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SUMMARY

This report to the Environmental Protection Agency deals with con-
tinued research on the feasibility of using satellite-based instruments to
study air pollution, The first report in the series was titled '"Studies on
Techniques for Satellite Surveillance of Global Atmospheric Pollution, '
and was submitted to the National Air Pollution Control Administration
(since incorporated into the Environmental Protection Agency) in September,
1970. Where discussions in the present report depend on the earlier work,
an appropriate reference is made! rather than repeating the prior material.

The introduction to the present report provides the context in which
the report is to be taken, It establishes an overall philosophy for the re-
search program, and therefore provides a logical mechanism for deciding
those measurements whose feasibility should be studied, among the many
which might be considered purely on technical grounds.

" The chapter on regional atmospheric turbidity variations from the
ATS-III Satellite carries further the preliminary work which was reported
in reference 1,

Analysis of the data presented at that time has been interpreted and
correlated with ground level observations made on the same day. Whereas
last year no conclusions were possible, we now conclude that air pollution
over the Los Angeles basin has indeed been observed on a day when pollu-
tion was not particularly bad.

Detection of Aerosols by Near Infrared Scattering examines the possi-
bility of using scattered sunlight in the near infrared spectral region to
detect the presence of dust in the atmosphere, It is concluded that this
technique is an attractive possibility for quantitative measurements.

The chapter on Sun Glint as an Atmospheric Probe undertakes analysis
of several possible experiments. After treatment of the sun glint's useful-
ness in a generalized way, the possibility of measuring three important
aspects of molecular and particulate pollution are examined., We conclude
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that the wavelength dependence of atmospheric turbidity due to aerosols
can be measured to attractive precision, that the content of certain molecu-
lar species, in particular water vapor, can be measured to suitable preci-
sion, and that the absolute value of atmospheric turbidity can be obtained
without reference to ground stations, although with less, perhaps unsatis-
factory, precision,

An appendix, separately available, is a 16 mm film showing the Los
Angeles area on 23 April 1968, the day used as data base for the ATS
study of air pollution,




I. INTRODUCTION

A working hypothesis of climatologists is that the long-term mean
climate of the earth is correlated with the long-term mean temperature near
the surface, although recent work of Vonder Haar2 indicates that other fac-
tors are equally or perhaps even more important, Recent concern over the
drop in temperature by approximately 0. 3°C in the last twenty years is
based on this hypothesis, It is thought that a drop of approximately 4°
will create climatic conditions that will allow the start of another ice age.
However, although linear extrapolation of the recent thirty-year trend has
been used to predice ice-age conditions in approximately 240 years, in
fact no extrapolation over that period of time is valid without a knowledge
of the way in which a change in the long-term mean temperature is related
to its causes. Lacking a credible model, linear extrapolation makes no
more sense than exponential or oscillatory extrapolation,

In the absence of other perturbing factors, an increase in the carbon
dioxide content of the atmosphere would cause a rise in the earth's tempera-
ture because of its absorption in the infrared, where the earth's radiation
energy is greatest, Particulate matter in the atmosphere could conceivably
cause either an increase or a decrease depending on the optical properties
of the particles in appropriate regions of the spectrum, Man's activities
in technologically sophisticated countries have been increasing both of
these constituents, although there is disagreement over whether man or
natural causes contribute more particulate matter, The observed tempera-
ture decrease has therefore not received a satisfactory explanation,

It cannot be overlooked, of course, that other factors controlling the
earth's energy balance may have changed significantly in the meantime,
such as the solar constant or the earth's effective emissivity, Measure-
ments of these factors have not been sufficiently precise to note long-term
trends, The question of a changing albedo is equally important to a con-
sideration of this problem and must also be taken into account. Recent
work of Vonder Haar and Suomi3 points this up strongly. The most likely
thing, of course, is that all the factors are changing, since this is the
general rule in real systems, and the observed temperature trends are the
result of a combination of causes.
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Given the present state of knowledge about the relationship of at-
mospheric composition to climate, a logical and useful program will address
the problem of the earth's radiation energy balance with particular attention
to the part played by aerosols and certain molecular constituents, specifically
ozone, carbon dioxide and water vapor, since long-term variations in these
constituents will affect the radiation balance most profoundly,

Among many things which might be measured, therefore, a need exists
for accurate measurements of the aerosol content and its rate of change in
the atmosphere., Taken together with other observations, for example, the
ground-based network of turbidity measurements in certain locations, 4
these will serve as a guide to the development of the theory needed ulti-
mately to describe the relation between dust and climate change, since any
credible theory must be compatible with accurately made measurements,

The relatively simple experiments which the present report deals with
could provide a quantitative measurement of global atmospheric turbidity
and of its rate of change over long periods, From this information one may
obtain directly a knowledge of the amount by which atmo spheric aerosols
are affecting the earth's energy balance by attenuating both the sun's
energy and the radiated energy of the earth itself,

Furthermore, since the measurements could be made in several wave-
length intervals, knowledge could be obtained about the effective size
distribution of particles in the atmosphere, and how this distribution
changes with time, The effect of changing both the quantity and the size
distribution of aerosols in the atmosphere could then be extrapolated to
provide a part of the needed basis for theories of future climate.

One of the best broadband spectral sources in the visible region of
the spectrum is the sun, and this source is particularly useful if one can
arrange to calibrate its intensity at each moment a measurement of at-
mo spheric optical properties is made,

The specular reflection of sunlight from the surface of the ocean (the
sun glint) is used in an important way in the experiments studied., The
primary intention would be to provide a measure of atmospheric turbidity
as a function of wavelength,

The effective temperature of the sun is approximately 6000° K, so
that the energy radiated to the earth is peakeg in the visible region of
the electromagnetic spectrum, at about 4850 A. This is one appropriate
region of the spectrum, therefore, in which to measure turbidity of the
atmo sphere if one is interested in possible climatic effects of suspended
particulate matter. On the other hand, the earth radiates most strongly




in the infrared, peaking in the ten micron region of the spectrum. And
since much of the suspended particulate matter is in the one-to-ten micron
size-range, atmospheric turbidity in this region of the spectrum also is
important to questions of the earth's energy balance and climate,

Given that the most important variable quantities in the earth's at-
mosphere from the standpoint of the planetary radiation balance are prob-
ably water vapor, cloud, dust, CO, and O;, it seems important to con-
sider the possibility of measuring these quantities with satellite-based
instrumentation. Accordingly, the feasibility of measuring water vapor
content of the atmosphere by using the absorption of reflected sunlight
from water surfaces at one micron is studied as one of the possible sun
glint experiments,




II. REMOTE SENSING OF ATMOSPHERIC POLLUTION VARIATION BY

SATELLITE

Upwelling radiation data from the city of Los Angeles as received by
the geosynchronous Applications Technology Satellite (ATS)-III at forty-
minute intervals on 23 April 1968 is correlated with various ground-based
data. The analysis of the data indicates that the atmospheric turbidity
decreased throughout this particular day as the upwelling radiation in-
creased, It is implied from the success of this initial step that continu-
ous atmospheric pollution surveillance over global regions from geosta-
tionary satellites with the proper instrumentation is indeed an economically
realizable goal,

In the past few years a number of scientists from various disciplines
have come to believe that the earth's atmospheric mean temperature in
this century is directly related to man's induced trends of carbon dioxide
content and particulate matter. 5-7 This conclusion concerning particulate
loading was obtained from fifty-year data on urban smoke-haze days,
turbidity factors from incidence radiation data in Hawaii, and dust-fall in
the Caucasus, On the other hand, the thesis has been put forward8-10
that man's activities have had very little to do with the global increase in
dust loading of the atmosphere, but rather that this phenomenon is due to
natural processes, such as volcanic activity which has been rapidly in-
creasing over the past quarter of a century.

It has been shownll that the absorption and scattering by aerosols of
solar radiation along with the reflective properties of the surface under-
neath determine the albedo of the region. A change in the albedo, which
can be caused by a variance in the particulate loading of the atmo sphere,
results in atmospheric heating and cooling even at surface levels, 12
Small changes in particulate loading or in the type of particulate such that
the ratio of absorption to scattering changes can reverse heating or cool-
ing trends, 13

As a general working equilibrium radiation relationship, we can writel4

4
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(1-A)S = 40T (1)

where the left-hand side of Eq., (1) represents the net influx of radiation
from the sun. S is the incident solar radiation and A is the earth's al-
bedo consisting of both the albedo of the earth's surface as well as that
of the atmosphere above it, o is the Stefan-Boltzman constant, and

T is the radiative temperature of the surface area under consideration,
Since the addition of particulate loading or a change in the type of par-
ticulate will modify the backscattering and absorption of solar radiation
it will, therefore, alter the albedo.

