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FOREWORD

In our invitation to the conference, "The Color of the Ocean," which-
was held in Woods Hole, Magsachusetts, on the 5th and 6th of Augnst, 1959,
we degcribed the topics to be considered as follows:

1. Upwelling radiance of the ocean with special reference

to color. Applications to physical oceanography and
to biolegical problems, ineluding primary productivity,
Tisheries, pollution, currents, bottom studies, ete,

2. The physical basis of upward radiance, gscattering and

absorption in the gea.

3. Instrumentation, data reduction and interpretation,

We explained that our eventual goal was to use spectrophotometry and
photography as an aid in aecrial and satellite reconnalssance of the ocean
to locate distinct water masses and areas of higy)biqlogical productivity.

This report presents the remarks and presentations given at the
conference as well as papers and thoughts contributed by the participants

after the meeting,

George L. Clarke

Professor of Biclogy, Harvard University
Associate in Marine Biology,

Woods Hole Oceancgraphic Institution

Gifford C. Ewing
Senior Scientist
Woods Hole Oceancgraphic Institution
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SUMMARY CONCLUSION

Recognizing that a series of earth resources technology satellites
will be orbited in the early 1970's, this conference recommends that the
quantitativelmeasurement of the color of the oceans should be one of the
prime objectives of one or more of the on-~board remote detection systems.

Ve believe that such measurements, in addition to differentiating
bgtween water masses, will assist in the assessment of oceanic biological
productivity, bottom topography and related hazards to navigation, coastal
ecology of the bottom biota, and certain kinds of waterpollution. Such
an assessment is essential to management of oceanic resources on a national
and world-wide basis.

it is recommended that:

1. The satellite color measurement system meet the following
resolution specifications:

1 mile spatially

100 angstrom spectrally

10 days temporally
The required sensitivity will vary over fairly wide limits, being lowest
over coastal areas and highest over the high seas. Color contrasts to be
found over the open ocean are exceedingly small and are further degréded by
atmospheric transmission. Although further investigation will be needed to
specify the required sgnsitivity with certainty, present indications are that
this is physically attainable and can be achieved in the next few years by

reasonable advancement of the art. More detailed recommendations of

specifications are presented in the conference review publication.

vii



2, A substantial "ground truth" program of measurement must be
instituted promptly which is primarily aimed at the understanding of the
canges and interpretation of ocean color, and how this is degraded by
atmospheric scattering and by surface, waves, foam and glitter, This
must be so planned that mezningful correlations will come from the data

acquired during the experimental orbital missions.

SUPPLEMENTAL REFEREKRCES

Oceanography from Space. Ed. by G. C. Ewing.
Proc. of Conf. on The Fegsibility of Conducting
Oceanographic Explorations from Aireraft,
Manned Orbital and Lunar Laboratories, Woods
Hole, Mass., 24-28 Aug. 1964,

Oceans from Space. Ed. by P. C. Badgley,

L. Miloy and L. Childs. Proc. of Symposium

on Status of Xnowledge, Critical Research Needs,
and Potential Research FTacilities Relating to the
Study of the Oceans from Space, Houston, Tex.,
Gulf Pub. Co., 1G69.

Bailey, J. S. and P, G. White, (1969), Rewote
sensing of ocean color, Advances in Instrumentation,
Vol. 24, Pt. 3, NASA Accession Number AT70-18592,
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Raymond Alfaya
Science Engineerina Research Grouo
Long Island University
Greenvale, HNew York

This group is engaged in remote sensing research, in the area
of multispectral color aerial photography. They have developed their
own four-lens multispectral aerial camera which simultaneously exposes
four spatially identical black and white negatives through different
optical fiiters. Using a specially designed additive color viewer, a
corresponding set of four black and white positives are combined, by
superposed projection, to produce an additive color_aisp]ay. Because
this technique permits precise, independent control of the many
individual variables in photography and viewing, it can distinguish subtle
differences in the soegtral reflectance of land and water masses, which
are far too small to b;\detected by conventional color films. The
group has also developed radiometric instrumentation and techniques for
measuring refiectance spectra of ground and water target objects, to

obtain the ground truth which is reauired for proper support of

quantitative multispectral photography.

11



Roswell Austin
Visibilaty Laboratory
Scripps Institution of Oceanography

Professional interests have been in the optical properties of
the atmospheric and oceanic environments and their measurement.
Main current interests are i1n the study of the visibility of submerged
objects as seen from above, the assessment of sea state by the deter-
mination of the fractional area of the sea surface covered by whate
water, and the determaination and subsequent removal of atmospheric
transmission effects 1n the remote optical sensing of properties of

the ocean surface.



SOME OBSERVATIONS ON WATER COLOR

ON THE CONTINENTAL SHELF
R. W. Austin

NOTE: The original presentation relied heavily upon colored photographs
obtained from Gemini and Apollo space rissions and by the
author from surface vessels. The following 1s considerably modi-
fied and abbreviated as it is not feasible to use color printing in

these proceedings.

The author had the opportunity to make observations and measure-
ments from a surface vessel along the very extensive continental shelf
bordering the eastern coast of Asia from the Yellow Sea to the South China
Sea. Subjective determinations were made of water coler and physical
measurements were made of the attenuation of the natural {diffuse) light
field in the water and of the reflectance of the water {ratio of the upwell-
ing to the downwelling illuminances)., Information was obtained at over
50 locations.

Space photographs show marked local variations in water color,
and presumably other optical properties, over small horizontal distances
in the areas seaward from the mouths of rivers for many miles, Some of
these rivers carry large quantities of silts having strong colorations. The
measurements made from the surface vessel many miles from the coast
confirmed the existence of many areas having higher than usual water re-

flectance values and concomitant high values of attenuation.

2-2



The diffuse attenuation coefficient, K, was plotted aga1n;st
the water reflectance, RU/D and a defimite correlation was obtained
between the two properties with the clearer (low attenuation co-
efficient) waters having generally low reflectance values and the
turbid waters (high attenuation coefficient} generally showed higher
reflectances. Figure 1l shows the defining relationships for K and
Ry/D. Figure 2 shows the relationship between the two properties
and, additionally, shows that a correlation existed between these

two parameters and the water color as subjectively determined by

two observers,
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Maurice Blackburn

Scripps Tuna Oceanography Research Program,
Institute of Marine Resources,

Scripps Institution of Oceanography,
University of California, San Diego

La Jolla, California 92037

My work is oriented to fishery oceanography. It involves the study of
relations between pelagic fishes, their food supply, and the standing
stock of chlorophyll., Examples are given in the abstract of Iy presen-

tation, entitled "Applications to Fishery Oceanography'.
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Applications to fishery oceanography

What is the use of surface chlorophyll measurements in specifying and under-
standing the distribution of surface fish? I propose to answer this question by
giving the results of some of my own recent studies.

During the years 1964-1966 I made a deftailed study of the ecology of two
species of tropical tuna along the west coast of Baja California, where these
species occur from about June to December in each year. The results are in press
in the Pishery Bulletin of the U.S. Fish and Wildlife Service, The following
four figures show the main results. Xach figure shows: the surface isotherm
at 20° C., below vhich temperature these tunas rarely occur; the area of maxi-
mumt standing stock of surface chlorophyll a; the area of maximum standing stock

of the pelagic crab Dleuroncodes plenipes, which in this area is the primcipal

consumer of phytoplankton and the principal species that the tuna eat; and the
areas in nhich.ﬁuna were caught by the fishermen.

Figure 1 shows the situation off western Baja California at an early
stage in the tuna season, such as July, or August in & cold year. The seasonal
upwelling vegime has begun to decay, whereby some waters have surface temperatures
at or over 20° C., and tropical tunas can enter the area. Tongues of upwelled
water protrude offshore from the coastal upwelling centers. They are rich in
chlorophyll and herbivorous crabs, but too cold for tropical tunas (< 20° ¢.)
except at the edges. On the other hand the warmer waters, where the temperatures
are suitable for the tunas, are relatively poor in chlorophyll and tuna food.
The tunas, therefore, are found at the boundary between the warm blue biclogi-

cally poor water and the cool green biologically rich water, and not elsevhere.



Figure 2 shows the same area at a later stage, such as Avugust in a warm
year, when the tongues of upwelled water have become much warmer although they
are still richer in chlorophyll and herbivores than any other waters. Tunas
are now found in the middle of the tongues as well as along the edges, exploiting
the richest areas of forage without any restriction imposed by unsuitable sur-
face temperature. They are not found in the egqually warm areas where biologi-
cal material is scarce, however.

Later still, as in Septenber ($1gure 3}, tongues of upwelled water can no
longer be recognized by their surface temperature, but they can still be recognized
by their relatively high content of surface chlorophyll and herbivores. Tunas
are found‘in these food-rich areas, and not elsewhere, although surface tem-
peratures are suitable (> 20° C.) everywhere.

‘Fiéure  shows the situation late in the tuna season (November), when all
signs of upwelling have disappeared; thermal and biological conditions are
rather uniform and sultable for tunas over large areas, and tuna occurrences
are scatlered through these areas. Iater still, temperatures become unfavor-
ably low throughout the whole area, and the tunas retreat to the tropies.

In Figures 1 and 2 the areas of low temperature (< 20° C.) and high
chlorophyll were broadly congruent, so that distribution of tuna food and ftunas
could perhaps have been specified from data on temperature only; but in Figures
3 and 4 these distributions could not have heen specified from temperature data,
although they could have been specified from chlorophyll data.

These studies supported a hypothesis, for which there was previous
evidence as well, that two main ocean properties de%ermine the distribution of

tune (end possibly other pelagic fish)'at any particular time: npamely



seaperature, which sets lamits of total range, anﬁ food supply, wvwhich determines
the patchy distribution within the range limits. They also showed that surface
chlorophyll is distributed like the tunas' supply off Baja California, and‘
could therefore be used to specify areas in which tunas would be expected to
occur (provided temperatures were suitable).

One might expect less close relationships between distributions o surface
chlorophyll and tuna food in other areas, where tunas are known to eat a greater
variety of species, many of which are not herbivores. Nevertheless I have data,
from cruises made at different seasors over a large area of the eastern tropical
Pacific on BASTROPAC expeditions, which show that surface chlorophyll may be a
good estimator of tuna forage, even in those situations. Figures 5 and 6, for
opposite seasons, show the distribution of the standing stock of animals thai
skipjack tuna eat, in two different ways: as actually cbserved, and as esti-
mated from a regression on surface chlorophyll measured at the same time and
place. The agreement is at least fair: with more data and more understanding,
it could probably be much improved.

These remarks give an idea of what it may be possible to accomplish with
a large and regular coverage of sea surface chlorophyll, such as might be
obtained from aircraft or a satellite — namely, the ability to specify at
short notice the areas of maximum concentration of food of tunas, and thus of
the tunas themselves, and possibly the same for other kinds of pelagic fish.

Tt may be more efficient to estimate the fish-food distributions from chlorophyll
distributions, than to measure them directly. In many situations, data on sur-

face temperature would be required as well,



Legends for M. Blackburn's Figures

-

Fig. 1. Distrabution of tropical tuna and environmental properties off
Baja California: the situation early in the tuna season, when
tongues of biologically rich upwelled waters are too cold for
the tunas except at the edges. -

Fig. 2. Distribution of tropical tuna and environmental properties off
Baja California: the situatlon later in the tuna season, when
tongues of biologically rich upwelled waters are warm enough for
tunas to penetrate.

Fig. 3. Distribution of tropical tuna and environmental properties off
Baja California: a later situstion, like Pig. 2 except that
the tongue of biologically rich upwelled water i1s not shown by
the temperature.

Fig. 4. Distribution of tropical tuna and environmental properties off
Baje Californias: +the situation late in the tuna season when
no signs of upwelling remain.

Fig. 5. Skipjack tuna forage on EASTROPAC Bxpedition, August-September
1967, in ml./1,000 m?: (Above) as observed 1n net hauls;
- (Below) as estimated from a regression on surface chlorophyll.

Fig. 6. Shkipjack tuna forage on EASTROPAC Expedition, February—MarcH

1968, in ml./1,000 m?: (Above) as observed in net hauls;
{Below) as fstimated from a regression on surfiace chlorophyll.
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Myron Block

Block Ergineering, Inc.
19 3lackstone Stirecet
Cambridge, Mass.

New instrumentation concepts have been developed at Block that
con have usefulness for oceanography.

