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PREFACE 

This report is divided into three parts covering the different phases of the effort on Contract N00014-

69-A-0200-6033 and Grant No. 04-3-158-64, as follows: 

1. A STUDY OF THE DETECTION OF OCEAN CHLOROPHYLL FROM EARTH ORBIT. 

The init ial phase of this study was carried through in support of NASA's preliminary design of the 

sensors and orbital parameters for the Earth Observatory Satellite (EOS) for sensing changes in ocean 

chlorophyll. The results were reported formally at the Fourth Annual Earth Resources Program held in 

January 1972 at the Manned Spacecraft Center. (Seep. 102, Vol. IV of the PROCEEDINGS.) Since that 

time, new measurements have been made of the optical properties of many pure phytoplankton cultures. 

Improved computational techniques have been applied to the problem to refine the analysis and extend the 

scope of its applicability. 

2. A STUDY OF THE INHERENT SPECTRAL RADIANCE SIGNATURES OF THE OCEAN SURFACE. 

The need for this study became obvious in the process of reducing and analyzing the surface truth 

data which the Visibi l i ty Laboratory had obtained in support of remote sensing experiments. It has not 

been feasible to measure all of the necessary environmental parameters with sufficient spectral detail in 

the brief time of an overpass of an aircraft or satell ite. In order to obtain the best assessment of the vari

ables in the minimum time, we have taken the approach that we would sample all of the variables at a few 

selected wavelengths and interpolate between these observations to obtain the complete spectral char

acter of the required optical parameters. The information necessary for these interpolations that was 

available in the literature was sparse, and much of it of doubtful quality or applicabil ity. Consequently, 

a measurement program was instituted which had as its objectives: to understand and determine the spec

tral nature of the variables involved in the generation and propagation of the remotely sensed optical 

signal, to obtain a measure of the absolute magnitudes of these variables and the range of magnitudes 

which occur with various atmospheric conditions, water color characteristics, and solar zenith angles, and 

to improve the equipment and techniques used in the acquisition of surface truth data. 
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The results reported here show the status of this study at the end of the present contract. Useful 

methodology and data have been generated and are presented. In addition, valuable experience has been 

acquired relative to the performance of and operational techniques for the instruments used in the acquisi

tion of surface truth data. The study wi l l be continuing and these results represent a sample of the type 

of data which is expected to be forthcoming. 

3. STUDY OF THE REFLECTANCE CHARACTERISTICS OF WHITECAPS, FOAM, AND SPRAY. 

This study has been underway since May 1969, having been initiated under Naval Oceanographic 

Office Contract No. N62306-69-A-0072.0003. For the first two years the major effort was devoted to ac

quiring carefully controlled and processed aerial photographs of the ocean surface under a variety of docu

mented windspeed conditions, and to obtaining the equipment and generating the techniques for scanning 

these fi lms. Since then the effort on this study has consisted mainly of computer-assisted scanning and 

statistical analysis of the data from selected frames of this photography, and the writing of computer soft

ware for the proper reduction of the data to sea surface reflectances. The effort of the last two years has 

been at a low level because of project priorities and because of lengthy delays in acquiring both camera 

calibration information and suitably processed duplicate prints of some of the photography. The results 

presented here are preliminary and may be revised when the analysis of the total body of data for the other 

wind speeds is completed. 
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1. DETECTION OF OCEAN CHLOROPHYLL FROM EARTH ORBIT 

Seiber t Q. Dun t ley 

Wayne H. Wi lson 

Ca tha r i ne F. Edgerton 

1.1 INTRODUCTION 

At the outset, this study was undertaken to aid in the optimization of the Earth Observatory Satellite 
for ocean sensing. The work was initiated in April 1971 and because of rigid EOS time requirements, the 
investigation was of limited scope. During the past year a more detailed study was performed. Measured 
vertical distributions of chlorophyll in the ocean were used in improved radiative transfer calculations. 
Special phytoplankton were grown which more accurately represented those in the ocean, and spectrophoto-
metric techniques for measuring those cultures were improved. Other refinements included allowances for 
sea-surface curvature. 

1.2 OBJECTIVE 

The objective was the determination of the magnitude of the optical signature of ocean chlorophyll 
available to any remote sensor in earth orbit. The study had several goals, and all of them were achieved. 
First, it was desired to ascertain whether commercially significant concentrations of chlorophyll-A pig
ments in the ocean would produce a sufficient optical signal at orbital altitudes to operate optical remote 
sensors, such as those being planned for the Earth Observatory Satellite, on clear and hazy days. Second, 
it was desired to explore the effect of solar altitude on these optical signals, because this is an important 
matter in choosing the best orbit for an oceanographic satellite. Third, it was desired to find the best 
orientation for the field of view for a remote sensor in orbit in order to optimize its ability to detect ocean 
chlorophyll. 
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1.3 DISCUSSION 

In investigative terms, the problem was translated into a study of apparent orbital contrasts of the 

sea surface in the presence of chlorophyll. To compute such contrasts, a determination of both the inher

ent surface and apparent orbital sea radiances, with various amounts of chlorophyll, was required. Draw

ing upon an existing bank of atmospheric data and an existing generalized sea radiance computer program, 

both developed by the Visibi l i ty Laboratory, the staff was able to coordinate a customized computer pro

cess for this study. Data from both the blue and green portions of the spectrum were incorporated, since 

chlorophyll in sea water causes distinct reflectance changes in those spectral regions. Atmospheric input 

parameters consisted of two ful ly documented days: one clear and one hazy. Sea condition inputs in

cluded a range of sea states, with and without white water. The output was then analyzed to determine 

the best sun zenith angle and viewing azimuth for optimizing the sensitivity of the sensor for detecting 

chlorophyll concentrations from orbit. 

Many uncertainties were avoided by using actual experimental oceanographic, atmospheric, and light

ing data. These were obtained on board ships and from aircraft. The only use of mathematical modeling 

was in connection with the enrichment of chlorophyll above the concentration found in the ocean water 

that was used as a base and which previously had been measured in situ. Richer waters were simulated 

by using laboratory spectrophotometric measurements of living cultures of ocean phytoplankton in radiative 

transfer calculations which predicted the optical properties of ocean waters containing concentrations of 

chlorophyll-A pigments covering the entire range of commercial importance beginning with arid* water, 

where the concentration is 0.1 mg/m3 or less, and extending to higher concentrations characteristic of 

highly productive ocean water. 

OCEANOGRAPHIC DATA 

The oceanographic data used in this study were obtained from measurements made by John E. Tyler 

and Dr. Raymond C. Smith in the southern part of the Gulf of California near Islas Tres Marias during 

1968.1 These data were used for a number of reasons. First, they represent typical oceanic water which 

is clear, blue, and arid. The chlorophyll-A pigment concentration of the water was 0.112 mg/m3 as mea

sured by a biologist from Scripps Institution of Oceanography at the time of the optical measurements. 

This concentration represents the upper boundary of arid water from a commercial standpoint. This water, 

however, was not meant to represent the clearest, relatively sterile oceanic water which might be found, 

for example, in the Sargasso Sea. This base water was chosen after careful consideration to be typical of 

an arid but biologically mature oceanic water. This means that, though the level of chlorophyll-A pigment 

concentration at the time of measurement was low, indications from the optical measurements were that 

the water had been more productive in the past. The evidence for this conclusion may be found from an 

inspection of the diffuse reflection coefficient in the blue region of the spectrum (400-500 nm). The coef

ficient at 460 nm is a factor of 2-to 3 lower than the similar reflection coefficient of waters found in the 

Sargasso Sea or any other extremely clear oceanic waters. A study of the unpublished and published data 

of Tyler and Smith2 indicates that this large decrease in the reflection coefficient in the blue region oc

curs in any biologically active water. The amount of decrease is not in any clear manner dependent on 

the current level of productivity. It is in all likelihood due to the " ye l l ow" substances and detritus pro

duced by any mature phytoplankton crop. It would thus remain even after a crop had bloomed and faded. 

Given a region of ocean where crops are continually blooming and fading, the average background reflec

tance would thus not be the clearest blue water but rather this arid but biologically mature water. 

* "arid" is used here in the sense of "devoid of interest and life" (Webster's Third New International Dictionary, 

Unabridged, 1970). 
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BASE WATER 

The living cultures used in this study were in their blooming stages when measured in order to have 
the highest optical density for measurement purposes. Thus, they did not have the background absorption 
due to the dissolved "yellow" substances. This background was supplied by the base water. Second, the 
base water data were taken under ideal experimental conditions: sky unclouded, water calm, temperature 
in the top 45 meters isothermal within 1/2°C, and the beam attenuation coefficient relatively constant 
over the depths of measurement. Third, both upwelling and downwelling irradiances between 400 and 
650 nm were obtained for a number of depths. This allowed a complete description of the water in terms of 
both the reflectance coefficient and the diffuse attenuation coefficient. These two coefficients were 
needed in the study in order to completely describe the two independent phenomena, scattering and absorp
tion, which govern the propagation of an optical signal through the water. Figure 1 shows the spectral 
reflectance of the water as measured beneath the water surface while the spectral diffuse attenuation co
efficients for irradiance are plotted in Figure 2. The figures were obtained from Tyler and Smith' and have 
been smoothed in order to remove the higher frequency noise that was present in the data. 

