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ABSTRACT

An underwater spectral radiance meter having a rotating spectral

wedge filter and capable of operating to depths of 300 meters was

designed and constructed. It was used to obtain measurements of

spectral radiance to a depth of 60 meters at two stations in southern

Monterey Bay, California, on an overcast day during July 1971. Varia-

tions of the spectral radiance distribution with depth were plotted for

vertical angles of 0, 45, 90, 135 and 166 degrees at an azimuth angle

of zero degrees with respect to the sun.

The results of the measurements are reasonable in all cases and

indicate that tne spectral wedge filter provides ~ priori na! nitsctno ^1

determining spectral radiance distributions .
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I. INTRODUCTION

A. PURPOSE

With the increasing application of optical properties in the fields

of water mass characterization, marine optical systems and biological

studies there exists a strong need for more measurements of these proper-

ties and, in particular, measurements of underwater radiance with depth.

The purpose of my investigation was to measure the spectral radi-

ance distribution of submarine daylight as a function of depth in Monterey

Bay, California. To acquire these measurements a radiance meter using

a rotating spectral wedge filter capable of continuous rotation in the verti-

cal and horizontal planes was cons'uuoucd between January n ^n june ±371

at the Naval Postgreduate School. Measurements of spectral distribution

of submarine daylight with depth were then made to a depth of 60 meters

at two stations in Monterey Bay during July 1971 (Figure 1).

B. PREVIOUS INVESTIGATIONS

Historically, initial studies of radiant light intensity in the sea

began during the early 1900' s when scientists were successful in meas-

uring spectral radiance with photographic techniques. Until about 1940

'•Radiant intensity (of a source in a given direction) is defined as

the radiant flux emitted by a source, or by an element of a source, in an

infinitesimal cone containing the given direction divided by the solid

angle of that cone. The unit of measurement is expressed in watts per

steradian. Radiance is the radiant flux per unit solid angle per unit pro-

jected area of a surface. Its units are watts per square meter per steradian,
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such recording systems were used to measure the variation of spectral

radiance of submarine daylight with depth. Although the photographic

techniques had many limitations the results were qualitatively useful.

With the development of sensitive photoelectric detectors and improve-

ments in spectrographic instruments, the way was paved for much of the

pioneer work in the field by Darby, Le Grand, Le Noble, Duntley, Jerlov,

Tyler, Ivanoff, and many others. Since then, research progress has

paralleled instrumental techniques

.

Sasaki, et al. , [1955a ] initiated studies utilizing the photomulti-

plier tube in making radiance measurements from the underwater obser-

vation chamber KUROSHIO in Hakodate Bay, Japan. Using three Wratten

gelatin fillers he w:: nble to ^otorminfi the angular distribution pattern

of light as a function of particular wavelengths. Employing the same

photometer, Sasaki, et al., [ 1955b] examined natural light in the red,

yellow, green, blue, and violet wavelength regions in waters of the

Kuroshio Current, which enabled him to make some extinction coefficient

determinations for the oceanic region. Similar studies were also being

carried out by Duntley and Tyler at Lake Pend Oreille, Idaho [ Duntley

1963 ] . The results of the latter studies supported the asymptotic radi-

ance distribution hypothesis of the light field from the surface to great

depths which was speculated by L. V. Whitney [1941 ]. Theoretical

proof of the existence of this distribution was given by Preisendorfer

[1959] .

10





With the advent of the second generation of radiance meters , inter-

esting studies were subsequently made by Sasaki, Tyler, Jerlov, and many

others throughout the world. A cumulative analysis of all their results

clearly indicates that radiance becomes more symmetrical about the verti-

cal and horizontal axes with depth; that a strong radiance maximum exists

in the apparent direction of the sun; that radiance approaches an asymp-

totic distribution; that the variation of sea surface, sky and turbidity of

the water have a large effect on the radiance distribution; and that the

light window in the sea is in the 480 nanometer wavelength region.

More recently, extensive studies by Tyler and Smith [1970] of

spectral irradiance underwater were made during 1968 with the Scripps

Cpectrorodiometer at. six locations in the Northern Hemisphere and yielded

quantitative information related to the optical attenuation properties and

the spectral distribution of underwater light.

Locally, the only previous study of underwater illumination was

made by Bassett and Furminger in Monterey Bay in 1964 [Bassett and

Furminger 1965 ] . They found the diffuse attenuation coefficient (vertical

extinction coefficient) to be about .090 m at 536 nm for their Monterey

Bay stations in January 1965.

