e, Tx) Q

and solving for o(e) yields

a T;
a(e) = TAQ T T 1 o-BAD.

C(e, ) TwQ m

Substituting values for thb constants TAQ = .9642, TWQ = .9980,
TGA = .9561, TF = 1.71 x 10-5 and Pm= 0.89, we obtain

1(e) 1.64 x 10- 5 
1 0 -BAD

C (e, a

To obtain the volume scattering function the relative difference
in recorder deflection must be measured, the gain slope
determined, and C(e, a) evaluated as a function of the
scattering angle. The gain curve'of the log amp, also obtained
by using calibrated neutral density filters, is linear over
a range of three decades as shown in Figure 10. The value of
a in the exponential term is obtaiined from the a measurement
section and the integral of the solid angle is computed from
the geometry and optical parameters of th& system.

Since the background measurement is qualitative and
passive in nature, its calibrations consist of these dealing
with the response of the sensor system to external stimuli.
System gain as measured using a tungsten source and calibrated
neutral density attenuators, is : inear over about three decades
as shown in Figure 10. Frequency response is determined by
chopping the source radiation with a continuously variable
speed motor. Signal level was down by l/e at about 30 hertz.

All data, both calibration and in-situ measurements,
are iecorded on seven channels of the DGO oscillograph.

4-6
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Presented in Figure 12 are oscillograph traces of a
calibration in air. Traces A and B, the pressure and
temperature signals are inactive. A one minute record is
presented which includes a complete scattering measurement,
trace C, from 6 degrees to 92 degrees and two transmission
spectra, trace D, one with high, the other with the low
reference signals. Trace E is the dummy trace and trace F the
timing marker producing pips at two second intervals. The
background section is shuttered, so its signal, trace G,
represents the dark current noipe of the photomultiplier
and associated electronics. The transmission spectra
consisting of 20 cam intervals of 1.5 second duration each,
are scanned at a rate of two per minute. Transmission-data
are recorded at 18 wavelengths, starting with the longest
at step X20 and driving to the shortest at step X2. Step
X12, at the same wavelength as step X11, is used for the
reference signal and step X1 recycles the cam to the initial
wavelength X20. The high reference signal (HR) is about
a factor of 4.5 greater than the low reference (LR).

The 60 second scattering measurement cycle includes
in addition to the nine angular measurement signals, a
shuttered zero level signal (SHUT) and both high (SHR) and
low (SLR) reference signals all of which are recorded as the
stepper recycles back from the maximum 92 degree angle to
the initial 6 degree angle. During calibration as in Figure 14,
a constant radiant flux enters the receiver optics during
the 47 second period alloted for angular measurements. At
the two smallest angles, 6 degrees and 13.2 degrees, attenuators
of the filter wheel attenuate the flux by factors of 0.11
and 0.33 respectively. The high and low reference signals
differ by a factor of about ten. It should be remembered
wnen viewing these records that tne output signals of the three
measurement sections have been logarithmically compressed.

An in-situ record is shown in Figure 13. Trace
identification and signal notation are the same as for the
previous calibration data, that is, A is the pressure
signal, B temperature, C scattering, D-, E-dummy, F time
marker, and G background. Temperature and pressure
transducers are functioning; the temperature near its
maximum at about 250C, the pressure reading very nearly
atmospheric. In this case the package is near the surface,
so attenuation is moderately high; the coefficient in the transmission
window at ll (480 mW) being about 0.070 m-l . Scattering
signals are also large and difference in signal levels at
the nine angles are easily recognized. The background signal
is riding at the noise level of the photomultiplier indicating
an absence of luminescent spikes and an illumination level
characteristic of a very dark night.

4- 7
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Chapter 5

OPERATIONAL PROCEDURES

DOOM operations are conducted from aboard Auxillary
11 Oceanographic Research (AGOR) ships which are under

' :echnical control of the U. S. Naval Oceanographic Office.
ThL ships are equipped with conventional instruments for routine
ocea. graphic studies and provide support for programs of the
several east coast Naval Laboratories. A three ship east coast
fleet consisted of the U. S. Naval Ships (USNS) GILLIS, SANDS,
and LYNCH, T-AGOR's four, six, and seven respectively, prior
to the de-commissioning of the GILLIS in the fall of 1969.
Project DOWM has operated for both the GILLIS and the LYNCH,
the latter being shown in Figure 14. The LYNCH, a 1320 ton
displacement, 209 feet long vessel, has a cruising range of
12,000 nautical miles at a maximum speed of 12 knots and can
accomodate a scientific party of 15.

Shipboard installation involves bolting the DOOM assembly
to the deck under the A-frame located on the fantail,
Figure 15, where it is secured at all times other than during
actual measurement drops. The A-frame serves to lift and swing
the package outboard for drops and for lifting the top half
of the sphere for data removal and daily maintenance. Either
of two winches may be used, a deep sea winch containing
45,000 feet of tapered 3/8 inch to 3/4 inch steel wire rope
or tht intermediate winch utilizing 30,000 feet of 1/2 inch
steel wire rope. In order to provide an adequate safety factor,
for oceanographic work a factor of 2.5 is considered sufficient,
the deep sea unit must be used for depths in excess of 16,000 feet.

