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ABSTRACT

This study represents a theoretical investigation of potential dif-
ficulties caused by the presence of the atmosphere in the identification
of surface features by remote sensing techniques. Through interaction
with atmospheric gaseous constituents and aerosol particles, a beam of
radiant intensity will be affected by processes which can both increase
and decrease its magnitude. The net effect of these intensity modifica-

' introduces an apparent change in

tions, termed the "atmospheric effect,'
the surface reflectivity which would be inferred from a measurement by an
airborne sensing device pointed at a surface target. An erroneous surface
classification may result.

Computations are performed using a series of computer programs which
permit numerical evaluation of the intensity of scattered radiation at
selected levels of a plane parallel, inhomogeneous atmosphere containing
an arbitrary vertical distribution of ozone concentration and/or an aero-
sol number density, and bounded at the lower surface by a Lambert ground

of known reflectivity. The basic technique used in solving the radiative

transfer equation in this series of programs entails the expression of the

The work described in this report was funded by NASA under Grants
NGL 15-005=112 and NAS5-21773.




scattering phase function by a Fourier series.

Results are computed for several realistic atmospheres when
illuminated by radiation having a wavelength of 0.45 ym and of 0.70 um.
Aerosol populations considered are: no aerosol, a water droplet aerosol,
and a silicate aerosol, the latter two having a discontinuous size distri-
bution function with a maximum particle size of 10.0 um. Results computed
with an atmosphere included in the model are compared with results ex-
pected if the atmosphere had zero optical thickness, that is, no modifying
effect. The atmosphere induced changes are then equated to equivalent sur-
face reflectivity changes in a zero optical thickness situation.

These equivalent reflectivity changes are related to changes in solar
zenith angle, altitude of observation, orientation of the plane of obser-
vation in relation to the plane of propagation, wavelength of incident
radiation, and scattering characteristics of the included aerosol. Results
are discussed for the following values of these parameters: solar zenith
angles of 00, 200, and AOO; observation altitudes of 10,000 feet and
60,000 feet; azimuthal separation of the planes of observation and
propagation of 0° and 900; incident radiation with X = 0.45 ym and
A = 0,70 um; and aerosols with indices of refraction of m = 1,33 - 0.00i
and m = 1.56 - 0.00i. Underlying surface reflectivities of 0.10 and 0.15,
corresponding to natural vegetation type surfaces, are used in the model
g surface reflectivity

when parameter changes are related to correspondin

changes. The maximum change noted is 0.1223.



1. INTRODUCTION

1.1 Surface Mapping: Why and How

In a topographical sense, the features of the earth's surface are
well known. From the standpoint of earth resources, however, mapping of
the terrestrial surface is by no means complete. ‘Furthet geological
studies of the composition of the surface are required in the search for
petroleum, natural gas, coal, and the various minerals needed by our tech-
nological society.

Agriculture also has a definite need for improved knowledge of the
characteristics of land surfaces. Such studies would help insure that
the crops planted in a given area would be well snited to the soil type.
Monitoring the stages of growth of existing vegetation would lead to early
detection of diseased or blighted areas.

To conduct the required surveys of the earth's surface by actual on-
site inspection can be extremely time consuming. A geologist or agromo-
mist in the field might take weeks to map the characteristics of a rela-
tively small area. On the other hand, a sensing device carried aboard an
airplane or satellite might be able to inspect the same area in a matter
of hours, or even minutes.

By conducting the surveys from the air, however, problems are



introduced. The most obvious is that the scientist no longer has direct
physical contact with the subject of his examination. Research in the
area of remote sensing has shown that this need not be an insurmountable
problem. Through the use of a sensing device which measures the intensity
of radiant energy emitted and reflected by a given surface at predeter-
mined, discrete intervals of the electromagnetic spectrum, a great deal
can be determined about the characteristics of that surface.

Since the physical and chemical properties of different surface types
vary considerably, they have different spectral reflectance, or response,
patterns. This spectral response pattefn, or "signature," gives unique
identifying characteristics to a surface in the form of the amount of
visible radiation it reflects, and the temperature, hence wavelength, at
which it emits infrared radiation. Remote sensing techniques can dis-
tinguish these 'signatures" and thus identify various surface types.
Therefore, accurate data combined with proper analysis techniques can
yield the discriminations necessary to correctly map the characteristics
of the surface.

The requirements for correct identification lead us to another prob-

lem connected with airborne or satellite-borne radiation sensing devices.

The radiant energy does not pass unimpeded from the surface to the sensor.

Instead, the signal undergoes modification due to the presence of the

‘ earth's atmosphere. This modification, sometimes called the atmospheric
effect, may lead to erroneous surface classification if it is neglected.

l This study represents a theoretical examination of the importance of the

atmospheric effect in the remote sensing problem.



1.2 The Atmospheric Effect

The atmosphere is composed primarily of nitrogen and oxygen, plus
several trace gasses and suspended matter, or aerosols. As a beam of
radiation passes through an atmospheric layer of finite optical thickness,
the photons of radiant energy comprising the beam will interact with the
gas molecules and larger suspended particles. These interactions, which
are subject only to the conservation of energy, can result in a dual modi-
fication of the intensity of the radiant beam. In one sense, the atmos-
phere acts as a signal generator and increases the intensity; 1in another
sense, the atmosphere acts as a filter and reduces the intensity. The
resultant of these two modifying processes is the atmospheric effect.

The situation considered in this study relates to remote sensing and
is based upon the use of a downward pointing, airborne sensor. Figure 1-1
illustrates several cases in which the atmosphere acts as a signal genera-
tor for this configuration.

drawing (a): illustrates a photon being gscattered into the field

of view of the sensor, after surface reflectance
drawing (b): illustrates a photon being scattered into the field
of view of the sensor, prior to surface reflectance
drawing (c): 1illustrates a photon being emitted into the field of
view of the sensor
Figure 1-2 illustrates several cases in which the atmosphere acts as a
signal filter.

drawing (a): 1llustrates atmospheric absorption of a photon which

is within the field of view of the sensor

drawing (b): 1illustrates a photon being scattered out of the field
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of view of the sensor, after surface reflectance

drawing (c): illustrates a photon being scattered out of the field
of view of the sensor, prior to surface reflectance

A theoretical discussion of the scattering and absorption/emission
processes will be given fn the next chapter. For introductory purposes
here, however, it is simply stated that they occur. Because they do occur
and operate in the manner just illustrated, an atmospheric effect also
éxists. Because of this atmospheric effect, a sensor pointed at the sur-
face cannot make an exact measurement of the radiant intensity leaving
that target. Therefore, it is possible that the modifying effect due to
the presence of the atmosphere will cause the sought after surface fea-

ture to be incorrectly identified.



2. LITERATURE SURVEY

2.1 Introduction

This study is concerned with the interaction between the beams of
radiant energy which comprise a radiation field and the gaseous molecules
and suspended particles which make up the earth's atmosphere. The compu-
tations described in later sections deal only with radiation in the vis-
ible portion of the electromagnetic spectrum. In presenting the basic
problem, however, discussions will not be limited to this range. The
theory is also pertinent to radiation in the infrared portion of the
spectrum.

The fundamental principle governing the interaction of radiant ener-
gy and the components of the atmosphere is that energy must be conserved.
This principle is stated mathematically in the radiative transfer equa-
tion, which is the mathematical tool used in quantitatively evaluating
the atmospheric effect. The literature reviewed in this chapter covers
the basic concepts required in the development of the radiative transfer
equation. The equation, itself, will be formally presented in the next

chapter.