1. Fourier transformation spectroscepy -- 10,000 tires improvemen?
over former technigues of spectral measurement,

2. Remdpte Raran spectroscopy technigue -- quantitative high-
resoluticn spectroscopy of gases and liquids. Uses pulsed laser 1ight
of certain pulse lenqth, range catles the data, then does spectroscopy
on return siqnal, measures parts/million of chemical composition.

3. Technique to measure daytime ‘luorescence withuut seeing the
cffects of sunlight in same spectral region.

L. Currently we are tying all this into a system called 'digilab' --
computerized outputs af all sensors with coerator using teletyge input.
For example, in interfercmelric spectiromttry the svstem oocratés by

“closed loon' instrumentatior, i.ec., the system calibrates itself,

.

wavelength scale is plotted, cptimization takes place.

+

We reed to know sc~ething about depolarization of Tight in sca

water,

-
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George L. Clarke

Associate in Marine Biology, Woods Hole Oceanographic Institution
and Prof. of Biology, Harvard University.

My special interest is in the application of light measurements
to the biological problems of the sea. Light in the ocean is derived
from the sun, the moon, and the sky, and also from the luminescent dis-
charge of many kinds of marine organisms. ‘The conditions of light in
the sea controel the growth of the primary plant producers and influence
the behavior of many oceanic animals. The absorption, scattering, and
spectral distribution of daylight passing through the water are modi-
fied by dissolved and particulate matter, both living and non~-living.
Our present investigations are concerned with measurements from ship
and aircraft of the spectrum of light back-scattered from beneath the
surface. Changes in the spectra in space and time are under scrutiny
as means for delineating water masses, detecting pollution, and evaluat-
ing chlorophyll abundance as an index of productivity. A summary of our

recent work on this subject is presented in this publiecation.



Reprinted from Science, 167, (1970)

Copyright 1970 by

the American Association”

for the Advancement of Science

Reports

Spectra of Backscattered Light from the Sea Qbtained
from Aircraft as a Measure of Chlorophyll Concentration

Abstract Spectia of sun and shyhght backscattered from the sea were obtained
from a low-flying aircraft and were compared with measurements of chlorophyll
conceniration made from shipboard at the same localiies and at nearly the same
times, Increasmg amounts of chlorophyll were found to be associated with a relg-
uve decrease i the blue porton of the spectra and an mncrease wn the green
Anomalies in the spectra show that factors other than chlorophyll also affect the
water color 1n soine wistances, these factors include other biochromes, suspended
sediment, surface reflection, polarization, and awr light

The penetration of daylight nto the
sea is of fundamental significance n
the oceamic ecosystem because 1t con-
trols the growth of the primary plant
producers and the behavior patterns of
many marine amimals Previous mvest-
gattons have revealed great variation
in the rates of Iight penetration due to
difierences in amounts and kinds of
materials m the water In addition, the
spectral composition of the light be-
neath the surface 1s altered by differ-
ential absorption and scattering due to
the water itself, and also to whatever
dissolved and pariiculate matter (both
hving and nonliving) may be present
(1). Because chlorophyll aifects the
spectrum 1n a characteristic way and
because 1t 15 assoctated with living
plants, spectral measurcments of chlo-
rophyll concentration may be used as
an index of the amount of phytoplank-
ton present Regions with high phyto-
plankton abundance can support large
populations of herbivores and of suc-
cessive links m the animal food cham,
many of which are of economic impor-
tance to man Thus, abundant chloro-
phylt indicates the presence of a po-
tentially productive area (2}

The spectral changes imposed on the
downwelling daylight by natural waters
and by the matersals in them have been
measured by lowermng an upward-
directed spectrometer in a watertight
case to various depths {3) The up-
welling, or backscattered, light that can
be measured by employing the spec-
lrometer in the inverted position 35
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found to have its spectrum simlarly
modified by 1us passage through the
water. A portion of the backscattered
hght escapes upward through the sur-
face, where 1t has been recorded by an
mverted spectrometer suspended above
the water from a ship and from air-
craft (4) Allowance must be made for
hght reflected from the ocean surface
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Fig } Upwelling light as received at the
mdicated altitudes at Station § (Fig 2)
cast of Cape Cod, 26 August 1968 be-
tween 1345 and 1512 hours, ED T
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itself or scatiered by the stratum of air
above the water,

The posstality thus easts that spec-
tral measurements of backscattered
hght can be used to delineate water
masses, to trace currents, and to deter-
mme the abundance of chlorophyll,
pollutants, or other significant materials
in the water, Because measurements
from aircraft or spacecraft can be
made over extensive areas mmch more.
rapidly than from ships, they are
especiaily suited to the study of small-
seale, rapidly varying dmstributions of
oceanic properties (5). Tests of some
of these posstbilities are reported here
for water masses of widely different
known chlorophyll concentrations off
the New England coast

During the summers of 1967 and
1968, records of the spectrum of back-
scattered hight from the ocean have been
made from our research vessel Craw-
ford and our C-54-Q research awrcraft
The spectrometer used was designed
by Peter White of TRW Systems, Inc,
and described by L A Gore (6) R C.
Ramsey of TRW operated the instru-
ment and took part 1n the reduction of
the data and n the interpretation of the
results

The TRW spectrometer is an electro-
optical sensor of the off-plane Ebert
type with an RCA 7265 (S-20 response)
photomultiplier. The spectral range 1s
400 to 700 nm with a spectral reso-
lution of 5 to 7.5 nm, a scan time of 1.2
seconds, and a field of view of 3° by
0 5°. A continuous curve of the spec-
trum is provided by a Sanborn re-
corder for each scan The specirum of
the incrdent light from the sun and sky
was determuned before and after each
series of measurements by recording
the light reflected from a horizontally
placed Eastman Kodak *gray card”
with a nonselective reflectivity of 18
percent A series of tests was made to
detect changes in the spectral distribu-
tion of incident light dumng the 3
hours before and after noon due to
changes in the sun’s altitude and to
changes in sky conditions from clear
to ight cloudmess Changes found were
not great enough to affect significantly
our nvestigation of the differences in
backscattered light from the ocean By
taking advantage of the fact that light
reflected from a plane serface at Brew-
ster's angle (approxmmately 53° from
vertical incidence for normal sea
water) 15 plane polarized with its vibra-
tion plane perpendicular to the plane
of mcidence, we could reduce the light
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received as reflechion from the water
surface We placed a polanizing filter,
oriented at night angles to the major
axis of polanization, over the receiving
aperture of the spectrometer and tilted
the instrument at Brewster's angle (di-
rected away from the sun).

When we operated the spectrometer
from our C-54-Q research aircraft, the
signal that we wished fo measure,
namely, the spectrum of the hght back-
scattered from beneath the sea surface,
was sometimes difficult to detect be-
cause of nterference from “‘noise”
caused not only by surface reflection
but also by “amr light ” Air light 1s ight
that has been scattered to the instru-
meat by the air and by material in the
air between the sea surface and the
awcraft As the altiude of observation
increases, the area of the sea from
which hight can enter the instrument
enlarges, reaching the dimensions of
about 52 by 9 feet (16 by 3 m) at 1000
feet (305 m) Smaller irregulanities m
surface reflection or in the nature of the
scawater will be averaged out. At the
same time mterference from awr hght
will increase with altitude because of
the greater path length through the
atmosphere The curves shown 1w Fig

1 were taken at altitudes ranging from
600 to 10,000 feet (183 to 3048 m) over
an area east of Cape Cod (Station S.
Fig 2), where the water was 200 m
deep and the cstimated chlorophyll
conttent, although not measured at the
time, was probably about 0 6 mg/m?
As altitude ncreased, the values for
upwelling  hght received  increased
markedly and regularly in all parts of
the spectrum The remamnder of the
measurements reported here were made
at an altitude of 1000 feet (305 m)
Representative  spectral  measure-
ments obtained over water with high
chlorophyll content (about 4 mg/m?,
Buzzards Bay), with low chlorophyll
content (about 03 mg/m3, north of
the Gulf Stream), and with very low
chlorophyll content (less than 0.1 mg/
m?, Sargasso Sea) are presented 1n Fig
3. The values for the backscattered
hight from these areas have been cal-
culated as percentages of the mcident
hight The curves display charactenstic
differences in shape For the water
with high chlorophyll content the
backscattered hght rose from values
mostly about 22 percent of the mer-
dent light in the blue regton of the
spectrum to about 2 5 percent in the
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The flight of the amwcraft after leaving Nantucket on 27 August 1968

and

the location of Stations A to E Station S was occupied on 26 August Representative
temperatures mensured from the aircraft flying at 305 m are shown to the left or below
the flight path, representative chlorophyll concentrations m muthgrams per cubic meter
measured from the surface ship are shown to the right or above the fhight path
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green, and then dropped to about 03
percent 1n the red For water with low
chlorophyll content the wvalues were
higher 1n the blue, dropped rapudly to
much lower values 1n the green, and
continued to drop in the red Where
chlorophyll content was very low, the
backscattering was higher at all wave-
Iengths shorter than 500 nm and
reached a maximum of 7 percent at
400 am

On 27 August 1968 a more exteasive
survey of the changes m backscattered
Light from contrasting bodies of water
was conducted durtng a flight from
Buzzards Bay and Nantucket Sound to
a pomnt in the Sargasse Sea south of the
Gulf Stream, then north on a 556-km
transect that crossed successively the
Gulf Stream, the slope water, a transt-
tion zone, Georges Bank, Georges
Shoals, and the southern part of the
Gulf of Mawne, and returned via Cape
Cod Bay (Fiz 2) Records of the spec-
trum were taken at frequent intervals
wiih the TRW spectrometer, and a con-
tinuous trace of surface temperature
was obtained by P. M Saunders by
means of a Barnes mnfrared radiometer.
A continuous record of the temperature
and the chlorophyll concentration of the
surface water was obtained from the
R V. Crawford by means of a thermistor
and a continuous-flow Turner fluorom-
efer (7) Water for this purpose was
drawn from an intake valve through
the holl of the vessel 2m below the
surface Analysis of these data shows
that the surface temperature and the
surface chlorcphyll of the slope water,
the Bank water, and the Gulf of Mamne
are statistically differentiated 1o a highly
significant degree. We also have evi-
dence from a previous study (&) that
surface chlorophyll values may be use-
ful as an 1ndex of biological productiv-
ity During four cruises 1n the Atlantic
and Pacific, one of us (CJ L.,) collected
91 samples, which covered a range of
surface chlorophyll concentrations from
004 to 28 3 mg/m?3. Analysis showed
highly significant correlations with mea-
surements of the total chlorophyll m the
euphotic zon¢ and with the primary
productivity of the phytoplankton 1
the waters studied Temperature values
obtained from the arcrafi agreed close-
ly with values obtained from the ship
(see Fig 2} Owng to the relative
sterility of warm Guif Stream water. the
lower chlorophyll measurements tend
to be associated with higher sea tem-
peratures,

A comparison of the spectra of the
backscatiered hight as a percentage of
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~Alfred Conrod
Measurement and Systems Laboratory
Massachusetts Institute of Technology
Cambridge, Massachusetts
We are instrumentation makers and engineers and are involved

here at this conference to provide machines, develop user requirements.

The bulk of our work is in optical instrumentation.



Kirby Drennan
U. S. Fish & Wildlife
Pascagoula, Miss.

IQ recent months we have been looking at the problem of direct
detection, jdentification and quantification of pelagic fish stocks
through the use of remote sensors. Several approaches are being taken
in an effort to establish those characteristics of fish schools which
can be observed through the use of remote sensors and to define the
sensor reauirements and to develop a sensor system which will enable us
to assess the resources of large oceanic areas. These include multi-
;Dectral photography, studies of the reflectance spectra of individual

“fish and fish schools, measurements of the absorption spectra of

fish oil films, studies to determine the application of low-level-light
msensors, such as image intensifiers, to detect the bioluminescence
associated with most fish schools, and in October a series of tests will
be conducted with a pulse~gated laser system. A rather extensive
photographic nrogram was carried out at Pascagoula which resulted in
several hundred aerial photographs of fish schools of various species.
-élack and white, color, and color infrared films with various filter
combinations were used in this program. An effort is now being made to
correlate the photograchic imagery with the catch data and sonar soundings
obtained during the field operation.
In September of 1948, the Pascagoula base and TRW Systems, under
contract to Pascagoula, obtained spectral reflectance measurements of

fifteen schooling species in the Northern Gulf of Mexico. Observations

were made on single Tish and fish schools inside an impoundment using &

7=1



recently developed TRW water color spectrometer. These Qata indicate
that, in general, the reflectances are sepa;;ble on a species basis and
are different from sea water reflectance. The natural phenomenon of -
bioluminescence which is stimulated in ubiquitous marine organisms by
the movement of fish schools appears to offer a promising solution to
the problem of locating and possible identifying and gquantifying fish
schools at night. In recent months, we have used an airborne image
intensifier/television system at altitudes of 5,000 feet to detect
fish-stimulated bioluminescence, the intensity of which was far below
the threshold of the human eye. Therefore, we are intereste& not only
in the physical, chemical and biological factors which affect the color

of the ocean, but also the effect that these factors have on the production

and transmission of light within the sea.