I — i — r - 1 

400 500 600 660 

WAVELENGTH (NANOMETERS) 

Fig. 1. Subsurface reflectance of deep clear ocean water measured at Islas De Las Tres Marias, 
south of the Gulf of California, 1968. J. E. Tyler and R. C. Smith 
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Fig. 2. Irradiance attenuation coef f ic ient of clear ocean water measured at Islas De Las Tres 

Marias, south of the Gulf of Cal i forn ia , 1968. J . E. Tyler and R. C. Smith 

From Figures 1 and 2 it was possible to calculate the spectral diffuse backscattering coefficients 

and the spectral diffuse absorption coefficients of the ocean water at Islas Tres Marias by a previously 

published method.3 The results are shown in Figures 3 and 4. These coefficients are linearly related to 

the concentration of chlorophyll-A pigments. Thus, corresponding coefficients for known concentrations 

of laboratory cultures of ocean phytoplankton can be added to those in Figures 3 and 4 in order to predict 

the optical properties of ocean water containing any arbitrary concentration of chlorophyll-A pigments. 
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at Islas De La Tres Marias, south of the Gulf of Cal i forn ia, 1968. 
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Fig. 4. Diffuse absorption coeff ic ient of clear ocean water calculated from measurements at 

Islas De La Tres Marias, south of the Gulf of Cal i forn ia, 1968. 
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PHYTOPLANKTON SAMPLES 

Nine living laboratory cultures of typical oceanic and coastal phytoplankton were obtained from the 

Marine Research Group at the Scripps Institution of Oceanography. After optical measurements had been 

made of these samples, they were analyzed for chlorophyll-A pigment concentration. Dr. Dale A. Keifer, 

a marine biologist, collaborated on this aspect of the study, and his assistance is gratefully acknow

ledged. The phytoplankton samples used in the study represented a broad spectrum of plants commonly 

found in oceanic and coastal waters. Phytoplankton populations found in commercial fishing grounds are 

usually a mixture of some of these samples. However, at any given time, one type of species is usually 

dominant, while another is fading and st i l l another is beginning to bloom. Any one of the samples can be

come dominant. Table I lists the samples that were measured. 

Table I 

Sample Species 

1B Nitzschia closterium 

2B Lauderia boreal is 

4B Gymnodinium species 

2C Monochrysis lutheri 

4C Cyclotella nana 

5C Skelotonema costatum 

1D Gonyaulax polyedra 

2D Gymnodinium splendens 

8D Coccolithus huxleyi 

Though calculations of the spectral signature at the water surface were completed for all of the samples, 

the two which were representative of the boundaries associated with the optical properties were chosen 

for the extensive calculations necessary for the determination of the spectral signal at orbital altitude. 

These samples are Monochrysis lutheri (2C) found in estuaries and coastal waters and Coccolithus hux

leyi (8D), a general ocean type. 

Sample 1D, Gonyaulax polyedra, the phytoplankton responsible for the so-called "red t i d e " pre

sented experimental problems because of its low concentration and fast settling rate. It was extremely 

diff icult to grow in the laboratory to higher concentrations. The accuracy of its results was probably lower 

than that of the other cultures. It was included, however, because of its distinctive in situ optical prop

erty and not because of any beneficial connection with fisheries. On the contrary it usually has a quite 

deleterious effect. 

1-6 



SPECTRAL MEASUREMENTS 

The spectral diffuse reflectance and the spectral diffuse optical density of the various living cul

tures were measured using the original Hardy recording spectrophotometer.4 The measurements were made 

for two different thicknesses, one and two centimeters. The cultures were optically dense enough so that 

there was no direct beam transmittance through the spectrophotometer cel ls. Only diffuse light was trans

mitted, even through the one centimeter thickness. 

Typical data for the spectral diffuse reflection and spectral diffuse optical density as measured on 

the Hardy spectrophotometer are illustrated in Figures 5, 6, 7, and 8. These data have been corrected for 

wavelength nonlinearities, neutral density f i l ters, spectrophotometric cell boundary reflections and scale 

calibrations. 
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Fig. 5. Spectral di f fuse ref lect ion - of 1 cm 

thickness of lot culture Coccolithus 

huxleyi (Sample 8D). 

Fig. 6. Spectral di f fuse ref lect ion - of 1 cm 

thickness of lot cul ture Monochrysis 

lutheri (Sample 2C). 

1-7 



10° I — l -

Q 

10-2 

"l 1 1 I 1 1 1 1 1 1-

SAMPLE 80 

DENSITY 
• 1 cm 
• 2 cm 

. / 

v v V 
/ v . 

">.——, - . - - . x -

NANOMETERS 

10" 

10-2 

DENSITY 
• 1 cm 
. 2 cm 

•A. 
/ 

v N-.. / 

\ . J 
f 

NANOMETERS 

Fig. 7. Spectral di f fuse opt ical density - of 

1 cm thickness of lot culture 

(Sample 8D). 

Fig. 8. Spectral di f fuse opt ical density - of 

1 cm thickness of lot culture 

(Sample 2C). 

The spectral diffuse backscattering coefficient, b , and the spectral diffuse absorption coefficient, 

a*, were then calculated from the diffuse reflection and optical density for each of the samples. These 

calculations were programmed for and computed on an IBM 360/44. This computation followed the itera

tive procedure for calculating a* and b* from two different thickness measurements as outlined in refer

ence 3. The resulting coefficients for the samples are shown in figures 9 and 10 for unit concentration of 

chlorophyll-A pigments. 

The samples were then added individually in appropriate concentrations to the corresponding optical 

coefficients for the arid ocean water measured at Islas Tres Marias. No attempt was made to art i f icial ly 

construct mixtures of the cultures. This was in keeping with the view of the marine biologists that at any 

one time one species was dominant. It was felt also that more information could be gleaned from the data 

by observing the results of using the boundary cases alone. 
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Fig. 10. Spectral di f fuse absorption coef f i 

c ient of ocean phytoplankton 

calculated from spectrophotometric 

data on lot cul tures. 

SPECTRAL EFFECTS OF OCEAN CHLOROPHYLL 

The spectral diffuse backscattering coefficient and spectral diffuse absorption coefficient computed 

by the above method were then used as input to a two-flow radiative transfer calculation patterned after 

reference 3. For the first phase of this part of the study, it was assumed that there was an optically in

finitely thick layer of water lying just below the water surface with the given concentration of phytoplank

ton sample. This procedure enabled the subsurface reflectance, R ,̂ of the ocean water to be calculated 

for a number of concentrations of chlorophyll-A pigment. Figures 11a through 11h show curves of R^ for 

the species in Table I with the exception of Sample 1D, Gonyaulax polyedra. Because this " red- t ide" 

plankton species represents a special case, not desirable for commercial fisheries, it is shown separately 

in Fig. 12. In each figure, four curves are shown representing chlorophyll-A concentrations of 0.1 (curve 

A), 0.3 (curve B), 0.70 (curve C), and 1.75 milligrams per cubic meter (curve D). The curves marked A in 

each of the figures are identical and are for the base water. They represent the measurements obtained by 

Tyler and Smith at Islas Tres Marias. Visual observations at the time of those measurements were that the 

water color was deep blue. Table II is a l isting of the reflectances as a function of wavelength for all 

species at a chlorophyll-A concentration of 0.70 milligrams per cubic meter. 
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Fig. 11 . Subsurface spectral ref lectance for various concentrations of chlorophyl l -A pigment. 
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Fig. 11 (cont.) Subsurface spectral reflectance for various concentrations of chlorophyll-A pigment. 
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Fig. 11 (cont.) Subsurface spectral reflectance for various concentrations of chlorophyll-A pigment. 
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c 
Radiative transfer theory3 shows that the spectral diffuse reflectance R of macroscopically homo

geneous, optically deep water is governed at each wavelength by the ratio of its diffuse back-scattering 

coefficient b* to its diffuse absorption coefficient a*, as follows: 

(b*/a*) 
R = 7 = • 

1 + (b# /a#) + y/y +2 (b * / a * ) 

Ordinarily, b* /a* < 1. 

The spectral reflectance of arid water (Fig. 1) results from combined effects of a * a r |d b*, since 

both vary with optical wavelength across the spectrum. When any type of phytoplankton is added to such 

water, the spectral reflectance rises in the green and fal ls in the blue region of the spectrum. The rise in 

the green is caused by the fact that all of the phytoplankton of commercial importance are "armored"; that 

is to say, each microscopic organism has a translucent protective case or shell. In different species these 

shells may be either calcaceous, silacaceous, or cellulosic, but all of them scatter light throughout the 

visible spectrum, thereby increasing b* in the above equation. 

In the green, the absorption coefficient a* is not changed appreciably by the addition of phyto

plankton because chlorophyll does not absorb green light appreciably. Thus, the green reflectance R in

creases with b*. 

In the blue, chlorophyll absorbs so strongly that the addition of phytoplankton causes the absorption 

coefficient a* to increase much more than does the back-scattering coefficient b*. Thus, R is de

creased in the blue region of the spectrum (See, for example, Fig. 11h). 

HINGE POINT 

Between the blue and green (at wavelength 505 nanometers in Fig. 11h) the ratio of b* /a* for 

Coccolithus huxleyi (sample 8D) is the same as the ratio of b* /a* for the base water. Thus, addition of 

this phytoplankton does not alter the reflectance of optically deep water at that wavelength. This pro

duces a "hinge point " in the family of curves in Fig. 11h. 

The hinge point has a different wavelength for each of the nine species of phytoplankton we mea

sured. Since only one species at a time dominates an ocean plankton bloom, identification of species may 

be possible by remote sensing if the spectroradiometric time history of a bloom can be measured. 

Sets of spectral reflectance curves which do not exhibit a common hinge point usually represent dif

ferent species measured at different locations or at different times. Movement of the hinge point can also 

result, however, from differences in the base water. For example, sediments in suspension scatter light 

strongly, thereby increasing b* throughout the spectrum, but they ordinarily have only weak effects on 

a*. Thus, an addition of suspended sediments tends to raise the spectral reflectance of ocean water at 

all wavelengths, much as does cream when added to coffee. Consequently, the presence of sediments can 

be distinguished from chlorophyll-bearing phytoplankton by the shape of their respective spectral reflec

tance curves. 
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MATURITY OF PHYTOPLANKTON BEDS 

Growing phytoplankton shed their cases periodically and grow new ones. Thus, biologically mature 

water contains an accumulation of discarded cases, as well as phytoplankton which have died. Al l of this 

particulate detrital material sinks gradually despite convective mixing and the action of water waves. 

Nevertheless, any mature phytoplankton bed contains a significant amount of such material, which be

haves optically somewhat like a sediment. Although quantitative data are somewhat sparse, it appears 

that the quantity of detrital material ordinarily exceeds the amount of living matter by a considerable fac

tor in the productive phytoplankton beds of the sea. 