2.2 The Principles of Radiative Transfer

A beam of radiant energy is composed of many photons. As a photon
passes through the atmosphere, it may be subjected to any number of col-
lisions with atmospheric molecules or suspended particles. Each collision
may result in either the absorption of the photon or the scattering of the
photon. Absorption is wavelength dependent and can be quantified in terms
of an absorption coefficient based on the characteristics and concentra-
tion of £he absorbing matter. Scattering, also, is a complicated process
and a historical review of some highlights in the development of scatter-
ing theory is necessary to illustrate the depth of the problem.

Lord Rayleigh (1871) showed that when the radius of a scattering par-
ticle is much smaller than the wavelength of the incident radiation, the
fraction of incident radiation scattered will be inversely proportional
to the fourth power of the wavelength. Furthermore, the scattering pat-
tern will be relatively symmetrical with forward and backward components
equal and twice as large as the sideward components.

Rayleigh's approximation is quite satisfactory as a basis for study-
ing molecular scattering of visible light. Atmospheric molecules have
radii of less than 10; while the wavelength of visible light ranges from
0.4 ym to 0.7 um. However, the atmosphere frequently contains suspended
particles, or aerosols, with radii of the same order as the wavelength of
incident light. McClatchey, et al. (1972) suggest an upper size limit
on the order of 10 um. Here the Rayleigh approximation no longer applies.

When the particle size is of the order of, or somewhat larger than,
the wavelength of the incident radiation, its scattering characteristics

can be explained using the theory developed by Mie (1908). Mie's work



is based on Maxwell's electromagnetic field theory and represents the gen-
eral development of radiation scattering principles of which Rayleigh's
approximation is a special case. Mie, after applying appropriate boundary
conditions, derived differential equations which describe the electromag-
netic field at any point in space resulting from the illumipation of an
homogeneous spherical particle by a beam of radiation from any given direc-
tion. The assumption of an homogeneous and spherical particle is less
than ideal, but it is closely approximated in nature by at least the water
droplet aerosol. One very important characteristic of the Mie scattering
process is that it shows a strong predominance of forward scattering with
a secondary maximum in the backscattering region and a minimum near the
side scattering direction.

Although the scattering properties of a single particle can be ex-
plained in terms of the Mie theory, a layer of atmosphere is composed of
many particles. Thus the applications of scattering theory to actual at-
mospheric situations must consider the transfer of radiant energy through
such a layer and not merely scattering due to a single particle. This
problem was solved by Chandrasekhar (1950) when he achieved an exact solu~
tion to the problem of the transfer of radiant energy through an homogene-
ous plane-parallel atmosphere characterized by Rayleigh scattering. Chan-
drasekhar's solution of the theory of radiative transfer is nicely summar-
ized in a paper by Sekera (1957) dealing with the state of the art of
light scattering and radiative transfer in the mid-1950s. 4

The solution by Chandrasekhar also laid the groundwork for a set of
tables by Coulson, Dave, and Sekera (1960) which give the exact emergent
intensities of reflected and transmitted light in a Rayleigh type atmos-

phere. Other refinements in the theory of light scattering by small
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particles were carried out by van de Hulst, and reported on in an excel-
lent book (1957) on the subject. This work is very thorough for both
single scattering particles and for populations of identical scattering
particles.

As radiative transfer solution techniques became more refined it was
possible to study situations more closely related to actual-atmospheric
conditions, particularly through the inclusion of the larger particles, or
aerosols, in atmospheric models. This was done by Deirmendjian (1969) who
compiled a monograph containing tables listing the scattering parameters

" characteristic of several polydispersions and aerosol compositions actually
occurring in the terrestrial atmosphere. The term polydispersion refers
to suspensions of particles of differing sizes.

Three basic techniques are currently being used to investigate the
transfer of radiant energy in an actual scattering atmosphere. The first
was developed by Herman and Browning (1965). This is the iterative tech-
nique and consists of repeatedly solving the radiative transfer equation
at successive atmospheric levels and for all directions desired until a
consistent set of intensities is obtained. This would yield the radiation
field after one scattering process. Since multiple scattering is possible,
these values then serve as the input for a repeat of the iterative process
for second-order scattering. The computation is repeated for successively
higher orders of scattering until sufficient accuracy is obtained.

The second technique was developed by Plass and Kattawar (1968) and
is known as the Monte Carlo technique. This is a statistical process in
which very great numbers of individual photons are forced to penetrate the
scattering medium. Through an integration of the Mie scattering function

over all space, a probability is determined for post-collision propagation




11

by the photon in any given direction. A probability value is also assigned
to represent the likelihood of a collision resulting in absorption. Thus,
all energy is accounted for and the path of travel through the attenuat-
ing medium can be predicted for an individual photon. For sufficiently
numerous repeats of this process a statistically smooth radiation field
will result.

The third technique is the Fourier series technique as developed by
Dave (1970 A). This is a mathematical technique in which the scattering
properties of a given attenuating medium can be predicted in terms of a
Fourier series expansion. This is the method of solution of the radia-
tive transfer equation used in this study and will be explained in detail

in the next chapter.
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3. COMPUTATIONAL PROCEDURES

3.1 Introduction

Computational procedures used in this study were developed under
contract by J. V. Dave (1972) of the IBM Corporation for the National
Aeronautics and Space Administration. In a series of four computer pro-
grams, an atmospheric model is developed which permits the user to compute
the intensity of attenuated radiation at selected levels of a plane-paral-
lel, nonhomogeneous atmosphere containing an arbitrary vertical distribu-
tion of an absorbent gas and/or an arbitrary aerosol population, and
bounded at the lower surface by a Lambert ground of known reflectivity.
The four programs are called Scalar Program A, Scalar Program B, Scalar
Program C, and Scalar Program D. All programs were adapted to be run on an

IBM 360 Model 67 computer.
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3.2 SPA

This program is designed to compute the scattering characteristics of
single spherical particles of a known index of refraction. As stated in
the previous chapter, the size of the scattering particle is important in
determining the resultant radiation field only in the sense of its ratio
to the wavelength of the incident radiation. Consequently, computations
are performed in terms of a dimensionless size parameter x which is de-
fined by the relationship x = 2%5 . The term r represents particle radi-
us and A is the wavelength of incident radiation. Since the program is
run for monochromatic radiation )\ is a fixed quantity, and selection of
the proper range of values of x ensures that scattering properties will be
computed for the desired particle‘sizes.

The input quantities to this program are the index of refraction of
the particles being considered, the minimum value of x for which computa-
tions are required, an increment value of x for successive computations,
and the number of times which x must be incremented.

Computations performed in SPA represent a solution to the basic Mie
scattering problem, and utilize the following procedure. The values of
the complex Mie amplitudes, which represent the components of the scattered
radiation field perpendicular and parallel to the scattering plane are de-
termined for each value of x (Deirmendjian, 1969, Chap. 2). Utilizing

these Mie coefficients, efficiency factors for scattering and extinction

and an asymmetry factor, cos 8, are computed (van de Hulst, 1957, Chap. 9).
The efficiency factors represent the ratios of the total amount of energy

removed from the incident beam by scattering and by extinction to the geo-
metric cross section of the particle. The asymmetry factor, in which B is

the angle between the direction of the incident beam and the direction of
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observation, introduces the directional nature of the scattering process
into the problem.

Making use of these parameters, it is possible to determine the nor-
malized scattering phase function. This function represents the fraction
of incident radiant intensity which will be scattered into a particular
direction when the scattering particle is illuminated by a beam coming from
a given direction. The integral of the phase function over all directions
thus equals unity. The scattering phase function can then be represented
in terms of a Legendre series (Dave, 1970B).