Operations at sea may be divided into three phases:
(1) Pre-drop preparations and calibrations, (2) the measurement
drop, and (3) post and between drop activities. The system,
of course, has been completely checked out, calibrated and sealed
in the laboratory prior to shipment to the port of embarkation.
Either en route to or upon arrival at the first measurement
station, the top of the instrument sphere is removed and the
system connected for operation on external pover. Performance
tests on the entire system are conducted on external power and
adjustments are made if necessary. Batteries are tested,
fresh film is loaded in the recorder, and the interval timer
which determines the length of operation is set. The system
is now switched to internal power and the following calibrations

5-1
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are rm and internally recorded:

11 the attenuation section air calibration,
2 the attenuation section gain calibration with appropriate

mutral density filters,
(3) the scattering section calibration.

After this five to six minute calibration period, the system
is shut down, the top of the sphere replaced, and DOOM is ready
for the second operational phase, the measurement drop.

Because of the high ambient light levels during the
day which tend to saturate DOOM's optical sensors, drops
are made during the hours of darkness. Prior to each drop a
bathy-.hermograph (BT) is taken and examined for strong or
rapid variations in the vertical thermal structure of the
surface waters (to 1000 feet). Knowledge of the existance
and depth of such thermal gradients are of value when planning
a drop because they usually correspond to significant changes in
optical characteristics. Both the DOOM system and the pinger
are now started by mating electrical connectors located external
to their pressure housing. After a short warm up period*
and visual inspection of the light beams emanating from the
cylinder, DOOM is hoisted and swung over the side into the
water. Lowering rates, variable from about six to 70 meters per
minute for the DOOM package. ond length of wire out are
constantly monitored from on-deck indicators. Very slow
lowering rates with momentary stops are incorporated when it is
suspected that the waters are so layered that small changes
in depth will produce rather major changes in the optical
signals. However, when a deep measurement is planned, lowering
rates must be fast enough to place the package on the bottom
within the time limit, a maximum of three houVs, set on the
interval timer. In the ship's laboratory, acoustic signals
from the DOOM pinger and the ship's fathometer are recorded on
a precision depth recorder. Two signals are received from the
DOOM pinger, one propagated directly from the package to ship,
and the other after reflection off the bottom and then to the
ship. By measuring the difference in time of arrival
of these signals, the distance of the package off the bottom is
computed. This computation is used to stop the package at some
height off the bottom, anywhere.from 0 to 100 meters depending
on factors such as sea state, wire-angle, and bottom topography.
After automatic shutdown of the DOOM instruments, the package
is retrieved and secured on deck.

Post recovery operations consist of opening the instrument
sphere, removing the recorder magazine with the data, dnd
placing the batteries on a 12 hour charging cycle. An air
calibration is deferred at this time until the next drop so that
external mirrors may be cleaned and dried. The data recorded
on photosensitive linowrit paper is developed and printed at
sea. A cursory analysis of this data is made to determine if
the DOOM instruments functioned properly during the drop.

5-4
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If the discrepancies are found, remedial repairs are made
prior to the next evening's drop. Data are also examined
for unique optical phenomena which would warrant further
investigations and thus could be programmed into succeeding
drops.

Factors determining the length of the total operational
cycle are the 12 hour battery charge* the three to six hour
measurement drop* and the constraint imposed by the night
operatkon requirement. These factors combine to place DOOM
operations on a 24 hour measuremont cycle. Ship time when
the DOOM package is not in the water may be spent steaming
to a new station. Or it has been used by groups frAm other
Navy Labs and universities on Navy contracts who "piggyback"
and conduct independent research on a not-to-interfere basis.

5-5
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Chapter 6

SEA TRIALS

The first successful sea trials of the DOOM system were
conducted aboard tbe USN6 GILLIS in December of 1967 in an
operating area suth of thie Bsm a rise. Five subsequent
cruises to varie m th Atlantic, Table II, have
resulted in a tetal Of 3 msu ment drops at 29 different
stations as inui% Am Flom 16. Measurement areas include
coastal waters de so C" s. and'East Florida, the
basins of wmt4 .r t n t t Providence channels, the
Gulf Stream in te 1 Straits, off the Virginia Capes,
and further out at m off N Jersey, the deep basin waters
of the Hatteras Abyss! plain from the Bahamas north to New York,
and the trench ae f m a to Puerto Rico.

Cruises are nominally scheduled for about two weeks
duration with perhaps 10 to 12 drops at from five to six stations.
The remainder of the time is allowed for transit from port
to stations, computed at the ships cruising spped of 10 knots.
The number of drops per cruise has been generally less than
scheduled due to a variety of reasons falling in three
broad categories; (1) inclement weather (2) equipment failures,
both DOOM and ship and (3) logistic difficulties. In order to
prevent damage to or loss of the DOOM package during launch,
lowering, or recovery, operations are conducted only when moderate
to fair sea conditions prevail. Rough seas have restricted to some
extent operations on all cruises. DOOM equipment failures
have included the shorting of conductors in the deep sea
cables, flooding of external electrical connectors, and a
burnt out power inverter. The loss of a main engine and
chronic problems with winches constitute the major ship
equipment failures.

Each of the six DOOM cruises will be discussed separately
below with regard to dates, areas, drops, data obtained and
problems. Cruises are denoted chronologically by letter, the
drops by number. Drop C5 would thus be the fifth drop of cruise
C, the third cruise.

Cruise A departed Norfolk on 7 December 1967 aboard the
GILLIS and after steaming through heavy seas arrived on station
about 100 nautical miles south of Bermuda on 11 December 1967.
Three drops were completed here in 4570 meters of water before
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transiting on 14 December 1967 about 120 miles southeast
to deeper water (5300 meters) where two more drops were made.
A major storm blew up during tne evening of the ]!th forcing
us to abandon the measurements and run for Bermuda, arriving
on 18 December 1967.