If we let the total albedo A be split up into its two component
parts, we have

A=A +A (2)
s a

where Ag is the albedo of the surface and . is a function of latitude and
longitude, A, is the albedo of the atmosphere above the surface con-
sidered and it is also a function of latitude and longitude except in cer-
tain unusual situations such as observations taken near the limb and/or
very low sun angles, in which case A, would depend also on the actual
elongated ray paths.

In most situations in which there occurs an increase in pollution or
dust, it can correctly be assumed that the backscattering increases also,
thereby increasing Ay . 12 However, there are situations which are not
uncommon where an increase in pollution or dust will cause a decreasing
. Ve 13 Such is the case in this work. A bright area, the city of Los
Angeles, which has a relatively high surface albedo, Ag, is observed from
above by satellite, Industrial smog, which has a relatively low albedo, Aj,
in that it is highly absorbing and has little backscatter, decreases through-
out the day of observation in the green channel, where data are available.

The upwelling radiation increases during this period.

Computations have been performed15 showing the effects on global
temperature variations due to large increases in aerosol densities, The
net effect of increase in particulate density is to reduce the surface tem-
perature of the earth, This is due to the fact that the overall global al-
bedo of the earth's surface is lower than the albedo of the earth covered
with some finite amount of an ""average kind' of aerosol. From this fol-
lows the well-known effect that the intensity of the upwelling radiation
increases as the high reflective particulate levels increase, However, as
we will see below, this may not be the case in certain situations. If we
consider, for example, a region with a large surface albedo such as the
downtown section of a large city, a desert, or a snow-covered area over
which the atmosphere is polluted with radiation-absorbing industrial par-
ticulates, then we can see that in this particular case, unlike the above
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situation, " the intensity of the upwelling radiation will decrease as
the local pollution levels increase,

The computations referred to abovel® show that an increase by only a
factor of 4 in global background concentration may be sufficient to reduce
the mean surface temperature by as much as 3. 5° K. This temperature de-
crease over the entire globe is believed to be sufficient to trigger an ice
age. However, this argument rests upon increasing the rate of tempera-
ture decrease with increasing aerosol loading due to the exponential back-
scattering of particulates whose minimum single scattering albedo was
arbitrarily chosen to be ., 90. This value, which is low for present day
global mean aerosols, implies that the absorption and backscatter fractions
with the visible range of wavelength aré equal. But, in fact, industrial
particulates, which are increasing globally at a much higher rate than
natural particulates, 5=7 have a much lower single scattering albedo. Thus,
if present trends continue until industrial aerosols contribute a large per-
centage of the total global scattering centers, then the
mean aerosol absorption will increase, giving a much lower value for the
single scattering albedo, thereby reversing the influence of atmospheric
particulate loading from that of lowering the surface temperature of the
earth to that of increasing the temperature of the earth. This could enhance
the heating effect due to atmospheric carbon dioxide and possibly cause rapid
global climate change.

The feasibility study begun last year to investigate the possibility of
moriitoring the variation in turbidity over a regional area by means of pas-
sive remote sensing from a satellite in earth-synchronous orbit was con-
tinued. Our work to date has shown that the relative change in sun-
reflected radiation over the city of Los Angeles, California on 23 April 1968
as measured by the green channel data from the geostationary Applications
Technology Satellite III, located 35, 000 kilometers from earth, can be
successfully correlated with ground-based data, such as local horizontal
visibilities and reflectometer measurements of sampled particulate matter,

Following the initial analysis reported last year, 1 additional ground-
based data were obtained for correlation with satellite observation of the
Los Angeles basin on 23 April 1968, The data indicate that the haze growth
over Los Angeles decreased throughout the day under study, if this is the
proper interpretation of an increase in the relative reflected radiance as
received by satellite after sun angle effects have been accounted for, This
interpretation is indeed borne out by surface observations of particulate



matter visibility-ranges within the urban area, as well as individual
molecular components of atmospheric pollution such as carbon monoxide,
nitric oxide, and nitrogen dioxide,

This feasibility program in detecting local atmospheric pollution over
cloud-free urban areas was constructed by reducing and analyzing radiance
data from the Multicolor Spin Scan Cloud Camera (MSSCC) aboard the
Applications Technology Satellite III (ATS-III), The ATS-III satellite is
in synchronous earth orbit at 35, 000 kilometers height, and on 23 April
1968, its subsatellite point was located at the equator and 60 degrees
west longitude, The Multicolor Spin Scan Camera on board the ATS-III
consists of a high-resolution telescope, three photomultiplier light detec-
tors, and a precision latitude step mechanism, which when combined with
the spinning motion of the ATS-III satellite (100 rpm), permits scanning a
complete earth disc, Computer programs and other data reduction pro-
cedures were set up in order to correlate statistically, sample, and aver-
age high-resolution radiance values throughout a single day over three
nearby cloud-free regions of different brightness levels. These three
regions were: water (a 60 X 60 km area in the Pacific Ocean off the Baja
peninsula), city (the Los Angeles city area), and desert (a relatively flat
region in the Altar Desert), (See Figures 1 and 2.) The day of 23 April
1968, a cloud-free day over the three regions under study, was chosen
as the day for analysis. Nine digital raw-data tapes of the green channel
from the MSSCC system at forty-minute intervals throughout this day were
available for study at the Space Science and Engineering Center at the
University of Wisconsin, It was found that the radiance over the ocean,
over the Los Angeles area, as well as over the Altar Desert decreased
throughout the day. However, assuming that haze over the water and the
haze over the desert did not change during the day, it can be shown that
in these two cases the radiance decrease, which is due to sun angle
variation, may be used to account for the sun angle variation of the ra-
diance decrease over the Los Angeles area. The result is that the relative
radiance over the Los Angeles area increased, implying that the turbidity
decreased during the day. This result, discussed in terms of the local
horizontal visibility, particulate matter, and local weather conditions,
implies in a straightforward manner, a method of monitoring global atmos-
pheric turbidity as well as local turbidity by means of geosynchronous
satellites. It is also clear that with the appropriate sensing detectors
on board satellites, the possibility of continuous monitoring of the time
and spatial profiles of atmospheric molecular pollutants as well as par-
ticulate matter can be achieved over cloud-free areas.




Figure 1. Data display modified by shading for navigation purposes,




Figure 2. A geographical map of the region for comparison with
the foreshortened digital satellite display




Figure 3,

10:24 AM PST
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Figure 4,

12:30 PM PST
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Results

The two computer photographs, Figures 3 and 4, are images of the
southern California area during the day of 23 April 1968, The data
were modified by special computer techniques to enhance the coastline and
eliminate the effect of the changing position of the sun. The Salton Sea
can be seen as a small dark area to the right of center, The city of Los
Angeles is a relatively bright area to the left of the Salton Sea and on the
coast. Note that the brightness of Los Angeles relative to its surroundings
increases during the hours for which satellite pictures were made. As shown in
the final graph, Figure 7, this correlates with the decreasing atmospheric pol-

lution over Los Angeles.

Hourly values of the reflected earth radiance as seen from ATS-III
satellite from the Altar Desert (top curve), the city of Los Angeles (mid-
dle curve), and an area in the Pacific Ocean near Baja (bottom curve) is
shown in Figure 5. Each data bar contains a number of data points which
are radiance averages taken over a series of smaller areas. The line con-
necting the data bars is drawn through the points to which the radiance
values converged as successively smaller areas were chosen.

Figure 6 presents the hourly variation of three major molecular pollut-
ants within Los Angeles. These data for carbon monoxide, nitric oxide,
and nitrogen dioxide, obtained from the Los Angeles County Air Pollution
Control District, show in each case the drop-off in concentration for the
hours 0800-1600 PST. Note also that the major variation in each concentration
occurred in the morning hours, which concurs with the variation in particulate
matter and visibilities as shown in Figure 7, Carbon monoxide does not play a
role in the formation of particulate matter, and it should have no direct relation-
ship to the variation in upwelling radiation at ., 55u.