The basic coefficients of the Legendre series computed in SPA then
serve as input data to SPB in which the problem is expanded to account for
attenuation by a unit volume containing a known size distribution of par-

ticles.
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3.3 SPB

In this program, the scattering characteristics determined for single
particles in SPA are applied to a situation in which a unit volume, con-
taining a specified size distribution of spherical particles with a known
index of refraction, is illuminated by unidirectional, monochromatic elec-
tromagnetic radiation. The program enables the user to compute a volume
extinction coefficient, a volume scattering coefficient, a volume absorp-
tion coefficient, and a normalized scattering phase function for the unit
volume.

The aerosol population considered in this study conforms to a dis-
continuous power law type distribution (Bullrich, 1964). This is charac-
terized by a constant concentration of particles for equal increments of
radius between the minimum radius considered, 0.03 ym, and an intermediate
radius, 0.10 ym. Between 0.10 ym and the maximum size, 10 um, particle
concentration decreases with inverse proportionality to the fourth power
of the radius.

To solve for the volume extinction, scattering, and absorption coef-
ficients, the efficiency factors defined in SPA are integrated over the
size range of particles present in the unit volume. The particle concen-
tration function is included within the integral, and in this manner these
quantities are properly weighted by the number of particles present in
each size increment. Integrations are carried out using the trapezoidal
rule with an integration increment of A%% .

By an identical integration technique, the scattering phase functions
determined for individual particles in SPA are modified to represent the
directional scattering characteristics of the unit volume. The computed

normalized scattering phase function for the unit volume is represented
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by a Legendre series, with the coefficients serving as input values to

SPC.
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3.4 SPC

This program performs a dual function. First, the geometry is intro-
duced which is most easily adapted to the computation of radiant intensi-
ties in a situation in which the earth is illuminated by energy from the
sun. Secondly, mathematical manipulations are performed which incorporate
the new geometry into the problem, and transform previously computed Le-
gendre series repreéentations of the scattering phase function into Four-
ier series form.

In programs SPA and SPB; scattering calculations have been carried
out using the plane defined by the direction of incidence and the direc-
tion of scattering as a reference system. In actual practice it is pre-
ferable to use a reference system defined in terms of two vertical planes.
The first plane contains the local vertical and the direction of incident
solar radiation. The included angle between these two vector quantities
is the solar zenith angle which is denoted 60 . The second plane contains
the local vertical and the direction of scattering. The included angle
between these two quantities is the scattered radiation zenith angle, 6,
which equals the look angle of the sensor, a, as seen in Figure 3-1. The
construction of the new reference system is then completed with the intro-

~duction of azimuth angles ¢ and ¢', which locate the planes containing 6
and 00, respectively. In computations, ¢' is assumed to be zero; that is,
the plane containing the direction of propagation is the reference plane.
The scattering angle, 5, is seen in Figure 3-1 to be the angle between the
directions of propation of the incident and scattered intensities.

Finally, SPC performs the necessary mathematical steps to express the
normalized scattering phasé function of a unit volume in terms of a Four-

ier series whose argument is ¢ - ¢'. This procedure is well documented
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Figure 3-1 The Geometry of the Problem




e

19

(Dave and Gazdag, 1970; Dave, 1970A; Dave, 1970B), and represents the
final prepatory step to achieving a solution to the radiative transfer

equation in SPD.
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3.5 SPD
This program solves the radiative transfer equation when an atmos-
-phere of known composition, with an underlying Lambertian surface of spe-
cified reflectivity, is illuminated by parallel beam radiation coming from
a source with a known zenith angle. A theoretical discussion of the radi-
ative transfer equation is required to illustrate the physical principles -

applied in achieving this solution.

3.5.1 The Radiative Transfer Equation

The intensity, IA’ of a beam of monochromatic radiant energy, con-
tained within a solid angle dw, passing through a volume element of area
dA and thickness ds is subject to both a positive change and a negative
change due to interaction with the matter contained within the unit volume.

Energy may be removed from the direction of propagation of IA through
either absorption or scattering. The sum of these two processes is called

attenuation and can be expressed mathematically as

-k
>\thAdsdAdm
where kxt is a mass attenuation coefficient with units of area per unit
mass and p is the density of the medium. kxt represents the effective

area intercepting the radiation field per unit mass of substance contained
within the volume.

Energy may be added to the beam through a scattering process by de-
flecting energy traveling in the direction of any other beam Ii into the
direction of IA’ Referring to the concept of the scattering phase func-
tion, P(§), where P(a) gives the probability that an incident intensity

will be deflected through the required scattering angle 8 and be added to

IA’ the scattering contribution can be expressed as
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YT ey
+k>‘tpdsdAde0 P(S)dew

Finally, the intensity of beam I, may be increased due to emission of ener-

A
gy by matter within the volume into the direction of propagation of IA'
This contribution can be expressed as
+EApdsdAdw
where EA is the rate of emission of energy per unit time per unit mass.
The change in intensity, dIX’ with respect to distance of travel ds

as the original incident beam passes through the unit volume can be ex-

pressed as the sum of the positive and negative changes. That is,

dI -
A dsdAdw = k, ol dsdAdw + k  opdsdAdw/*"P(8)I]du' + E pdsdAdw (1)
g t. A At 0 A A
Equation (1) can then be rewritten,
5. 41
—_— == J -1 (2)
pkkt ds A A
where Jx, known as the source term, is the sum of the source of the scat-

tered radiation and the source of emitted radiation. Equation (2) repre-
sents the primitive form of the radiative transfer equation.

In achieving a solution to the radiative transfer equation similar to
that accomplished in SPD for upward traveling radiation in the visible
portion of the electromagnetic spectrum, several new terms are useful.

Optical thickness, t,, of the attenuating medium is used as the z, or

A
vertical, coordinate. T is defined by th = —kAcpdz. It is also con-
venient to replace the 8 coordinate with u = cos 8. The azimuthal coor-
dinate is defined as ¢. Then, after making the following assumptions,
1) Horizontal homogeneity of the atmosphere
2) Time rate of change of IA is small compared to space

rate of change

Equation (2) can be rewritten
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LG g e, - 18,0 (3)

dTA

The radiative transfer equation can be solved by the following meth-

od. Multiplying (3) by e_T/u and regrouping, with the subscript A under-
stood,
1 : - -T
we ™ AL pic e = e, 00e Y

dr

or, equivalently,

-r/u]

d =
M3 [I(T,u,¢)e = -e T/UJ(T,u.¢)

In this solution, radiation is assumed to be traveling upward from
the terrestrial surface to the level of the sensor. Therefore, the opti-
cal depth at the sensor for upward traveling radiation is zero. Let L3
represent the optical depth between the surface and the level of the sen-
sor, and let 1' represent the optical depth between the sensor and any
level between the surface and the sensor.

Then, summing up all changes in the intensity of the beam as it pas-

ses through all intermediate levels t' between the surface and the sensor,

t'=0

’ t'=0 ’ 1
/ d I(T',u,di)e-T/u = f e_T/u J(t',u,9) L0
T'=Ts \ 't 1)
s
or,
~1g/u T _evsm dr?
I(O,us¢) - I(Ts9u)¢) e 8 = =f e J(T',u,¢) e
T'=1 ¢
s
and,
[A] (B] [C]
-1./u T'crs -1'/u . dr!
I(0,u,¢) = I(t_,u,0) e 8°° + / e J(' ) = (4)
t'=0

Equation (4) represents a formal solution to the radiative transfer equa-
tion for upward traveling intensities in a horizontally homogeneous at-

mosphere. Term A gives the measured intensity at the sensor coming from
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a direction defined by u and ¢. Term B represents the contribution to
the measured intensity due to radiant energy leaving the surface. 1In SPD,
the surface is assumed to have Lambertian reflecting characteristics.
Hence, term B would consist of the incident solar radiation multiplied by
the reflectivity of the surface and divided by w. Term C represents the
source term, that is the contribution to measured intensity due to the
presence of an atmospheric layer of optical depth Ty

Since the radiation considered here is in the visible portion of the
spectrum, the source function term can be simplified. The wavelength at
which an object emits radiation is a function of the temperature of the
potential emitter. To emit appreciable amounts of radiation in the 0.4
to 0.7 um range, a temperature of the order of several thousand degrees
absolute is required. Since atmospheric constituents do not approach
these temperatures, the emission term in the source function is dropped
for radiative transfer studies of visible light. Hence, the source func-
tion consists only of the scattering term.