7-2



Gifford C. Ewinag
Woods Hole Oceanographic Institution
Woods Hole, Massachusetts

0f the various oceanographic parameters that one might attempt to
measure remotely from satellites, color has the unigue advantage of
reacting to the bulk properties of the ocean, thus giving an estimate
of its biclegical and chemical consiruction. Although this information
is limited to the upper 10-20 meters of the sea, ltess than 1% of the
total volume, nevertheless this is the part that is of most direct
concern to the majority of mankind. That relatively littie is known
of the distribution of sea color is due in part to the fact that it is
distributed in fairily small patterns and varies with the bioloqgical
activity at a relatively high rate so that the low sampling rate
available to ;hips is Tnadequate to observe the day-to-day changes.

Satellite oceanography is inherently directed toward observing the
upper layers of the sea, the part that is stirred by the wind and 1it by
the sun. No matter what ingenious ways may be devised for probing deep
beneath the surface, it seems unlikely that such regions will be naturally
amenable to exploration by sateiiite technology. In other words, we are
concerned here with a specialized description of a severely limited layer
of the ocean.

Fortunately, the layer of the ocean exposed to the overview is far
more significant than the above considerations suggest. For one thing, it is

the part of the ocean that overwhelmingly concerns the everyday affairs of

mankind. {t is the site of waves, storm surges, the rise of tide, and
the secular changes of sea level. [t covers the continental shelves
where oll and minerals are being recovered. It Is the part of the sez that



most concerns sallors, because of currents, destructive waves, dangerous
shoals, or drifting ice. It impinges on the beaches, harbors, and estuaries
that are important for industry, recreation, and human habitat, It includes
the zone that supports the photosynthesis upon which the whole biological
resource of the sea depends. MNot only is this the only part of the ocean
that directly touches the lives of most of mankind, but, conversely, it
is mostly at these superficial depths that man acts on the sea by activities
such as dredging and fishing, or by contamination with chemical pollutants.

The overview is eaqually important to the scientific understanding of
the marine environment and its multifarious interrelations with the land
and atmosphere, which exert a crucial, though somewhat less direct influence
on the human environment. Virtually all the energy that controls its inner
workinags flows across this boundary, and all the water types that constitute
the ocean's anatomy have their genesis at the surface, in a reaion of
exposure to sun and sky and wind. Like the sediments of the earth's crust,
the sea is composéd of tilted strata that outcrop somewhere at tﬁé surface.
Consequently, a complete mao of all these surface outcrops must contain
information about all deep-water masses of the sea. Geometrically, the
ocean has approximately the proportions of a sheet of letter paper, and,
like a sheet of paper, much of its information content is written on its
face, exposed to view from afar.

In spite of these obvious advantages, oceanographic exploration
from the air is in a very rudimentary stage of development. Compared
ﬁith forestry, agriculture, terrestrial geographv, and meteorclogy,

techniques such as aerial photograohy and infrared radiometry have as yet



found little application to oceanographv. The reasons are varied and
complex, including the limited operating range of aircraft, lack of
suitable sensors, and the special difficulties of acquiring oceanic 'ground
truth." But more fundamental tﬁan all these is the inability of i
oceahographers to make efficient use of surface.maos of the ocean, if

such data were readily availzable and free of error. Although the idea
that the sea derives its constitution and motive force at the air/sea
boundarv is well established in oceanographic theory, in practice the

data of oceanic observation have usuallv been obtained and analyzed in
vertical sections. As a result, the instruments, data-handling routines,
analytic methods, and, in fact, the oceanographers themselves are all
oriented toward vertical rather than horizontal aggregates of information.
To establish the basis for satellite oceanography will require a gestation
period that may be measured in years or decades, depending on how much
effort is invested in this sector of the science. It will not be easy to
combine such unrelated technoloaies as space science and oceanogravrhy,

and it will not occur spontaneously as it has in agriculture or geography,
where air mapping has lonq been established.- Above all, it will require

a much greater effort in establishing the validity of data acauired from
satellites than is commonly recognized. For many aoplications, such as

in agriculture, ''ground truth'' can be established by a few flights over
selected areas that have been well surveyed. But in oceanography one deals
with rapidly changing conditions. For example, high sea states cannot be
scheduled months in advance, nor do thev persist lonqg enough to permit the
leisurely coordination of air and surface activities to record their

physical descriptions.



The great strength of the satellite observatory is its ability to look
at the world ocean cn a time scale that is small compared with that of
many important*dynamic processes. This ability is greatest in the case of’
satellites in earth-synchronous equatorial orbit, but even in low polar
.orbits of several hundred miles altitude the entire ocean can be overflown
at intervals of less than one day.

A large assortment of color photographs obtained during the Gemini
flights is available at NASA headquarters and at the Manned Spacecraft
Center in Houston. Some of these photographs have aoppeared in nonscientific
popular magazines, and NASA has published them in an atlas. These pictures
show that space resolution is not limiting from these tow orbits. The
color photography shows that the color contrast is adequate for many
purposes, such as delineating nlumes of silt, mud, pollutants, and oi];
slicks off river mouths ard estuaries, and showing areas of shoal water.
Some information about the conditions of the sea surface can be obtained
from its reflective properties., It is probable that the visibility of the
Gulf Stream reported by Glenn on MA-6 was due to differences in the slopes
of the wavelets rather than to differences in the water color itself. By
suitable filtering, it is even possible to photograph the bottom at
controltled optical depths, thus providing some information about shallow
depth contours, where the color contrasts are very large.

Over the open sea, color photography has not, as yet, produced much
information of scientific value. Due to atmospheric effects and to the

film-processing methods in use, the high seas are shown as brilliant blue,

devoid of any recognizable color features. Whether this is all that can be
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done with color photography over the ocean from satellite altitudes, we
do not know. 1f this is the case, its usefulness will he 1imited to
applications close to shore or in shallow water. DOnly spectroscopic
methods would then be of value in mapping water color in deeper water.

Light irradiatine the sea surface undergoes reflection and refraction.
The reflected portion is polarized in the usual way, that is, the comvoneét
of the electric vector parallel to the sea surface predominates in the
reflected 1ight and, at Brewster's angle, is virtually the only component
present. This can be made use of to select either the reflected skyliaht
or the backscattered sunliaht unwelling through the water surface,
-depending on whether the desired information relates to the shape of the
reflecting surface or to the optical properties of the bulk water. The
refracted pértion nenetrates the sea and, in the absence of scattering, is
eventually extinguished by absorption. In reality, the light is scattered
by particles of all sizes, from molecules through the larger colloidal
particles and up to large bubbles or, in sha]low-water, by the bottom. 0On
the high seas, about 5 percent of the incident light is backscattered upward
toward the sky. This is about equal to the skylight wreflected at near-
incident anales and severalfold targer than the fraction of reflected
light passing throuch a suitably oriented polarizing filter.

The backscattered light so recovered, having been subjected to
absorption and spectrzl scatterina along a path length that varies with
the distribution of scatterers in the sea, is markedly different in color
from the incident "white'' light. 1n clearest o&ean vater, the effective
path length is quite lona and the upward scattered light is strongly blue,

with a dominant wavelenath of 4000 A and a quite pronounced saturation or
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excilation purity. In coastal regions the water.contains many colored
absorbers, both inside the bodies of transparent plankters, and as
solutes of tannins, chromatins, carotenoids, chloroohyll, and many other
“"foreign' compounds. {n addition, suspended particles of very fine mud
scatter the light selectively and add to its color. As a result, the
transparency of the water is much decreased, and the dbminant wavelength

shifts through green intc the yellow (at 5700 & ) or even into brown.

The distinctive color of water is a familiar observation and leads to
such names as the Black Sea, the Red Sea, the VWhite Sea, the Azure Sea,
and the Vermiliion Sea. Although water color was used by the eariiest
navigators to locate familiar water masses and associated current systems,
modern navigators depend on more Uscientific" (i.e., less natural) methods.
For the most part, oceanographers rely on the temperature and salinity of
the water and more particularly on their correlation to identify water
masses of different origin. Water color is used only as é-measure of
biological activity, past and present. For example, Steemann-Nielsen
found that ''the distribution of water color in the open ocean outside
influence of land must be closely similar to the quantitative distribution
of plankton algae." (k?g-’)

In air reconnaissance of the ocean, temperature is the only parameter
that currently serves as a discriminant of water masses. Thus it is easy
to distinguish the Guif Stream water from the adjacent slope water by its
temperature contrast. But foF more subtle difference;,-this will hardly
suffice. Surface temperature is ouickly altered by air temperature and by

radiation, so that water masses having very different histories can have



identical temmeratures., As an alternative to the correlation of
temperature and salinity, it is suggested tHat the correlation of
temperature and coler might serve to distinguish different water masses.

An example of the spectral variation of the backscattered light
measured at a flight altitude of 500 ft is shown in the accompanying
figuré%"ﬂo emphasize chromaticity as distinct from brishtness, the
spectra are presented in terms of their normalized trichromatic
coefficients. (As usual, the blue coordinate is omitted.) The color
of the ocean water is shown by its relation to the licht refiected from
a neutral gray card. The dispiacement of the color toward the green
aad vellow, relative to the clear ocean water, is also shown. The
figure shows the sites over which the spectra were obtained.

If equipment of requisite sensitivity can be developed, it mav be
possible to see significant ocean-color differences at satellite
altitudes and thus to add an observable parameter which, correlated with

temperature, will make subtle features detectable over the high seas.
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IFrank Hebard
Bureau of Commercial Fisheries
Miami, FL 33149

The major research effort at the Tropical Atlantic Biological Laboraéory
15 the study of tuna distribution in the Tropical Atlantic Ocean and to
_determine how their distribution 1s affected by the physical and biological
features of the ocean., During a recent cruise to west African waters
(September-December, 1968), an attempt was made to use satellite derived
APT data and ship-borne infra-red sea surface temperature data to supplement
routine oceanographic obgervations in the location of the Gabon-Angola oceanic
front. This front, represented by the 24°C sea surface isotherm, undergoes
a seasonalnorth-south migration and has been reported to affect the aggrega-
tion of tunas.

The front was located and its migration followed during the cruise by
monitoring changes in the location of the 24°C sea surface isotherm
as determined by thermometer and by infra-red sensors aboard ship.
One-hundred twenty-three (123) Essa 6 APT transmissions were received and
photographed aboard ship and an attempt was made to relate the distribution
of the Gabon-Angola front to features revealed on these photographs.

We were unable to use the satellite photosto locate the Gabon-Angola
oceanic front, probably because the temperature gradient associated with
the front was not strong emough to affect cloud formation. In areas of
upwelling where a strong temperature occurred, the photos
showed that there was an effect on cloud distribution.

In the future we will countinue in our effort to monitor from aircraft
and from satellite both physical and biological oceanographic conditions
by means of remote sensing techniques. Of particular interest is the

sea surface temperature, distribution of currents, distribution of f{resh
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water runoff from selected streams, monitoring phytoplankton and

zooplankiton standing crops, and location of tuna schools as a means

of reducing search time for the fishermen.



Rudolph Hollman
Dept. of Meteoroloqv and fceanoaraphy
New York University
Bronx, N. V.

Over the opast years we have made a studv of the albedo of the
sea surface, that is, the ratio of the umnward radiant flux to the
downward radiant flux, over the rather broad soectral band of
approx?mately 0.351 to 2.5u. The instrumentation consisted of two
Epnlv pyranometers, a ovrheliometer, and a photocell. The two
pyranometers were mounted back-to-back on a gimbal mounting affixed
to a tong boom that was extended over the bow of the research vessel.
The-upriqht pyranometer sensed the total downward radiant flux
(irradiance) or alobal radiation and the inverted pvranometer sensed
the upward radiant flux from the sea surface. The ratio of these
two irradiances is defined as the albedo. The pyrheliometer measured
the diréct solar radiation so that the difference between the global
and the direct radiation yields a éeasure of the diffuse sky radiation.
The calibrated photocell was mounted on a ficat and nrovided a measure
of the unward radiant flux due to scatterina within the water. These
measurements were largely carried out over the waters of Easterp lLong
Istand Sound.