Data are presented in Table 1 of Ref. 1 showing the corrected radiance
values for the Los Angelesregionas well as the ground-based hourly data of
horizontal visibility and sampling of particulate matter. The visibility data,
determined from the sighting of landmarks, refer to horizontal visibility
observations rather than vertical observations. Also, these ground-based
visibility data cover a broader bandwidth (the visible spectrum) than the
green channel ATS data. The particulate matter observations are an indi-
cation of the amount of smoke, soot, and tarry matter in the atmosphere,
By means of a Chaney Auto-Sampler, a filter sample was taken hourly and
the albedo of the deposit was measured using a reflectometer. Therefore,
these data give an indication of the amount of pollutant material available
in the atmosphere for the absorption of visible radiation, The unit of
measurement, K, , is defined as the deposit which produces an absorbance
of 0. 1 when the deposit area is one square centimeter and the volume of
air sampled is one cubic meter, These data are graphed in Figure 7,
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in the Pacific Ocean near Baja (bottom curve)., The decrease in
radiation throughout the day for all curves is predominantly due
to the changing satellite-sun angle,
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Ground-based data of visibility and of measurements of particu-
late matter confirm the ATS radiance data that the atmosphere's

turbidity over Los Angeles decreased during the day of 23 April
1968.




16

Conclusions

From Figure 7, we see that the ground-based data confirm the interpre-
tation of the ATS data, which is that the atmospheric turbidity, or at least that
component of the atmosphere over Los Angeles which is optically absorbing, decreased
from 0900 to 1400 PCT on 23 April 1968, The local climatological data of ESSA's
Environmental Data Service for the International Airport in Los Angeles and
the Municipal Airport in Long Beach indicates that westerly winds increased
from two to sixteen knots in the late afternoon, that the horizontal visibility
increased and reached a maximum in the late afternoon, and that cloud-
cover, consisting of thin cirrus wisps increased from zero suddenly to 8/10
at 1600 PCT. It is to be noted that throughout the entire day unlimited
ceiling was reported; therefore at this time no correction for ''cloud noise'
has been made, since most of the satellite data was taken during the morn-
ing and early afternoon hours. In any case, the interpretation of the rela-
tionship between satellite and ground-based data during the last hour in
Figure 7 is to be done with caution,

It is implied from the success of this initial step that continuous at-

mospheric particulate matter surveillance over local areas from geostationary
satellites is indeed a realizable goal.




ITI, DETECTION OF AEROSOLS BY NEAR-INFRARED SCATTERING

Introduction

The scattered solar radiation leaving the earth's atmosphere ultimately
results from three distinct phenomena (omitting clouds from the discussion):
1) scattering by atmospheric molecules (Rayleigh and Raman scattering,
and resonance absorption followed by re-emission), 2) Mie scattering by
atmospheric aerosols, and 3) scattering (or reflection) by the earth's sur-
face., We include the possibility that the scattering is inelastic, i.e.,
that absorption is present, These three processes interact with each other
and generally cannot be treated by means of linear superposition, Specif-
ically, any attempt to infer from satellite radiance measurements the proper-
ties or even the presence of atmospheric aerosols must deal with the scatter-
ing properties of the earth's surface and with the nonlinearities of multiple
scattering, These difficulties are particularly troublesome at wavelengths
for which the atmosphere is optically thick, i.e. the visible region of the
spectrum, and become less so at wavelengths for which the atmosphere is
optically thin, i, e., the near-infrared spectral region. We shall attempt
to demonstrate here the advantages that can be gained by using the near-
infrared scattering from aerosols for their detection and measurement,

Scattering Properties of Aerosols

Aerosol particles have dimensions comparable to the wavelength of
visible light, and are thus Mie scatterers. The precise scattering proper-
ties of a given aerosol depend upon the composition of the individual
particles, their distribution of sizes, and their total number. All of these
factors can vary enormously from one time or place to the next. 16 Certain
general characteristics can be described, however, especially the major
contrasts with Rayleigh scattering,

As indicated in Figure 8, the typical aerosol scattering phase function
is very large in the forward direction (accounting for the brilliance of the
sun's aureole, for example), and is relatively small in the backward direc-
tion. This latter factor adds considerably to the difficulty of directly

17
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observing aerosol scattering from a satellite platform. For the same opti-
cal thickness, Rayleigh scattering at 0. 7 microns is ten times as large as
aerosol scattering in the backward direction,

In spite of the backscattering inefficiency of aerosols, they can be-
come dominant at long wavelengths because the aerosol optical depth for
a given concentration does not fall off with increasing wavelength as
rapidly as the Rayleigh optical depth., As shown in Figure 9, aerosol ex-
tinction falls off much more slowly than the \~4 rate characteristic of
Rayleigh scatterers. Thus, by observing in the near-infrared, the percent-
age effect of aerosols on atmospheric radiance can be dramatically
increased,

An important factor which is not well-specified by the aerosol models
we have been considering is the inelastic nature of aerosol scattering.
Part of the radiant flux passing through an aerosol may be converted into
another form of energy instead of merely being scattered in a different
direction, This nonconservative component, which depends on the compo-
sition of the aerosol particles, is important in determining whether increas-
ing aerosol loading results in increased radiance or decreased radiance.
Recent papers by Atwater!l and by Rasool and Schneiderl® demonstrate that
the sign of the albedo change depends upon the ratio of backscattering to
absorption, and upon the surface albedo. Also significant in this connec-
tion is the vertical distribution of aerosols, As shown in Figure 10, aero-
sols are concentrated near the bottom of the atmosphere. This factor, in
combination with a thick Rayleigh atmosphere, significantly reduces the
amount of aerosol scattering visible from above the atmosphere,

Simple Interactions

In order to obtain some intuitive feeling for the interaction of Rayleigh,
aerosol, and surface scattering, we shall consider some highly idealized
examples. Figure 11 depicts a Rayleigh atmosphere, an aerosol layer, and
a surface in different configurations.

Assuming a unit incident solar flux density, the scattered radiances
are given by the scattering coefficients SR, Sp, and Sg, where R, A,
and S refer to Rayleigh, aerosol, and surface components, respectively,
The primed coefficients are used to indicate additional modifications due
to multiple scattering in addition to those resulting from direct scattering
and attenuation. To describe attenuation we use the optical depths TR
and tp for Rayleigh and aerosol components, respectively. It should be
noted that the breakdown of total scattering into components is not justi-
fiable in the case of strong multiple scattering, Nevertheless the procedure
is useful in estimating the qualitative effects of aerosols.
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In cases (a) and (b) the surface is black (all incident flux is absorbed).
Adding an aerosol layer at the bottom of the atmosphere clearly results in
increased radiance, since part of the originally absorbed radiation is scat-

tered back (approximately given by SAe R). If the aerosol is above the

atmosphere, as in case (a), the results can be quite different. The flux
incident on the Rayleigh atmo sphere is reduced by a factor e~ TA , lead-
ing to a corresponding reduction of the Rayleigh scattered component, Since
part of the flux attenuated by the aerosol layer is scattered into the Rayleigh
ot e TR R
atmo sphere a slight increase from SRe to S'Re will result. This
cannot make up for the attenuation factor because at least some of the at-
tenuated fraction is absorbed by the surface and by the aerosol. Given the
relatively small size of Sp it is quite probable that the increase due to this
contribution will not be enough to offset the decrease, The result would be
a reduction in apparent radiance. For a realistic aerosol distributed within
the atmosphere, either an increase or a decrease (or neither) might be pos-
sible. In view of Figure 10, an increased radiance above a black surface

appears most likely.