Decomposing organic material produces pale yellow solutes which increase a*, primarily in the 

violet and ultraviolet spectral regions. This "yel low s ta in" lowers the spectral reflectance Rx curves 

throughout the ultraviolet, violet and blue in a manner readily distinguishable from the spectral effects of 

living chlorophyll. The base water selected for the study described in this report was biologically mature 

in the sense that it contained a typical amount of "yel low s ta in . " 

STRATIFICATION OF CHLOROPHYLL IN THE OCEAN 

The Food Chain Research Group of the Institute of Marine Resources, University of California, San 

Diego, has in its f i le thousands of measured depth profiles of chlorophyll-A pigment at a wide variety of 

ocean locations. Two of these are shown in Fig. 13. Obviously, their shapes are very dissimilar, but no 

more so than many hundreds of other profiles in the collection. Virtually any conceivable shape of profile 

can be found in the f i le except, perhaps, one that does not vary with depth. The two shown in Fig. 13 are 

not extreme cases in any sense. Ocean chlorophyll occurs in stratified patterns with seemingly limit

less variety. 

In order to calculate by radiative transfer methods the subsurface spectral reflectances R^ of the 

data shown in Fig. 13, the profiles were approximated by layers of constant chlorophyll-A pigment concen

tration*, as shown in Fig. 14a and 14b. Integration of the total chlorophyll-A in a vertical column extend

ing to a depth of 70 meters shows that the ocean at Station No. 5 contained 143 milligrams of chlorophyll-

A pigment per square meter of ocean surface. The corresponding quantity at Station No. 6C was 55 

milligrams per square meter. Thus, the ocean at Station No. 5 contained 2.6 times more total chlorophyll-

A pigment than it did at Station No. 6C. 

AMBIGUITY OF THE OPTICAL SIGNATURES 

Radiative transfer calculations described at the beginning of the preceding entitled "Spectral Effects 

of Ocean Chlorophyll "produced the spectral diffuse reflectance curves in Fig. 15 for the two chlorophyll-A 

profiles given by Figs. 14a and 14b. Despite a factor of 2.6 in total integrated milligrams of chlorophyll-A 

pigments per square meter of ocean surface, the curves are indistinguishable in the green and differ but 

* The species population of the water column was assumed to be mixed and was composed of 38 percent dino-
flagellates (Sample 2D), 12 percent coccolithophorids (Sample 8D), and 50 percent diatoms (Sample 4C). 
These ratios approximated the actual populations measured at these stations. 
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slightly in the blue and in the red. These small differences, moreover, are in reverse directions from those 
that would be expected if the chlorophyll-A pigments were uniformly distributed in the water column. (See 
Figs. 11 and 12) A very small alteration of the thickness of the upper layers in Fig. 14 will produce 
identical curves of subsurface spectral diffuse reflectance without changing the factor 2.6 in total inte
grates chlorophyll-A pigments. Thus, the subsurface spectral diffuse reflectance is wholly ambiguous as 
a measure of the total chlorophyll-A pigments present, even to a spectroradiometer located just below the 
water surface. 

R/V DAVID STARR JORDAN, CRUISE NO. 50 
FCRG STATION NO. 5, 3 JUNE 1970 

R/V DAVID STARR JORDAN, CRUISE NO. 50 

FCRG STATION NO. 6C, 4 JUNE 1970 
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Fig. 13. Chlorophyll-A Pigment Depth Profiles measured in situ in waters near San Diego. (From 
Research on the Marine Food Chain Progress Report, July 1970 - June 1971, Institute 
of Marine Resources, Report 71-10, Part III Data Records, "Unpublished Manuscript".) 
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Fig. 14. The measured chlorophyl l -A depth prof i les shown in Fig. 13 have been approximated 

by uniform layers having constant chlorophyl l -A concentrat ion. The total integrated 

chlorophyl l -A pigments in Figures 13a and 14a are the same. This is also true of 

Figures 13b and 14b. 
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Fig. 15. Subsurface spectral dif fuse reflectance at Station 5 (sol id l ine) and Station 6C (dashed 

l ine) calculated from Fig. 14. Unl ike the non-strat i f ied cases represented by Figs. 11a 

through 11 h and Fig. 12, the greater total integrated chlorophyl l -A concentration (143 

mg/m2 ) at Station 5 produces a lower blue reflectance and a higher red reflectance 

than does the smaller concentration (55 mg/m2 ) at Station 6C. 

Another aspect of ambiguity is illustrated by Figs. 16a and 16b, wherein the previously described 

two-flow radiative transfer method was used to add layers consecutively underneath previous layers until 

the whole column corresponded to the actual profile measured. Thus, layer B was placed on top of the 

base water A, layer C was then placed under B and above A, etc. At each step the reflection signature at 

the top was computed. Figs. 16a and 16b show the results of this calculation. In Fig. 16a, for example, 

the spectral reflectance was not changed by the addition of layers E, F, G, and H. They were hidden by 

layers A, B, C, and D. 

ADDITIONAL COMPLICATIONS 

It is sometimes said that a few phytoplankton near the surface of the ocean where sunlight is plenti

ful are worth many times that number at a greater depth, because of the exponential-like decrease of day

light due to absorption by water molecules. The efficiency of photosynthesis by phytoplankton is, 

however, greater in dim light. Thus, the attenuation of daylight with depth is at least partially compen

sated. Organic productivity due to photosynthesis in the sea is an amazingly complicated matter that is 

presently undergoing intense research by scores of marine biologists throughout the world. Correlation 

between the remotely measureable optical signature of ocean chlorophyll and total organic productivity in 

the sea is far from being established. , From the standpoint of optical remote sensing of marine resources, 

the ambiguity of the spectral signature of chlorophyll is only one part of a remarkably diff icult problem. 
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RECOMMENDATION 

The detection of a strong chlorophyll-A signal from some ocean location should result in a visi t to 

that spot by a ship equipped to measure vertical profiles of chlorophyll-A pigment concentration and/or 

total organic productivity in the water column. A time history of the vicinity can then be made by a re

mote sensor, from which it may be possible to infer the probability of fish in commercial abundance. 

ATMOSPHERIC DATA 

Having predicted the spectral reflectance characteristics for ocean waters containing a range of 

chlorophyll concentrations that are of importance to ocean food chain productivity it remained to use this 

information to predict the chlorophyll signal that would/each remote sensors in orbit. For many years, the 

Visibi l i ty Laboratory has engaged in a data collection program to obtain exactly the type of information 

that was needed to accomplish this. These measurements have been made from aircraft, spacecraft, ships, 

and ground stations. Figures 17 and 18 show the faci l i t ies which were employed to collect the atmospheric 

data that were used in the calculations described in this paper. Figure 17 is a photograph of the spec

ially instrumented C-130 aircraft which is used in the atmospheric data collection program conducted by 

the Visibi l i ty Laboratory under the auspices of the Air Force Cambridge Research Laboratories. This air

plane has been extensively modified, both inside and out, for the determination of optical and meteorologi

cal parameters. It is equipped, for example, with scanners which map the skies above and below the 

airplane. At low altitude over the ocean the lower scanner maps the water surface and records the manner 

in which sunlight and skylight are reflected. Al l of the optical sensors in the aircraft combine to measure 

contrast attenuation by the lower atmosphere along any path of s ight, inclined upward or downward. This 

information is supplemented by data taken at sea level with the instrument shown in Figure 18 called a 

contrast reduction meter. It has the capability of determining from a ground station the reduction of con 

trast throughout the total atmosphere, that is to say, from the surface of the earth to orbital altitude. 

Fig. 17. Instrumented C-130 aircraft . 
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Fig. 19. Apparent Orbital Contrast 

Green (560 nm) 

Chlorophyll-A - 0.30 mg/m3 

Sample - Coccolithus huxleyi (8D) 

Clear Day 

Wmdspeed - 10 Knots 

Solar Zenith Angle - 30.9° 

Note: The chlorophyll-A concentration used for calcu

lating the subsurface spectral reflectance was taken 

as uniform throughout the upper 50 meters of the ocean. 

The results presented also apply, of course, to any 

other vertical distribution of chlorophyll A which pro

duces the same optical effect (see comments under 

"Ambigui ty") . 

0005 — 

Figure 19 is a plot of the apparent orbital contrast of a sample of Coccolithus huxleyi (8D) at a con

centration of 0.3 mg/m3 throughout the top 50 meters. This apparent orbital contrast was computed by first 

calculating the apparent spectral radiance signal available at orbital altitude from a water mass without 

any phytoplankton (NB) and the signal from a water mass with the desired phytoplankton concentration 

(NT). The apparent orbital contrast is thus 

C = 
N T - N B 

N, 

In these calculations all variables except for the change in phytoplankton concentration were 

kept constant. 

Numerous calculations were made for a variety of subsatellite local sun zenith angles, phytoplankton 

concentrations and atmospheric conditions. 
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Figure 19 depicts an occasion where the subsatellite local sun zenith angle was 30 9° and therefore 

the solar reflection point on the ocean surface is seen to be approximately 30°from the nadir. The observ

ing wavelength was 560 nm and a surface windspeed of 10 knots (5.14 m/sec), a value below that required 

to produce whitecaps, was assumed over the whole f ield of view. 

The calculation has been based on data for a cloud-free, clear day that was measured in the vicinity 

of San Diego on 2 September 1964. The air mass was unstable, continental, tropical. The National Weather 

Service Office reported " v i s i b i l i t y " 10 to 20 miles (16 to 32 km), temperature 72°F to 76°F, (22°C to 24°C), 

relative humidity 50 to 64 percent. Local meteorologists described it as a "mi ld Santa Ana condit ion." 

The ocean color sensors planned by NASA for the Earth Observatory Satellite are expected to have a 

sensitivity sufficient to detect a change in optical input of 0.001 when a sensor element passes from arid 

water to water containing significant chlorophyll-A pigments. That is to say, the effective spectral con

trast threshold of the sensor is 0.001. 

The contours of apparent orbital contrast in Figure 19 indicate that for the conditions specified above 

changes in optical input of greater than 0.001 occur over most of the f ield of view except near the subsolar 

reflection point and near the horizon. 

On 2 September 1964 optical data were taken from soon after sunrise until nearly sunset. From the 

Visibi l i ty Laboratory's data bank six solar altitudes, ranging from a high solar zenith angle of 24.3° to a 

low sun with a solar zenith angle of 70.6°, were selected. These six solar zenith angles are compared by 

the curves in Figure 20. They represent orbital signal levels in the plane of the sun for a chlorophyll con

centration of 0.30 mg/m3 for sample 8D. 