The results of these measurements show that the backscattered
light contributes sianificantly {25 to 50%) to the albedo. We know
that the albedo depends upon the solar altitude but we found the é1bedo

also depends upon the state or condition of the atmosnhere, that is,

cloud conditions, turbidity, etc. An index of the state of the atmosphere



is the amount of sky radiation present in the global radiation. The
measurements also indicate that the reflectance of sky radiation Ts
not constant but depends upon the solar altitude and the angular
distribution of the sky radiation itself: These results agree with
the results derived from Kimball's data for the distribution of sky

radiation.
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George Huebner
Dept. of Oceanoarachy & Meteoroloay
Texas A & M University
College Station, Texas

For about four years we have had a program in remote sensing
for oceanoqraphy sponsored by the Navy Oceanographic 0ffice and Office
of Naval Research. Personally, | am interested in the microwaves area--
microwave parameters of the ocean. Our program has used NASA data and
vhoto data from ships. Recently, we were funded in a program investigating
sensors planned for orbiting vehicles and various ways to employ these
even in cases not specifically designed for oceanography. | am here to

learn about interests and efforts in color photogranhy of the ocean to

aid this project qoal.

11=1



N. G, Jerlov
Institute of Oceanography
University of Copenhagen
Denmark

The Institute of Oceanography is five years old and has two
‘specialties:

1. Turbulent diffusion of the sea

2. Optics of the sea

These are related because diffusion is studied by optics.
Observations are made of attenuation, scattering, polarization and
fluorescence of the sea. Optics are used to characterize water
masses and study their spreading in the sea. The distribution of

scattering particles may be related to primary oroduction.

Quantameter work.
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Mahlon G. Kelly
Department of Biologv
New York University
University Heights, N. Y.

My interest in light in the ocean started about seven years ago.
At first this interest concerned the distribution of.bjoluminescence,

but since has shifted to the use of aerial photographv for studving
'coastal regions. Many benefits are to be gained by using such methods.
The large-scale distribution of bottom cover has been much neglected

in studies of bottom ecologv, and photography aids areatly in studying
this very important aspect of coastal areas.

! have been studying bottom biota at locations in the Bahamas,

near Miami, and in the Florida Keys, and am now startina work on the
;is;ribution and ecoloqv of suspended materials in polluted coastal
areas. The work has benefited greatly from the help and cooperation

of instrumentation engineers and workers Interested in coastal land use.

It is such cooperation that will allow ootimal use and design of remote

sensing techniques.
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AERIAL PHOTOGRAPHY FOR STUDY OF NEAR-SHORE BIOTIC DISTRIBUTIONS

by
Mahlon G. Kelly

Although coastal areas contain some of our wore valuable resources,
synoptic study of the large-~scale distribution of shallow-water bottom
features is verv difficult because over-lying water Iimigs survey and
sampling. Surprisindly, although technology is available for photo-
graphing through the water to depths of more than 100 feet, little use
has been made of such photography for the study of biological resources
and of marine ecologv. Nonetheless, it is the biological features that
are most immediately and drastically affected by pollution and man's
activities along our coasts. Synoptic photographv of shallow-water
bottom biota needs to be developed to monitor and study environmental
conditions and change.

Color photomosaics have been obtained of approximately 200 square
miles of shallow water area on the Wes£ edge of the Bahama Banks south
of Bimini and in Biscayne Bay, south of Miam{, Florida. These mosaics
allowed identification and mapping of the major biotic cover on the bottom.
This would have been nearly impossibie using conventional survey techniques.
in addition, distributional features were identified that could only be
detected using the perspective obtained with remote photogranhy. Although
some of these features atq.incomnlete1y explained, they show important
relationship to such environmental conditions as water deoth, sediment and
bottom geology, currant scouring, wave exposure, etc. Also, man-made
effects such as siltation due to dredging operations, canal drajnage, and

the effects of thermal outflow from power plants were reflected in the
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types and distribution of the plant communities.

Although there is some possibility that spectral signature analvsis
may help in studying these distributions, this approach is limited by
the selective and variable spectral absorption and scattering cf sea-water:
any signatures are modified by the overlving water. Photogranhy is
limited by the absorption of évailab]e liaht by the water and by contrast
and resolution reduction due to turbid light backscatter. MNevertheless,
bottom features may be resolved at considerable depths even in relatively
turbid waters.

Although instrumental analysis of photography and images and multi-
spectral photography may be of value, their use is at present limited by
the lack of even the most fundamental knowledge of large-scale distributions
of the bottom biota. Background information is needed in primary photo-
interpretation using tone, hue, texture, and pattern recognition before
more advanced technologies may be anplied to their fullest, although
photoenhancement techniques, instrumental analysis and multispectral
photography may be invaluable as aids to interpretation. In short, sea-
based photoiéternretive studies are badly needed under diverse conditions
to provide a backloo of information on the application of large-scale
vhotography to the study of coastal biological resources.

We are continuing work in the clear waters off Florida as well as
in the very disturbed conditions near New York City. [t is hoped that
studies in such diverse conditions will prove valuable both to marine
ecologists and to those concerned with management and monitoring of the

conditions near our coasts.
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- Note:

The presentation given above was an informal and slightly expanded
version of a paper presented at meetingﬁ_%f the American Society of
Photogrammetry, June 9-11, 1969, and oublished in the Seminar Proceedinqs]
The abstract given above is identical to that of the previously presented

paper.

Reference
1. Kelly, M. G., 1969. Aerial Photography for the Study of Near-Shore

Ocean Biology, in: New Horizons in Color Aerial Photography, Seminar

Proceedings. American Society of Photogrammetry, pp. 34#7-355.

134



Leonard M. Liebermann
Department of Phvsics
University of California, San Dieco

The NASA-National Academy of Sciences Study Panel on Oceanography
asked us to rate what could be done from satellites for oceanography.
We found the following results were obtainable: ‘

1. Global heat-budget studies of the surface layer,

2. General circulation of the ocean,

3. Analysis and prediction of sea-surface temperature,

L. Analysis and nrediction of sea-surface roughness and sea state,

5. Description of oceén-wide distribution of surface productivity.

Conclusion:

1. One of the most rewarding, nractical studies will be that of
the color of the ocean. We made instrumentation for measuring
chlorophyll by means of 6750 & band consisting of a spectroscope,
prism and vibratina mirror, slit scanned spectrum by a photocell....
sinusoid wave, looked for second harmonic in vibrating mirror.

2. VWhat can be learned about the nafure of waves by photography?
Using transparent points of sea surface photos, as a hologram, one
obtains patterns showing the spectrum of wave lengths.

‘ 3. Measurements of wave heights by laser beam from a satellite

may be feasible if power requirements can be met.
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C. J. Lorengen
Woods Hole Oceanographic Institution
Woods Hole, MA

The Biological Significance of Surface
Chlorophyll Measurements

The possgibility of obtaining surface or near surface measurements
of chlorophyll by remote sensing raises the guestion of the ecological
importance of these measurements, Certain measurements, i.e., euphotic
zone chlorophyll and/or productivity, are of much greater interest and
iﬁﬁortance in-biological studies of the ocean.

1t is possible Ho test the correlation of surface chlorophyll con-
centration with these other parameters with data on hand and this was
done. The data was obtained from both the Atlantic and Pacific Oceans

and covered the range of values one might reascnably expect to encounter

in the oceans. The values are:

euphotic zone 10-91 meters

surface chlorophyll 0.04-28 we w3

euphotic zone chlorophyll T.0-277 mg m"2

primary production 0.06-11 gnm C w2 day -1

The data was transformed into the natural logarithm and entered into

Least Squares Regression. The resulfs are summarized below,
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TABLE 1. n ¥ r
In E chl = 3.49 + 0.62 1n Surf. Chl. 91 3098%* 0.82%%
in Euphotic zone = 3.46 - 0.29 1n Surf. Chl. 91 388%% 0.8]1%%
In primary prod. = 0.43 -+ 0.48 1n Surf. chl. 87 99 0.54%%

The conclusion ¢f this exercise is:

Surface chlorophyll estimation on a continuous basis is 'a worth-
while objective, since it is a reasonable good estimator of euphotic
zone chlorophyll and euphotic zone primary productivity.

The measurement of either chlorophyll or productivity in the ocean
is of great ecological importance, and the point doesn't have to be dis-
cussed here. Let it be suf{ficient to say that in some circumstances
chlorophyll measurements may help to delineate arcas where certain fish
resources might be found (see comwments by Blackburn), depending on
neeting certain biological restrictions. On the other hand, obtawining
chlorophyll information regularly over large areas of the ocean would
be very interesting and helpful in solving certain problems involved
in the study of food chain ecology.

One other interesting feature of the statistical amalysis was the
strong relationship between surface chlorophyll and euphotic zone depth
(the depth to which 1% of the surface irradiance reaches). Apparently,
most of the extinction of visible light in the ocean can be related

to chlorophyll (contained within algae).
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Panl M, Maughan

Special Assistant for Marine Resources
Burean of Commercial Fisheries
Washington, DC 20240

Bureau of Commercial Fisheries remote sensing prograﬁs, such as the
-space-photo interpretation of Dr. Robert Stevenson's at Galveston and the
fishery intelligence program of Mr. Kirby Drennan's at Pascagoula, are
coordinated through the BCF Central Office in Washington, D.C.

The remote sensing programs are proceeding in two study areas: l)
direct detection of fish stocks in their natural environment and, 2)
indirect detection of fish stocks using a knowledge of the physical parameters
(sdch as arveas of upwelling and convergence zones) to determine where fish are
without actually oﬁserving the fish. Current plans are to investigate newer
remote sensing techniques and to specify "fish sensors" for the proposed
oceanographlc satellite. There is no doubt that a real benefit to the
fishing industry can be made through observations from a satellite system.

One study at Oregon State University currently in progress whieh BCF
is sponsoring, is observing the well-defined Coiumbia River plume flowing
south along the Oregon coast and an adjacent area of upwelling, and relating
these to the presence of albacore tuna. The first of three phases is now
underway and involves the use of multi-spectral photography, IR (PRTS)
temperature data, and standard color photographs from aireraft. 08U
scientists have found major color differences between the plume and ocean
water. Himbus ITII HRIR satéilite data will be used to determine the sea
surface temperature. In conjunction with the albacore study, a forecast
network issues a daily bulletin to the tuna fleet. This study is a combina-
tion of applied and basic research and has a real monetary advantage to the

fishing industry.
16-1



Wiltiam J. Merreil, Jr.
Department of Oceanogranhy
Texas A & M University
College Station, Texas
n“'_‘l‘am interested in identifying physical parameters and features
in the ocean through color photography and other remote sensors.
My most recent work has been related to identifying oceanographic
features in Apollo photography and in multisensor data taken in
Mexico and Brazil with NASA aircraft. )
(The following is taken from a letter dated August 26, 1969

from W. J. Merrell to G. £. Ewing.)

-"Apollo VI (See Notes 1 and 2 on p. 17-3)

This was an unmanned flicht, so we have the highest percentage
of photographs aver the deép ocean. Although there also seemed to be
a high percentage of cloud cover, some frames definitely show evidence
of color boundaries. The Texas A & M team (Paris, Chmelik, Merrell,
and Arnold) mention one (frame 1435) in a paper to be published in the
final Acollo VIl report. (This was turned in to MASA over a year ago
and has not been released yet.) Frames 14992-1501 and frames 1495-37
definitely show some sort of color variation or boundary. The overlap
of the frames is verv nice in that it gives added assurance that the
feature is not due to some mishap in the development of the photoaraoh.
Pr. Stevenson's slides were probably taken from one of these seguences.
The location of these color features is at least 700 kilometers offshore.

""Apollo VI|

There are no photographs which show color boundaries because there

are no vertical photograshs in the deep ocean that are not almost

completely cloud covered.
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"Apollo 1X (See Note 3 on p. 17-4).