For a surface of very high albedo (cases (c) and (d)) and a partially
absorbing aerosol, a reduction of radiance would result from an increase
in aerosol content, This is true no matter how the aerosol is distributed in
the atmosphere, since part of the incident flux is lost from the.radiation field.
For a surface of intermediate albedo, an estimation of the effect of aerosols
can be exceedingly complicated if the atmosphere is optically thick. Only
multiple scattering calculations including absorption can produce reliable
results, It is clear even from this crude analysis that there exists a sur-
face albedo which makes the aerosol appear invisible, That is, by intro-
ducing an aerosol into the atmosphere above the surface specified, no
change of radiance is observed. With certain simplifying assumptions,
Atwater was able to determine for a given surface albedo an equilibrium
value of the absorption to backscattering ratio for which the albedo change
with aerosol increase is zero, 11

Tentative Conclusions

Our initial discussion thus indicates a high degree of ambiguity in the
interpretation of satellite-observed radiance in terms of aerosol content or
properties, Probably the ideal situation for aerosol measurement from satel-
lites would be over accurately calibrated surfaces of high albedo and very low
albedo, for wavelengths at which Rayleigh scattering is negligible. This
would make possible a determination of two important aerosol effects:
the absorption of radiation, measurable as a reduction in albedo of high-
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albedo surfaces; and the backscattering of radiation, measurable as an
increase in albedo over a nearly black surface. In the near-infrared, the
sea surface is very black (away from regions of sun glint and high

seas). Thus, increasing aerosol over the sea surface should be clearly
seen as increasing spectral radiance. Although high-albedo land areas
are also apparent at near-infrared wavelengths, calibrating such surfaces
accurately enough to detect the small radiance changes due to variations
in absorption by aerosols may prove to be exceedingly difficult, These
conclusions are also supported by the multiple- scattering calculations of
Kattawar and Plass, 17

Multiple-Scattering Results

In a recent paper18 a Monte Carlo method is applied to the multiple
scattering in a realistic model of the earth's atmosphere, including an
inhomogeneous distribution of aerosols, The aerosols used by the authors
are represented by particles with a real index of refraction of 1, 55 and a
size distribution corresponding to the Haze C model proposed by Deirmendjianl?
Results for radiance leaving the atmosphere are presented for albedos of
zero and one, wavelengths of .4p and ., 7u, and for aerosol amounts one-
third normal, normal, and three times normal. Here normal is taken to
be the amount specified by Elterman20 in the Handbook of Geophysics
and Space Environments, At .4p and zero albedo, increasing aerosol
amount shows increasing radiance (Figure 12). No definite trend is ob-
servable for an albedo of unity, Although the magnitude of the radiance
is much larger in this case, the effect of aerosols is much smaller, espe-
cially in terms of percentage effects. The increase observed over a zero
albedo surface is in agreement with our previous discussion,

At a wavelength of . 7p (Figure 13), the Rayleigh atmosphere is con-
siderably thinner and the difference between the two cases is considerably
larger than at . 4p. In this case (for A = 0), introducing the normal amount
of aerosols doubles the observed radiance. Thus, even at the modestly
increased wavelength of , 7y, aerosols over a black surface have a dominant
influence on the observed radiance conclusions.

Conclusions

The Plass and Kattawar results are unrealistic to the degree that they
do not account for the possible nonconservative scattering of aerosols.
This would show up as a reduction in radiance over a surface of unit al-
bedo, as we have seen, and this reduction might be a sensitive measure of
aerosol content, Nevertheless, some conclusions can be drawn from the
results which are not altered by this deficiency. These are:




25
MONTE CARLO RESULTS OF PLASS AND KATTAWAR (1970)
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(1) Aerosol effects on scattered radiance are most easily observed
when Rayleigh scattering is small.

(2) Unambiguous interpretation of radiance effects by aerosols
requires a calibrated surface, (The most readily available cali-
brated surface in certain regions of wavelength is the surface of
the sea,)

(3) The best observing conditions for detection of aerosols are obtained
in a near-infrared window over a black surface.

We have made some preliminary investigations with existing satellite
data, but have found it inadequate for a demonstration of the feasibility of
near-infrared aerosol measurements, Red Channel data from ATS-III was
studied in an attempt to use deviations from the Rayleigh angular distribu-
tion to detect aerosols (following a suggestion by Suomi). However, digi-
tizing noise in the red channel data was too severe to allow its use for this
purpose. In addition, from Figure 13 (Plass and Kattawar results), we see
that, even without digitizing noise, the fact that variations of the angular
distributions with increasing aerosol content are quite small, compared to
total radiance variations, would have seriously complicated the attempt to
use uncalibrated radiances for this purpose. It seems quite clear that cali-
brated radiances at near-infrared wavelengths will provide the most sensi-
tive measure of aerosol loading from satellite observations,

Qur final conclusion is that the satellite measurements of aerosols
in the near infrared is an attractive possibility and should be undertaken
if more detailed calculations continue to bear out the feasibility.




IV. SUN GLINT AS AN ATMOSPHERIC PROBE

Introduction

Surface-based measurements of the attenuation of solar radiation by
the atmosphere have revealed a wealth of information about its molecular
and particulate constituents, It would be desirable to make such trans-
mission measurements from a satellite platform in order to sample larger
atmo spheric volumes than is possible from the surface, and also in order
to sample regions of the earth poorly covered by surface sensors (e. g.,
the oceanic regions). In addition, satellite observations might make pos-
sible the tracking of some variable constituents on a global scale,

It has been proposed that the sun glint (reflection of sunlight from the
sea surface), which is so prominent in pictures from the ATS and many other
satellites, could be used to determine both the absolute magnitude and
relative wavelength dependence of atmospheric transmission over much of
the wavelength region between ., 4p and 4p. In essence the sea surface is
treated as a mirror of imperfect but determinable reflectivity., Comparison
of the intensity expected from simple reflection by the mirror (calculated
from what is known about the mirror) with the intensity of radiation which
also makes two traverses of the atmosphere (directly observed from satel-
lite) should reveal the atmospheric transmission and thus many properties
of the atmospheric constituents,

In this report we will show that it is theoretically feasible to make use
of the sun glint to determine two important factors in atmospheric trans-
mission: 1) the wavelength dependence of the aerosol extinction coefficient,
and 2) the fractional selective absorption due to molecular constituents,

We find that these two factors can be determined without ground-based
calibration of the sun glint and in the presence of significant background
effects. The techniques which can accomplish this are detailed in this
report,

The analysis on which our results are based considers, in order, the
properties of the mirror, the sources and magnitudes of background signals,
the way in which atmospheric transmission combines with other factors to

28
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determine the observed spectral radiances, and experimental measurements

of spectral radiances which are needed to determine atmospheric transmis-
sion.

Properties of the Mirror (The Cox and Munk Model of the Sun Glint)

A perfectly flat sea surface would reflect an image of the sun with a
radiance of approximately 2% that of the sun's disc (for near-normal to
near-45° view angles), This reflected sunlight would constitute a small
(10 milliradians in diameter) and extremely bright source (over 104 times
as bright as the brightest cloud). However, the roughness of the sea sur-
face degrades this image to a diffuse spot of much larger angular extent
and much reduced radiance. A quantitative description of this effect is
contained in the Cox and Munk model of the sun glint, 21

According to Cox and Munk, the ratio of the sea surface radiance to
the incident flux density is proportional to the probability of finding parts
of the sea surface tilted so as to reflect sunlight to the observer, namely

4
= A sec B
R = N/F = yplw) 5P (2, 2) (3)
where the following notation is employed (see Figure 14):

R = sun glint scattering coefficient (sterad-l)
~ -2 -1 -1

N = sea surface radiance (W-m ~ -p =~ - sterad )

F = solar flux density (W - m_z - p_l)

w = angle of incidence and reflection

B = sea surface tilt angle relative to local normal

2 2 2
Zx, Zy = components of local sea surface slope (Zx + Zy = tan B)
p = angle between observing direction and local vertical

p)\(w) = Fresnel reflection coefficient of sea water at angle w
and wavelength

p(Zx, Z )dedZ = probability of finding sea surface slopes with x
Y and y components in the range (Zy, Zy + dZy) and
(Zy, ZY + dZy) i
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If the x and y axes are chosen to be aligned with the upwind and
crosswind directions (denoted by u and C, respectively), the probability
density takes the simple first-order form

-] ) T N e, &
P = (Zmrccru) exp(- > (Zc /ac + Zu /tru)), (4)
which is a two-dimensional gaussian function, Cox and Munk obtained

the following empirical equations relating the widths to the surface wind
speed:

cj = ,003 # 1,92 10'3wi.002

2 -3

o, = -000+3,16X10 "W +.004

g m -3

oo TO, = .003+5,12X10 "W+, 004 (5)