The scattering section had not been completed in time
for Cruise A so only spectral attenuation and background
measurement were attempted. The first drop made in daylight
resulted in receiver saturation due to the high ambient light
levels for both a and background signals when the package was
near the surface. It was then decided to make all subsequent
measurements at night. Further trouble developed during drop
Al at a depth of 800 meters when two cable conductors, carrying
the background signal and +15 VDC between cylinder and sphere,
were shorted, thus driving thE, background trace off scale on
the recorder. Unfortunately tnis short developed only under
large hydrostatic pressure so the source of this difficulty
eluded us until after drop A3 when the short persisted after
DOOM was surfaced. Luckily only these two conductors of the
16 in the cable were shorted. Therefore we were able to switch
their signals to spare conductors al1 ted for the inactive
scattering section and the backgrourl section was functioning
again. Another casualty of DROP Al Was the pressure temperature
probe which failed to function because of electronic problems
in its regulated DC power suppiy. Repairs were trivial and the
probe performed satisfactorily for the remainder of the cruise.
In drop A3 during launch, the package was inadvertently slammed
against the side of the ship which resulted in a shift of the
a section within the cylinder and a misalignment with the external
optics. Thus a data on this drop was lost.

Although a number of problems had developed during
cruise A, it was felt that a reasonable amount of worthwhile
data had been obtained. Spectral attenuation measurements
had been moderately successful on all but drop A3, and
significant background data was obtained on drops A4 and A5.
However, reduction and analysis of this data back at the
laboratory revealed that signals became markedly non-linear
as the drops progressed resulting in an apparent decrease in
a as a function of operating time. This effect is quite
evident when curves of attenuation coefficients are plotted
versus depth both as the package is lowered and then raised
to tve surface. One would expect the "up" curve to essentially
retrace the "dcn'" curve. However, this does not occur.
The measured attenua -on continued to decrease after the bottom
t.ad been reached and the "up" cuz,, tracked at a level
appreciably below the "down" curve. Study of the non-linear
effects failed to reveal the exact nature of the problem other
than possible variations in amplifier gain as a function of
temperature. Since cruise A data is subject to these errors,
neither qu:.:1itative nor qualitative calculations of attenuation
coefficient, could be made with any degree of confidence.

6-4
!JBCLASSIFIED



UNCLASIFIED
~~NOLTR--- 7- 165

A- temporary manpower shortage, created when personnel
were a~sghed to an urgent short tern, project.: did not permit
a- thorough investigat'l6n of the DOWM electronic problems
pro o the .next crudseyin September 1968, nor-did itpermit
the conpletion, of the Scat-eroin-9 se -ron- Some .minor
mod ifcations were made 'on ithe. electronics but it was -not really
expected that- these owould eifminate the: non-linear effects.
Howeveri ,certain. tests in-sitUi at sea were planned which -its 'hoped,. w6u~d shedsome ifghtc on th~se difficulties. These

.-were'mainly c-ncerned with theeffect 0f temperature changes
within ..the DOM package. which are induced by the ,nherent nature,
of the thermal strtictuie of the -oce~n Where temperature drops
to near feezing. at the ocean bottom-. To minimize .cooling
effects, shallow drops 'were .pl"nned in the warmer surface
waters. Deep drops would, be made for comparison. Even if
electronic problems recurred at depth, data 'of Value Would be
obtained from the surface water measurements.

Cruise B-was Originally schedUled .to depart Norfolk, Virginia
on 13, September 1968 and operate at. seven different stations
from the shallow-water-s-off the Virginia Capes to the depths
of the -abyssal plai'n. som -450 miles -east of New York, before
-returning to port at ,Bayonne, New Jersey on 27 Septenbe --968.,
A group from the Naval AmmunitiOn. Depot, -Crane, Indiana-would
Piggyback on this cruise in order to test submarine markers
for the 'USS, DOLPHIN,. At the last moment the." port of
,embarkation was switched to Bayonne. where sailing was
delayed by two days ;until the 15th due to a- breakdown of one
of the ships two 'main eng-nes- Rough seas further delayed

DOOM operations until the night 'of 20 September 1968. 'Since L

c-,Ie-ar-an ~es--t ooper -- F-leet- Ar-,eas Smust - --e-cured' W-- ii
advance of planned operations, tests at the first. three, stations
scheduled prior to 20 'September had tO ,be abandoned Six
drops were then, made. on successive days at stations about
450 nautical miles off the east coast, on both sides of and
in the Gulf Stream. The ship, again .the GILLIS, returnad[
to port on 27 September.

The non-linear miplifier gain problem was still apparent
and proved to be a strong function of depth (temperature)
because shallow water drops remained quite stable. Repeatable
attenuation, data were collected ,during three drops to depths
of 200, '300, and 600i meters. Of the remaining three drops, two
were of the non-kinear deep variety and the third failed- due
to a minor malfunction in the electronics. The background
section was plagued with noise and drift problems. Perhaps
half of the "background data was lost due to either the signal
drifting or the excessive noise which developed late in drops B4,
B5, and B6.