Although few photographs of the deep ocean were taken, a definite
color formation is present in one. Frame 3588 was taken from 107 N.M,
at 12°N and 50°W, | believe that the white streak in the center of the
photograph is a result of some error in the development of the photogranhy
and not a feature in the ocean or atmosohere. | reviewed satellite
pictures of contrails from aircraft and found them to be much thinner
and having a shadow. However, this brings up the question of why the
astronaut took the photograph, as no other photographs were taken offshore
without interesting cloud formations, etc. Perhaps the change in the
glitter pattern caused by a convergence zone or wind shear zone caught
his eye. It seems to be toward the center of the photograph. Anyway,
the color feature 1| referred to is on the right-hand side of the
photograph and appears to be in the general form of a large eddy.

| believe that color boundaries in the open ocean have definitely been
recorded in the nreviously mentioned Apollo photographs. How general
these few photographs are of the total world ocean is impossible to say.
No good satellite photographs are availzble for the Central Pacific Ocean.

- (It was night in the Pacific when the Apollo VI photographs were taken.)

I am sure that some may argue that the color boundaries | have mentioned
may be from the outflow of the Amazon or from a large buildup of floating
material sometimes found in these regions of the Atlantic and are not
indicative of the color changes and boundaries inhthe world ocean. This
may be true; but as of now, it is impossible to prove. [ believe the
important facts to be considered when we review these photographs are

that they were taken far from shore and definitely seem to describe ocean
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features solel& by changes in ocean color, More missions are needed to .
answer the éeneral gquestion of how common these colbr boundaries are in
the world ocean and more specifiec questions such as why do these color
‘boundaries usually appear in photographs which also record what seems to
be a convergence zone or roughness boundary. A satellite color sensor
similar to the one discussed at the workshop could help answer tnese
questions if it were utilized over the central portions of the ocean."
Notes Added by -Compiler:
Note 1
NASA photographs are available fr;m:

J. R. Dunlop, Inc.

2321 4th Street N.E.

Washington, DC 20002

(202) 526-5000
Give the photo number and spacecraft flight, The prices wvary but are
around $3.00 for a glossy print to $0.35 for a 35 mm slide. Super slides
* gre around $3.00., Mr., Merrell gives the numbers of several good photographs.
Note 2, (Dec. 19, 1969).

AS6-2-1L95, ASH-2-1L96, AS6-2-1501, ASH-2-1502

These photographs of the Atlantic Ocean were taken from the Apollo 6
spacecraft, an unmanned, orbiting wvehicle, oﬁ April 4, 1968. Solar time
for each photograph was 1011, 1013, 1027, 1C30, respectively; spacecraft
altitude was approximately 190-192 kilometers. The ;;mera used was a

J. A. Maurer, 70 mm, with a Kodek Ektar, 76 mm, f/2.8 foeal length lens.
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The film vsed was Eastman Kodak, Ektachrome, 50-121 high resolution aerial,

H%Orég." The-camera was operated by automatic control and was mounted inside
-Ehg—cabin of the spacecraft.

Note 3, (May 8, 1970)
‘ The white streak in frame 3588 of Apollo IX has been identified as

the wake of a nuclear submarine by the Navy.
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Richard C. Ramsey
TRW Systems
One Space Park
Redondo Beach, California

| have been involved in ocean color for two to three years. In
1967 | made a studv on application of r;mote sensors to measurements
of ocean color (Study of the Remote Measurement of Ocean Color, Final
Report, Contract No. NASW- 1658, prepared for NASA Headquarters,
Washington, D.C., 26 January 1968).

"The general tasks envisaged at the beginning of the program were:

Task 1 - Analysis

Conduct analysis of the spectral variation of the optical
characteristics of the sea water as viewed from a location
in or above the earth's atmosphere. This analysis was to
include evaluation of the effects of surface conditions,
If necessary, simple laboratory tests using TRW owned
equipment would be used to evaluate the effect of surface
roughness.

Task 2 - Definition of System Requirements

Based on the analysis of Task 1, a set of requirements
would be prepared for a system capable of measuring the
spectral characteristics of water from a moving vehicle.
Both aircraft and spacecraft would be considered.

Task 3 - System Definition

Based on the requirements of Task 2, a preliminary design
of a system to best meet these requirements would be
performed. This design would include specification of
major components and a preliminary evaluation of weight,
dimension, and power requirements.
"It is felt that these tasks have been completed during this study.
it was not considered necessary to perform the léboratory tests of the
effects of surface conditions because some orevious measurement data were

available in the literature and because of the difficulty in simulating

real conditions.!
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In 1968 and 1969 | participated in airborne measurements of ocean
color at Woods Hole, as renorted herewith by E}arke, Ewing and Lorenzen
(Spectral Measurements from Aircraft of Backscattered Light from the Sea
in Relation to Chloroohvll Concentration as a Possible [ndex of

-Productivity.._George L. Clarke, Gifford C. Ewina and Carl J. Lorenzen,
-SCIENCE, p. &4, in press.)

In correspondence with C. F.Hagelberg, 8 July 1969, | set forth

Ycalculations [which] relate the visible spectrum of the total upwelling

ITight from the ocean waters to the chlorophyl] content of the water

------

These calculations, which produce results that correlate well with measure-
ments with the water color spectrometer, indicate that the use of a

minimum of only two bands should result in a chlorophyll determination."
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Donald S. Ross

Philco-Ford Corporation

Space & Re-entry Systems Division
Palo Alto, California

Primary interests lie in acquisition and data processing of all types of
earth sciences aerospace imagery, but with particular emphasis on oceano-
graphi. subjects. Data precessing is accomplished by a variety of photo-
graphic, optical and electronic techniques, whereby image grey levels are
converted from analog to digital form to emphasize or suppress pre-selected
sets of information. "Data processing” as used here includes enhancing
images to aid visual interpretation, as well as quantizing grey levels for
assessing luminance characteristics of the subject. Similar treatment is
given to images taken in different spectrai bands which are added to or sub-

tracted from each other to enhance the information.

For oceanographic applications, 2 typical example would be optical or
electronic digitization of variations in scattered light intensity within
the water {as recorded by the camera) and conversion of cach level into
highly contrasting colors, for relative water depth assessment. In another
example, the image of the water surface, taken in an infra-red spectral band,
would be combined in opposite sign (positive-to-negative masking) with an
image taken simultaneously in a2 blue or green spectral band, to suppress
Image information common to both spectral bands; in this case the image of
the water surface. The remaining image is that of sub-surface illumination
which is not recordable in the infra-red spectral band, but which is found

in the blue and green bands.
The photo-optical image enhancing methods retain, or even yield apparent

improvement of, the inherent resolution of the input image; but laboratory

processing time is required. Electronic false color image enhancement is
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done in real-time; however, while the resolution of the cathode ray tube
enhanced color image is substantially better than commercial color televisionm,
it cannot provide the high resolution of the photographic process.
The present and future activities of our group, relating to ocean color,
include planning and flying 4-band multispectral photography with our own
-—camera- for the practical testing of suitable films, filters and processing
chemistry, to improve the recording of small color changes in the water, and
aid in the selection of spectral bands for maximum depth penetration. Con-
tinuing programs include the separation, enhancement and analysis of Gemini
and Apollo photography for oceanographic subjects such as bathymetry, sedi-
ment flow patterns, shoreline discrimination, emphasis of water color changes
for delineating current boundaries and areas of upwelling, enhancing bottom

features and topography, clarifying wave diffraction patterns.

Methods of enhancing coler differences are also under continuous development

“and improvement in our laboratory.
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Abstract of Formal Presentation:

While the development of equipment capable of accurately measuring water
color and chlorophyll concentrations from orbital altitudes is under way,
it is recognized that considerable work, experimentation and time will be

involved before reliable working devices can be orbited.

In the meantime the contributions which existing imaging sensors can make
to the detection and assessment of water color changes should be neither

underestimated nor overlooked.

The catalog of Gemini and Apolle 70 mm color photography contains hundreds
of images which demonstrate in a most graphic way changes in water color

in the open occan and its shorelines.

The changes in water color in wany of these images are clearly associated
with features such as currents, upwelling, sediments, depth variations,
changes in bottom composition, and so forth. The value of these images

lies in their ability to indicate important oceanographic phénomena, through
variations in water color., For this form of interpretation, it is ouly
necessary to detect and record 2 color change; it is not necessary to be

able to measure it accurately in the radiometric sense,

The natural color film images taken from space which provide the most
useful information for oceanngrarhic purposes (through variations in water
color) depend on blue and green sensitive layers, to record the differences

in the ratios of blue and green light in the water.

However, hardware systems currently proposed for orbit do not include imaging
sensors operating in spectral bands below 500 my, in the blue and blue-green
region., The degrading effect on the atmosphere on image contrast below 500 my

has been considered to be so severe that images obtained in this spectral
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region would be of little value., This is unfortunate, since a blue or blue-
green band is essential (in addition to a green spectral band) for detecting
water color differences of primary significance.” The blue and blue-green
spectral region is also where the attenuation of light in clear water is

least, and greatest photo-optical depth penetration is possible,

In the course of image enhancement work in our laboratory, numerous Gemini
and Apollo natural color film images of oceanographic subjects have been
color-separated by photo-optical means. It has been found that the blue-
sensitive layer in these films contains substantial information despite the
effaets of the armosphere. Examples are shown in Figures 1A, B and 24,B; .
where blue and green separations made from typical images, taken from orbital
altitude, are compared.

It is concluded that it is quite feasible to utilize a spectral band in the
460-500 my reglon for remote sensing in oceanography; and if the many
important oceanographic phenomena associated with water color are to be

detected, it will be essential to record and couple this spectral band with

a green record.
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Peter M. Saunders
Woods Hole Oceanographic Institution

I am a meteorologist with an interest in exchange processes
between ocean and atmosphere. Currently Mr. Richard Payne and | are
attempting to make a deflnite measurement of the short wave albedo of
the‘ocesn. Albedo is the ratio of the upward to the downward irradiance

close to the sea surface. Upward irradiance has two components:

[

. ‘Energy reflected from the surface, and

[

24 Epergy scattered internally which escapes through the
-surface.
“In our measurement program we separate these. Above the surface we

measure total and diffuse downward and upward irradiance using pyra-

'A

nometers, and just below the surface we measure the backscattered

irradiance on a transparent floating buoy. Broad band sensors are

used, namely thermopiles with uniform sehsitivity from .3 to 3 microns;

L4

thus, we measure the energy fluxes into and out of the ocean.

*g":;~pn the theoretical side | have studied the interaction of

electromagnetic waves with the sea surface, Fo]iowing the wark of Cox

land'Munk. By extending their work to oblique viewing, where the
probfgms of multiple reflections and shadowing are‘impo;tant, | have
giveﬁ an explanation of the existence of the ocean horizon, predicting
the radiance_contrast between the sea and the sky there.

- + The theoretical studies‘(togethér with the experimental
measurements) show that the following factors influence albedo:

. Roughness

2, Directionality or diffuseness of illumination.
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We will compare theoretical surface reflection properties with
our measurements, and attempt to relate the backscattered light within

the ocean to other oceanic properties.
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fohn W, Sherman, IIT
Spacecraft Oceanography Project
laval Oceanographic Office (Code 7007)

The Spacecrafi Oceanography (SPOC) Project plans and recommends to
NASA a program in remote sensing oceanograpvhy and coordinates air and
spacecraft experiments for oceanographic users in the NASA Earth Resources
Survey (ERS) Program. .

The critical areas of sensor application that are important to oceano-
grapﬂ§—afé: (1) ocean color and (2) microwave exploration, TIn the area
of ocean dblor, what needs to be experimentally accomplished must be docu-
mentedf :by meetings such as this and the appropriate aireraft remote sensors
obtained. A critique is invited of instrumentation for space and aircraft
sensors related to color measurements, In the ERS Program, for example,
the Department of Agriculture is a clear "user" gréﬁp, but there are
13-17 government agencies involved in oceanography, with no one, single
user., The SPOC Project attempts to act as the technical focal point for
NASA in the ERS Program. Thus, the requested instrumentation critique
is in reality an attempt to iasure that oceanogrgphic user requirements

-

are met.

21-1



Raymond C. Smith

Visibility Laboratory

Scripps Institution of Oceanography
San Diego, California

Lately, we have been measuring chlorophyll content and total
particulate matter simultaneously with our spectral irradiance data.
Also, we have a new instrument which measures radiance distributions

under water. The radiance distribution data allows many optical

properties of natural waters to be calculated.
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Robert Spiers

Langley Research Center

National Aeronautics and Space Administration
Hampton, Virginia

Our earth resources activities are identified with remote sensor
problems of research organizations:

1. Working directly with the U. S. Fisheries, we are developing
a spectrophotometer to measure the reflectivity of fish schools and
ocean water. QOutput: vreflectivity vs. wavelength. An electronic
signal processing technique is used to filter radiance noise from ocean
measurements.