Here W is the wind speed in m/sec, This fit was made for wind speeds
covering the range between 1 m/sec and 14 m/sec. Using this model,
Levanon was able to estimate wind speeds using ATS-I data, 22 Recently
Kornfield has been successful in using the asymmetry in (4) to determine
wind direction as well, 23

Since the crosswind asymmetry will not be significant to our subsequent
discussions, we shall employ a somewhat simpler model for the probability
density,

B = (1'r(r)_1 exp(-l/cr2 tanzﬁ), (6)

which results when ¢ and o are assumed equal., The width in this one-
dimensional model is just

2e acz+cuz = .003+5.12x10 W, (7)

Substituting this latter result in Eq. (3) yields

4
R = p. (w) BR0.8..L. exp(-tanza’/tr2 ) (8)

1
4 "\ COS p mo

This model describes the broadening of the glitter pattern with increasing
wind speed, and also the accompanying reduction in the peak of the sea
surface radiance, Note that the maximum sun glint signal occurs for tan g
= 0 (the point of specular reflection for a calm sea), and has the form

1
Rsp = Tws Py(@)sec u, (9)
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where Rgp denotes the sun glint scattering coefficient at the specular
point, The wind dependence of Rgp for p =w =0 is shown in Figure 15,
It is significant that the only wavelength dependence of R comes about
through the Fresnel reflection coefficient py(w). Given the dependence of
pa(w) on X we could thus determine the value of R at any wavelength by
measuring it at only one., However there seems to be a significant disagree-
ment between experimental results for p)(w) even for pure H, O, especially
in the infrared region (Figure 16). There has been some recent work on the
differential behavior of pure H,O and sea water,24 but this is of little use
in absolute terms. In addition there is little information available on the
variability of sea water over the globe or as a function of time, The fre-
quency of surface slicks is particularly important information in this con-
text,

Background Radiation

In addition to simple atmospheric attenuation, there are a number of
extraneous background sources which can also modify the apparent bright-
ness of the sun glint. These may be classified as follows:

1) skylight (molecular and aerosol), radiance = S,F

2) sky glint (reflection of skylight by the sea surface), radiance = S,F

3) sea light (solar radiance scattered by molecules and particulate
i matter in the sea), radiance = S,F '

4) foam light (solar radiation scattered by whitecaps), radiance = S,F
5) black body radiation of the earth, radiance = B .
These sources are pictorially presented in Figure 17, Note that the first
four are proportional to the extraterrestrial solar flux F as is the sun glint.
Thus a comparison of these sources with the sun glint is readily made as a

comparison of their effective scattering coefficients S;j with the sun glint
scattering coefficient R .

1. Skylight

Extensive tables of the effective scattering coefficient for a plane
parallel Rayleigh atmosphere have been compiled by Coulson, Dave and
Sekera. 22 Their results include the effects of polarization and multiple
scattering. However, except for optical depths greater than unity, little
error is made by using a single scattering model (see Figure 18), which
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has the advantage of great simplicity and easy inclusion of the aerosol
component. For the purposes of a feasibility study, it is more than ade-
quate. According to this model 4

P (0) P, (0)
il TS R L ot M

1M, (10)

where the subscripts R and A refer to the Rayleigh and aerosol components
respectively, and

T, = the attenuation coefficient (optical depth per unit air mass)
at wavelength \

P)\(e) = the scattering phase function at wavelength \ and scattering
angle 6. (This is defined so that [ P(6)dQ = 4r. )

M = number of air masses in the line of sight,

The important and well-known facts of Rayleigh scattering may be summar-
ized as

o 1/)\4

T

\R
2
P)\R(e) = 3/4 (1 + cos”9). (11)

The 'corresponding parameters of aerosol scattering are not so well known.
Part of the problem results from the variability of both the number and size
distribution of aerosol particles. We shall conduct this feasibility study on
the basis of what might be considered as typical aerosol properties for
maritime environment, although there is considerable uncertainty in decid-
ing what is typical. The attenuation measurements of Volz, 26 and Quenzel27
lead us to believe that we will not be too far wrong to assume that TA, \ =0.1
for X\ =.7u, and that the wavelength dependence of Ty (which appears to

be fairly flat in the visible region) and of P)l%(e) are approximately
described by Deirmendjian's haze model M.: In general, Pp(6) is two
orders of magnitude larger than PRr(6) in the forward direction, and an order
of magnitude smaller in the backward direction (Figure 8). This makes
aerosols easy to see from the surface (as in the sun's aureole) and difficult
to see from a satellite, At increasing wavelengths, aerosol scattering falls
off much more slowly.than Rayleigh scattering and eventually becomes the
dominant component of skylight, regardless of the angle of observation,




38
2. Sea Light

The radiant intensity of light leaving the interior (or the effective
scattering coefficient S;) depends not only on the scattering in the in-
terior but also on the character and depth of the underlying surface, Cox
and Munk made an estimation of this term from their measurements, but
their failure to account for scattering in the atmosphere between their
plane at 2, 000 feet and the surface makes interpretation of their results
difficult. However, a rough estimate of this term can be obtained from the
Monte Carlo calculations of Kattawar and Plass28 which show that

S;(\=.46p) ~ .01

S;(\=.65u) ~ ,001. (12)

This variation with wavelength is consistent with the order of magnitude
increase of the absorption coefficient from its minimum at \ = .46 to
its value at X\ =.65u. A crude model of this behavior can be made when
the scattering cross-section is much less than the absorption cross-
section. Under these conditions we have

o~2fext Z L e

(8)
scatt
n(Z)dz oc
0 de pext dQ

Zmax do (0)

S3 ()\’ 9) ~
(13)

where do/dQ is the scattering cross section, n(Z) is the number of
scatterers per unit volume at depth Z, Bext is the extinction coefficient
of sea water, and Zpax 1is the ocean depth. Since Bext rapidly in-
creases six or seven orders of magnitude into the infrared (Figure 19), we
are led to expect a correspondingly rapid decrease in 83

3. Sky Glint

According to Cox and Munk, the radiance of the sea surface due to
reflected skylight (N') is given by

N' = secp [f Ngp(w) cos w sec B p(z,, 2, )dz,dz , (14)

where Ng is the radiance of the sky in the direction determined by Zy and
Zy . The limits of integration are set to include all visible slopes. For near
nadir observation (sec p & 1) and using Eq, (6) for P(Zy, ZY)’ the integrand
in Eq. (14) becomes azimuthally symmetric about the zenith.” Under these
conditions, Eq. (14) reduces to
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2

R
177 (RN (B) (15)

n
max 2
s f ndn"—ze
0 o

where n =tan p. The quantity n=,., is usually somewhat less than
tann/4 =1. However, even for reasonably large winds, taking Wokidis '
will not significantly affect Eq. (15) because of the exponential cutoff for

large nz/crz . Obviously the sea surface brightness depends not only on
the sky radiance but also on its distribution as a function of zenith angle
(which has the same value as B in this case). (Since p(B) is a very weak
function of g except near g =90°, its angular dependence plays no role
for a vertical viewing geometry, )

For a sky of uniform radiance, N,, Eq. (15) may be integrated exactly
to yield

N' = N, p(0°) (16)
an eminently reasonable wind independent result,
For a Rayleigh sky the results are very similar:

T

R
41

CN' = p(0°)N_(0°)[1 + 2.8 + .. 1% p(0°) 75 Po(0°)F 17)

This shows a small but negligible dependence on wind.

For an aerosol sky the results are quite different, If vp and Pp(6)
are the aerosol optical depth per unit air mass and phase function, respec-
tively, then the aerosol component of the sky glint is given by

2T

P n

A max -

B e mdnfe” "
2o 0

2 P (8)
4

sec B] F, (18)

where p = p(0°) ® p(B) for g <30°.

Using Diermendjian's haze model M for Pp(6) at X\ =.7p, we find
the results expressed in the following table:
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W(m/s) Wil
. 006 .0577 089
1.40 .100 .103
5. 40 178 .103

11.40 . 245 . 096

The mean behavior is described by the relation

il A C)\F, haze model M, (19)

where Cy =.098 at \ =.,7 . This relation does not hold at all wavelengths
because Pp(6) varies as well as Tp . (Figure 17.)