Prior to the next cruise in November 1968, the electronics
of the signal processing cicuitry were completely rebuilt.
T1-o intent was to faricatE i!ltra sta!-Je crcuitry +h-at was
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infse nsitive to varying a4mbient -parameters- s.uch as- tq"npkature
and power voltages, Laboratory 'tests --iatdthat -we ha
succeedeq but the final'tr41 remained at seal.

*DOOM eruise C departed Por~t Everglades 'Florida. on
26 November- 1968, again, with -NDCaepersonnel, aboard, -fo6
13 scheduled days at sea. Cruise. Plans, 'include station
in-the Straits of-Florida, th otws n oth-st Poiec
chann-6ls of the Bahamas. and' -two l6caion inte pn e due
east of the islands, -Drop cl was ittempted on the ;it .4
departure in shallow water just off the' 1Flokida coist--in
fairly heavy seas#' In' retrospect sea coddissw~fe krobibly_
too rough in that the -package was Aanged--severely- against 'the,
ship both 'during- launch and-'recovery -which ,resultid tn
misal -ignment Of the -Q section optics and. a- shifti of,'-th6
background zero leveil off -sc'ale,. Although -calm.;- teas,-
prevailed for -five subseqpent drops, -the DOOM 'iys6ti6-..Was not I
without misf ortune. -On the next drop, when signal 'tracis
became, quite- noisy and amplifier gains non-l1,fear., the, new,
circuitry was immediately suspected. Post drop tests revealed

that some minor adjustments-were required' but no gross malfunction-
wasidiscovered which ~would account for such extreme behiaVio0r.
When'c in;-situ troubles Persisted, attention, wsiriectqd, to
the possibility of salt water leaks i" the externhal dibl:4
assembly. Visual inspection- for moisture on ihi', face of" connector
inserts was inconclusive since, 0-ring-roovestrap Water"
during immers ion which may flow to tile insert -when,'plug and
receptacle are disconnected. Cofnnectors -we1re cleaned, djried,
and fitted with 'new 0-rinig seals, but the problemii-continued.
Finally, the resistance from conductor to c6nductor'within the
cable dec~eased to measurable values,- thusprvig-cnc-l-si-OL-y'

h-t'eiithir the- cii or the connectorwas If , ig'nd'h
-source 'of our dilemma. Since no replacement -cable -was, then
carried on DOOM trips# operations were6 terminated.

After such a disasterous performance on Cruise C,,
it was felt imperative that all subsystems of D0O.I function

-flawlossly in forthcoming sea trial's -inMarch,1969. Thie
defective'teep sea cable was' replaced and a spare ordered'
which would, be carried on all futuJre tesits. In addl'tion V
to the normal laboratory -preparations and; t41lTb i &On

prior to a. cru~ise, additiona Itests in Water wr -odce
in the 100 foot deep undersea weapons. tank at 'NOL. Al'

I systems, including the completed scatterilng 'section, were
performing satisfactorily until flooding occurred in 'the deep
sea motor causing irreparable damage to that utnit. Since a'
replacement could not be delivered before the next 'crbise,
a fixed mirror was substituted-producing a scattering me As Urenent
at a constant angle of six, degrees.,

,Cruise D, essentially a~ repeat of Cruise C. wi§s sheduled
to -depar't Key-West on 24 -March 1,969., proceed thiough~the
Stra~lts cof Florid'a and. the NXoithwe!St Arid-Nor-theas t" Providence'
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channels, and enter -the -6pen- ocean- on 28 'March 1969 -for deep
mealsurernents -east .6 the -Bahamas -Abo6ut -nine drops. were.
pkannedi- four in Itiansit four iii the 'deep -ocean, And one6 off
thie Tlorida.cs' fi',Nevenih g Oprior -to enitering -Portf Everglades
ofi - Apl 1969.11

Temporary. 1Jss of the DWO equipment ,in shipment resultedipostponmn'f saln-ntlt :afternoon -of 27 April 1969-.
,,The iiftial -op that evenia wa bre u o sudden-

miecia 16f"lue o-the A-rm.Hgh 'Seas i w
Straits6f Tlorida- prevented opirttons until the- calmer

In theiealy mornin df thA9t.Dring pre-drop check out,
the 40V. battery supplying.,the ,m'e rcury ar,'c la~p- -was inadvertently
shojrted to gjround, -completily destroying the wiring to the l'amp,
6bu t fo6z1t u na tely' doi1Ag. no , 64rim" ito t he ,r e st -of t he 6ircuitry
-Cosdqtently, only theiatteniuation -and -background 'sections were
opertn duigth alymrbn p Dl These, however,
prorme~d flawlesislk' showing -no, sign-s of eletironic nion -1inearity

which h4tplagued then- previously. The Mei , 1limp circui~try
was reWi - t''e apr6s.Ared'thi's tim" i-oprtn prpite fusing. Three
diops on successive .nightsi of tfie 2th, 0th,,and 31st, two in
the,. Proidence 4channels and,'the. last 'in 3840-meter'waier'at
the MouthW 'of the -Nortiheast channel, resulted in goold, -data
1io-m all three measuremnt' sections fro M surface to bottom.
On 'the' night of 1 April- two. short* drop~ si-were' ma 'de off the coast
of Floridav-opp6site- FVbrt Lauiderdale, the first 'in the, middle
-of: the- Gulf Stream,- the ,other as close to- shore as safety
permittked. Bo6th, *er~e succe sful-.