Several conclusions can be drawn from Figure 20. The available optical signal was greatest in the 

case of the curve representing a solar zenith angle of 30.9° The signal level and its angular extent is 

almost but not quite as good when the sun is at 24.3°, but it is degraded when the solar zenith angle is 

42.0°. It is clear that, for the conditions which these curves represent, to maximize the signal the solar 

zenith should be 30° or less. For the same concentration of sample 2C shown in Figure 21 for green light 

the signal is not of sufficient strength to be seen. However, it is much greater in the blue (456 nm) as 

wil l be shown later. 

The field of view planned for the sensors on the Earth Observatory Satellite is 50° degrees in 

angular diameter. It is clear from Figure 19 that it would be better to place the field of view off 

the nadir, away from the sun. For example, the 50° field of view might be chosen to extend from 5° to

ward the sun to 45° away from the sun. Studies of similar curves for other azimuths and different atmos

pheric and wind speed conditions seem to make this choice of f ield of view appear to be wise for many 

circumstances. Figure 22 A -F shows a series of polar plots for the sample 8D in the green (560 nm). 

These were analyzed in the same manner as for Figure 19. Figure 22B is the same as Figure 19. These 

plots show the values and curves for sun zenith angles from 24.3 to 70.6 degrees. Comparison of the 

plots show how the signal changes with the sun angle in all azimuths. Again, the signal is strongest at 

30.9, almost as strong at 24.3 and then when the sun reaches 42 degrees the signal begins to degrade. 

The wind speed for all these cases was 10 knots (5.14 m/sec). 
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60 Fig. 22a. Apparent Orbital Contrast 

Green (560 nm) 

Chlorophyll-A - 0.30 mg/m3, Uniform 

Sample - Coccolithus huxleyi (8D) 

Clear Day 

Windspeed - 10 Knots 

Solar Zenith Angle - 24.3° 

Fig. 22b. Apparent Orbital Contrast 

Green (560 nm) 

Chlorophyll-A - 0.30 mg/m3, Uniform 

Sample - Coccolithus huxleyi (8D) 

Clear Day 

Windspeed - 10 Knots 

Solar Zenith Angle -30.9° 
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Fig. 22c. Apparent Orbital Contrast 

Green (560 nm) 

Chlorophyll-A - 0.30 mg/m 3 , Uniform 

Sample - Coccolithus huxleyi (8D) 

Clear Day 

Windspeed - 10 Knots 

Solar Zenith Angle - 42.0° 

Fig. 22d. Apparent Orbital Contrast 

Green (560 nm) 

Chlorophyll-A - 0.30 mg/m 3 , Uniform 

Sample - Coccolithus huxleyi (8D) 

Clear Day 

Windspeed - 10 Knots 

Solar Zenith Angle - 51.6° 
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60 Fig. 22e. Apparent Orbital Contrast 
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Fig. 22f. Apparent Orbital Contrast 

Green (560 nm) 

Chlorophyll-A - 0.30 mg/m3, Uniform 

Sample - Coccolithus huxleyi (8D) 
Clear Day 

Windspeed - 10 Knots 

Solar Zenith Angle - 70.6° 
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Not all fair weather is as clear as was the day represented by Figs. 19 and 20. A more common, 

hazier, blue sky occasion was measured near San Diego on 30 July 1964. The results of the computations 

for that day are shown in Fig. 23. There was a stable maritime polar air mass over the sea on that day and 

the sky contained 0.2 to 0.3 scattered clouds. The " v i s i b i l i t y " was off icial ly reported as 10 miles 

(16 km). The sea level temperature was 71° to 73°F (22° to 23°C) and the relative humidity was 60 to 68 

percent. Although the sky was blue overhead the horizon appeared gray because of low-level atmos

pheric haze. 

Figure 23 shows that for 560 nm the apparent orbital contrast for phytoplankton concentrations of 

0.3 mg/m3 for sample 8D st i l l has values over 0.001 in the region of the f ield of view specified above. 

Though the atmospheric optical properties of the hazy day has lowered the apparent orbital contrast of the 

sea surface over the whole f ield of view, the conclusions with respect to the aiming of the f ield of view 

of the orbital sensor are st i l l valid. 

Figures 19 through 23 relate to chlorophyll detection by means of green light at 560 nm. Figures 11a 

through 11 h show, however, that in terms of the subsurface reflectance of ocean water the magnitude of 

the optical radiance for a given chlorophyll-A pigment concentration is greater in the blue region of the 

spectrum that it is in the green. Scattering of light by the atmosphere, on the other hand, ordinarily atten

uates the blue optical signal to a greater extent than it does the green. There has been considerable 

speculation, therefore, concerning whether the blue signal can be used at orbital altitudes. One result of 

this study is that on both the clear and the hazy days the blue chlorophyll signal (contrast) at orbit was 

greater than the green signal. Figures 24 and 25 show the apparent orbital contrast through the azimuth of 

the sun, for the two samples, Coccolithus huxleyi and Monochrysis lutheri, for a range of sun zenith angles 

on the clear day.* For each of the samples it can be seen that the signal for 31° solar zenith is very sim

ilar to that for 24°, but that the 31°curve is slightly higher particularly at the nadir. Figures 26a through 

26f is a series of polar plots similar to Fig. 22 but for the blue region (456 nm). Again, a comparison of 

the plots shows how the signal changes with sun angle in all azimuths. Even on the hazy day the blue 

signal was on the average, greater than the green signal. This is illustrated by Figs. 27a and 27b which 

show the apparent orbital contrast under conditions for a sun zenith angle about 31 degrees. Figure 27a is 

for the species Coccolithus huxleyi (Sample 8D) and shows the variations through the azimuth of the sun 

for a chlorophyll-A concentration of 0.3 mg/m3, in the green region on clear and hazy days for a wind 

speed of 10 knots (5.14 m/sec). The same variations are shown for the blue region. A line is drawn at 

the threshold of 0.001 and it is evident that the signal is well above threshold for this sample on the clear 

day for both wavelengths. On the hazy day the signal, though less than the signal for the clear day, is 

above or near the threshold in the direction of optimum viewing. Figure 27b is for the species Monochrysis 

lutheri (Sample 2C) under the same conditions. The signal is well below threshold for all of the cases in

volving the green signal. However, the signal is above or near threshold for the blue signal even on the 

hazy day. 

The apparent orbital contrasts obtained in this study were computed assuming that the atmosphere is 

cloud-free and uniform in its optical properties throughout the entire f ield of view. Obviously, that circum-

* Tin' value I of apparent orbital contrast for the blue (456 nm) are negative; this means that the region of the ocean 
containing the chlorophyll-A segment is darker than the base water in this spectral region. 
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60 Fig. 23. Apparent Orbital Contrast 
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60 Fig. 26a. Apparent Orbital Contrast 
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Fig. 26c. Apparent Orbital Contrast 
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60 Fig. 26e. Apparent Orbital Contrast 

Fig. 26f. Apparent Orbital Contrast 
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Fig. 27 

Comparison of the apparent orbital con

trast of the ocean surface in the sun-nadir 

plane using blue light and using green 

light. Curves for both clear and hazy day 

conditions are shown. Phytoplankton 

species, Coccolithus huxleyi (Sample 8D) 

for Fig. 27a and Monochrysis lutheri 

(Sample 2C) for Fig. 27b have been added 

to the base water to bring the total 

chlorophyll-A concentration to 0.3 mg/m3. 

Windspeed is 10 knots. The contrast of 

the water containing the sample is nega

tive in the blue and positive in the green 

relative to the base water background. 
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stance rarely, if ever, exists. Our computer software and data bank can, however, readily produce corres

ponding plots for any meteorological condition that may be selected in the future. It appears to be 

significant that the optimum viewing direction and local sub-satellite solar zenith angle differ little with 

respect to the clear or hazy days. It seems probable, therefore, that variations in the atmospheric proper

ties throughout the field of view (neglecting, of course, clouds or storms) will have little effect on the 

choice of optimum viewing conditions. 

The fact that the size of the sun glitter pattern increases with wind-surface wind speed suggests 

that the optimum viewing direction should be moved as far away from the solar reflection point as possible 

without omitting the region of highest apparent orbital contrast. 

Optical effects due to small scale surface wind speed variations, slicks, etc., can be treated by our 

present software although continuing study of the inherent properties of these phenomena may be needed. 
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2. INHERENT SPECTRAL RADIANCE SIGNATURES 

OF THE OCEAN SURFACE 

R. W. Austin 

2.1 INTRODUCTION 

In the design and evaluation of systems for the remote sensing of ocean color it is necessary to 

know the magnitude of the spectral radiance available at the sensor. The basic physical principles in

volved in the generation of signal at the ocean surface and its transmission through the atmosphere are 

well known. However, the magnitudes of the various component parts of this signal and the manner in 

which they vary with wavelength, solar zenith angle, water type, sea state, etc., are not adequately docu

mented with measurements which wi l l allow the investigator to predict apparent spectral radiances with 

adequate precision. 

We w i l l , in what follows, formulate an approach to synthesizing the spectral radiance signal which 

reaches the sensor, show how the components of this signal may be expected to vary, and how these vari

ations, in turn, wi l l affect the magnitude of the spectral radiance. Examples of data are provided: some 

acquired as "surface t ru th" for remote sensing experiments and some obtained specifically to increase 

the databank available for this study when it became obvious that insufficient data of suitable quality 

existed. The measurement program is expected to continue and the data presented herein should be con

sidered as provisional samples, hopefully usable as they are here reported, but to be expanded to include 

other atmospheric conditions, solar zenith angles, etc. Other bodies of data on underwater spectral radi

ance which have recently become available wil l also be incorporated into the data bank as the study 

progresses. In addition, ongoing research programs of the Laboratory wi l l be contributing new information 

in such related areas as the angular distribution of underwater radiance, the measured and computed spec

tral reflectances of various ocean waters, ocean surface reflectance due to wind-generated white water, 

bottom reflectances, and atmospheric optical data obtained over the oceans. 
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The present study wil l be specifically restricted to the problem of the nadir radiance and we wi l l not 

consider the contribution to this radiance from sunglitter. The extension to other paths of sight and the 

generalization of the ocean surface reflectance problem to include glitter are topics that wi l l be treated in 

the follow-on study. 