In terms of scattering coefficients we may summarize these results as

S2 = 82R+ SZA where
R
SZR = p(w)z;PR(H) (20)
"A

S.. ™ 2p(0°)

A =[.098], r=.7u. (21)

Note that we have included here an approximate form for the angular depen-
dence of SpRr, which we have not proven,

4. Foam Light

Using data reported by Woods Hole Oceanographic Institute and by the
Visibility Laboratory of the Scripps Institute of Oceanography, Duntley has
made an empirical fit for the fractional area of the sea surface covered by
white water as a function of wind speed. 29 This is shown in Figure 20. To
determine the surface radiance due to foam light we must also know the
scattering properties of foam (or white water), which may depend upon the
wind speed and perhaps other parameters as well. For lack of better in-
formation we shall assume that foam is a wavelength independent lambertian
reflector with albedo one, which is very probably an overestimate of the
scattering power of this source, Under these assumptions we have
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f
8 = _ COS 0 (22)

where 6g = sun zenith angle and f is the fraction of horizontal area
covered by foam. It should be noted that S; increases rapidly with
increasing wind speed, while the sun glint scattering coefficient decreases
with increasing wind speed, For high enough winds this source will thus
become larger than the sun glint signal.

5. Black Body Radiation

In the absence of incident irradiance, the spectral radiance of a sur-
face of emissivity e g at absolute temperature T is given by

¢ cZ/xT ’
NB & esB()\,T) & eSF[e -1]

’

(23)

where c; =1.1909 X 10_12 w cm2 sterad“1 and c, =1,4380 cm°K. The

sea surface may be taken to have an emissivity of one, except when white
water is significant. The black body radiation of the sea surface, which
peaks near \ = 10p is comparable to reflected solar radiation in the vicinity
of X =4p. For much longer wavelengths this source is dominant, and for
much smaller wavelengths it is negligible, This fact affords us the possi-
bility of calibrating the sun glint by comparing it to the earth's black body
radiance, provided the latter can be well determined from satellite (perhaps
by measurements in the 10u region). For a presentation of the concepts
involved in such an experiment, see Reference 1.

Summary of Background

A useful summary of the relative sizes of the background sources and
the sun glint is presented in Figure 21, which shows the wavelength de-
pendence of all scattering coefficients for typical observing conditions.
These conditions are taken to be: a surface temperature of 300° K, a wind
speed of 5 m/s, and a vertical viewing geometry (the sun and satellite at the
zenith of the observed point). In this figure it is the scattering coefficient
at the center of the sun glint pattern which is plotted.

For the most part, skylight is the major source of background radiance.
Beyond )\ =.7p sea light and Rayleigh sky glint are completely negligible.
Beyond 4p black body radiation becomes dominant. Atmospheric transmis-
sion factors have been included to show the relative background strengths as
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viewed from a satellite, The description of these factors and how they in-
fluence sun glint measurements is dealt with in the following section,

The Generalized Sun Glint Experiment

As we have already seen, any measurement of the sun glint radiance
contains radiance contributions from other sources, If one could make one
measurement with the sun glint on and one with all conditions the same
except that the sun glint is "turned off, ' the background could be removed
by subtraction, A crude approximation to this method is to make one meas-
urement at the peak of the sun glint and one where (or when) the sun glint
is negligible, This implies two measurements for every sun glint determina-
tion.

If one is interested in the wavelength dependence of atmospheric trans-
mission, at least two more measurements are required—one at a reference
wavelength )\, and one at the wavelength of interest \', This is neces-
sary to reduce further the effects of background, or to "calibrate' the sun
glint, Thus there are generally four measurements in a sun glint experi-
ment: for each of two wavelengths, two measurements with different view-
ing geometries,

The two measurements with different geometries can be made in basic-
ally three different ways, each with its own deficiencies. These are:

‘a) Sun fixed, satellite fixed; measurements made at two different view
angles (and thus at two different points on the surface).

b) Sun fixed, satellite moves; measurements made at two different view
angles of the same point on the surface (and at two different times).

c) Satellite fixed, sun moves; measurements made at same view angles
of same surface point at two different sun angles (and at two different times).

A diagrammatic presentation of these cases is made in Figure 22,
Method a), which corresponds to taking a snapshot of the sun glint pattern,
has the disadvantage of looking at two different points on the surface which,
at satellite altitude, must be so far apart that local conditions (wind speed,
for example) are very likely to be significantly different., In addition, back-
ground corrections are more difficult because two different air masses are
in view (at different angles as well).

Methods b) and c) both have the advantage of viewing the same surface
point, However, in b) different air masses are viewed, and in c) the inci-
dent flux travels through different air masses. In addition, c), which is
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only possible for a geosynchronous platform, requires that measurements
be separated in time by several hours, although Levanon's and Kornfield's
work indicates that local variations in this time span are not generally
significant,

Transmission Factors

The discussion of atmospheric attenuation, and the corresponding
transmission factors, has been delayed until this point because it affects
each source in a different way. We shall deal with two fundamentally dif-
ferent transmission factors:

1) Tg describes the attenuation due to scattering (from molecules and
aerosols).

2) T, describes the attenuation due to molecular band absorption.
Since these are independent processes in the single scattering approxima-
tion, the net one-way transmission of the atmosphere is TgT5 . For two-
way transmission we shall use the notation Tg and T4, in which case the
net two-way transmission is T,gT25 . When the incoming and outgoing paths
are iden}ical (vertical viewing geometry, for example), T,g = TS2 ; but
Toa # T, except for bands of weak nonoverlapping lines. The wavelength
dependence of the scattering transmission factors is shown in Figure 23
for a colinear vertical viewing geometry,

Additional notation is needed to describe the effects of molecular ab-
sorption on directly scattered light (i. e., skylight). For this we shall add
the subscript s so that the appropriate transmission factors are Tyg for
skylight seen from above, and T,5g for skylight reflected by the sea sur-
face. The actual effective optical paths in these cases depends upon the
relative optical thicknesses of the Rayleigh and Mie scatterers and their
distributions in altitude.

We are now in a position to write down the expressions for the four
radiances measured in a general satellite sun glint experiment, These are

N1 % [Tass1 + TSTZasSZ + T a(S3 + S4 + R)JF + TSTaB (24)

ZsTZ

1 - | SI ' 1 1 1 1 1 1 1 1 1 1 ]
N1 [Tas \ + TS'I'Z‘_:ISS2 + TZSTM(S3 + S4 + R"]F' + TSTaB (25)

_ rml2)o(2) (2),.,(2) o(2) (2)(2),4(2) (2) (2)
Nz_[TaSS1 +Ts TZassz +T25T2a(83 +S4 +R7)IF

+ 7(@)p(2)5(2) (26)
S a
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v - pl2) q(2) (2)'n(2)' o(2)" | (2)'(2)' o(2)' | o(2)' | o(2)' 4,
N2 - [as S1 i TS TZaSSZ 4 TZS TZa (S3 * S4 +R)JF
+ p8) p(2) 5 (2) 27)
a8 "8

where the unprimed measurements are at wavelength \ and the primed at
wavelength \'. Given F and F' we have four equations in fifty-four
unknowns. It is obvious that we cannot determine all these factors from
satellite-based measurements. However, since the backgrounds are gen-
erally small compared to the sun glint, even a relatively crude model for
their angular and wavelength dependence can be used to reduce the number
of unknowns to a manageable level, The details will be discussed for four
separate experiments designed to measure distinctly different parameters.

Determination of R

As an example of techniques which can be used in the visible and near-
infrared spectral regions, we shall consider the problem of measuring wind
speed from geosynchronous altitude using method c). Actually R is
measured and from this the wind speed is determined from Eqg. (3) and (5).