-DOW Crf E-N*4f ifWor1k Virgoihia on 17 October 1-969
aboard the' 1SNS LYNCH-.'for two w ee Iks of tests 'in, the Atlan4t id.
Piggybacking on. this tripwr a group of gr auate tuet
and f'aculty from the _Oceanography Departrlent'at the Florida-
State univ,;rsity -who, wezpe to conduct',on a, not- to-interfere
basis their ~own indepeindent program Iof bi~1ogial masreens
The- only major equipment, modification was the ifist'illation of

thenewsteper~o? 7prmiting scattering measurements from
six degrees to 92':degrees. Seyven stations were planned-, the first
in shallowv'ateir just off the 'Virginia.Capes, the second
further from, shore in, the Gulf Stream . from there we were.
to proceed' southeast to a deapp water station-about 360 nautical

* miles east' CaeFar and 'then track due south,' ocdupying
several stations in route, to the final- 'operating-arie',a east
of the, Baham~as.,

Although rough seas forced postponement of a drop the
first night out, the weather cleared perimitting,successive
drops on the followi1ng,three eveniings& the" first in coastal
waters and the' succeeding two 'in the Gulf Stream. All sections
performed,- quite Well during -drop El. Drop E2 data. was lost
because of failure 'of the -recorder 'lamp just pi6tto the package
entering thewater. Scattering data, now recorded as a function

6-7
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of angle, .looked good until -a depth of about 2100 neters was'
reached during- drop E3 where the-steppibg motion: apparently.
missed a step .thus. confusing the angular ointation of .the
mirror. The torque of the motor poVedt6.be inuff icin- .to

2 consistently drive the mirror when subjected to the .large
hydrostatic pressures of the deep-ocean.. On all subsequent

* drops during the cruise, the motor similarly malfunctioned
when reaching depths of around 2000 meterts The:.backgzound
section also began having, trOubles, as evidenced ,by '.a decrease
in sensitivity and an 'increase in the noise level.'

The next several days,. 21 to 27 October, were characterized-
by rather high seas, which, hindered operations. tO the extent
that only three drops were comple ted at as many stations over
tne Hatteras ,abyssal plain.. Minor shipboa d. modificitions
failed to correct the backgroundi and scattering problems. -

A peculiar accident efel1 the 'pOi package duing the fin"I
• drop E6 on the 27th. 'At a depth of about 650 meterS, it

apparently struc a large, object Which momentarily lnverted,' it, causing the liftng. bridle wires to snarl on an. appenage:

of the framework, thus tIlting the :package, on ts 'side for t64
remainder of the drop. The, tnveron also caused the:'misalignment of an. section comp~onent and the consequent lo s

of data for the, rest of the drOP. Cruise E was terminated 6n
31 October at Port Everglades. J

Since, the next ,DOOM cruiis,e was, Schedul'ed to embark from

Port Everglades. in early January, ,DX4 materialwa'is offlOded
at the NOL Test Facility, Fort Lauderdale .where :pre-cruis'k': maintenance .and calibration .were ,performed. Modification made

a4t .thistimewere (I--)l the.replacement-ofm:the~b~a ground-i~t~ib -

potomultiplier which appeared to Solve our. problems there and(2) incriases in-voltage-and capacitance Of the stepper drIve

circuitry in order to increase torque of the-motor.

The primary operational area for DOOMICruise F of
January 1970 was the BrOwnson Deep located toward ,the Western

end of the deep trench just north of Puerto-Rico., Fourto
Five measurement drops were planned at stations along the routeduring a one week transit to the trench area, via the FI'orida

Straits and the channel's north of Cuba and Hispanola. 'An
additional five to six drops were anticipated in theBrownson Deep. Just prior to sailing on 6 January, 'NAVOCEANO

operations requested that we not transit via our planned
route due to delicate internati6nal relations prevailing in thisarea, but rather proceed through 'and swing east Of the Bahamas,

and enter the trough area through a passage east of, Cuba. A
further loss of one day was incurred When the ship wasr detoured to the port of Nassau tO discharge a seasick technician.

A record high of ten DOO drops were made on ,successive

nights from 10 January 1970 through 19 January 1970 at five

6-,8
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differe~nt sta, tlion. be-ginhnng in tooe shieltered sou 'nd south of
LON Isla44' it"e Baham"as amnd teiriating4 vithi -five drvps in
the. Br.Ownson Doep 4 Three: stations- niorth of Hispaniola were

sampled in rnte A mos notnat accident -had- occturred
W47h the POPP systemwwas aspsembled- foir sea in Fort Lauderdale.v

* As- the 40M cap of the* optics cylinder was replaced, several
,pwer wiris carying-q 26 VDC and 115 VAC -ere q-.pinched, and
consequently- 4kmrt-O. resulting in6 s*4ijingljycatastirophtic-
failure en*i Domwe't a irst ruh, at sea*&. -Althought damage

wsrepa irable"il' tnom, using id..protected- the dicuitzY,
som deradtio of prmance of certai copnents was

*evident.,, *he b~atkround' section rwas-one of these- casualties,
prodcin virualy n usable dat duig-th- -tests, Performance

of tei -contro ir Ppr-icuit' of the -stepe motor was' affected to
'the, extent that on, fIve drops a scattering 'measrmn atonly, a
-constant six degree -Angle. was atteipto. 'The Q section
functioried :Properly.