2.2 DISCUSSION 

The upwelling radiance signal, available for the remote sensing of ocean color, originates from the 

interaction of the downwelling light f ield with the ocean surface, the body of water and the ocean bottom. 

Attention wi l l be restricted in the present discussion to the case where the water is of such a depth that 

the effect of the existence of the bottom may be neglected. 

SURFACE REFLECTED RADIANCE 

The smooth or wind-roughened water surface specularly reflects a fraction of the radiance of the sky. 

If wind-generated white water is present, an additional radiance wi l l be added which represents a fraction 

of the total downwelling irradiance. We wi l l not consider the white water contribution at this time, as it 

is the subject of a separate study and preliminary indications are that the results of this study may reduce 

the presently accepted effective reflectance of this component by a significant amount. In any case, for 

many of the lower windspeed conditions commonly encountered, white water wi l l have a small or negligi

ble effect on the inherent radiance of the ocean surface. 

The radiance, N r , due to the surface reflectance is simply, 

N r = r d N 3 , (1) 

where r., is the fresnel reflectance of the surface for downwelling radiance and N is the radiance of 

the sky in the angular region specularly reflected by the surface (see Fig. 11). The reflectance is a func

tion of the index of refraction of the water, the viewing angle, and, since the wind affects the statistics 

of wave slopes on the ocean surface, it is also a function of windspeed. The index of refraction does not 

vary sufficiently with wavelength to result in any appreciable wavelength dependence of the reflectance. 

Table I presents reflectance values for various observation angles and windspeeds. Note that for all 

windspeeds shown and observation angles out to 40° from the nadir, the reflectances fal l between .0211 

and .0291- Thus, for viewing angles in this range the surface reflectance is small and shows no major de

pendence on either angle or windspeed. The radiance of the sky, on the other hand, varies with location 

in the sky, increasing in the proximity of both the sun and the horizon. Consequently the reflectance 

values in Table I can only be used to determine the reflected radiance when the region of the sky being 

reflected is suitably uniform. This situation occurs when the windspeed is low or when the reflected sky 

is away from the horizon and sun. 
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Table I .. 

Time-Averaged Air/Water Surface Reflectance From Above 

Observation Windspeed (m/s) 
Angle Angle 

o. 0 4 10 16 

0° 0.0211 0.0211 0.0212 0.0212 
10° 0 0211 0.0212 0.0213 0.0214 
20° 0.0213 0.0214 0.0217 0.0220 
30° 0.0222 0.0226 0 0232 0.0239 
40° 0 0253 0.0262 0.0276 0.0291 
50° 0.0346 0.0366 0.0394 0.0420 
60° 0 0610 0.0646 0.0686 0.0709 
70° 0.1354 0.1365 0.1316 0 1247 
80° 0.3502 0 2919 0.2371 0.2046 
90° 1.0000 0.4934 0.3642 0 3002 

For sea water, refractive index n„ 1.341 

NADIR 

n = 1.341 • 

© 

s 
+ 

•to 

•td 

N„ 

N . 

= Zeni th Radiance 

= Ref lec ted Port ion of Zeni th Radiance 

- Nad i r Underwater Radiance 

= Port ion of N u Propagated Upwards Through the Surface 

= I r rad iance at Sea Level Due to Sun Only 

= I r rad iance at Sea Leve I Due to Sky Only 

= U p w e l l i n g Underwater I r rad iance 

= Downwe l l i ng Underwater I r rad iance 

= Emergent Ref lec tance and Transmi t tance of Sea Surface From Water to A i r 

= D o w n w e l l i n g Ref lec tance and Transmi t tance of Sea Surface From A i r to Water 

N„ , + N , * N„ t . 
R«, - + H 0 R± = — 

H_ 

Fig. 1 . Schematic representation of concepts and symbols relat ing to the development 

of the inherent spectral radiance of the.ocean. 
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Figure 2a shows measurements of spectral radiance of the zenith sky for three solar zenith angles, 

64°, 49°, and 24°. Figure 2b shows the same information for a position 90 degrees from the sun in the sun-

zenith plane. The latter curves show a greater wavelength dependence than the former, in agreement with 

the subjective impression that the sky is generally whiter at the zenith and bluer at right angles to 

the sun. 

400 450 500 550 600 650 700 
WAVELENGTH nm 

Fig. 2 Spectral radiance N s of the sky at the zeni th, and at a point 90° from the sun 

in the sun-zenith plane N o _ 9 0 , for three solar zenith angles 6S. No smoothing 

has been performed on the curves. Spectral bandwidth was 5.9 nm or less. An

gular f ie ld of view of spectroradiometer was 0.6° x 4.6°. 
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The measurements presented in Fig. 2 were obtained with the Scripps underwater spectroradiometer 

(Tyler and Smith, 1970), which was configured and calibrated to measure spectral radiance in air. It was 

operated on the roof of the Visibi l i ty Laboratory in San Diego, 0.4 nautical miles from the ocean, on six 

days in July and August, 1972, when clear-sky conditions prevailed. Spectral radiances of the sky at 

these two positions in the sky were obtained on 19 occasions, for solar zenith angles ranging from 14° to 

64°. The data shown in Fig. 2a and 2b were obtained on 28 August 1972. 

The component, N r , of the surface radiance due to the ocean surface reflectance wi II have the same 

spectral behaviour as the sky radiance but wi l l be reduced in magnitude by the appropriate reflectance, 

obtained from Table I. 

WATER REFLECTED RADIANCE 

The second component of radiance returned upward from the ocean, is that due to the interaction of 

the downwelling irradiance with the body of water itself. It is this component, denoted as N w , that con

tains the spectral signature or water color information. In a manner similar to that used in the treatment 

of surface-reflected radiance, we may define a reflectance, R , for the water such that 

N w = Rw — • (2) 

This is the reflectance that a perfectly diffuse surface must have in order to return a radiance N w for an 

incident irradiance H t o t . Note that Rw is an exterior reflectance, i.e., it does not in its construct re

quire the measurement or knowledge of anything below the surface of the water. It does of course vary 

with wavelength, type of water, and to some extent, with the angular distribution of the radiance consti

tuting H t o t . The determination of Rw by the direct measurement of N w and H t o t has proven to be 

diff icult from shipboard due to the noise introduced by surface waves. Measurements of Rw have been 

made from aircraft (Clarke and Ewing, 1973), although there may be difficulties in some circumstances in 

identifying the particular patch of water being measured and distinguishing the surface and atmospheric 

effects from water effects. 

The approaches that wi l l now be developed to determine N w , and consequently Rw, uti l ize existing 

underwater data obtained in various types of water, or specific-measurements of the underwater spectral 

radiance, N u . Whereas more attention is concentrated on radiances at or near the nadir, the techniques 

can be extended to include other observation angles. 

In passing upward through the surface, flux contained within an incremental solid angle d Q w in 

water wi l l be spread into a larger solid angle d f i a = n 2 d f i w . Therefore, N u , the emerging subsurface 

radiance, having the units of power/area solid angle, wi l l decrease by a factor of 1/n2 = 0.555 by virtue 

of this refraction effect at the surface. There is, in addition, an emergent transmittance, t e , due to the 

fresnel reflectance at the surface of te = 1 - re = 0.979. Table II provides values for re for various 

windspeeds and angles of observation (measured underwater). The nadir radiance above the surface is then, 
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Table II 

Time-Averaged Air/Water Surface Reflectance From Below 

Observation 

Angle 

Windspeed (m/s) Observation 

Angle 

0 4 10 16 

0° 0.0211 0.0211 0.0213 0.0217 

10° 0 0211 0.0213 0.0218 0.0228 

20° 0.0218 0.0227 0.0255 0.0334 

30° 0.0265 0 0325 0.0613 0.0961 

35° 0 0350 0.0602 0 1234 0.1686 

40° 0.0588 0.1559 0.2367 0 2741 

45° 0.1529 0 3801 0 4065 0.4131 

50° 1 0000 0.6718 0.5988 0.5629 

55° 1.0000 0.8905 0 7715 0.7055 

60° 1.0000 0.9807 0.8967 0.8277 

For sea water, refractive index nw = 1.341 

N . = — N„ = 0.544 Nu . (3) 

Adding Eq. (1) and (3), an expression for the total inherent radiance, N o , leaving the surface may be ob

tained, i.e.. 

N0 = N w + N r = — N u + r d N s 
(4) 

or if the reflectance, Rw, and the total downwelling irradiance on a horizontal plane, H t o t , are known 

or can be estimated, we can combine Eq. (1) and (2) to obtain 

N0 = — H t o t + r d N E 
(5) 

Here attention is called to the differences between the downwelling specular reflectance rd appropriate 

to the zenith sky radiance and the effective diffuse reflectance Rw returning a portion of the incident 

irradiance. The fresnel reflectance, rd, is essentially constant with wavelength while the water reflec

tance, Rw, varies with wavelength in significantly different ways for different waters. 
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From Eq. (2) and (3) we find that 

77te Nu 

n 2 H._ 
(6) 

Measurements of Nu have been obtained with the Scripps underwater spectroradiometer on various 

occasions and selected data are herein combined with measurements of H t o t obtained with the same in

strument operating as a spectral irradiance meter. The latter measurements were obtained on the same oc

casions as the sky radiances presented in Fig. 2. Data having comparable solar zenith angles were 

selected and combined to obtain the curves of Rw versus wavelength plotted in Fig. 3. These curves 

show markedly different shapes for waters that were low (II), intermediate (I), and moderately high (III) in 

chlorophyll concentration. The Munsell hue determinations for the water color at the three stations were 

10B (Blue), 10BG (Blue Green), and 10G (Green) which might be expected from the shapes of these curves. 