Avoiding regions of ozone absorption and molecular band absorption,
we may assume Tz =1 and B =0 for .4p <\ <2.5p. The spectral
radiance measurements at two different sun angles are then

N1 & [s1 + TZS2 + TZS(S3 + S4 + R)JF (28)
_ral2) (2)4(2) (2) (2) (2) (2)
N2 =[8 + T2 SZ + TZs (S3 + S4 +R7)]F. (29)

Let us assume that the second measurement is made at a sun angle suffi-

L 0, and also that the satellite is at the zenith

(2)
2A
highly peaked forward scattering of aerosols, if the sun's image is out of
view, the aureole's image will be also.) Under these conditions, Eq. (28)
and Eq. (29) become

ciently large so that R

of the observed point, We may also assume that S = 0. (Because of the

~ 2 2

N1 _[S1 +TSS?_R+TS (S3 + S4)]F+[TSSZA+TSR]F (30)
_ral2) (2) (2) o(2) (2)

N2 = [S1 + TsSZR + TsTs (S3 + S4 YWE. (31)
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(2) o2) H(2) A(R)
Il SZR’ S3 2 S4
mately linear in the cosine of the sun zenith angle, Furthermore, if the
optical depth per unit air mass T is not close to unity TS(Z) will not
be much different from Tg . Thus it is reasonable to suppose that we
can find a geometrical function f(1,2) which relates the backgrounds at
two different sun angles, i.e.

For reasonably small sun angles S are all approxi-

(2)

+ 5.1 ()
s s

(2) ¢ g(2) -

(2),7 ~ 2
1 sSor + S4 )]~ (1, Z.)[S1 + TSSZR + TS(S3+S4)]

[S (S
(32)

(In the case we are discussing, f(1,2) = cos (6g), where 6g is the

solar zenith angle at the observed point,) Using Eq. (32) it becomes pos-

sible to subtract out most of the background terms, i.e.

2
N,] = T8, +T_R (33)

el
1 £(1,2)

1
13 [N
Since both the sun glint and aerosol sky glint peak at the specular point

and fall off rapidly away from this, we have been unable to separate these
two components, as shown in Eq. (33). In principle, a detailed study of
the angular distribution of the left-hand side of Eq. (33) away from the
specular point should make this distinction possible, However, there are
some practical difficulties in doing this, Since Szp is relatively small
compared to R, the difference between the angular distribution of TSZR and
that of TsSZA + TSZR may very well be negligible, especially in view of the
difﬁculty in determining what the angular dependence of RT: ought to be,

In the Cox and Munk model (Eq. 3) knowing the peak value of R determines
its angular distribution, However, we cannot directly measure the peak
value because of the contamination of aerosol sky glint, Furthermore,

since Cox and Munk observed at an altitude of 2, 000 ft and made no ex-
plicit correction for aerosols, it is only reasonable to assume that their
model itself contains the aerosol sky glint term for an unknown aerosol
optical thickness T, . Thus, in using the Cox and Munk model to determine
winds, it is probably more reasonable to use, instead of Eq. (33), the ex-
pression

2 . o 1
TsRc. mL e [Nl £(1, 2) NZ]’ 4
where
o S.. +R (35)
eom T TR 4
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Note that in principle R is independent of Ta? while RC depends on

T and thus the two-dimensional gaussian model for Rc " (which we

previously used for R) cannot be expected to hold for A significantly dif-

ferent from the aerosol optical thickness typical of the Cox and Munk

measurements (which is not known), From our knowledge of TR and a

reasonable estimate of T A we can estimate Ts and thus Rc (and the

wind speed). In principle this description applies to the methods used by
Kornfield to correct for background. His results attest to the feasibility of
the technique applied to ATS-I measurements,

Determination of Aerosol Extinction

We shall now consider a technique for using the sun glint to measure
that component of Ts due to aerosols. Since the Rayleigh optical depth
T can be calculated, a measurement of Ts = exp(-TR x)exp (_TA, )\)

b

R, \
the aerosol optical depth (or extinction coefficient per

determines T
A\’

unit air mass). Consider four measurements, two of the type just described
at each of two wavelengths \, \'. After the background subtraction tech-
niques (Eq. (33)) are employed, we have the two equations

2 1 b
TS(TS S,y +R) = A (36)

2 TZas
T'ZaT's(T' T S'2A+R') = A', (37)
2a s

where A and A' are known from measurements at A\ and \'.

Since R/R' = p)\/p')\ we may eliminate R and R' from this pair of
equations to obtain

Sl
5 g 2A —
s 1< T msei
- it Wl s A' (38)
o=t 1
TSZ e\ A I SZA ¥
s A

The contributions from aerosol skylight, S, and S, are typically of
the order of a few percent of R (Figure 21). Thus we may neglect second
order products of S;p/A and S,p/A' compared to one. Employing Eq. (19)
also, we may write Eq. (38) as




52

e X % ofl - x8 + O(07)], (39)
where

R = Z(TA- TA)

p A 1
TP ')\A e-Z(TR- T'R)

Fy -(t,+T,)

N A
p.C. e =

i 1

et A (40)
_|mean

The mean indicated is for the two wavelengths X and \' . The reflectivi-
ties p, and p'y can be obtained from Figure 16. The sea surface slope
distribution width o can be obtained approximately (probably better than
10% accuracy) from Eq. (36) or Eq. (37), even neglecting Szp. The factor
Cy) depends on the haze model used (or observed) as well as wavelength,
but can probably be estimated to within 10-20%. Since Ttp is of the order
of 0.1, the mean of e~ TA can be estimated probably to within 10% or 20%.
The Rayleigh optical depths are assumed to be well known,

Neglecting for the moment the possible measurement errors in A' and A
the major source of error is due to uncertainties in g which may
be of the order of 30% or more., Even if uncertainties are considerably
larger than this, they may be reduced to this level or below through itera-
tion of Eq. (39). The effect of this uncertainty in B on the determination

of X may be obtained from Eq. (39) by differentiation. o
A i
Al [; - g Sl
e -1
ap

Under the observing conditions for which Figure 21 applies op = B = .04
and X= ,1, Thus we have

dX . dg
=2 X .05
. ‘ 05, (42)

which means that a 30% error in B results in a 1, 5% error in X. This
would correspond to changes in aerosol optical thickness as function of
wavelength of about , 002 out of .1, Even a factor of two error in g

would lead to an error in T - T of only . 005 (or 5%). Thus we see that
any reasonable uncertainty in 8 will not lead to significant errors in the
determination of Tp - T'p . Errors resulting from imperfect background sub-
traction, spectral radiance measurement errors, and, in some cases, un-
certainties in the ratio p,/p) will be most significant,
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Returning to equations (30) through (33), we may estimate the effects
of uncertainties in the background subtraction techniques. This effect is
most important in the visible region of the spectrum since the background
is largest there (Figure 22). For our standard observing. conditions (those
for which Figure 22 applies), the total background contribution other than
aerosol skylight is roughly 25% of RTS2 at \=.,6p. At X' =1,0p this
amounts to only about 3%, If the function f(1,2) which relates the back-
grounds at two different observing geometries (Eq. (32)) describe back-
ground variations only to within 10% of the total background (which is a
considerable error), the effect would show up on the right-hand side of
Eq. (33) as 2, 5% radiance change at \ =.6p and . 3% change at
\' = 1.0p . For the two wavelengths chosen as examples here, this effect
could be seen in Eq, (40) as a 3% (approximately) error in o . Taking dif-
ferentials of X and « we find (ignoring B variations) that

dX = da (43)

Since o = 1, a 3% error in « corresponds to dea ® ,03, and similarly the
error in X = tp - T'p is approximately .03 out of .1, or about 30%. This
may seem like a large error, but this can still be useful in detectmg large
changes in aerosol concentration (which are quite 'frequen'c)2 . It is also
likely that errors in background subtraction will be considerably smaller
than we have assumed here,

. The effect of errors in the spectral radiance measurements are related
to the error in X through Eq. (33), (36), (37), (38), (39), and finally (43).
We have, neglecting the other errors present,

dX ~ da = 4 g (44)
N
where dN/N is the average percentage r. m. s. error for the four radiances
used in these computations, Thus a 1% error in radiance measurements
produces an error in X = tp - 7'p of approximately . 04 out of a probably
variation of .1 (from X to \')., This indicates that instrumental require-
ments will be severe, We hope to deal with this aspect of the problem in

a later report.

Thus we conclude that measurement of aerosol optical thickness changes
with wavelength (tp - 7'a) is theoretically feasible using the sun glint,
For typical observing conditions (Figure 22), this change should be meas-
urable to within . 02 to . 03 if adequate instrumentation is available (spectral
radiance measurement error no greater than about . 25%).

Determination of gt Ta A does not, of course, determine the
]
absolute values of either -~ or

A\ TA, A To determine this directly, an
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absolute calibration of the sun glint would be required., Since this presents
considerable difficulties, it is fortunate that there are indirect methods.