11





II. EQUIPMENT

A. NPS SPECTRAL RADIANCE METER

A spectral radiance meter capable of continuously measuring the

spectral intensity of submarine daylight over 4 tt steradians to a depth

of 750 feet was designed by the author and Stevens P. Tucker. Since the

results of Sasaki's shallow water studies [Sasaki, et al. 1955b ] have

shown that the direction of the maximum value of the angular distribution

of submarine daylight in the horizontal plane is always identified with

the solar bearing, it was decided not to include a direction sensor to

determine the orientation of the meter when submerged

.

The radiance meter (i-igures 2 and 3) cuu^iois of ihrcc mujcr units

plus an underwater battery supply: the photometer unit, the motor housing,

and the junction box. The general arrangement of the components within

the meter is shown in Figure 4. A block electrical diagram of the entire

underwater unit and the shipboard recording system are shown in Figures

6 and 7

.

During operation the entire underwater unit is suspended from a

3/16-inch O.D. , 4-conductor, armored electrical cable.

1. Photometer Unit

The photometer is housed in a 12-inch long aluminum tube

having a 3/4-inch wall thickness and an inside diameter of 6 inches.

The unit is attached by clamps to the horizontal shaft of the motor housing,

12
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FIGURE 4 GENERAL ARRANGEMENT OF RADIANCE METER
(SEE PAGE 16 FOR KEY)





Key to Figure 4

A. One-half inch thick clear Pittsburgh plate glass window.

B. Achromatic lens, 33m diameter, 100mm focal length.

C. Achromatic microscope objective, 3mm focal length.

D. Spectral wedge filter, 4-inch diameter, 180° segment.
(Optical Coating Laboratory, Inc.)

E. Filter drive motor, Model 41-25, 42 rpm, 35 v reversible D.C.
(Hansen Manufacturing Co.)

F. Photomultiplier tube (EMI 9524B).

G. Electronic circuitry for PM tube.

H. Burr-Brown Model 520/25, +15 volt dual regulator power supply.

J. Mu-metal shield.

K. Geared 26vdc motor, Globe Model C5A1106, reversible, 24,000rpm
nominal with 4126:1 gear reducer, 500 oz-in maximum continuous

torque

.

t r:oareH 26 vdc w^*™ C^v^ Model C5A1092 reversible 94 nnnr^rn

nominal with 2273:1 gear reducer, 370 oz-in maximum continuous

torque

.

M. Potentiometer, azimuth angle ( 4>) , Model 130 SRD , 10K, 0.5%
linearity. (Spectral Instrument Co.)

N. Potentiometer, vertical angle (e), Model 130 SRD, 10K, 0.5%
linearity. (Spectral Instrument Co.)

P. Reversing switches, DPDT.

Q. Lead counterbalance weights.

R. Stand.

S. Junction Box.

T. Aluminum Rudder (20 inches X 19 inches).

U. Three-sixteenths inch, 4-conductor, externally armored, well

logging cable.

V. Mecca No. 2047 seven-pin underwater electrical connector.

16
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allowing it to rotate 180° in a vertical plane while simultaneously rotating

360° in a horizontal plane. The optical system (Figure 5) allows light to

enter through a 1/2-inch thick, clear, plate glass window within an angle

of acceptance of 0.00119 steradians. Light passing through the achromatic

objective lens (f = 100mm) is collimated by an inverted achromatic micro-

scope objective (f=3mm) before passing through the spectral wedge filter.

After passing through the filter the rays are then diverged by another

achromatic microscope objective, identical to the first, in order to spread

the light beam over the photocathode of the detector.

A 4-inch diameter spectral wedge filter, manufactured by Optical

Coating Laboratory, Inc., and havingthe transmission characteristics

shown in Figure 8. is used. The filter is driven at 24rpm by a small D.C.

motor. Alignment of the optical system was accomplished on an optical

bench with a neon laser.

The photometer circuitry was designed by Mr. Floyd Miller of the

Visibility Laboratory of Scripps Institution of Oceanography, La Jolla,

California. An 11-stage EMI 9524B high gain photomultiplier tube having

a 0.91-inch window and S-ll response is employed. The photometer cir-

cuitry is illustrated in Figure 9, and graphs of the photomultiplier char-

acteristics are shown in Figures 10 and 11. Operating power for the

photomultiplier tube circuitry and the Burr-Brown Model 520/25, ± 15vdc

power supply maintains an output which is constant to within + 0.25%

over the input voltages used. The photometer output signal, which varies

from to-lOvdc, is recorded at the surface on a two-channel strip-chart

recorder.
19
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2. Motor Housing Unit

The motor housing is constructed of stainless steel periscope

stock having an internal diameter of 6 1/2 inches, a length of 8 inches,

and 1/2-inch walls. The end plates are made of 3/4-inch aluminum.