For the general case, the source function of term C of equation (4)

can be written

[D] [E]
J(T',u,¢) - EL%_M.{. P(u"b,_uo)d’o) F(T""uo’q)o)
At

* fsz(u,cp,u',qx') I(r',u',6")du' (5)

where the subscript o refers to incident solar radiation and -u refers to
a downward direction of travel. Term D of Equation (5) represents the
contribution to intensity due to emission by atmospheric constituents at
level t'. For visible light, term D can be neglected. Term E represents

the contribution to intensity due to the scattering of incident solar
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flux at level t' into the direction of travel defined by u,$. Term F re-
presents the contribution to intensity propagating in the direction u,¢
due to the scattering at level t' of radiation traveling in any other di-
rection u',$' through the required scattering angle. Then, by substitut-
ing terms E and F of Equation (5) into Equation (4), the formal solution

of the radiative transfer equation can be written

'=T

~tslu 8 T M ) F(t',-u_ 49 )
I(°;U,¢) = I(TS,U,¢)3 + f e [P(ua¢9-u09¢0 Ty uoi 5

t'=0
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Equation (6) represents the basic problem which is solved in SPD. It is
through the first term on the r.h.s. of Equation (6) that the atmosphere
can act as a filter of the signal, while it is through the second term on
the r.h.s. that it can act as a signal generator. It is only in the
unique situation when optical thickness is zero that the atmosphere can
have no effect on the signal.

It is useful, at this ppint, to consider the manner in which the
presence of a real atmosphere will actually produce changes in the inten-
sity of a beam of interacting radiation by causing variations in the two
terms on the right hand side of Equation (6). This discussion will be re-
lated to physical conditions encountered in a remote sensing field experi-

ment.

Consider first the effect of changing the look angle, &, on the first
term, which represents the attenuation of the beam of radiation traveling
from the surface to the sensor. As look angle increases from zero, u,
which is cos (8), decreases from unity. The magnitude of the negative ex-

ponent becomes larger, hence attenuation is greater. Therefore, since
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intensities reflected by a Lambertian surface are of equal magnitude in
all directions, the contribution by this term to the intensity sensed at
a look angle, a, of 40° will be less than the value for a look angle of ar.

The effect of a change in p on the second term on the right hand side
of Equation (6) will be of the opposite sign. Here, the effect of de-
creasing u, hence increasing a, is to cause the computation of the source
function contribution to be carried out over a longer path. This means
that more molecules and aerosol particles will be available to scatter
radiation into the direction of observation. Therefore, by changing look
angles from 0° to 40°, the source function contribution to measured inten-
sity will be increased. The amount of this increase will be further modi-
fied since the magnitude of the scattering phaée function, present as a
weighting factor inside the integral, is also determined by a.

The net result of the sum of the two terms on the r.h.s. of Equation
(6) will, therefore, determine the shape of a graph showing intensities
plotted against look angles. If variations in the first term dominate at
all look angles across a‘ flight line, the maximum point on the curve will
occur at a = 0°, If variations in the second term dominate at all look
angles across the flight line, the maximum point will occur at the look
angle which results in the largest combined contribution due to both path
length and scattering phase function magnitude. Since both the first and
second terms are non-linear, it is possible for domination to change as o
increases from 0° to its maximum value. This will result in the occurrence
of a secondary maximum or minimum. It is also possible for secondary ex-
trema to occur as a result of rapid changes in the magnitude of the scat-

tering phase function.
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The location of any point on a curve can be physically interpreted by
considering behavior of the surface term and of the source function. In-
tensity differences due solely to differing sensor altitudes or sensor or-

ientations can also be analyzed using the same line of reasoning.

3.5.2 Optical Characteristics of the Atmosphere

Input to SPD includes the various atmospheric parameters required to
determine the total scattering optical thickness and total absorption op-
tical thickness of the atmospheric layers. The optical thicknesses are
required to effect a solution of the radiative transfer equation.

Values used in this study for these atmospheric parameters were taken
from a variety of sources. The atmosphere was assigned a barometric pres-
sure value and an ozone concentration value at levels from the surface to
70 kilometers in accordance with Air Force Cambridge Research Laboratories
Tables (McClatchey, et al., 1972) for midlatitude, summer conditions.
Height-aerosol number density values between the surface and 70 kilometers
were taken from sample computations performed by Dave (1972).

The Rayleigh scattering optical depth and ozone absorption coeffici-
ent, which are both wavelength dependent parameters, were taken from the
Handbook of Geophysics (1961). The Mie scattering optical thickness and
aerosol absorption optical thickness are based upon the aerosol index of
refraction value which was taken from Deirmendjian (1969), and the aerosol

size distribution function introduced in SPB.

3.5.3 Computational Parameters

Further input values to SPD specify the physical conditions for which
the computation of intensities is desired. A solar zenith angle is desig-

nated for each run of SPD. In this study, zenith values analyzed were 0°,
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200, and 40°. Two intermediate atmospheric laver heights at which inten-
sitvy computation results are desired are entered. This study selected
10,000 feet and 60,000 feet gince these correspond to common remote
sensing overflight altitudes. Computations are performed for twenty sur-
face reflectivity values ranging from 0.0 to 1.0 during each run of SPD.
This study covered the entire range using a reflectivity increment of .05,
neglecting only .80. In the analysis of results, however, attention is
primarily centered on surface reflectivities of .10 and .15,corresponding
to reflectivity values for natural vegetation type surfaces. Finally, the
number of azimuth angles, which define the angular separation of the plane
of propagation and the plane of observation, is specified. Look angles
used in computing results range from Oo to 880 at 20 increments. Analysis
of results is limited to look angles of 0° to 400 , since a deflection of
40° is a reasonable limit for an airborne scanning system. Finally, the
number of azimuth angles, which define the angular separation of the plane
of propagation and the plane of observation, is specified. Results are
computed for all azimuth angles from 0° to 180° at 10° increments, with

analysis of results performed when the azimuth angle equals 00, 900, and

180°,
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4, NUMERICAL RESULTS

4,1 Introduction

Numerical calculations performed in this study are based upon the as-
sumption that the atmosphere is illuminated by 7 units of flux normal to
the direction of propagation of the monochromatic, unidirectional solar
radiation. The vertical downward flux at the top of the atmosphere is,
therefore, equal to m multiplied by cos (60) where 60 is the zenith angle
of the sun. Intensities calculated at a given level within the atmosphere
are in relative units scaled to this input value. Results presented in
this chapter show numerical changes in predicted intensity values as at-
mospheric, observation, and illumination parameters are varied.