Only seven, "of thii tenr drops yieldead usable data however
dud to, a variety of' compont failures,. Esternl el'ctrical
;-ables flooadd in. on.,,case-* the recorder magazine failed

to ee poprl, n another, and a oe alure, Oborted'
the tthid. Of teseven.scesu measurementts _four wer~e

mad~n he ee trench and 'thre~e in route. The, stepper
IPOto ao utinpoerly'when ,at dethAn-
,excess -Zof.20900 miefs.,

In adaditioh. to ,nomaI ' surf ace to,,bottom studies, a
plankton c;qncentrato otia rnis c orieI.tion

Wr% iVit c~tngen" deplo, te yeId. tnlankton nets spaced
e'very ,20- meters,* to-a a'th-of 200i meers ove-r a, time Inteival,
of about 1.5 hours. 'DOC.wassmlaeul lowered, takig
care to -pause, for tsevirad minutes At the depthi- of the deplobyed'
nets. Thi test'was pirfdoi ed I-ate 'in 'the evening, so that,
vertical mbigrations o, f theplankton with decreasiing amTbienit
light would, be stabilizted.
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- - uCapter 7 .

SAMPIUE DATA

Thej D0b a program, has produced" moderate .quantities of
pertnen qpi'cl o~angrqE~d data on -trantsmission, scattering,

anid, -bckgrounds' in the ocean during five- of the mix M-easurement
crui-ses.e

7'esand amounts, -of reliable data obtained are summarized
3as fqjj ws;

'(i-1 Spectral, attenuation -surface waters during Cruise B,
surface to bottom fq4r Ciuises. Dr 'E, -An-F.

'(2,) Scattering d e) t six -degrees during-Cruise D
;and part of 'Cruise I; g ')from 'six to 90 degrees to depths of
abSout 200' meter s- for Cruise E And' part O-f PO.

(0, -Backgrbund- - Moderate -success on Cruises A, B, and D.
IllustratiVe examples -of the. above- types of data Whichy have
been reduced,' -are,,now presen~ted- With , comment _on remant,
fiature-s I'an'd7aii~ compi'i to 1aboratory measurements.

Spectral attenuation coefficients at two waveilengqths,
408~ inth volt nd48' i~in the transmission window areV

plotted along -with temperature as a functio'n of depth in
Figure 17. This data, 'taken in Oc tober at a. station slightly
north., o the.Gulf Stre m e450 nautia miles off the'l ret-de40n"ia i,
New Jergdy coast, illustrates a typic'al attenuation profile
for sur-face Waters. Attenuation, which is. Ifairly constant in
the isothermal surface water* to about 50 m~eters, changes quite
dramati'clly ' at the thermocline, 'the coef f iients increasing
rapidly- by ab6ut 40 percent before falling continuously with

* depth. Thls 'attenuatidn,. peak i-s 'attributed to plankton and
detritus which tend to coftcontra-te in~ layers above strong
temperaturec gr~adients.

*A deep water profiler of attenuation and temperature Is
shown in Figure I&~ This" data was ieco'rded at a'station, locqted
in 3840'metler water in the Atlantic''at the mouth of the
Northeast Provdencte channel in April' . After a slight peak,
which again occurs at the top of the theimoclin6, the attenuation
at 500 mp drops to 3a rminimum -at about 500 meters' and remains3
fairlylconstanit at 0o-045 +.005 m-1- all th,-w-ay to the bottom.

7-1
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It is quite, evident that the#highier turbidity ine the: surae
waters of the photic zond are the result of the concentiatin,
of living organisms here, pimiakily the hyto and zoo anton
and their :waste.products.

A number of interesting features may be. obsieved-- 5fhe
m and temperature profiles of Figure 19 hich wee'id sU
during drop E3 in the Gulf Stirea offthe Vagniapes in
October. Several temperature -nversiohS were piesent in thM

stratified surface6 layers oft te ipi 5~tr hr ere-
with an expanded depth scale. The coreatio:- between.oti cal
clarity and temperature gradients is qu'ite apparent. In
fact on the slopes of the strongest inversioh-6entqeed at
about 80 meters-, the transmissioh was so weak tiat the signal
went off the low end of the scale of the recorder.- Belowthe
stream waters, the more or less regular temperature decias-

with depth was accompanied by similar slow, decrease , r' ,
reaching a minimum of 0.048 m -at a bout 2500 meters-i Ata
,depth of 2800 meters or about 345 meters off the bottom, the
.attebnuat on begins to increase ands.continually rises to

at 3065 meters when the package was stoppwed, some
8Q meters from the bottom. This increase: in turbidity near the
botbm is commoni-aesweede-curnssi p os
sediments and silt from the bottom.

Let us now consider the variation of attenuation as A
function of wavelength. Spectra from the previously discussed
Gulf Stream drop E3 are plotted at selected depths in Figure 20.
Aside from the higher attenuation of the surface. waters, two
features of the spectra are worthy of note-. 'There- asbsic-
differenee n -the e-at-i ftCrp-e of -th ittenuat-obn spectra
for Surface and deepwa re cases. For surfacewaters the
attenuation in the blue-violet wavelength interval clearly
exceeds that of longer.wavelength tn the yellow-green interval.
The converse is true in the deep water where the coefficients,
at the shortest wavelength 386 m- are slightly below, those of
the longest 555 mW . This change in shape results in the second
feature of note, the shift in latin, of the Spectral
transmission maxima. In clear waters, it' falls near 480 mg,
but shifts to the longer wavelengths, 490 to 500m W , in the
more optically dense surface waters.