Brass bearings provide lateral support for the rotating stainless steel

shafts . O-rings seal the shafts and end plates of the unit from the sea

water. Inside the motor housing (Figure 4) are two reversible D. C. motors,

azimuth (<f>) and vertical ( 9) angle potentiometers, and reversing switches,

which provide for continuous photometer rotation through 180° in a vertical

plane and 360° in a horizontal plane. The <$>- shaft motor is driven at

5.33 degrees/second by a small 35 vdc motor while the 0- shaft is driven

by pnot-hor motor at 13-4 degrees/second. Angular rotations are measured

with two potentiometers having 0.5% linearity, the outputs of which are

displayed on a shipboard two-channel strip-chart recorder.

3 . Junction Box

The junction box is constructed of 1/2-inch thick, aluminum

tubing having an internal diameter of 4 inches and length of 5 inches

.

The end plates are made of 3/4-inch aluminum. A hollow stainless steel

shaft connects the motor housing to the junction box and provides a pass-

age for electrical wires between the two units. To the junction box is

attached a 20-inch by 19-inch rudder to stabilize the meter with respect

to a vertical plane . The signals from the two angle potentiometers are

brought out through two single-pin underwater connectors located at one

end of the cylinder.

23





4. Battery Supply

The battery housing is 8 inches long with 3/4-inch end plates

and is made of the same periscope stock used for the motor housing.

Nickel-cadmium cells having 4 ampere-hour capacity are used in the

battery packages. One package contains 10 cells (12v) and provides

power to operate the spectral wedge filter motor, the photometer circuitry,

and the angle potentiometers. The other package contains 7 cells (8.4 v)

and provides operating power to the <f> and 6 drive shafts.

B. CALIBRATION

1. Azimuth and Vertical Angles

A Lietz three-arm vernier protractor and a Brush two-channel

strip-cnarc recorder were used Lu measuic chart line deflection as a tu::c-

tion of angular rotation in the vertical and horizontal planes. Calibration

curves for azimuth and vertical angles are shown in Figures 12, 13, and 14

2. Spectral Wedge Filter

Narrow-band interference filters were used with sodium and

mercury arc lamps in the calibration of the spectral wedge filter for wave-

lengths as a function of angle of rotation. The only sodium line used was

that at 568.82 nm, while the mercury lines used were at 365.01, 404.66,

435.84, 546.10, 576.96 and 690.72 nm. Figure 15 gives transmission

wavelength of the wedge filter as a function of angle of rotation.

24
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3. Acceptance Angle

A He-Ne laser ( X = 632.8 nm) was used with a neutral den-

sity filter to measure the acceptance angle of the photometer (Figure 16).

The photometer unit was rotated at small angular increments / and radiance

(chart line deflection) was recorded as a function of half-angle rotation

(Figure 17). The acceptance angle was determined to be 2° 14' or 0.00119

steradians

.

4. Photometer

A Gamma Scientific Model 220 calibrated optical source system

with a Model 220- 1A radiance head was used in absolute intensity cali-

bration of the photometer (Figure 18). The Model 220- 1A radiance head

has a lioht output of 100± 2 footlamberts , color temperature equal to

2854 + 50 °K, and a uniformity of ± 1.5% within the 3-inch diameter lumi-

nous surface. The Model 220- 1A output curve is shown in Figure 19.

Wratten No. 96 neutral density filters were used in density increments of

0. 1 to calibrate the photometer in terms of intensity and wavelength in

absolute units (Figures 32-44).
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III. DATA COLLECTION

A. STATION LOCATIONS

During July 1971 spectral radiance measurements were made in

Monterey Bay, California, aboard the Naval Postgraduate School's 63-foot

boat. The two stations occupied are shown in Figure 1. Station positions

were determined every fifteen minutes by visual bearings. These, along

with the time, weather, altitude of the sun, and azimuth of the sun for

each station are presented in Appendix C.

B. OPERATIONAL PROCEDURES

At each station the spectral radiance meter was lowered to the

udbiieu uepuis by means 01 a tour-conductor, externally armored, electri-

cal cable and allowed to rotate continuously through several rotational

cycles in the horizontal and vertical planes at each depth. Continuous

measurements of the angular and spectral distribution of submarine day-

light were recorded on two dual-channel strip-chart recorders. Instrument

depths were indicated by meter wheel readings. The wire angle for each

case was negligible. Typical recordings of raw data are presented in

Figure 20.
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IV. DATA ANALYSIS

A manual analysis of the uncorrected strip-chart records (Figure 21)

was made, and values of absolute spectral radiance are shown in Appendix

C. Using these data graphs of spectral radiance variation with depth were

plotted for = and 9 = 0, 45, 90, 135, and 166 degrees (Figures 22-

31). In the analysis the following assumptions were used:

(1) The maximum intensity of light in the horizontal plane is in the

azimuth of the sun.