First one can choose )\' large enough to insure that Ta \! is small on
]

theoretical grounds (Figure 9) and then = is very nearly T

— T >
AN AN A, )\
This works better for large values of + than for small values, and also

better for haze C than for haze M, This can be improved on by using the

wavelength dependence of T to identify the type of aerosol and

AT AN
use theory then to estimate the absolute size of TA, X from the size of the

wavelength variations. Of course, one must be careful to measure over a
wavelength range in which significant variations of T)\ can be expected for

those aerosols which one is attempting to detect.

Near-Infrared Measurements of Molecular Band Absorption

In discussing this region of the spectrum we shall assume a near-
vertical viewing geometry and a geosynchronous platform, as before, From
the results displayed in Figure 21 we may make the following approximations

S, = 85 =B =0 (45)

for .6p < A< 2.5u. Making the previously discussed background subtrac-
tion' measurements at two different wavelengths (both in the infrared region)
we have

]

1
F (Nl ¥ (1, 2) NZ) A TsTZasSZAx TZsTZaR i
L ' ____1__ 1 &, T { 1 ' 1
|y (Nl f(l,Z)NZ) . TSTZasSZAXTZSTZaR ik
where we have assumed
T
gi2) i (48)
(2) . mtay .
SZA m SZA i (49)
(2)o(2) _
Tas S1 = (1, 2) TaSS1 (50)
(2)' (2)' o 1 1 !
Tas S1 = f'(1, 2) Tassl " (51)
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and also a reasonably accurate knowledge of f. and f',

We shall now consider the problem of using the set of measurements
(43) and (44), to determine the absorption at the center of molecular band,
specified by \'. We shall assume that T3 and T5g are both unity at
the reference wavelength )\, Furthermore, since the forward scattered
radiation traverses nearly the same atmospheric path as the unscattered
radiation, we may assume that T',5 = T'255 . Under these assumptions
and conditions,(4 3) and (44) become
Xow = TZR +T S (52)
s s 2A

21
1 m 1 1 Qr
e TZa(TS R' + TSSZA) (i531)

where X and X' are the left-hand sides of (43) and (44), respectively.
Solving this system for the absorption at wavelength \' we have

2!

i b
—_— - 1 — — ] vy 1
[=ZX-X]-77IT.S8,, - T'8,,]
A ] = = Ts &
2, \! 2a X (54)
i o
"o M
> X+ [T 850~ TS5l
Ts S

where the subscript (2) on A2 \! refers to the double traversal of the at-
’

mosphere, Let us assume at this point that Rayleigh scattering is negli-

gible in influencing Ts and T'S . In most cases in the infrared the aerosol

sky glint component TSS'ZA - T'SSZA may be neglected relative to either X
Al

or ‘X' (Figure 22), However, the difference (T'S /TS )X - X' may not be

large compared to the sky glint term, This arises when the fractional ab-
sorption at \' is small compared to one. The smallest absorption that can
be measured thus depends upon the size of the scattered background and on
how well it can be estimated. For the case in which )\ is very close to \'
and TS/T'S ® 1, Eq. (51) takes the simpler form

T Y

For X\ =1.0p, \' =.94p and with £(1,2) accurate to 10%, we find
that the absorption (due to water vapor in this case) for a double traversal
of the atmosphere is related to the quantities X and X' by
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- ! I
£-X 009— +.015, (56)

Az, RE TR
Thus we could use (52) without a significant loss of accuracy and obtain
the water vapor absorption to within approximately . 02, which is an ade-
quate sensitivity to be useful (changes greater than . 25 precipitable cm,
could be observed with a spectrometer of , 03 resolution), It appears that
water vapor absorption measurements from a satellite using the sun glint
are easily feasible,

Calibration at 4p

We have already noted that the sun glint and earth's black body spec-
tral radiances are comparable near \ = 4p. . It has been suggested that
since this region is also an atmospheric window, a measure of the sea
surface temperature (which determines B) could be used to calibrate the
sun glint (McClintock, 1970).1 Measurements of B (N = 10p) from a satel-
lite can be used to infer B (\ = 4u) through Planck's equation, At \ = 4p
equations (22) and (24) reduce to

0, 210, By # DML B B B 18, 4 RIIR 4 B (57)
(2) (2) (2) (2) (2) (2),.(2)
e[ B L T 4 7 TR (58)
(2) _ (2)

where we have assumed a geometry such that R = 0, and a sea

ZA
surface emissivity which is independent of view angle. We may also as-

2
sume that TZS = TS and TZas = TZa , the latter applying best for a near-

vertical viewing geometry, Dividing by F we thus have

2

P = (T8, + T, B+ B0 (8 '+ RY)+ T DB (59)
_ (2) (2) (2)2,.(2) (2) (2) (Z)

LT Wl e s B B/F (60)

How we proceed from here depends on the size of the background terms, For
W < 2m/sec and 7p <.l the background term (in brackets) is less than 1%
of the sun glint signal or B/F . In this case, (54) and (55) reduce to

2
B a NI/F = TST R+TSTaB/F (61)

1 2a
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i ek @he(2)
B Nz/P = TS o B/F (62)

Solving this system for R in terms of the known quantities XI’XZ’ B, and
F we have

(2),(2), 2

U 2 1 () 1(2) 2 2
p g ¢ I o X
s 2a 8§ "a 2

Because of the low wind speed assumed here the sun glint pattern is very
small, Thus the viewing geometries 1 and 2 may be taken close enough

together to assume TS(Z) = TS and T;z) = T(_:1 . Then (60) reduces to

- "
=X -] (64)
ok S 5 x 272

The ratio TaZ/TZa is a few percent larger than unity and can probably be

approximated to within 1%, Assuming all measured quantities are absolutely
accurate, our assumptions (required by ignorance) led to an error of approxi-
mately one or two percent in the value of R at \ = 4p . While this appears
to be usable, a number of practical problems must also be considered:

(1) Sea surface emissivity variations with wavelength may interfere
' with determination of B (\ = 4p) from B (\= 10p).

(2) Even without relative emissivity variations the percent error in
B (\= 4p) inferred from B (A= 10p) is 2.5 times the percent
error in B (A = 10p).

(31 Current uncertainty in the wavelength dependence of p, (w) is
relatively large in the 4 region (~ 5%) (Figure l6)and degrades
the accuracy of the calibration at other wavelengths,

Adding to these factors, instrumental limitations may make this method
of sun glint calibration completely unworkable. The usefulness of trans-
mission measurements of 5% accuracy (assuming perfect instrumentation)
is questionable in itself.
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Conclusions

We have attempted to present here a detailed framework of analysis for
estimating the feasibility of sun glint experiments, specifically concentrat-
ing on the effect of uncertainties in theory on possible determinations of
atmospheric transmission and absorption, Accurate evaluation of experi-
ments depends on the particulars in the method and in the instrumentation,
We have not dealt with the latter factors in detail in the report,

We have found that the sun glint can be used without absolute calibra-
tion to determine the following:

1) changes of aerosol optical thickness with wavelength with an
accuracy of approximately . 02 to . 03 in optical depth from the
visible to near \ = 2, 5p. wherever atmospheric windows permit.

2) molecular band absorption for a two-way traversal of the atmos-
phere with an accuracy of approximately . 02 in fractional ab-
sorption, (This could be very useful in determining precipitable
water vapor from satellite. )

We have found that the above determination can probably not be improved
by calibrating the sun glint at A\ = 4p., since the errors in this calibration
are very likely to be too large for the calibration to be useful.

These conclusions are applicable for the observing conditions we have
specified as typical. Included in this specification is a wind speed of 5
m/s . For lower wind speeds the accuracies cited will be conservative,
For higher wind speeds the suggested determinations will at some point no
longer be feasible, Significant variations of viewing geometry and aerosol
loading will also modify these conclusions to varying degrees, To describe
the effects of all possible variations of the numerous parameters involved
in this study would introduce a degree of complexity which would produce,
at this point, more confusion than enlightenment. Instead we have examined
a small, but very probable, region of the multidimensional space of varia-
tions and have concluded that the sun glint shows promise as an experi-
mental tool for the determination of atmospheric transmission and absorption,
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