If intensity of visible light is the measured parameter, remote sen-
sing classifications of surface features are accomplished through estima-
tion of surface reflectivities. Hence it is desirable to relate changes
in the intensity of a signal caused by the presence of the atmosphere to
changes in surface reflectivity which would result in an equivalent sig-

nal modification in the absence of an atmospheric effect.
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4.2 Intensities in an Atmosphere with Zero Optical Thickness

If the atmosphere had zero optical thickness, the vertical downward
flux at the surface would equal the vertical downward flux at the top of
the atmosphere, that is m + cos (80). Since the surface in the model is
assumed to be Lambertian, the fraction of incident radiation specified by
the reflectivité, r, will be reflected upward as an isotropic radiation
fielde In an isotropic field, the intensity in any direction equals the
flux divided by n. Therefore, the magnitude of the upward intensity vec-
tor at any level for any sensor viewing angle would equal r - m . cos (80)/
T, OT T ¢+ ICOS (60).

At this point, it is useful to consider a numerical example. In this
example, and in future numerical discussions, the term intensity will re-
fer to the magnitude of the intensity vector. If 60 = 0°, cos (60) = 1.0
and intensity = reflectivity. Thus a surface reflectivity of 0.10 would
result in an upward intensity at any level of 0.1000 if the atmosphere had
no modifying effect. Now consider an atmosphere with a non-zero opﬁical
thickness in a situation with exactly the same geometry. If the resultant
computed intensity equaled 0.1100, this would be equivalent to an increase
to 0.11 in surface reflectivity for zero optical thickness. That is, AI
of 0.01 corresponds to Ar of 0.01 if g = 0°.

If 00 = 20°, cos (60) = 0.9400, and a surface reflectivity of 0.10
would result in an intensity of 0.0940 in a zero optical thickness situa-
tion. For the same illumination and obse;vation conditions, if inclusion
of an interacting atmosphere resulted in a computed intensity of 0.1034
(note: 0.94 . 0.11 = 0.1034) this would be equivalent to increasing sur-
face reflectivity to 0.11 if the atmosphere had remained at zero optical

thickness; that is, Ar of 0.0l corresponds to AI of 0.0094 if 60 = 20°,
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In this chapter, computed intensities resulting from the inclusion of
a realistic atmosphere will be compared with expected intensities for the
same geometry and surface reflectivity, but with a zero optical thickness
atmosphere. Changes from the expected value will be discussed in terms of
the equivalent change in surface reflectivity required to achieve the same

solution for a zero optical thickness situation.
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4.3 Directional Parameters and Scattering Angles

As stated in Chapter 2, molecular scattering is directionally depen-
dent with forward scattering and backward scattering twice as great as
side scattering. In comparison to molecular scattering, scattering by
larger particles is highly anisotropic with a very large forward component
and a secondary maximum in the backscattering direction. Due to the di-
rectional nature of the scattering process, intensity calculations are
highly sensitive to the changes in scattering angle when computations are
made across an aircraft flight line.

The scattering angle, 5, is defined as the angle between the direc-
tions of propagation and observation, which are defined in this study in
terms of their angular displacement from local vertical and referred to as
Oo and 6, respectively. When the direction of propagation, the direction
of observation, and vertical are coplanar the scattering process is said
to occur in the principle plane. This geometry results in the maximum
possible variation in scattering angles across an aircraft flight line.

In this situation 00 and 0 are contained within the same plane and have a

common side, the local vertical. Therefore any change in 6, or equiv-

alently in the look angle o, for a fixed 60 during a sweep across the flight
line will result in the same change in scattering angle. If scattering
is not computed in the principle plane, the one-to-one correspondence be-
tween AD and Ao will not occur and A8 will be smaller than Aa.

In this study, the look angles, «, to the right of zero on the ab-
scissa of intensity graphs refer to the situation in which the azimuth
displacement, with reference to the sensor, between the plane containing

6 and the plane containing o is between 0° and 90°; the left side of




zero corresponds to azimuthal displacement of 90° to 180°. The importance

of the orientation of the sensing plane in relation to the direction of

propagation will be illustrated in a quantitative sense later in this

chapter.
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4.4 Modification of Intensities in a Pure Rayleigh Atmosphere

Before considering an atmosphere containing an aerosol, it is useful
to consider the modification of intensities caused solely by the molecular
components of the atmosphere. Consequently, SPD was run for both wave-
lengths considered in this study, 0.45 um and 0.70 pm, for an atmosphére
containing no aerosol particles. Figure 4-1 shows the results of these
computations with the dashed lines showing intensities when the incident
radiation is at 0.45 um, while the solid lines show the results when il-
lumination is at 0.70 um. Intensities are plotted for an altitude of ap-
proximately 10,000 feet at look angles ranging from 40° left of nadir to
40° right of nadir. The surface refléctivity selected was 0.10, a repre-
sentative value for natural vegetation reflectivity at these wavelengths.
Hence, intensities for an atmosphere with zero optical thickness would be
0.1000 for 6 = 0°, 0.0940 for o, = 20°, and 0.0766 for 6 = 40°. These
results are computed for principle plane scattering.

It is immediately apparent from Figure 4-1 that the atmospheric ef-
fect for molecular scattering is greater when illumination is at 0.45 um
than when illumination is at 0.70 um. This is consistent with Lord Ray-
leigh's approximation which states that scattering is inversely propor-
tional to the fourth power of wavelength.

Due to the much larger source function contribution at the shorter
wavelength, the 60 =0° curve for A = 0.45 um shows an atmospheric inten-
sity modification equivalent to a zero optical thickness surface reflec-
tivity change of about 0.014. At A = 0.70 um, the source function contri-
bution is smaller and is almost balanced out by attenuation of the sur-

face term. The equivalent surface reflectivity change at the longer wave-

length is about 0.0015.
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Graphs of intensity versus look angle will always be symmetrical
about the point a = 0°. Look angles of equal magnitude result in path
lengths from the sensor to the surface of equal distance. Also, look
angles of equal magnitude result in scattering angles of equal magnitude
since the angle between the direction of propagation, in this case the
local vertical, and the direction of observation, or look angle, is the
same whether the look angle is measured to the left or right of nadir.
Therefore, because of equal path length and equal scattering angle, hence
equal scattering phase function, look angles of equal magnitude will re-
ceive equal signal enhancement from the source function and equal signal
diminution from the attenuation term. Consequently, intensity versus look
angle will result in a symmetrical curve about a = 0°.

At 80 = 20°, the asymmetry appears in the curves, displaying the be-
havior of the scattering phase function weighting factor in the source
function term. For this illumination geometry, a = 20° left corresponds
to the 9 = 180° backscattering maximum, and o = 40° left is the point at
which the net increase in the source function term due to scattering

phase function and path length magnitude is the greatest. For A = 0.45 ym,

equivalent zero optical thickness surface reflectivity increases range
‘ from 0.0200 at a = 40° left to 0.0106 at o = 30° right. For A = 0.70 um,
increases range from 0.0025 at o = 40° left to a minimum increase of
0.0006 at o = 38° right.,

At 80 = 40°, the asymmetry factor for this set of curves is maxi-
mized since a = 40° left corresponds both to maximum path length and to

‘ B 180°. Thus, the source function contribution to intensity for both

| A 0.45 ym and 0.70 pm is the maximum possible at this look angle. At
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the shorter wavelength, equivalent surface reflectivity increases range

from 0.0261 to 0.0086. At the longer wavelength, increases range from

0.0035 to 0.0001.
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4.5 Intensity Modification by an Atmosphere Containing Aerosols

As previously stated, large particles scattering is highly anisotrop-
ic. The scattering phase function magnitude can change very rapidly as
look angle changes. This causes the source function contribution to in-
tensity to be more sensitive to look angle if an aerosol is present than
if the atmosphere is characterized by only Rayleigh scattering. Conse-
quently, graphs of intensity versus look angle may show rapid fluétuations
which can be interpreted only through consideration of scattering phase

function values.