2. MWorking with Virginia Institute of Marine Sciences, we will
launch a balloon carrying four cameras with color filters to photograph
Chesapeake Bay and the Atlantic. These photographs will be analyzed
using ship measurements of ground truth.

3. Morking with Dld Dominion College, we will measure changes
in off-shore bottom contours with time.

4. Ve are employing PhD's from various disciplines to perform a
P

preliminary design of ERS systems.
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Joachim Stephan
Battelle Institute
Columbus, Ohio

Remote sensing applications to biota and wildlife on and near
Amchitka lsland in the Aleutians are presently being studied. We are
currently photographing areas from a low-flying helicopter near shore
to determine species of the algae and to determine if man-made effects
disturb any of this. With marginal weather photography prevalent,‘

never above 1,000 feet altitude, we can distinguish different algae

populations.
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Robert E. Stevenson
Bureau of Commercial Fisheries
Galveston, Texas

We are concerned with the interpretation of color photograph;
from manned spacecraft to determine the significance of the view
from space to the fisheries. We are working primarily toward the
development of a satellite system to provide real time information

to all users. My purpose here is to learn actual applications of

color photography to this goal.
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Martin J, Swetnick
National Aeronautics and Space Administration
Office of Space Applications

At NASA headquarters, in the office of Space Science and -
Applications, 1 am responsible for the Earth Resources Survey Program
Oceanograchy discipline.

Ore of the functions of an Farth Resources Survey Program staff
scientist is to prepare and provide material for selling the concept of
satellite oceanography to NASA management, Congress, and segments of the¢
oceanographic community both within the government and the private sector.

Interest in getting an Earth Resources Technology Satellite (ERTS)
flighé program underway as early as possible has been expressed by several
members of Congress. Planning an ERTS oceanogranhy mission will be
somewhat difficult in view of the lack of a focal point for oceanograohic
activities within our government. The identification of potential users
of ERTS oceanography data is another problem that needs to be resolved.

) NASA is an R & D agency. One of the missions of NASA is to apply
space technology to global synoptic observations of remote sensor techniques
for use on satellites. [t works with other agencies who can evaluate the
capabilities of various remote sensors for providing data on ocean parameters
or processes.

NASA plans to carry out an ERTS program calling for a series of
four remote sensing missions. The first two satellites (ERTS A and B)
will be directed toward landing mass observations. These satellites will

carry a three-color high resolution television camera system and a multi \\\

channel imeger. Although this instrument pavload is not optimum for ocean
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observations, there will be a need to determine whether it could provide
some meaningful information about the oceans. The third satellite (ERTS C)
will be used for ocean survey. Serious consideration will be given to the
selection of remote sensors. This will involve discussion with interested
people and potential users of the data.

) NASA relies on the Spacecraft Oceanogravhy Project (SPOC) in
NAVOCEANO for the daily technical administration and monitoring of the NASA
funded research programs at universities, private organizations, and other
government agencies and for coordinating the work of scientists, participating
in the NASA aircraft missions supporting the checkout of remote sensors
during overwater flights and, where possible, the acquisition of ground

truth information.
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0., Lyle Tiffany

Chief Scientist

The Bendix Corporatiocn
Aerospace Systems Divisicn

Our division of Bendix is working in the fields of thermal and multi-
spectral imaging for earth resources. .

In instrumentation we make commercial thermal mappers with a varliety
of infrared detectors as options. We have built our own 9 channel visible
and near infrared scanner which is now flying in a company Beecheraft.
We aré\at the present time engaged in the design and fabrication of a
2i-channel scanner from the near ultraviolet through the visible and out
to 13 microns in the infrared for the NASA Houston.

On the research side we are flying our multispectral scanner and

thermal mappers to collect data to be compared with ground truth for a

variety of disciplines,



PRELIMINARY NOTES ON THERMAL MAPPING AND
MULTISPECTRAL SENSING IN OCEANOGRAPHY

__Resource survey missions for the purpose of exploring the value
and utility of multispectral data are conducted at Bendix in 2 company air-
craft which is a Beech D18. This aircraft is instrumented with an infrared
scanner, and a 9-channel UV, visible, and near infrared multispectral
scanner. The supporting equipment includes a 70-mm aerial survey type
sequencing camera. The video from the infrared single channel thermal
mapper and from the 9-channel multispectral scanner are recorded on
wide~band FM t:axpe. After the mission this tape is returned to the laboratory
for detailed studies of the mulltispectral data which includes conversion to a
digital format-and statistical studies using a large computer such as the
IBM 360. Imagery can be produced from the muliispectral data using the
film recorder in the laboratory directly from the tape recorded videc. The
data produced by a multispectral line scanner is particularly well adapted
for studies of image enhancement and target classification because linear
combinations of the electronic video can be formed using analog circuitry.
The result of such linear combination can be fed directly to the film re-
corder for the production of enhanced imagery. The particular formula

used in forming any given linear combination is determined from a statistical

study of the digital samples of the multispectral data,
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The results from three different missions will be 1llustrated
briefly in this talk. The first from the Thermal Mapper shows Boston
Harbor in the infrared as observed during a night time flight at low water
ebb tide. The other two examples are taken from multispectral missions
One is in the area of agriculture and the other in the area of limnology.

On the morning of 11 June 1969 at 0230 hours a Bendix airplane
equipped with a Thermal Mapper flew a total area cover mission of the
Boston Harbor area. The time of the flight was selected to give coverage
at ;ow water sla:ck tide. 'I—‘he detector in the mapper was an indium anti-
monide device cooled with liquid mitrogen. It was operating unfiltered.

I:l the absence of reflectance solar IR this gives thermal coverage out to
about 5:5 microns., Figure 1 1s a sample of this imagery.

Excellent thermal contrast was obtained in the water of the harbor.
In .this imagery the dark areas correspond to warmer areas and the lighter
areas correspond to cool spots. In general, the water was warmer than
the land., When the complete set of data’ 15 assembled 1n an area cover
mosaic the spatial distribution of the thermal mixing is expected to show
the flow patterns into and out of the harbor as the tide flows.

LLARS, the laboratory for agriculture remote sensing at Purdue

University, maintains a set of ground truth over a number of well defined

flight lines in rural Tippicanoe County where Lafayette, Indiana is located.
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Multispectral data was obtained over thais test'.site on 13 November 1968 to
evaluate the Bendix 9-channel scanner for use 1n crop classification studies.
Six of the nine channels were recorded on the seven-channel analog tape
recorder used at that time and subsequently played back in the electronic
processing laboratory. A grey scale presentation of the reflectance in each
wavelength region was in the resulting imagery. The reflectance range in
each channel is known from preflight calibration and allows reflectance
values to be placed on each resolution element on the ground. The analog
processing laboratory allows any channel or combination of channels to be
Fecorded on film and permats processi-ng coefficients to be applied to any
channel. The coefficients may be selected from digital data extracted

from the original analog tape after computerized statistical analysis has
been performed, In this way targets of interest are enhanced and the
backgrounds suppressed.

Two statistical methods were employéd in anp attempt to enhance.
the agricultural targets of interest. Before the data was analyzed it was
submitted to processing to produce unenhanced imagery for selection of
the areas to be sampled. Seven thousand digital samples of the selected
areas were then obtained for which ground truth was available in the form
of crop identification. Thé first statistical methoci a_pphed was factor

analysis, The linear combinations of the original data channels specified
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by factor analysis are intended to make it possible for the user to identify
physical phenomena responsible for variation in the data to be 1dent’ified
with particular factors. Upon completion of this statistical analysis the
processing coefficients thus specified were input to the analog processing
unit and film showing the variation in the fairst three factors was produced.
The results of this factor analysis are shown in Figure 2. The ground
truth collected by Purdue University identifies the dark areas in th:;
factor 1 imagery as corn fields. In factor 2 the dark areas correspond to
fields of bare soil. The second statistical analysis employed with respect
to this data was multiple linear regression a;ualysm. Samples of this
imagery are shown in Figure 3. The maddle strip identified at the top with
the caption '‘corn equals white' corresponds rather well with the factor 1
imagery from figure 2. Corn is enhanced in both cases. The sense of the
enhancement is changed however so that in the case of regression, corn
appears as the lighter color fields. With the aid of the ground truth, wheat
fields were also identified. The regression analysis was performed to
determine linear combinations which would enhance wheat fields. This is
also identified in Figure 3. Finally, bare soil was enhanced in much the
same manner as found in Figure 2. Again, however, the sense of the
enhancement is reversed so that bare soi1l appears as the light color in

the regression imagery while it appears as a dark color in the factor
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analysis imagery,

More recently Bendix has been studying the apparent color change
of water with water depth using the multlgpectral equ1pr;‘1ent. This data
collection activity is being conducted in support of a data analysis program
being conducted for the Electronics Research Center in Boston. This data
was collected at Pentwater which is a small port on the eastern shore of
Lake Michigan‘ during the week of 21 July 1969. Lake Michigan was selected
as a test site because the water is relatively clear and clean, making the
bottom visible out to depths of ’perhaps 20-30 feet. It was also desired
that the test site have a very uniform bottom in order to remove one of the
variables from the experiment. The entire eastern shore line of Lake
Michigan has an extremely sandy and uniform bottom. The currents flowing
north and south along this shore provide an interesting structure for study
with multispectral devices. Figure 4 illustrates this structure. The
picture is an enlargement of 70-mm imagery from channel 4 of the multi-
spectral scanner. The scanner was calibrated in such a way that reflectance
values ranging from 0 to 15% would completely fill the dynamic range of the
video. The wavelength boundaries of channel 4 extend from about .56 to
.62 microns. This range includes the wavelength which has the greatest
water penetration in the visible region. The characteristics sandbar

structure of the eastern shore of Lake Michigan 1s clearly visible in this

picture.
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The NASA contract in support of which this data was collected
has as its objective the quantitative measurement of water depth using

multispeciral video and multiple regression as the necessary tools.
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John E. Tyler
Visibility Laboratory
Seripps Institution of Oceanography

Our group has been actively engaged 1n making measuvrements of spectral
irradiance underwvater for the last three or four years. We have accumu-
lated a considerable body of data not only on radiometric data but also
on other oceanic variables such as: chlorophyll concentration, primary

productivity, total particulate matter, temperature profile and trans-

mittance.

We-are interested in both biolpgical and physical aspects of radiant
energy in the sea., Our data give the energy available for photosynthesis.
At the same time our data quantitatively specify the optical signature
available underwater for the detection of surface chlorophyll from above

the water.

We now have pending two major publications; viz., a report on the
results of an expedition conducted by S.C.0.R. Working Group 15, which
will be published by The Office of Oceanography, UNESCO, Place de Fontenoy,
Paris 7%, France, and a monogrzph entitled "Measurements of Spectral Irra-
diance Underwater" to be published by Gordon and Breach Science Publishers,

150 Fifth Avenue, New York,New York 10011.
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Morris Weinberg

Block Engineering, Inc.
19 Blackstone Street .
Cambridge, Massachusetts

I have not applied remote Raman spectroscopy to the sea surface.
My role at Block is in data analysis, guantitative soectral analysis,

field programs, etc. Ouantitative analysis is remotely possible for -

surfaces and gases.
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OCEAN TRRADIANCE MEASUREMENTS USING
AN INTER+SROMBTER SPECTRO;ETHR

Before discussing the data, I'd like to briefly
familiarize the reader with the mechanism of data reduction
?or this experiment. The first plot shows the actual intex-—
ferogram used for obtaining this exaﬁfle (Spectrum 20). The
next plot shows an uncorrected reduction’'of Spectrum 20. At
this point, the wavelength scale is established but the ordinate
scale (spectral radiant emittance) 1s not yet calibrated.
(NOTE: The wavelength scale obtained from the interferomeier
spectrometer is really linear in wave number. Therefore, in
interpolating between wavelength points presented on each
spactrum this fact should be incorporated}. The next plot
shows the actﬁal instrument response function of the I4PM
spectromcter used in the measurements. Bach uncorrected specirum
is divided by thas function to properly display the actual
data. Note that the instrument response function is "bell
shaped". Thus, we would exwpect the final structure in the
corrected spectrum to be somevhat modified from the uncorrected
data. This fact is best typified in the final, correccted
spectrun in this set. The final corrected spectrum has its
shapc modified in addition to corrections for field-of-viegw,
aLtenuaLion,enumb“r.of scans, etc. I should be guick to make

two points:
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1. Every spectrometer has an instrument Ffunction
and this function should be removed before attempting diagnostics
with the data. The interferometer spectrometer function closely
resembles that of the photomultgplier tube, alone, since there
are no dispersing elements. Hence, a "smooth" function results.