(2) The vertical and horizontal axes of the meter remained station-

ary at a given depth during scans.

by measuring vertical chart line deflections on the recorder output and then

entering Figures 12-14 with these values to obtain the azimuth and vertical

angle of a selected point of observation. Observed azimuth angles were

expressed in relative angles to the direction of the sun by applying

assumption (1)

.

Since the spectral wedge filter revolves at a constant angular speed,

wavelength can be expressed in terms of time, X = X (t), and recorded on

the strip-chart recorder. Wavelength was then determined from the ratio

of the partial angular rotation to the total angular rotation of the spectral

wedge filter (Figure 15).

As shown in Figure 21, the spectral output shows the radiance of

unfiltered light (high light levels) followed by spectral radiance (low light

37
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levels) from 350 to 725 nm, which is followed by unfiltered light. The end

points of 0° and 180° on the spectral wedge filter are shown clearly as

the sharp vertical lines. Overshooting of the curve is due to the rapid

transition from filtered to unfiltered light.

Radiance was determined for the angle of acceptance of the meter

by using the nomograms shown in Figures 32-44 (Appendix B) . Measure-

ments of vertical chart line deflections of the recorder output signal were

converted to a corresponding intensity expressed by the neutral density

filter used in the photometer system calibration for a selected wavelength

band (Curve A). Radiance for the given wavelength band was then deter-

mined by using Curve B. Curve B represents a plot of the values of

ii\udiancc (Figure 19} of +he standard l^mp source over a 25 nm wavelength

band as a function of trans mittance. To express the spectral radiance in

2
terms of w/cm /sr / a multiplying factor of 838.22 was applied to account

for the acceptance angle of 0.00119 steradians

.

When these figures were prepared the different Fresnel light reflec-

tion coefficients at normal incidence between the observational case

(water and glass) and the calibration case (air and glass) were not taken

into account. Thus the radiance values presented in the figures are all -

/
+

v 2

high by a constant factor, air # / glass sw \ , where the n's are

n I n + n , /sw \ glass air /

the indices of refraction for air, sea water, and the glass window used

for the meter.
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Figures 22-31 (Appendix A), which are plots of the spectral radiance

distribution with depth, 6 = 0, 45, 90, 135, and 166 degrees at <J>
=

degrees, show spectral peaks at about 570 nm. Peaks at about this wave-

length were observed at Lake San Vicente by Tyler and Smith [1970 ] .

The figures also show an apparent high radiance in the 400-450 nm

region which is probably instrumental in nature and due to the relatively

slow recovery time of the photometer when subjected to sudden large steps

in light intensity during filter rotation from unfiltered to filtered light. A

similar feature is observed following the overshooting in the curves from

filtered to unfiltered light (Figure 21).

In many of the figures the plots of spectral radiance at 6=0 and 45

dcgrccr f™ shallow d^p 1
-
1^ wat-p not drawn because the radiant intensity

in these regions exceeded the limitations of the standard lamp used in the

photometer calibration.
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V. CONCLUSIONS

A spectral radiance meter having a spectral wedge filter was designed,

constructed and used to obtain measurements of spectral radiance with depth

at two stations in southern Monterey Bay, California, on an overcast day.

Variations of the spectral radiance distribution with depth were plotted for

the following vertical angles (e): 0, 45, 90, 135, and 166 degrees. The

azimuth angle ( <J>) was zero degrees with respect to the sun. The results

seem reasonable in all cases

.

A rotating spectral wedge filter is a practical means of obtaining a

spectral radiance response.

The manner in which data was recorded imposed severe limitations

on analysis. In future studies the radiance meter will be wired directly to

the multiplexer and A-to-D converter of a PDP-8/S computer. This will

greatly simplify the problem of data handling.

It is recommended that horizontal and vertical reference sensors be

installed to improve the accuracy of the results.

Its size and shape make the instrument convenient for performing fre-

quent observations, and future studies with this instrument are planned.

In future research, simultaneous measurements of transmissivity, scatter-

ing and spectral radiance will be made in Monterey Bay to provide sufficient

empirical data to test the theoretical laws of light distribution in the sea.

In addition, the meter will be used in base-line studies of California coastal

waters

.
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APPENDIX A

Figures of Spectral Radiance Distribution with Depth at <J>
= 0° and 6

45, 90, 135, and 166° for Stations 1 and 2.
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APPENDIX B

Spectral Radiance Calibration Nomograms for 25 nm Wavelength Bands
from 400 to 72 5 nm. g
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