Figure 4-2 shows the scattering phase function plotted versus scatter
ing angle for the three aerosol - incident radiation combinations consid-
ered in this study. The solid line represents an atmosphere containing

a silicate aerosol, with index of refraction m = 1.56 - 0.001, under il-

lumination by radiation at 0.70 um. The dashed line displays the scatter-
ing properties of a water droplet aerosol, with m = 1.33 - 0.00i, when in-
cident radiation is at 0.70 um. The dotted line corresponds to the water
droplet aerosol, m = 1.33 - 0.00i, when A = 0.45 um. The imaginary term
in the index of refraction reflects the absorption potential of the aero-
sol while the real term is a measure of the scattering properties. Hence,
all aerosol populations considered here are non-absorbent.

Scattering phase function values are shown in Figure 4-2 for scatter-
ing angles from 100° to 180° because the geometrical limits of this study,
maximum 60 = 40° and maximum o = 40°, restrict possible scattering angles
encountered to this range. The values for the scattering phase function
for all possible scattering angles are determined by computer solution of

‘ the Mie equations, however, and received in this series of programs as
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output from both SPB and SPC. An important feature to notice in Figure
4-2 is that all three curves show minimum scattering for the aerosol
populations at a scattering angle of about 120° as opposed to the minimum
at 90° for Rayleigh scattering. Also interesting, but not shown, is that

scattering at B = 0° is several orders of magnitude greater than at ® =
g g g

180° for the three combinations shown.

4.5.1 The Effect of Including a Water Droplet Aerosol

Figure 4-3 shows intensities plotted against look angles when the

atmosphere contains a water droplet aerosol. Other than the presence of
‘ the aerosol, the diagram represents exactly the same conditions depicted
| in Figure 4-1. The particle concentration values used in this study are
considered realistic and lie between the '"clear" and "hazy" concentrations
‘ suggested by McClatchey, et al. (1972).

At eo = 0°, the equivalent zero optical thickness surface reflectiv-
ity increases range from 0.0241 to 0.0250 when A = 0.45 ym; if A = 0.70 um,
the increases range from 0.0072 to 0.0091. A clear reflection of the be-
havior of the scattering phase function is present in both curves in the
form of the pronounced peak at a = 0° which correspondsvto ® = 180°. This
peak is present because of the sharp drop in the scattering phase function,

i and hence in the source function intensity contribution term between 6 =

176° .

‘ 180° and 6

At & = 20°, the asymmetry noted for the corresporiding lines in
o
Figure 4-1 appears again in Figure 4-3 to an accentuated degree since the
‘ source function term is a much more effective signal generator when an

aerosol is present. At A = 0.45 um, the presence of the atmosphere causes

intensity increases ranging from 0.0319 at a = 40° left to the minimum
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increase of 0.0185 at o = 26° right. For A = 0.70 um, the presence of the
atmosphere again increases intensity values at all look angles with the
magnitude of equivalent surface reflectivity changes between 0.0101 and
0.0052. The backscattering peak is again clearly present on the two
curves, this time at a = 20° left. At 80 = 40°, equivalent zero optical
thickness surface reflectivity changes for the A = 0.45 um curve range
from an increase of 0.0446 to an increase of 0.0173. For the A =0.70 um
| curve, increases are noted at all look angles with values ranging from

0.0162 to 0.0049.

4.5.2 The Effect of Including a Silicate Aerosol

Figure 4-4 shows intensities plotted against look angle when an at-
mosphere containing a silicate aerosol, m = 1.56 - 0.001i, is illuminated
by monochromatic, unidirectional radiation with A = 0.70 um. Surface re-

" flectivity was set at 0.10 for computationms, and results were computed in
the principle plane for upward traveling intensities at an altitude of
approximately 10,000 feet. Reference to Figure 4-2 shows that the back-
scattering peak is much more pronounced for the silicate aerosol than for
the water droplet, and this feature is evident in Figure 4-4.

The range in intensity changes due to atmospheric modification is
also seen to be greater when the silicate aerosol is present than when
only water droplets were added to the gaseous constituents. At 80 = 0°,
equivalent zero optical thickness surface reflectivity changes range from
an increase of 0.0356 to an increase of 0.0159. At 90 = 40°, atmosphere

induced intensity increases are equivalent to surface reflectivity changes

\ of 0.0602 to 0.0140.
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4.5.3 The Effects of Observation Altitude on Intensities

Since remote sensing measurements may be taken at any altitude, it is
useful to compare intensities computed at two different atmospheric levels,
with all other observation, illumination, and atmospheric parameters held
constant. In Figure 4-5, computed intensities are plotted ‘against look
angle for altitudes of approximately 10,000 feet and 60,000 feet when an
atmosphere containing a water droplet aerosol, with an underlying Lamber-
tian surface of reflectivity 0.10, is illuminated by radiation at 0.70 um.
Figure 4-6 represents computed intensities versus 160k angles for exactly
the same conditions, except that incident radiation is at 0.45 ym. In
both curves, the solid lines represent the upward computed intensity at
10,000 feet and the dashed line shows the corresponding values at 60,000
feet. Differences between the dashed line and the solid line for a given
value of 60 are due solely to the interaction of the radiant energy with
the atmospheric constituents between the two altitudes.

In Figure 4-5, the curves for 90 = 0° indicate that the presence of
the additional atmosphere between 10,000 feet and 60,000 feet contributes
the same amount to predicted intensity at the higher level as would an in-
crease in surface reflectivity of about 0.0150 under zero optical thick-
ness conditions. As might be expected, the asymmetry factor present when
g . * 20° and 6, = 40° results in a larger signal enhancement for look
angles to the left of nadir due to the inclusion of the additional at-
mospheric layer. This is true since the left side of the flight line
contains look angles corresponding to larger scattering angles than the
right side. Compared to zero optical thickness reference values, in-
creases in surface reflectivity due to the additional atmospheric layer

reach 0.0101 for 60 = 20° and 0.0137 for 8 = 40°, Thus, for example,
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a remote sensing measurement taken at 60,000 feet with 8°== 40° and o =
40° left corresponding to a 180° scattering angle would sense an atmos-
pheric contribution equivalent to a surface reflectivity change of

0.0299. Of this total, 0.0162 is due to the lowest 10,000 feet of the at-
mosphere as stated in 4.5.1, and the remaining 0.0137 is due to the atmos-
pheric layer between 10,000 feet and 60,000 feet.

Referring to Figure 4-6, it is seen that inclusion of the additional
50,000 feet of atmosphere results in a much greater change in prediced
intensities when incident radiation is at 0.45 um than when it is 0.70 um.
This is true because the molecular scattering is much more significant at
the shorter wavelength. Considering the equivalent zero optical thickness
surface reflectivity change for the entire atmosphere between the surface
and 60,000 feet, values reach as high as 0.0717 if 90 = 0°, 0.0906 1if 60 =

20°, and 0.1223 if 60 = 40°,

4.5.4 Effects of Changing Surface Reflectivity

Figure 4-7 illustrates the effect of changing surface reflectivity
on the intensity calculations. Incident radiation is at 0.45 ym, and the
atmosphere contains a water droplet aerosol. Intensities are computed for
principle plane scattering, with the solid line referring to values ob-
tained when surface reflectivity equals 0.10 and the dashed line corres-
ponding to r = 0.15. The altitude of observation for both sets of inten-
sities is 10,000 feet. The r = 0.10 lines have been shown previously in
Figure 4-3, where they are dashed, and in Figure 4-5, where they are solid.
When r = 0.15, zero optical thickness reference values, which equal
r X cos (60) are 0.1500 for 60 = 0°, 0.1410 for 60 = 20°, and 0.1149 when