Note also that the reflectance magnitudes are very low. Values from 1 percent to 2 percent at the wave

lengths of maximum reflectance are found. 

o 

.010 -, 

550 

WAVELENGTH nm 

Fig. 3 Irradiance ref lectance indicat ing the ratio of the upwel l ing underwater radiance 

avai lable immediately above the ocean surface to the total downwel l ing i r radi

ance H T O T on the surface. 
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The data used for Nu are shown in Fig. 4. They were derived as follows. Measurements of the up-

welling spectral radiance were obtained, at depths of 2.2 meters and 7.7 meters, every 5 nanometers 

throughout the visible spectrum. The measurements on each of the three days were obtained over a period 

of less than one hour. The solar zenith angles, ds, given in the legends apply to the midtime of the data 

acquisition period. The attenuation coefficient, K, at each wavelength was obtained from the radiance 

values at the two depths using the relation, 

1 N t 1 N 2 2 

K = In — = — In . 
Z j - Z i N 2 5.5 N7 7 

. 0 1 1 I I I I 1 1 
400 450 500 550 600 650 700 

WAVELENGTH nm 

Fig. 4 Underwater nadir radiance immediately below the ocean surface, for three ocean 

waters of d is t inc t ly dif ferent color. 

2-8 



The radiance immediately under the surface was then computed assuming this same attenuation coefficient 

also applied to the upper 2.2 meters of water. These measurements were obtained in Southern California 

coastal waters in support of a high altitude ocean color experiment (HAOCE) conducted by the Laboratory 

for Meteorology and Earth Sciences of the Goddard Space Flight Center. 

DOWNWELLING SPECTRAL IRRADIANCE 

Figure 5 shows downwelling spectral irradiance data measured at four solar zenith angles on 

28 August 1972. The overhead sky was cloudless, but variable maritime haze occurred during the day with 

vis ibi l i t ies reported as 2, 3, 4, and 5 miles at the time of measurement, for curves I through IV, respec

tively. The measurements were taken with the spectroradiometer fitted with an irradiance collector (cosine 

weighting function). The system was calibrated against a standard of spectral irradiance traceable to 

NBS. The illuminances, E t o t , represented by these four H t o t curves were calculated by performing the 

integration, 

E t o t = 680 f H t o t ( A ) - V ( A ) d A . 

The results were compared with values from illumination tables (Brown 1952) for the same solar zenith 

angles and were found to be generally higher than those tabulated. Although values in excess of Brown's 

can be obtained under certain conditions, other factors indicate that certain operational conditions may 

have precluded maintaining the expected measurement accuracy in the f ield. Subsequent to these mea

surements corrective modifications to the instrument, its calibration and operational procedure have been 

initiated; however, no new data are yet available. The data are presented without any attempt at smooth

ing or correcting obviously anomalous points. In this way the reader may judge the precision of the 

measurements. 

Figure 5 also shows three curves of downwelling spectral irradiance from the sky with the contribu

tion from the sun removed. This was accomplished by occulting the sun with a small disk casting a 

shadow on the irradiance collector. These measurements were obtained immediately following the H t o t 

measurements and can be considered as contemporaneous data. It may be noted that these curves are not 

significantly dependent on solar zenith angle. In fact, the curve for ds = 64° is not shown because it al

most completely overlapped that for 0s= 49°. The sky irradiance component H8 may vary with the type 

of day, however, and might be expected to be somewhat lower and sloping more steeply downward with in

creasing wavelength on days with clear blue skies while being somewhat higher and flatter on more 

hazy days. 

The component of the downwelling irradiance due to the sun H@ is, of course, the difference be

tween H t o t and H a ; thus 

H © = H t o t ~ H
8 • 
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We may define a dimensionless ratio y = H s / H t o t between the two measured irradiances. It follows 

that 

H 0 

= 1 - y . 

H t o t 

These ratios are useful indicators of the condition of the sky, i.e., hazy or clear, and wi l l be used as 

parameters in the following paragraphs. In Fig. 6, 1 - y versus wavelength has been plotted. Its shape 

5 I 1 1 1 1 I 1 

400 450 500 550 600 650 700 

WAVELENGTH nm 

Fig. 5 Downwell ing spectral irradiance measured on cloudless hazy day in San Diego, 

Cal i forn ia. H T O T is total downwel l ing irradiance. H g is that contr ibut ion to 

the total downwel l ing irradiance from the sky without the sun. H 8 for 6S = 64° 

not shown but did not dif fer s ign i f icant ly from H s for dB = 49°. 
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reflects the relatively greater contribution of the sky irradiance to the total at the shorter wavelengths. 

This is also seen by the different slopes of the H t o t and H8 curves in Fig. 5. It may also be noted in 

Fig. 6 that the 1 - y curve for ds = 21° is appreciably higher in the red than that for 6s = 24°. The dif

ference is more than would be expected for a 3° change in zenith angle and is attributable to the fact that 

21 August was a much less hazy day than 28 August. Visibi l i t ies at the time of the measurements for 

curve I were reported to be 20 miles, vice 4 and 5 miles for curves II and I I I . 
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Fig. 6 Ratio of solar to total spectral 

irradiance for three solar zenith 

angles. 

SUB-SURFACE IRRADIANCE REFLECTANCE 

Having first approached the determination of N w or Rw through direct measurement of N u and 

H t o t , we wi l l now present another approach which allows the util ization of an additional body of data. A 
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frequently used concept in optical oceanography is the underwater irradiance ratio, R+. It wi l l be defined 

here as the ratio of the upwelling to the downwelling horizontal irradiances at any depth, i.e., 

H+ 
R± = — • (7) 

H_ 

Existing tabulations of R+(A) for various waters can provide another source of information from which the 

above-water spectral signature may be obtained. Thus, R+ provides the connection between the down

welling spectral irradiance and the upwelling spectral irradiance. It is now necessary to determine the 

coupling between the above surface and the below surface downwelling, irradiances, i.e., H t o t and H_, 

and the relationship between N u and H+ , to complete our development. 

The two components of H t o t , i.e., H@ and H 8 , suffer different reflectance losses in passing through 

the water surface. The coll i mated light from the sun wil l be reduced by the fresnel reflectance of the sur

face associated with the sun zenith angle and the surface windspeed. Thus, the surface transmittance, 

t d , for downwelling solar irradiance is 

where values of rd appropriate for various windspeed and zenith angles may be obtained from Table I. 

The component of irradiance due to the sky, H 8 , must be treated as an angularly distributed source 

and the contributions from the radiance of each portion of the sky individually propagated through the sur

face and summed. Because the contribution of H s to the total irradiance is generally small we may as

sume the radiance of the sky to be uniformly distributed without introducing significant error in the final 

result. On this basis we may use values for the diffuse reflectance of the sea surface for computing the 

loss which the sky component suffers in being transmitted through the surface. Payne (1972) has found 

that the reflectance of the surface for a diffuse (heavily overcast) sky is 0.061 ±.005 which is in good 

agreement with Judd's (1942) calculation 0.0676 for the diffuse reflectance at an interface having a rela

t ive index of 1.34. We w i l l , then, apply a diffuse transmittance for downwelling irradiance, t d = 1 - rd ,of 

0.94 to H . 
S 

The resulting H_ may now be taken as the sum of these two components, then 

H- = t d H s + t d H @ , 

or 

H_ = [ t d y + t d ( 1 - y ) l H l o t . (8) 
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An estimate of the relationship between N u and H + may be established on the basis of a set o f 

measurements by Tyler (1960) in Lake Pend Oreille, Idaho. This lake, at the time of the measurements, 

was demonstrated to be vertically homogeneous in its physical properties. It thus provided an excellent 

medium for the exploration of the manner in which the apparent optical properties changed with depth. 

The primary measurements were of the angular distribution of radiance at 480 nanometers as a function of 

depth. These data were obtained on a sunny day (0a = 33.4°) at seven depths from 4.24 meters to 66.1 

meters. Figure 7 is a plot of the data obtained at a depth of 4.24 meters showing the relative upwelling 

radiance in three vertical planes intersecting through the vertical, at azimuth angles of 0 ° - 180°, 

4 0 ° - 220°, and 9 0 ° - 270°. This plot shows a very significant departure from the uniform diffuse distribu

tion which has been assumed to exist in some studies in the past. 

Fig. 7 Upwel l ing radiance distr ibut ion obtained at Lake Pend Ore i l le , Idaho (Tyler 1960), 

for 6 azimuth angles relat ive to the sun. Depth 4.24 meters, solar zenith angle 

33.4°. The integrated upwell ing irradiance H + for th is distr ibut ion was 15500 

and the nadir radiance N u was 3050, relat ive uni ts . 

By making the assumption that the distribution is uniform it follows that N u = H+/?7. The actual 

distributions obtained by Tyler lead to a different result. The radiance distributions at six of the depths 

were integrated (Tyler et dl. 1959) to obtain the irradiances corresponding to these distributions. The re

sulting ratios of irradiance to nadir radiance ranged from 5.08 to 5.40 as against the ratio of n resulting 

from the uniform diffuse assumption. The shape of the upwelling distribution may be expected to change 

2-13 



if the shape of the scattering function or the ratio of scattering to absorption coefficients in the water 

change significantly. The lower bound of the irradiance/radiance ratio in the absence of a highly reflec

tive bottom is certain to be n, but the likelihood of the radiance distribution departing significantly from 

the Lake Pend Oreille data thus forcing the value of the ratio very far in that direction seems remote. As 

new data become available we are also prepared to expect that due to the spectral change in absorption 

the ratio may change somewhat with wavelength. For the present the best value for their H + / N u ratio 

would seem to be that calculated from the near surface (4.24 meters) case at Lake Pend Oreil le, i.e., 

H + / N u = 5.08. 

Based on the above and on Eq. (7) and (8) we can now write. 

5.08 N u 

R± = : (9) 
[ t d y + t d ( 1 - y ) ] H t o t 

or alternatively. 