2. Since instrument calibration corrections are
required for quantitative spectroscopic studies, computer
reduction of the data is really the most advantageous route
to follow. Hence, the nccessity of performing Fourier trans-
formations on the computer in the case of this class of instruments
poses no constraint since one wvould resort to the computer
for the other corrections.

The enclosed figures contain the computer reduced
spectra number’s 19-26. All of thesc spectra were obtained in
75 seconds with attenuation factors ranging from approximately
105 to 107. As you can sece, the spectrometer was hardly taxed
during the experimnent.

Spectra 19, 23 and 24 were taken at the surface of the
water using the modified light shield baskel wo brought.
There w2s no glass bottom on the baskct: Hence, these Lhrec
spectra measurc the zcro depth upwelling irradiance at Eel
Pond during this time period. The mcasvrements were talken

at about an 80° depression angle lovking doun into the water.
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Spectra 20, 21 and 22 were takeﬁ at the surface of
the water. These spectra would have contributions from
upwelling and reflected light. Again, the depression angle
of the spectrometer was 80°.

Spectra 25 and 26 were obtained by depressing the
spectrometer by about 80° and viecwing Lhé gray card. These
measurements indicate the downwelling irradiance at the tiée
of the measurements. The gray card is assumed to have 0.18
diffuse reflectivity coefficient over the spectral response
of the instruments.

1. All spectra should be maiched in wavelcngth scalces
vwhen overlaying for comparison.

2. The irradiance scales on all spectra have been
normalized to ‘2 inches. Hence, structural details bétween
spectra can be compared readily while guaniitative irradiance
differences are not well obtained by direct overlay.

3. The weaﬁ structure residing on top of the brosd
spectra is probakly ncise and should bhe trcatéd as such unless
it has regular repeatability from spectrum to spectrun.

- [~] o]

4. The data from 7000 A o &000 A is noisc domineted.

5. As a first step, the interxnal consistency of the
experiment is best ;alidated by comporing 25 and 26 (gray cerxd).

A direct overlay shows almosi jdentical spzelral structure versus
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wavelength between these two spectra. 7T would estimate the
signal to noise at 5500 R to be 20/1. The irradiance varies
by about a factor of 4 to 5 between these spectra. Most
of this variation is probably due to cloﬁd cover changes. T
would conclude that there is a hagh degrece of consistency in
spectral structure in the resultant data. Cloud cover variation
does not appear to alter spectral shape.

6. The paper by Smith and Tyler in the Journal of
the Optical Society of America, 57, 589 (1967) will be used

-

as a guide in validating the Woods Hole experiment.

7. Ouxr average Gray Card irradiance value at 5000 R
is 2.4 x 103 H watts/cm2 M. Considcring a diffusc reflectivity
of the Gray Carxd of 0.18 we obtain a dounualling irradiance
value of 1.3 % lO4 ! watts/cm2 . Tyler, at Crater Lake,
obtained a value of 2 x 105 p watts/cm2 . I would be inclined
to accept this factor of 10 difference as partially being due
to differences in cloud cover {(perhaps, a factor of 3) and the
remaining factor of 3 or 4 as a possible error in our calibration

due to the stacking of many neutral density filters. All in

all, we could not have hoped for ruch beltcr results in the
short time period for the vork. I'm very encouraced with

. «t
this comparison.
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8. The two absorption dips at 3900 ﬁ and 4300 A
are real and duec to actual dips in the solar spectral'irradiance
(see all spectra 19-26 for the intense absoxrption near 4000 5).
9. The structural consistenc§ for the Top of Water
spectra is excellent (compare 20, 21—and 22).

10. The irradiance variatgon on 20--22 ranges over a
factor of about 5. This factor compares favorably with the
Gray Card data and is probably duc to changing cloud cover.
Therefore, I would accept this variation as being real.

11. Considering 20 as the best Top of Water spectrum
and comparing with the Gray Card data (25 and 26) at 4500 A
we f£ind an irradiance of 8.3 X 302 1] watts/cm2 u for 20
and an average of 3 x l03 i watts/cm2 p foxr 25 and 26. Since
the CGray Card .:r:eflectance is known as (.18 one concludes that
éhe refFlecltance at the surface of the water is 0.04. Admittedly,
many meteorological changes were taking place during this
time period. Nevertheless, our value of 0.04 at 4500 £ COMPAres
favorably with Tylex's value of (.09 for Crater Lake.

12. Spectra 20-~22 zare "peakless". Tyler observed the
same cffeclt in his woxl.

13. Cowpare 20 and 25. Very little difference secn

between Gray Caxd and Top of Watexr in structural detail.
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I see no evidence of chlorophyll. Perhaps, if upwelling

irradiance were subtracted from the reflected‘light from the

suxface of the water, the 6750 ﬁ absorption would be seen.
14. The structural content in the Under Water data

. compare almost identically {compare 19, 23, and 24).

15. Irradiance has very slight vériation in these
Under Water data. The peak value changes from 36 to 52
watts/cm2 u for these spectra. I would expect a greater
-Qa;iation since the cloud cover changed over the time per{od
from 1:15 to 1l:45. pPerhaps, we were inadvertently “"shadowirg"
the water thus negating cloud cover changes.

16. The Under Water spectra have a definite "peak™
at about 5100 A (compare 19, 23 and 24).

17. I doubt if the irradiance values measured are
truly upwelling. Tyler obtained a va;pe of about 3 x 103 u watts/
cm2 i for zero depth upwelling irradiance at Crater Lake while
we obtained about 45 u watts/cm2 g on 19, 23 and 24 at 5000 R.
Either the ocean upwelling irradiance is lower by a factor of
50 or we were indeed, shadowing the irradiance (see Statement
15) .

18. There is a definile strong absorption evident

% o -
in the Under Water data that scots in neayr 5500 A and attenuates

the irradiance from 6000-7000C A.

29-7



I certainly hope you find these spectra as interesting
as we did. I think that for such a short period in which
to prepare and acquire the data, we should be happy to cbtain.

this information return.
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Spectrometer

I4PM Interferometer
17 August 1968
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Peter G. White
TRW Systems
One Space Park
Redondo Beach, California
The bulk of my activity deals with remote sensors--most for
space vehicles, some for air and ground. My interest lies in
ocean color, with studies beqinning four years ago--studies of
sensing problems, design and instrumentation specifically for ocean

color measurements. Currently | am determining requirements of

instrumentation for ocean color mapping systems,
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Charles S. Yentsch

Physical Oceanographic Laboratory
Nova University

Fort Lauderdate, Florida

Studies in our laboratory concern photochemical events that
occur in Natural Ocean waters. The principal reaction is photosynthesis;
however, we are becoming aware of other reactions that are driven by
light energy. !In the course of these studies we have developed
photographic technioues which may be of interest to this groun.

To be brief, we have been able to convert three color densitometry
values taken from common color film into monochromatic data (see papers
“.by Baig and Yentsch and De Marsh in this volume). The technique depends
upon establishment of a mean monochromatic curve for the images to be
studied. In our case the image is the spectral absorotion curve
typical for marine phytoplankton. The dominance of chlorophyll «
absorption in these spectra allows the establishment of a mean curve
where the deviation frqm the mean, at certain wavelengths is quite
small.

We have-also examined the amount of light and its spectral
characteristics, backscattered from the Bahamana Banks. These data
show that the influence of bottom reflection is of prime importance
to a depth of about 25 meters. Below this depth, total volume

scattering frem the water column is the important factor,
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Reprinted from APPLIED DPTICS, Vol 8, page 2566, December 1959
Copynght 1969 by the Optical Society of America and reprinted by permission of the copynght owner

A Photographic Means of Obtaining -
Monochromatic Spectra of Marine Algae

S. R. Baigand C S Yentsch

Qceanographic Center, Nova University, Fort Lauderdale,
Florida 33316
Recerved 16 July 1969

There ale many cases in which 1t 15 hime-consuming ot difficult
to measure roulinely the visible sbsorplion spectra of a large
mimber of samples  Multivariate analysis of color photographs
of the samples provides a ~imple method by which 1t 15 possible
to reconstruct the spertia onee the material of interest has been
speetrophotometiwcally alibrated It 1 then only necessary to
take a photogiaph and measwe the density of the three dye
Iayers w the film with a three-color denatometer From the<e
data the absorption spectrum can be generated

The ongmal appheation of characteristic vector analysis to
photographic problems was made by Simonds.?  He was able
to reconstruct any one of over 100 Hurter-Duffield curves
(density vs log exposure) using the mean curve of the samples and
four vectors and therr correspondmg sealar multiphers The
mathematical technique 15 outhned and an example ealeulated
m his paper

2566 APPLIED OPTICS / Vol. 8, No. 12 / December 1569
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Table . Mean and Vectors. Linear Regression Fermulas for
Calculating Scalar Multiples from Log Exposure Values

Afnm)  Mean " iy 1%
400 Eha | 46 34 —d4 183 — 14 08
410 60 o GG 03 —8 025 -7 42
420 61 8§ 68 33 —12 73 —4 10
430 03 0 69 7o —1i8 17 -0 77
440 61 9 7117 =21 23 026
450 a6 § 6% 76 —-18 1 1 348
460 335 68 02 —17 36 3 0952
470 a0 7 68 O7 —14 10 3 262
480 48 8 67 66 —12 63 6 771
4490 47 5 65 99 — i) o7 b 281
200 42 6 63 20 —4 8§89 3 832
2l0 H1 a7 97 1 512 ) 4849
220 274 46 12 PR IE1 —1 2175
a0 22 8 35 43 720, {0 1375
10 200 28 41 S 184 2 656
M) 7 7 24 3 ST 4 421
G0 16 8 24 33 9 102 4 346
a7l 17 4 28 48 9 15 3 198
230 i8 1 34 39 6 785 1 732
i) 86 3809 T 008 1 439
[ 191 40 4% h 892 [ 257
610 206 43 Y8 7008 I 62
020 T 222 47 18 6 745 2 156
030 325 47 61 6 312 2 300
[} 227 49 85 8 21 5.2206
030 24 7 37 61 i1 90 10 30
(11 20 5 60 73 11 5% 14 33
670 37.3 68 79 8 126 16 44
680 a6 T 68 13 6 063 13 37
[0 24 2 49 14 S 6O7 G 547
700 12 8 25 32 7043 . 02942

? Ty = 0799 log esposure B <+ 0133 log exposure @ + 0332
log expoviue B — 0 679

212 = 34M0 log expostue ¥ 4 1 887 log exposure (¢ — 3192
log expuie B 4 0 596

T3 = 3623 log expostie & — 0 330 log exposure § — 2683
log exposmie 2 4 0630

We have successfully apphed the techmque to the teconstiue-
tton of vicble ab-otpuon spectia of a group of mne cultwied
marine alewe. We filtered 50 ml of each culture onlo a plan
white glas~fiber filler, 25 mm wm diameter. The ab-~oiption
spectinm of each nnaied ~ample was measured m a Bechman
DR-1A spectrophotonk ter accoiding 1o Yent~ch’s method 2
Within 10 mun a photiemaph was tahen of each of the fltered
algae  The film was | =tman 3242, Ehtachiome EF, (vpe B,
illammation wa~ by eledtronre Hash with an $3B filter u~ed over
the 3%nun ¢ umera len~ A p1wv ~eale and a blank glasfiber
filler were alvwo photogiaphed for calimation and reference  The
Weleh Den-wchron was u-ed {o mea~ure the tri-color densities
Tl wa~ calibiated agunst a ~tep wedge of known densiies The
ercor m mea~urement was 24-0 01 optical densty

From the gray ~cale the D log £ crves are constiaded for
each of the thiee livers of the ilm The-e provide & chedk on
proce-<ing opetations aind flm <en-nivity (ASA speed)  The
187, giay patch mmaged with each filiet 1 used to (onect for
inevitable vanations m exposite  The fist IR%, gy patch is
used a5 a ~tandard for each 1ell of film Ay vanations i the
tri-eolor den<itie~ of <ubsequent patche~ me converled to log

esposures  The -ame log expo~iue corteciton 13 made for the
filter image  Tu thi~ w v all flter~ are reducedd o the eqiuvalent
expusitre

The a¢lutl absorption speclia weie subjected to ehatactenstic

T wvertor analysis wsng an IBAL 1130 eomputer The oyemhun

i outhne was as follows

(1) Wude the 2 optical denstlies of the = algal speetia n
rows, one specitiam perrow  The r cohumnsoate then the optical
denstties af 10-nm icrements

(2) Pmd the mean optical denily of each column

{3) Bubhiadt the mean oplical dedsity fiom all of the optical
densities i the conrespanding column This artay 16 called the
n-row I r-column mean conected dafa matnn ! .