60 = 40°. With the higher reflectivity and 60 = 0°, equivalent zero
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optical thickness surface reflectivity increases as shown in Figure 4-7
range from 0.0167 to 0.0188; when r = 0.10, the equivalent values are
0.0241 and 0.0250. The smaller value for the equivalent surface reflec-
tivity increase for the higher actual surface reflectivity value is due to
the fact that a larger signal leaves the surface and is attenuated as it
proceeds to the sensor. Thus, a larger amount is removed from the signal
by the attenuation process through the first term on the r.h.s. of Equation
(6) which is directly dependent upon r. The source term contribution,
on the other hand, is only very weakly dependent upon r and receives no
similar increase. The net effect of the atmosphere is now a smaller
equivalent increase in surface reflectivity than when r = 0.10. The same
line of reasoning holds when the other values of 60 are considered also.
When 60 = 20° and r = 0.15, equivalent zero optical thickness surface
reflectivity increases range from 0.0252 to 0.0123; with r = 0.10 the
range is 0.0319 to 0.0185. When 90 = 40° and r = 0.15, increases range

from 0.0364 to 0.0099; when r = 0.10, the corresponding values are 0.0446

to 0.0173.

4.5.5 Effects of Changing Azimuth of Observation Plane

As stated in Section 4.3, the maximum possible range of scattering
angles across an aircraft flight occurs when the geometry of the situation
is such that scattering computations are performed in the principle plane.
Since the source function contribution to the intensity is highly depen-
dent on the scattering angle, it is useful to consider a case in which the
direction of propagation, the direction of observation, and the local
vertical are not coplanar and hence, the range of scattering angles

covered is diminished.
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Figure 4-8 shows results of computations performed when the plane con-
taining the local vertical and the direction of propagation is rotated 90°
from the plane containing the local vertical and the direction of observation.
In Figure 3-1, this corresponds to the solar zenith angle being contained
in the vz plane and the look angle being contained in the xz plane.

The change in geometry affects intensity computations only when 60
is other than 0°, since positioning the illuminating source such that the
direction of propagation is the local vertical ensures that the solar
zenith angle and the look angle will be coplanar. Therefore, Figure 4-8,
which depicts exactly the same conditions as Figure 4-7 except that the
plane containing the various values of o has been rotated 90°, contains
60 = 0° values only for reference purposes.

When 60 = 20°, scattering angles decrease in a non-linear fashion
from 160° at o = 0° to 136.04° at o = 40° léft and right. The range of
equivalent surface reflectivity increases shown in Figure 4-8 when 80 =
20° and r = 0.10 is 0.0249 to 0.0212 compared to the range 0.0319 to
0.0185 for principle plane geometry shown in Figure 4-6. When 60 = 20°
and r = 0.15, zero optical thickness equivalent surface reflectivity in-
creases shown in Figure 4-8 range from 0.0183 to 0.0153 compared to prin-
ciple plane results ranging from 0.0252 to 0.0123. Thus, the net effect
of rotating the plane of observation 90° is to reduce the maximum and in-
crease the minimum in equivalent surface reflectivity changes. This is
true because the scattering phase function weighting factor in the source
function contribution no longer includes values corresponding to scatter-

ing angles between 160° and 180°, the largest values on the scattering
g ang

phase function curve (Figure 4-2), and it no longer includes values
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between 6 = 136.04° and 120°, the minimum range when 6 _ = 20° and computa-
tions are in the principle plane.

The reduction in maxima and increase in minima also holds because of
the same line of reasoning when 90 = 40°, Scattering angles covered in
Figure 4-8 for this geometry range from 140° to 125.93°. For 0, = 40° and
r = 0,10, equivalent surface reflectivity increases in Figure 4-8 range
from 0.0272 to 0.0205, compared to principle plane values of 0.0446 to
0.0173. With r = 0.15, 90° rotation of the observation plane results in
surface reflectivity increase of 0.0155 to 0.0131 compared to principle

plane values of 0.0364 to 0.0099.

4,5.6 Intensity as a Function of Reflectivity for all Type Surfaces

Surfaces considered thus far in Chapter 5 have been of the natural
vegetation type with reflectivity of 0.10 or 0.15. All remote sensing
problems are not, however, confined to the study of surfaces in this re-
flectivity range. It is, therefore, useful to give soﬁe attention to the
behavior of the atmospheric effect when the underlying surface is of any
reflectivity between 0.00 and 1.00.

Figure 4-9 shows upward traveling intensities at 10,000 feet with the
sensor directed at a look angle of 0° when an atmosphere containing a water
droplet aerosol is illuminated by radiation at 0.45 um. The dashed lines
‘show zero optical thickness intensities.

The computed intensity curves are seen to be non-linear with equiva-
lent surface reflectivity increases ranging from less than 0.01 to 0.10
when o, = 0°. When 60 = 40°, the maximum increase is about 0.04 and, be-
tween reflectivities of 0.25 and 0.75 the atmosphere has the net effect of

a signal filter, with an equivalent surface reflectivity decrease of as
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much as 0.01. A discussion of the implications of this diagram will be

given at the end of the next chapter.
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5. DISCUSSION OF RESULTS AND CONCLUSIONS

Results of computations presented in Chapter 4 demonstrate, on a
quantitative basis, the presence of a modifying effect on radiant inten-
sities due to the existence of an interacting atmosphere. The magnitude
of the effect varies noticeably when parameters such as the wavelength
of incident radiation, solar zenith angle, observation altitude and di-
rection, type of aerosol present, underlying surface reflectivity, and
orientation of sensing plane are changed.

It is impossible to state that an atmospheric effect of any particu-
lar magnitude will cause an incorrect classification of a surface fea-
ture to be made. If an investigator were forearmed with a general know-
ledge of the target area, and merely wished to discriminate between fea-
tures of grossly different reflectivity characteristics, it is very pos-
sible that the atmosphere would be incapable of masking these differ-
ences. However, as required discriminations become more refined and the
need for absolute accuracy in surface reflectivity data increases, the
importance of considering the presence of the atmosphere will also in-
crease. It is under circumstances in which a high degree of accuracy
in estimates of surface reflectivities is required that the results in

Chapter 4 would be most important. These results not only provide an
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investigator with an idea of the magnitude of the atmospheric effect and
hence its importance in relation to his particular problem, they also
suggest ways in which this atmospheric effect may be minimized.

Absolute values for the equivalent changes in surface reflectivity
for a given situation can be taken directly from the figures presented in
Chapter 4. In this concluding section of the study, attention will be
directed at the behavior of the curves presented in the previous section.
Through analysis of the variations noted in the range of equivalent sur-
face reflectivity changes across a particular aircraft flight line, it is
possible to suggest ways in which the range of equivalent surface reflec-
tivity changes caused by the presence of the atmosphere may be minimized.
The behavior patterns which appear are the result of interaction between
the source function term and the attenuation term in the radiative trans-
fer equation.

The source function term, weighted by the scattering phase function,
strengthens the signal measured at the sensor. The attenuation term re-
duces the magnitude of the measured intensity. The equivalent surface re-
flectivity change is simply a measure of the difference in their magni-
tudes. To minimize the atmospheric effect, the correct technique is to
make them as nearly equal in absolute value as possible. In'this manner,
measured surface reflectivities will be as close as possible to the ac-
tual absolute value of surface reflectivity. Let us now consider the
mechanisms by which variations in physical parameters affect the measured

intensity.