The most turbid'-waters of the ocean are found in the
shallow coastal areas of the large continental landr masses,;"
those measured by DOOM were located abott 35 nautical miles '

off the Virginia Capes during drop El. Except for the mag. tude
of the attenuation which is considerably higher, the spectl ,
curves, Figure 21, show a simularity in shape to the prev $s
surface water measurement of the Gulf Stream. Transmissi oq :.
maxima are shifted to the lnger wavelength, about 500 mp, , '

and the short wavelength attenuation far exce.eds that of th'inV'
longer wayelengt.is. Values of coefficients-at -the extreme?
shprtwavelengths are ,not shown because signal levels, due t ' .
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It 'is -quite, evident that the ht-ighek -turbidity -in- -the- surfatce-
waters of the phot-ic zon ire the- -r6esult- of -the concentra4-tibn
of living organisms, here, pr*imaiyto pyoadzo;ak
and their waste products.

A number of interesti ,ng.f features -may be- observed- 'h ~the-
&and temperature profiles of F-greW~ hchwi yriu~

during drop: E3 in the G~l~f 'Streaim- .he, -Viirgirii*j0s in
October.. Several temperature inerjiI-*eepresent itha
stratified surface layers o-f. the -bp l eers shr her
with an expanded depth scale,. The c r--(j4t'i on betwee oia
'clarity and temperature- gradi-ent-s is-quite aparnt 1n,
fact on the slopes of the'strongest inrw er'siop,n-~red at
about 80 meters-, the, transmission Was- so 46ak ' tit ihe -&sign4l
went off the low -end, of the scale- of the -rdecokrier Below* the--"
stream waters, the more or. less regular temperakture decrease-1
with 'depth was accompanied by f similar glow- decrease in -Lreaching a-Minimum of 0. 048 m' -at about"2 004''es A
-depth of 2800 -meters or about 34 5 meters -ofif the 0 bottomo the--
.-atteuatWn begins to incirease -and,%continualy rises to
m.66i'l -at 3065 meters when, the pa4ckaget was stopped- so6me

80 meters from the bottom. This increase ini -turbidity neat the.
bo'ttom is common 1i a'a-we deep-crensti zlpe
sediments and silt from;i the bottoM.

Let us now consider the varilation -of attenuation as a
function of wavelength. Spectra from the-previous1' discussed-,
Gulf Stream drop E3 are plotted at selected-depths-in Figure 20.
Aside from the higher attenuation of the surface waters- two
features of the spectra ar~e worthy- of_-n~e' here-.s .a- ba&s ic-
d-iffrenee-Int- -the -rTlat'ib- "Ap -o V a04ttenuZation -spectra
for surface and- dee'p water cases. For-surface 'waters the
attenuation in the blue-violet wavelength interval -cleizrly
exceeds that of ionger~wavelength ln the yellow-green interval.
The 'Converse is true in the deep Water where the coefficients
at the shortest wavelength 386 u-are slightly b~l0W those" of
the longest 555 mB.A. This chane :in shape results in the second
feature of note, the shift in Tosation of the spectra~l
transmission maxima. In clear waters, it -falls near 480.'Nv.
but shifts to the longer Wavelengths, .490 to 500 m', in toe-
more optically dense surface waters.

The most turbid 'waters of the ocean are found in the,
shallow coasta, areas 'of the large continental land, masses:-
those measured by DOOv1'were l'oc~ted. about 35 nautical 'miles
off the Vilginia Capes during drop El. Except for the mag "tude
of the attenuation which .:is considerably higher, the spect, 1'
curves, Figure 2L.'show a simulax-ity in shape to- the prev'I s f~
surf-ace water measurement of thie Glulf Stream. Transmissiq q*

maxmaar s'ifted to the longei wavelength, about 500 ,-
,and the shoit wavelength attenuation far exce~eds that of th4qV
longer wavelength's. Values of coefficients'Atthe extreme,
short 'wavelengths are not shown because6 signal levels,*due toyl
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FIG. 21 OPTICAL ATTENUATION SPECTRA AT SELECTED DEPTHSIN COASTAL WATERS
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high turbidity, were so low that they fell off the low
end of the recorder scale.

In contrast to the coastal and surface waters, the
intermediate layers extending to great depths in the oceans,
are remarkably optically clean, surpassing in some spectral
regions even the purest produced in the laboratory. In
Figure 22 are contrasted spectra of deep in-situ measurements
of drop E5 over the Hatteras Abyssal plain east of Cape Kennedy,
Florida with those of pure water produced in the laboratory
by three separate investigators. The in-situ spectrum at 2040 m,
typical of the clear water column for this drop, falls below
those measured in the laboratory at wavelengths shorter than
the winaow region at 480 mW , indicating a clearer, more
transparent medium from the ultraviolet through the blue than
has been produced *r at least measured in the laboratory.
The only close measurement is that of Sullivan, of recent
origin, and perhaps this points out the extreme difficulty of
artificially producing scatter-free water. The trend of deep
ocean waters to be relatively cleaner at the shorter wavelengths
can also be seen in the spectrum recorded 300 meters from the
bottom at 4660 meterl. Although attenuation coefficients are
from 0.03 to 0.04 m- higher than the clearer in-situ water,
the spectral shape remains roughly the same and at the short
wavelengths, below 400 mA, is below the laboratory measurements
of Hulbert and Matlack.