4)} Piepaie the franspose of the makr generated wm step 3
This new matiin hws 7 tows and n columns  DBach element
a, . of the ~tep 3 matin becomes the element g, , of the {ranspose

() Premulfiply muos 4 by matix 4 (ots tramspo-e) to
yield mis bv e madin, ’

(6) Caleulate m ewen-veddors and -values of malnix 4.
Wenghing coeflicients w,, are caleulated by dividing each element
of each veolo by the couespondmg oot 1o yield an I X r matrix
Sealar multiples #,, , are caleulated by summung the products of
w,, ¥ {mew od),, The~cikar muliplies incheate how mach
of each veclu 1~ needed to add 1o the mean to reconsitule any
particula ab-orption specirum  Table I <hows the average
values and the thiee ergenveetors fot a group of algae

The thiee-lay et color film ean be {hought of as a three-channel
synchonou~ 1ecanding device  To see if 1hiee veciors are enough
to account fur all the vaualion among samples 1t was ondv nec-
essay 1o see what percent of the trace of the determuinant of the
above maius was aecounted for by each root The first root
accounted for 92 285, the fir-t lwo for 96 917+  No substantal
umpovement was observed by mereasing the number beyond
three, which gave a total of 88 1177 for the trace

The 1ed, preen, and blue (Wratten 92, 42, 94 fliers) densities
were conveirted 1o log expoane of each prcture and these were
egie~~ed m fimn wpon cich of the thiee contesponding scalar
muliiples {o give o leasl~quate it Bsamples of reconsthiiuled
speciia and then §it with the angmal spedira are shown m (Fig
1. The scal multiples for these fit~ are calculated from film
densities

Good fil~ of the actual spectra wete found for most algae be-
eatse of the dommane e of chlowephs Il @ 10 determining the mean.
It is noted that less peifect agreement 1~ obiamed in the region
m which the acceswory pigments, carotenods, and chromopro-
teins, absib  The over-all fit of reconstmcted specira can be
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Fig 1. Ab-oiption spectia of four matine algae 389 15 Nanno-

chlorts alomus, 390 15 Aphanizamenon holsgatieum, 392 15 Por-

phorudiwm sp ; and 6035 15 Phacodactylum tricornuium  The solid

line = measured spectra, and the dotted hine = reconstituied
spectra.
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improved by deemphasizing the role of the accessory pigments
This ean be done by increasing the step widih to 20-50-nm n-
cremenis in the remon wherein they absorb (Prelimnary
resuifs nith a much larger algal <et indicate that only twe vectors
account for most of the variation  The 400-580-nm regon was
sampled m 20-nm steps  The 600-700-nm region was sampled
in 5-nm steps )

The usefulness of the method lies 1ty ability to produee
vistble absorption spectra of a large number of samples which
must be examined simultaneously  The number of samples that
can be examined simultaneously 1s only a functton of film dimen-
sion and image si7e, the inter- and mtralayer diffusion of the dyes
m the film providing a lower bound to image sive Camera and
lens combinations establish an upper bound ta film dimension

Subjects an wiich a visible change oceurs with time are es-
pecrally amenable to this freatment Instead of correlating
film densities of photographs of o number of different subjeots,
one would be dealing with varymg concentrations of the same
subject  Onee spectrophotometrically calibrated 1t would not be
necessary, for example, to remove the subject from a transparent

2568 APPLIED OPTICS [ Vol. 8, No. 12 / December 1959
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enclosure The film furthermore provides an accurate record of
any viible change An important advantage gained by the
method 15 that the photograph ean be taken i a fraction of the
trme needed for a spectrophotometric sean.  Times of the order
of 0 01 sec are usual  Thus permuts survellance of fast changing
statwonary subjects  If the seale of reproduction desired m the
photograph is too large to permit & sgle photograph to be meade,
smaller arecas may be photographed 1n a fraction of the time 1t
would take o scan them spectrophotometrically The photo-
graphic technique has obvious advantages and 1s important m
aerial surveillance, since 1t 1s possible fo preserve a degree of
mmere-variation over wider areas

We thank LeRoy DeMarsh of Basiman Kodak Research
Laboratories for his confinuing assistance with this nork

This work was supparted by the National Seience Foundation
{#GB-7088)and the Atomtc Energy Commussion [#AT-(401)-3845].
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Color Film as an Abridged Svectiral Padiometer

Spectral measurements are usec¢ in many research problems.
Can color film he used to make these measarements? The answer
ls yes for some problems. In many instances the piroblem is
not one of identifying one particular spszcisral cﬁrve from an
infinity of possible ongs. More often cone is working with a
-fairly well-defined population of possible spectral curves. Two
examples of such populations are the spectral absorbances of
algae samples and the spectral distribution wvariations of natural
daylight.

A color film measures thé amount of red, green, and blue
lignt it sees reflected from an object: These measurements,
the red, green, and blue layer exposures of the film, then control
the amount of cyan, magenta, and yellow dye that are formed in
the layers. If we measure the spectrai density curve of a fiim
image and compare this~curve with that of the original object,
we usually find a poor correlation. Such a comparison is showmn
in PFigure 1. The absorbance curve of zn algaz sample 1s showm

as a dotted llos, the film imaze as a solid line. This is

* 31-5



bl
obviously not the way to use a color film for spsectral measuring

device, although it has been tried. A color film does not need

to produce a spectral maten to the objects it records. Color

£ilms do attempt to produce an image which looks like the
original object.
Let'!'s take a closer look at this film image. The film

4
image is produced by combining three dyes. This image of an

algae sample consisted of the dye amounts shown in Figure 2.

>

All the images produced by this film are produced with various

amounts of tﬂese three dyes. Wnen I want to measure the spectral
density curvé of a color-film imzge, I do not nezd to use a
_Fpggt?ophotomete;. I know that the {ilm image contains only
three.dyes. I can calculate the amounts of the dyes in an image
from three measurements--the red, green, and blue densities of
the film sample. These analytical densitometry techniques are
familiar to most photographic englineers., From the dye amounts
and the spectral density curves of the individual dyes, I can
compute the spectrzl density curve of the film sample. Thus I
can construect the entire sp=2tral density curve Irom three measureronts.

31~6



This same idea can be applied to ofther spcctral mgasuring
problems. ‘The question is, "Can th? population of spectral curves
_belng studlied be analyzed as though 1t were being produced with
combinations of three or fewer components?" To be more specific,
"Can the popu}ation of spectral data be matched with linear
combinations of three basis curves?" Characteristic vector
analysis can be used to aaswer this question.

1

Simonds~ has described the application of characteristic

vector analysis to optical response data and illustrates in detall
a procedure for calculating cheracteristic vectors. For this
analysis we first compute the average curve for the population

and subtract this zverage curve from each of the samples in the
population. An iterative procedure 1Is then used to compute a

set of basis curves or vectors. These vectors describe the var-
iations of the population:. about the average. A small number of

characteristic vectors can often describe a complex set of data.

In the procedure described by Simonds, one computes the vectors

31=1



in order of decreasing significance. "That is, the first vector
describes the largest part of the variation, and subsegquent

vectors describe smaller parts of the variability.

" The question for our spectral measuring problem is,

4

“"Can the first three vectors descrlbe our pooulation of data with

sufficient accuracy?" The average curve and the first thrce

characteristic vectors for a population of algac curves2 are

shown in Figure 3. The values of these cuvrves are shovn plotted

versus wavelength. These vectors can be thought of as the "dyes"
- (=]

-

vhich combine to make up the various algae spectral curves.

These vectors fit the algae curves with a standard error of .03,

Bach of the spectral absorbance curves in the population can be
matched by combining the average curve and some amount of each
of the three vectors.

- % b3 L ¥
’\ AV + Y3 ¥Vt Yo VQA Y3 V3)‘
A= the spectral absorbance curve (\)
Yy,¥p,¥3 = ths amounts of the vectors

.y e e ot
‘ﬁkxaxvah— the characteristic vectors
The reconstruction of one of the algae curves is sho'm in Figure 4.
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Judd, Machdam, and Wyszeckid have shown that the
variations which occour in natural daylight {sunlight + skylight)
can be fitted with two characteristic wvectors. The average
curve and the first two characteristic vectors for thelr data
are showm in PFigure 5. The spectral energy distributions of 622
samplies of @daylight can be matched by linear combinations of these
curves.,

‘Characteristic vector analysis reduces the dimensionality
of a set of data to a minimum. Each of the daylight spectral
distributions can be represented by a point in a two-dimensional
space. Each of the algae absorbance curves can be represented
by a point in a three-dimensional space. This is illustratéd in
Figure 6. Tne coordinates of this three-dimensional space are
the vector amounts Yl-Yz—Y3. Three points are shown plotted in
Figure 6. The locations of each of these points is determined
by-hOW'much of each of the vectors are required to match that
sample.

The spectral sensitivities of a color film define another

three~-dimensional soace. The coordinates of this threse-space
¢ P

(Figure 7) are the red, green, and blue layer exposures of the

31-9



£21la. EBach of the algae samples when photographed will result

in some red, grecn, and blue exposure and hence can be represented

by a point in this space If we can {ind & transformation

between these two three-dimensional spaces, then we can compute

the vector scalars Yl’YQ’YE from the film exposures R,G,B.

p41

/ [
i Y2 ; = f

One potential problem here is a situation where two samples have

(2)

\‘-..... pr———

o @

different spectral curves and hence plot at different points in
the vector space, but give the same film exposures. If such
metamers exist, there can be no transformation betwesn the two
coordinate systems. Assuming that a transformation can be
found, we can compute the vector scalars from the film exposures
and then construct the spectral curve from the vector amounts--
Yl,Yg,Y3 and the vectors Vl,VQ,V3 plus the éverage curve Av (Eq. 1).
How can we calibrate a f1lm to apply this procedure?
First, it is necessary to obtain spectral curves of a number of
samples which represeﬁt the population to be studied. The number
of samples required would depend on the nature of tne population.

31-10



e three characleristic vectors and the amounts of the vectors
required to matell cach sample are calculated from these data.
The film exposures can he determined in one of two ways. If
all the physical data are available, we can compvte the film
exposures directly. Lacking the physical data, we can photograﬁh
the calibrating séﬁples and derive the {ilm exposures by photo-
graphic photometry as showm in Flgure 8. The transformation
between fhe two coordinate systems can then be estimated by
multiple regression analysis,

The transformation between color film exposure and %he

algae vector space is shown in Equations 3.

Yy = 0.7324%R + 0.2001%G + 0,7944%3 -~ 0,6980

=<
0
Il

3.06U0%R + 2.4240%G - 3.6570%3 + 0.7389 (3)
-5.5420%R + 6.8750%¢ + 6.,3600+%B - C.6450

=
(¥l
i

The algae curve showm in Figure 1 and a curve computed from £ilm

exposures 1s shovn in Figure 9. The original curve is shown as

-

a s0l1id line, the reconstruction from film data as +.

.The transformation between film exposures and daylight
vector space is shown in Equations k.

Yy = -0.09202%R - 2.7300%G + 3.03270%3 )

¥, = 16.100%R - 19,3560°G + 6.6Lk0=3
31-11



The reconstruction of a daylight energy curve from filn exposures
is shown in Figure 10,
~ These two examples lllustrate a method whereby a color
film can be calibrated and used as &an abridged spectral measvring
ﬁevice. It must be emphasized that this proccdure must be used
with cautlion. Each problem must be analyzed and specific calibrations
derived for that problem. The four main requirements uhich must
be met-E;r the application of this procedure are listed below:
1. The population of spectral curves must be specifiable.
Only curves drawn Irom this population can be measured.
2. - Three chéracteristic vectors must describe the
population of curves with sufficient accuracy.
3. The population of curves contains no metamers, in
terms of the film spectral sensitivities.
L, A transformation between the vector space and the
film exposure space can be found.
If more than three vectors are required to describe the population,
& color [ilm cannot be used. A panchromatic black-and-white film
exposad throuzh several narrow bvand filters cowid b2 used for

v

more complicated systems.
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. Comparison of Spectral Density of a Film Image with the Obects
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