The altitude at which intensity measurements are made is a parameter

which can be changed with predictable results on the range of changes in
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equivalent zero optical thickness surface reflectivity. By increasing
measurement altitude, only path length is changed for a given look angle.
If the path length is increased, the source function contribution will be
increased, the amount of this increase being dependent on the magnitude
of the scattering phase function. On the other hand, the attenuation
term is also increased in magnitude. If the source function dominates,
the atmosphere will act as a signal generator, and its net contribution
will be greater at the higher altitude. This is illustrated in Figures
4-5 and 4-6 where intensities, and therefore equivalent surface reflec-
tivity changes, are greater at the higher alﬁitude for any given 60. The
increase is more noticeable when the incident radiation is at 0.45 um
since the Rayleigh scattering is very strong at the shorter wavelengths
and provides a significant increase to the source term.

A more complex interaction between the terms comprising the atmos-
pheric effect is well illustrated through the analysis of equivalent
surface reflectivity changes across an aircraft flight line resulting if
only the solar zenith angle is changed. Figure 4-3 is a useful reference
for this discussion, and it should be remembered that changes in inten-
sity must be divided by cos (60) to numerically evaluate equivalent
changes in surface reflectivity.

First consider the case where 80 = 0°, As the look angle increases
from zero, the path length increases and the scattering angle decreases.
The increase in path length simultaneously affects the different terms in
the atmospheric contribution to measured intensity: it is increased
through a greater source function contribution and is decreased by

greater attenuation. Further, the decrease in scattering angle decreases
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the amount the atmosphere is able to contribute to the intensity due to

the appearance of the scattering phase function as a weighting factor in
the source term. The net effect of these actions and interactions is a

relatively small increase in equivalent surface reflectivity.

Consider now the case where 60 = 20°. Here, a scattering angle of
180° occurs at a look angle of 20° left. Thus, the strongest possible
scattering phase function weighting value is now combined with the path
length corresponding to a = 20° rather than a = 0°. The source function
contribution is now much greater at a = 20° left than it was when 90 = 0°,
The attenuation term is unchanged, however, since a look angle of 20°
left corresponds to the same path length no matter what the solar zenith
angle. At a look angle of 40° left, the scattering angle with 90 = 20°
is now 160° as opposed to 140° when 60 = 0°. Thus the source function is
again increased by moving the solar zenith angle from 0° to 20° but the
attenuation term is unchanged. The fact that less radiation enters the
atmosphere to contribute to the source function at the greater solar
zenith angle is compensated for by the fact that less radiation is re-
flected by the surface to be attenuated. The net result of these actions
and interactions is that larger equivalent surface reflectivity changes
are present at look angles on the left edge of the aircraft flight line
than were present at any look angle in the 60 = 0° case.

When 60 = 40°, the range of equivalent surface reflectivity changes
is increased over the 60 = 20° case. The largest scattering angle, 180°,
now is found along the longest path length, 40° left. This greatly in-
creases the source function contribution at the left edge of the flight

line. An argument similar to that in the preceeding paragraph points to
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the fact that we observe the greatest increases in surface reflectivity
in the case 60 = 40°,

Figure 4-8 illustrates the importance of the source function in a
different manner. Here, the scattering phase function weighting factor
is deliberately minimized by rotation of the plane of observation, and
the source function contribution is significantly reduced. Figure 4-8
thus shows a much smaller range of equivalent surface reflectivity
changes than does Figure 4-7, its counterpart for principle plane compu-
tations.

As stated early in this chapter, an absolute evaluation of the im-
portance of the results in this study cannot be made. Different remote
sensing problems will have different accuracy requirements. However, if
an investigator were concerned with a problem dealing with natural vege-
tation surfaces and the atmospheric parameters and aerosol distributions
assumed in this study were considered realistic, the numerical results
would indeed be meaningful. They could be used as either direct correc-
tion factors, or at least employed as an upper limit on atmosphere in-
duced apparent surface reflectivity changes.

Also, consideration of the principles discussed thus far in this
chapter leads to several recommendations if it is desired to reduce the
atmospheric effect in the remote sensing problem when dealing with sur-
face reflectivities in the range of the natural vegetation type. Measure-
ments should be taken at the lowest practical altitude, particularly if
measurements are taken at the shorter wavelengths in the visible portion
of the spectrum. The aircraft should be oriented such that the plane of
observation is normal to the plane of propagation, thus decreasing the.

range of scattering angles covered. This geometry also assures symmetry
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about a = 0° in both path length and scattering angle. Hence the atmos-
pheric effect is the same for look angles of equal magnitude, and changes
in measured intensity for equivalent left and right look angles must be
caused by surface variations alone if the atmosphere is horizontally homo-
geneous. Measurements should be taken as near midday as possible, since
equal intensity changes at the smaller solar zenith angle correspond to
smaller equiGalent surface reflectivity changes.

Finally, this study must close on a note of caution. As Figure 4-9
illustrates, the atmospheric effect changes as surface reflectivity
changes due to the interaction between the atmosphere and the surface.
Results discussed here should not be extrapolated to the study of sur-

faces having significantly different reflectivities.



LIST OF REFERENCES



60

LIST OF REFERENCES

Bullrich, K., "Scattered Radiation in the Atmosphere and the Natural Aero-
sol," Advances in Geophysics, H. E. Landsberg and J. Van Miegham, Editors,
Vol. 10, Academic Press, New York, 1964, pp. 99-260.

Chandrasekhar, S., Radiative Transfer, Clarendon Press, Oxford, 1950.

Coulson, K. L., Dave, J. V., and Sekera, F., Tables Related to Radiation

Emerging from a Planetary Atmosphere with Rayleigh Scattering, University
of California Press, Berkeley, California, 1960.

Dave, J. V., "Intensity and Polarization of the Radiation Emerging from a
Plane-Parallel Atmosphere Containing Monodispersed Aerosols,” Appl. Opt.
9, 2673 (1970A).

Dave, J. V., "Coefficients of the Legendre and Fourier Series for the
Scattering Functions of Spherical Particles," Appl. Opt. 9, 1888 (1970B).

Dave, J. V., "Development of Programs for Computing Characteristics of
Ultraviolet Radiation," Technical Reports 1, 3, 4, and 5, Contract
NAS5-21680, NASA, Goddard Space Flight Center, Greenbelt, Maryland, 1972.

Dave, J. V., and Gazdag, J., "A Modified Fourier Transform Method for Mul-
tiple Scattering Calculations in a Plane Parallel Mie Atmosphere,"” Appl.
Oopt. 9, 1457 (1970).

Deirmendjian, D., Electromagnetics Scattering on Spherical Polydispersions,
American Elsevier, New York, 1969.

Handbook of Geophysics, The MacMillan Company, New York, 1960.

Herman, B. M., and Browning, S. R., "A Numerical Solution to the Equation
of Radiative Transfer," J. Atmos. Sci. 22, 559 (1965).

van de Hulst, H. C., Light Scattering by Small Particles, John Wiley, New
York, 1957.




McClatchey, R. A., Fenn, R. W., Selby, J. E. A., Volz, F. E., and Garing,
J. S., Optical Properties of the Atmosphere (Third Edition), AFCRL, En-

vironmental Research Papers, No. 411, AFCRL-72-0497. (1972).
Mie, G., Ann Physik., 25, 377 (1908).

Plass, G. N., and Kattawar, G. W., "Monte Carlo Calculations of Light Scat-
tering from Clouds," Appl. Opt. 7, 415 (1968).

Rayleigh, Lord (J.W. Strutt), Phil. Mag. 41, 107 (1871).

Sekera, Z., "Scattering of Light in the Atmosphere and Diffuse Sky Radia-
tion," Science Progress 179, 479 (1957).