Scattering data may be presented in a manner similar to
the attenuation profile, as in Figure 23, where the volume
scattering function at an angle of six degrees is plotted as a
function of depth. Also included is a plot of a at 432 mg near
the wavelength (436 m ) of the scattering measurement which is
used in the calculation of 0(e). This data was taken during
drop D3 in March in the Northwest Providence channel. An
expanded depth scale is used in the first 400 meters. Since
scattering is one of the mechanisms contributing to the
attenuation process, one might expect the scattering function
to vary in a manner similar to the attenuation. And indeed it
does at most depths; the maxima, minima, and slopes of the
two cuives nominally following one another. The exception
occurs between 400 and 600 meters where,,tL begins to slowly
increase while a(60) continues to decrease before starting a
slight rise at 650 meters. It must be concluded then that this
increase in is oue to absorption by dissolved impurities
rather than by an increase.in scattering from particulate.matter.

Scattering data may also be presented as a function of
scatterin,- angle as in Figure 24.where the volume scattering
function at 436 mp is presented for an in-situ measurement
from drop El in coastal waters off the Virginia Capes. For
comparison laboratory measurements --f regular and filtered
tap water are also included. the angular range of the in-situ
function extends only from six degrees to 480 because extremely low
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signal levels at larger angles fall below the linear range
of the logarithmic amplifier. This rather turbid coastal
water produces a curve which falls between regular and filtered
laboratory samples, indicating perhaps very strong particulate'
scattering in city water supply. To bbtain the total volume
scattering coefficients the function must be integrated from
zero to 180 degrees: but our measurement is from only six to
48 degrees. If we examine the function for tap and other
natural water measurements, we find that the smaller angles
below 48 degrees contribute over 90 percent of the total area
beneath the curves. Applying a ten percent correction to the
in-situ integration, an s of 0.069 m-1 is obtained. This
constitutes about one-sixth of the attenuation coefficients
which was measured at 0.41 m- and would lead to the conclusion
that attenuation was due primarily to absorption by yellow
substance or other dissolved impurities.

The backgroi measurement is a passive'qualitative
reception of sporadic signals and, therefore, does not lend
itself to concise analytical presentation. Rather# the data
must be evaluated on a statistical basis and correlated with
the other optical and physical parameters which are recorded.
A sample of raw data showing a high incidence of luminescent -
flashing is presented in Figure 25. These traces were recorded
during drop B5 in the Atlantic north of Gulf Stream about
450 nautical miles east of New Jersey. They are slighlly
over one minute in length in order to include the compl.te
background data recording interval with two shutter clotures and
a complete a. spectrum which at this time was scanned at a one
per minute rate. Real time is determined from the twO-3econd
markers, starting from the left at the (z spectrum turn-around
at 1924:00. During the time interval of this record, the
package was lowered a distance of about six meters, from a depth
of 60 to 15 meters. A strong irregular temperature gradient
is observed on the bottom temperaturetrace beginning around 1924:38.

Even though the measurement was made after dark, a sizable
ambient background signal is present at this depth above the
dark current level observed during the shuttered period. The
rate of recorded flashings appears to increase somewhat from
less than one to perhaps several spikes per second when the
gradient is entered. Frequency of flashing is presumable
proportional to the number of 1uminescent organisms within the
field of view while the magnitude of the fl;shes will vary due
to a number of factors, i.e., pro,:imity, radiance, size, and
position within the field of view. In this region of high
luminescent activity, attenuation is severe and spectral
signals fluctuate rather rapidl, as can be seen from times
1924:45 to 1925:00. To illustrate thi rippling effect that
luminescent plankton have on the atteiuation measurement, a
second record taken nine minutes later ?t a depth of 100 meters
is presented. Figure 26, Only occasione, spiking is observed
and the ambient illumination is at the cNrk current level.
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It is seen that the a signal is higher and much sqToother.The coefficient at 482 wo'has a value of 0.095 m- as comparedto 0.170 m1l at 60 meters. A correlation is indeed establishedbetween attenuation and the population of luminescent plankton.

7-15
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Chapter 8

FUTURE PLANS

This report has described and summarized the DOOM effort
to date with emphasis on equipment and the data gathering
processes rather than on data presentation and analysis. The
reasons for this emphasis are two-fold:

(1) The DOOM effort has been concentrated on developing
a seaworthy system that will reliably produce the quality of
optical data which we desire and then on operating that system
in the field so as to amass a representative sampling of
transmission phenomena of ocean waters.

(2) Much of the raw data has not been processed due
to manpower limitations ard thus the quantity of data reduced to
date is not sufficient for rigorous analysis and interpretation.
Data reports with appropriate analysis, will follow as the
processed results become available.

Field measurements will continue in FY 1971 and FY 1972
with three proposed cruises which should complete the survey
of Atlantic Ocean waters. The fiist cruise will sample
Carribean waters in the vicinity of the Bartlett Deep in
February and the second will investigate the plankton-rich
waters south of Nova Scotia and Laborador in May-June 1971.
Still in the planning stage is a final measurement cruise to
the Mediterranean in March or April 1972. Although no
commitments have been made past FY 1972, interest exists in
exploring other ocean areas, namely the Arctic beneath the ice
caps and possibly some regions of the Pacific or South Atlantic.

No major modifications to the DOOW system nor in measurement
technicues are anticipated in future studies. However,
additional physical and biological sampling of ocean parameters
concurrent with DOOM operations may be desirable. Such data
might include salinity and dissolved gas determinations, or
'hemical analysis of organic absorbing elements.
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