N u = —Q L t d y + t d ( 1 - y ) ] H t o t . (10) 

Using Eq. (3) to take N u through the surface we f ind, 

R± t . 
N w = - [ t d y + t d d - y ) ] H t o t , (11) 

5.08 n 2 

and finally combining Eqs. (2) and (11), 

t . 
Rw = • — [ t d y + t d ( 1 - y ) l R + . (12) 

5.08 n2 

The quantity in the square brackets, which wil l be called B, is common to Eqs. (9) through (12) and 

has been tabulated for two windspeeds, 0 and 16 meters per second, in Table I I I . Because t d and t d are 

both close to 1.00 for all windspeeds and for all zenith angles out to 50°to 60°, there is l i t t le sensitivity 

to the value of y when the sun is above 60°, hence to the type of day or wavelength both of which affect 

y. When the sun is below 60°, i.e., nearer the horizon, B becomes significantly smaller and somewhat 

more dependent on the value of y. 
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Table III 

Selected Values for Factor B = [ t j y + t d ( 1 - y l l f o r Surface Windspeeds of 0 and 16 Meters Per Second 

U = 0 m/s 

U = 16 m/s 

\ 0 . 0° 40° 50° 60° 70° 80° 

0.1 0.974 0.968 0.956 0.930 0.882 0.810 
0.2 0.971 0.965 0 954 0.931 0 888 0 824 
0.3 0.967 0 962 0.953 0 932 0 895 0 839 
0.4 0.963 0.959 0 951 0 933 0.901 0 853 

Note: 08 = 0a is the solar zenith angle in air , 

The term in front of the brackets in Eq. (12) is a constant having a value of 0.3365. Thus, the ratio 

of the above water to the underwater reflectances becomes 

Rw 

— = 0.3365 B . 
R± 

The credibility of these four equations can be demonstrated by comparing the values for R+ com

puted from Eq. (9) with those obtained from measurements of H_ and H+ . Unfortunately, we do not have 

a case where H t o t , y, H_, H+ , and Nu have been measured contemporaneously in the same ocean loca

tions. We have, however, data from measurements obtained in different ocean locations at different times 

but at similar solar elevations which can be compared to show that we do find general agreement. One 

excellent source of data for underwater spectral irradiance data of the type required is the work of Tyler 

and Smith (1970). Data from three of their stations, one in the Gulf Stream and two in the Gulf of Cali

fornia, have been selected and computations made of the spectral irradiance reflectances, R+, at 5 meters. 

These are plotted in Fig. 8. Note that the Gulf Stream data show a very high reflectance in the blue which 

is characteristic of the Gulf Stream water, and that the two stations in the Gulf of California show a 

marked reduction in the blue reflectance characteristic of the absorption found in biologically productive 

waters. The December 9, 1968 data obtained in water 160 meters deep near an island in the Gulf of 

California show a high green through yellow reflectance. The observed Munsell hue notation obtained at 

the station was 5G to 10GY, in agreement with the green-yellow computed underwater reflectance. A fur

ther observation made on-station was that the water was heavily silted. The station on May 9, 1969 was 

in the middle of the lower part of the Gulf of California in deep water away from the immediate effects of 

land. Whereas it showed the blue absorption noted earlier, it had about the same reflectance as the Gulf 

Stream water beyond 525 nanometers. 

The solid curves are computed from the underwater radiance measurements obtained in August 1971 

(Fig. 4) and the downwelling surface irradiance measurements obtained in August 1972 (two sets of data 
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from 28 August, shown in Fig. 5, and one set from 21 August). Al l days involved were cloud free at the 

times of the measurements. The solar zenith angles for the radiance and irradiance data sets were matched 

to within one degree. The general agreement between the R± curves derived from the disparate sources 

is excellent. The blue reflectance for curves I and III is slightly higher than that found in the Gulf of 

California, perhaps indicating there was less "yel low substance" in the San Pedro channel coastal 

waters. The " b l u e " water for Station 10 (curve II) was less blue than that of the Gulf Stream which, 

again, was not unexpected. The "green" water of Station 12 shows the same green-yellow maxima as the 

December 9, 1968 data. Certainly the two sets of reflectance data show sufficient similarity in their mag

nitudes, shapes, and features to provide confidence that the method is useful for remote sensing systems 

analysis. 

500 550 

WAVELENGTH nm 

700 

Fig. 8 Irradiance ref lectance representing the ratio of upwel l ing to downwel l ing irrad

iance immediately below the ocean surface. Points from Tyler & Smith (1970). 
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SAMPLE INHERENT SPECTRAL RADIANCE SIGNALS 

In Fig. 9 the upwelling spectral radiance of the water, N w , as observed above the surface has been 

plotted for the three sub-surface cases shown in Fig. 4 by invoking the simple linear relationship of Eq. 

(3). Figure 10 shows zenith sky radiances, N s , measured on occasions when the solar zenith angles 

were approximately the same as those occurring when the underwater radiance measurements were ob

tained. Note that the 21 August curve has a greater slope and fal ls appreciably below those for 28 August 

in consonance with the observation that the former day had a bluer sky and less haze (greater v is ibi l i ty) . 

The lower curves show the spectral radiance of the sea surface, N r , due to the reflection of the zenith 

sky. These latter three curves when added to the curves in Fig. 9 having corresponding sun positions 

provide the inherent nadir spectral radiance of the ocean surface, N o . An example of this procedure is 

shown in Fig. 11 where the two components, radiances N w and N r , and their sum, N 0 , are presented 

using the water radiance obtained on Station 10 (HAOCE), August 5, 1971. 

I Station 8, 0, = 23°, August 3 1971, Blue-Green 

II Station 10. 0, = 21°. August 4. 1971. Blue 

. 0 1 I I I I I | 
400 450 500 550 600 650 700 

WAVELENGTH nm 

Fig. 9 Ocean surface radiance directed towards the zeni th, due to the propagation of 

the underwater radiance N u through the ocean surface. The two quanti t ies are 

related as N w = t e / n 2 N u . 
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u 
z < 
Q < 

20. 

10. 

.05 

.02 

I 0. = 21°. 21 August 1972 

M «, = 33°. 28 August 1972 

Ml 6, = 24°. 28 August 1972 

400 500 550 

WAVELENGTH nm 

700 

Fig. 10 Spectral radiance of the sky N8 at the zenith, and the reflected portion N r at 
the sea surface for normal incidence. N r has been computed from NB through 
N = 0.021 • N where 0.021 is the Fresnel reflectance of the sea surface. 

THE MODIFICATION OF THE SURFACE RADIANCE BY THE ATMOSPHERE 

The last step in the process of determining the radiance reaching the remote sensor is accounting 
for the propagation of the inherent surface radiance through the atmosphere to the altitude of the sensor. 
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This topic wi l l not be addressed here other than to provide the applicable basic equation of radiance 

transfer. The inherent radiance, N o , leaving the surface wi l l be reduced by the transmittance of the at

mosphere, T0, and augmented by the radiance of the path of sight, N . Thus, the apparent radiance, N , 

may be expressed as 

N. = N T + N 

where Ta and N are functions of wavelength, the direction of the path of sight, and of course, the 

meteorological situation. 

UJ 

U z < 
Q .1 

< 

.05 

.02 

.01 
400 

_ 

J> 
— 

- ^ 
J> -

- v 
N w 

-

" ^ C x ^ 
^ ^ \ / \ ^ \ \ = 

- V 
- \ 

— l Y 

450 500 550 
WAVELENGTH nm 

600 650 700 

Fig. 11 Total zenith-directed radiance N o of ocean surface, as a sum of the ref lected 

zenith sky radiance N r and the underwater nadir radiance transmitted through 

the surface N Solar zenith angle, 6 = 33°. 
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2.3 SUMMARY 

Inherent spectral radiance signatures for the ocean surface have been synthesized using data from 

measurements of the upwelling spectral radiance below the surface, N u , and the zenith sky radiance, N s . 

A second method was presented that relied on a knowledge of the underwater spectral irradiance reflec

tance, R+, the total downwelling surface irradiance, H t o t , the ratio of sky to total irradiance, y, and 

the zenith sky radiance. The sensitivity of certain expressions to solar position have been shown. Data 

have been presented representative of the limited'data bank of spectral measurements presently available. 

The accuracy of these data is generally satisfactory for most systems design or evaluation purposes. No 

significance should be attributed to the anomalous fluctuations which appear on some of the measured 

radiance and irradiance data which were due to temporary diff icult ies with instrument stabil i ty. Addi

tional data for other conditions (e.g., solar elevation angles, atmospheric conditions, water properties, 

etc.) should be obtained. Some additional data is known to be available or is expected to become avail

able from other studies and should be processed for presentation to interested users in the remote sensing 

community. The problems of paths of sight other than vertical, the solar glitter pattern and atmospheric 

effects should be similarly addressed in order to provide guidance on absolute magnitudes, and the spatial 

and spectral variability of these factors for the remote sensing problem. 
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3. REFLECTANCE OF WHITECAPS, 

FOAM, AND SPRAY 

R. W. Austin 

Steve Moran 

3.1 INTRODUCTION 

This wi l l be a brief report on the study of the reflectance of the ocean surface caused by wind-

generated white water. Past photographic studies of the relationship between the fraction of the ocean 

surface covered by whitecaps have not had the benefit of good surface truth documentation ( i .e., wind-

speed,wave heights, etc.) or satisfactory means of processing the photographic data to remove the effects 

of the camera, the nonlinearities in the photographic process or the effects of the atmosphere. This proj

ect was initiated in 1969 to acquire, process, and analyze improved photographic data of the ocean sur

face with the objective of obtaining the reflectance statistics of the ocean surface as a function of wind-

speed. Photography for the study was obtained by aircraft of the Earth Observations Aircraft Program 

Office of the NASA Manned Spacecraft Center on Missions 88, 119, and 156. The f i lm processing has been 

handled by the Earth Resources Research Data Facility of MSC. 

The material presented here shows, very briefly, the method of f i lm data processing and the analysis 

technique used to convert the statistics of the densities on the fi lm to the reflectances which were pres

ent in the scene. A sample analysis of a group of frames from Mission 88 is given as an illustration of the 

steps in the technique. 

3.2 THEORY OF PROCESSING TECHNIQUE 

The following is a description of the rationale and method used in the processing of the photographic 

data to obtain the reflectance statistics of the ocean surface. 

The processing of ocean surface photography to yield surface reflectance data requires that one be 

able to accurately relate fi lm density to inherent surface reflectance values. This relationship may be de

fined if the characteristic (H&D) curve for the f i lm, the camera vignetting characteristics and the atmos

pheric properties between the target and photographic platform are known. 
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Reference may be made to Fig. 1 for an explanation of the terms used in the following development. 

If we let H be the irradiance on the ocean surface, No the inherent surface radiance, R the surface re

flectance, Tr the atmospheric beam transmittance and N r the atmospheric path radiance, then for a 

lambertian reflector 

N ( x , y ) 
R(x,y)H(x,y) 

(D 

CLOUD COVER 

- T - N r ( x , y ) 

|CAMERA| 

Tr ,Nr ,Rr 

H(x,y) NJx.y) 

R(x,y) OCEAN SURFACE 

Z = Altitude of Camera Platform 

B = Zenith Angle of Path of Sight 

Z 

COS0 

H(x,y) = Surface Irradiance 

R(x,y) = Surface Reflectance 

No(x,y) = Surface Radiance 

N r(x,y) = Radiance at Altitude Z for Path of Sight r 

Tr = Atmospheric Beam Transmittance for Vertical Path " r " 

N* = Atmospheric Path Radiance for Vertical Path " r " 

R* = Atmospheric Path Reflectance for Vertical Path " r " 

N (x,y) =• 
R(x.y)H(x,y) 

N,(x,y) = N0(x,y)T, + IMr R. = 
T r H ( x , y ) 

Fig. 1. Def in i t ion of Variables Used in White Water Reflectance Study. 

3-2 



If N r denotes the apparent surface radiance measured at the camera entrance pupil, then we have 

N r(x,y) = T r N 0 ( x , y ) + N ; . (2) 

The vignetting-corrected camera transmittance function Tc(x,y) which relates apparent surface radiance 

at the camera entrance pupil to f i lm exposure, E(x,y), may be defined as follows 

E(x.y) = tT c (x ,y )N r (x ,y ) (3) 

where t is the exposure time. The variables x and y are coordinates at the camera f i lm plane. Sub

stituting (2) in (3) we have 

E ( X , V ) T r N o ( x . y ) + N ; (4) 
tT c (x ,y ) 

and 

E(x,y) N r R(x,y)H(x,y) 
N0(x,y) = = . (5) 

t T r T c ( x , y ) Tr 

Solving for R we obtain 

TT TTNT 

R(x,y) = E(x,y) - . (6) 
H(x ,y )T r tT c (x ,y ) T rH(x,y) 

Now defining the path reflectance Rr as 

T r H ( x , y ) 
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equation (6) then becomes 

R(x.y) = E (x ,y ) -R* (x , y ) ( 7 ) 

H(x ,y )T r tT c (x ,y ) 

If the irradiance on the ocean surface is uniform, H(x,y) = H = const. 

R(x,y) = E(x,y) - R*(x,y) . (8) 
HT r T c ( x , y ) t 

Equation (8) relates vignetting corrected film exposure values to inherent target reflectance values. The 

relationship is linear with slope 

77 

M = 
HT r T c ( x ,y ) t 

and intercept Rr. 

The implementation of Equation '(8) may be divided into three discrete tasks. First, the conversion 

of film density values to relative film exposure values. Second, correction of relative exposure values for 

camera vignetting and compiling exposure statistics. Third, conversion from corrected relative exposure 

statistics to inherent target reflectance statistics. 

The conversion of fi lm density values to relative exposure values is accomplished via a 21-point 

H & D curve which is obtained by scanning the duplicated sensitometric step tablet which was printed on 

the original negative before development. The film characteristic curve for Mission 88, RC-8, Roll 2 is 

shown in Fig. 2. Linear interpolation is used to convert density values which fall between the plotted 

values. This is swiftly done by computer using the table lookup technique. 

Correction of the relative exposure values for camera vignetting is facil itated by a plot of camera 

transmittance isolines as a function of position in the film plane. In general, the transmittance function 

is not radially symmetric. However, a radially symmetric approximating function is fitted to the plot so 

that a single polynomial can provide transmittance data as a function of distance, R, from the center of 

the film plane. The camera transmittance curve used for the Wild RC-8 is shown in Fig. 3. The scanning 

subroutine calculates the distance of each data element from the center of the fi lm. Vignetting effects are 

compensated for by dividing the relative exposure value at a given point by the transmittance polynomial 

evaluated at that point. Following this phase, the corrected log exposure statistics are compiled, and a 

card deck output of the cumulative distribution function (C.D.F.) of corrected relative exposures is punched 
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The conversion of log exposure statistics to reflectance statistics requires that M and Rr be known. 

These values may be determined if the reflectance of two points in the target can be established. The 

fresnel reflectance of nonwhite areas of the sea surface is approximately 2 percent. The maximum diffuse 

reflectance of a typical whitecap is approximately 80 to 90 percent. By determining the relative exposure 

associated with each of these two regions the slope and intercept of the reflectance vs relative exposure 

line can be calculated. Given M and R* and the log exposure C.D.F. card deck, a computer subroutine 

calculates, prints, and plots the reflectance statistics and punches the reflectance C.D.F. on cards. 

3.3 MISSION 88 SAMPLE DATA ANALYSIS 

A selection of eight frames of photography of the ocean surface obtained on Mission 88, Flight 6, 

line 53 over the North Sea on 14 March 1969 have been analyzed (using the technique described in 3.2). 

The results of this analysis are presented as a preview of the more general and complete report which wi l l 

provide an analysis of photography obtained under a variety of windspeed conditions encountered on Mis

sions 119 and 156 (JOSS I and JOSS II). 

The particular photography obtained on this fl ight represents" a unique body of data acquired under 

documented high windspeed conditions (48 to 50 knots). A total of 21 frames on line 53 show the appear

ance of the sea surface from 1500 feet with remarkable pictorial clarity. Unfortunately, some of the photo

metric controls desirable for a proper analysis of the data in order to obtain sea surface reflectance were 

lacking on this mission. Also, the initial quality of the black and white positive duplicate prints was in

adequate to permit good photographic photometry. (A fourth copy has recently been received which appears 

to have suitable characteristics but it was not received in time to be used in this present analysis.) 

The eight frames, representing an area on the ocean surface of 6.6 x 10s square meters, were scan

ned on a high speed electronic microdensitometer (Optronics International Model P1000). The scanning 

resolution was 50 micrometers on the film representing 0.15 meters on the ocean surface. The density 

data have been converted to surface reflectances in accordance with the procedure outlined in Section 3.2. 

The reflectance statistics for all eight frames have been combined and the combined cumulative distribu

tion function for the sea surface reflectance is shown in Figs. 4 and 5. Figure 5 is an expanded version 

of Fig. 4 showing reflectances from approximately 17 to 47 percent. A histogram of reflectances is pre

sented in Fig. 6. To facil i tate the interpretation of the data depicted in Figs. 4 through 6, a reflectance 

profile of the ocean surface is presented in Fig. 7. The profile includes (1) a fresh whitecap, (2) foam 

from an older whitecap, and (3) nonwhite area. Figures 8 and 9 are expanded profiles of foam and white-

cap, respectively. The regions they occupy in Fig. 7 are indicated in gray. 
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3.4 SUMMARY 

Most previous investigators have assessed the percentage of whitecap coverage using subjective 

outlining technique on photographs of the sea surface. This severely limits the information that can be 

obtained since it requires that the investigator impose a binary structure on the scene. Thus, the surface 

is divided into subregions that are deemed, in the judgment of the investigator, to contain "white water"— 

all other regions are consequently dark water. Furthermore, the decision is biased by transfer character

istics of the processed photographic materials used in the study. Information as to the reflectance proper

ties of the water within the delineated subregion is not obtained nor is it possible, after the fact, to 

determine the threshold reflectance value that the investigator used as his decision criteria for " w h i t e . " 

These become particularly important concerns at the higher sea states if one is interested in determining 

the effective reflectance of the total surface or if it becomes necessary to differentiate between the area 

covered with the dense white foam of a freshly formed whitecap and the area covered by the considerably 

less dense (and lower reflectance) foam of wind-generated streaks and older decaying whitecaps. 
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As opposed to the single number representing the fractional area covered with white water which is 
derived from the subjective outlining technique, the technique which we are using provides more complete 
reflectance statistics obtained from photographs obtained under known surface windspeed conditions and 
processed to a known transfer characteristic. Thus, it is difficult to compare our results directly with the 
findings of, say, Blanchard (1963) or Monahan (1971). The primary result is a histogram (Fig. 6) giving the 
fraction of the surface having a particular reflectance value (more correctly the fraction having reflec
tances falling within a small increment or range of values). A running summation of the histogram provides 
curves of the cumulative distribution function of reflectances (Figs. 4 and 5) which show as the ordinate 
the fraction of the surface having a reflectance less than the value shown as the abscissa. 

Figure 7 shows a selected area from one of the eight Mission 88 frames which were scanned. This 
small area is not intended to be statistically representative of the group of frames but rather, to have with
in a small area both a new (right) and an old (left) whitecap. The reflectance profile shown in Fig. 7 (and 
much enlarged in Figs. 8 and 9) depicts the manner in which the reflectance of the whitecap varies with 
position and time (i.e., new and old whitecaps). The apparent variability of the background reflectance is 
due to the variations in sky (cloud) radiance in the particular direction being reflected by the wave facet 
being viewed. The average reflectance value of the background in this particular selected area is about 7 
to 8 percent, whereas the value assigned to the minimum background reflectance found over the total area 
of each frame was 2 percent. Thus, the background in this selected region has approximately the same re
flectance as the average for the entire area of the ensemble of eight frames (i.e.. Fig. 4 shows that 50 per
cent of the area had a reflectance greater than 8 percent). Certainly in this region inspection of the 
profiles shown in Figs. 7, 8, and 9 indicates reflectances in excess of about 11 percent could be con
sidered due to "white" water and from Fig. 4 we see that 75 percent of the surface had reflectances less 
than this value. Had we been using an outlining technique, then, and applied a threshold reflectance cri
teria of 11 percent we would have said that 25 percent of the surface was covered with whitecaps; how
ever, we see in Fig. 5 that only 2.5 percent of the surface has a reflectance greater than 20 percent and a 
trivial portion has reflectance values in excess of 40 percent. 

Additional scanning and analysis may show some changes in the exact placement of the reflectance 
scale and these present results should be treated as tentative until they can be combined with those from 
other windspeeds and the overall analysis completed. 
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