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PREFACE

This report describes part of a continuing research program in remote
sensing of the environment. The research is being conducted for NASA's
Lyndon B, Johnson Space Center, Houston, Texas, by the Envirommental
Research Institute of Michigan (ERIM), formerly the Willow Run Labbratories,
Institute of Science and Technology, The University of Michigan. The main
objective of this program is to develop remote sensing as a practical tool
for obtaining extensive environmental information quickly and economically.

Remote sensing of the enviromment involves the transfer of radiation
frow a target on the Earth's surface through the étmosphere to a sensor
lacated at a point either within or above the atmosphere. The atmospheric
medium can alter the radiation by absorption and scattering. In this report
we examine the effeccs due to the spatial variation of the atmosphere and
also due to influence of background on target as a result of scattering.
Results arc presented in terms of classification accuracy for variable
atmospheres and in terms of percent change in target radlance for the
target-background interaction problem. |

The research described in this report was performed under Contract
NAS9-14123, Task VILII, and covers the period from 15 May 1974 through
14 March 1975. Dr. Andrew Potter served as Technical Monitor. The program
was directed by R. R. Legault, Vice President of ERIM, J, D, Erickson, Head
of ERIM's Information Systems and Analysis Department, and R, ¥. Nalepka,
Principal Investigator and Head of ERIM's Multispectral Analysis Sectionm.

The ERIM number of this report is 109600-15-F,
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SUMMARY

There has been a continuing gquestion in multispectral remote sensing
data analysis as te the extent that the atmeosphere affects the classifi-
cation of various materials on the Earth's surface. In previocus studies
we have developed a radiative-transfer model and have used that model to
examine the variation in simulated multispectzral data. The model was a
simplified yet practical modeil which included the effects of zabsorptive
arld non-absorptive haze conditions. The main limitation cf the model, as
far as remote sensing data znalysis is concerned, was its one~dimensional
nature, i.e., no spatial variations in the horizontal plane were considered.

In the present treatment we have extended the model to include non-
uniform atwmosvheres and have examined the influence of the resulting changes
in radiance on the accuracy of classification of various classes of objeects.
Various atmosphecic gradients of optical thickness were considered throughout
a LAWDSAT frame and fields were produced artificially by random sampling
from real data. Classification accurzny was then determined for each field
and analyzed as a function of visual range. The reesults indicate that as
the visual range atmospheric gradient increases the classification accuracy
decreases. An atmospheric correction algorithm is also presented which can
be used to eliminate the systematic variations attributable to the atmosphere.

Potentially, a more important effect is the influence of background

materials on the target as s result of atmospheric scattering. Ia particular,

10



we would like to know what effect the proximity of various background elements
has on the spectral character of the target. If there is a strong iafluence,
then the probability of misclassification could inerease significantly. A
detailed three-dimensional treatment of this problem has been carried out

and the influence of background on target has been zamalyzed for various
environmental conditions. In particular, we found that for dark targets

and bright backgrounds the per cent change in the target radiance can be

quite large, i.e., 50~70%. We also examined this effect in terms of sun

angle and visibhility and found that the maximum variability oeccurs in the
normal range of operational parameters. The gradual change in targef radiance
is givern in terms of varying amounts of background material, thus simulating

a variety of possible geocmwetric hackground field comfigurations. An algorithm
which can be used to remove this effect from actual mmitispectral data is also

described.

11
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2
INTRODUCTION

In remote sensing of features on Barth's surface the main purpose
of multispectral data analysis is to discriminate among various materials
and to recognize classes of objects. There are many effects which must
be included in such investigations. There is never a 100 per cent classi-
fication because of various noise factors in the system. Some of these
factors are: intrinsic variations within a class at a particular time,
such as the natural variability in a wheat field at a particular point in
the growing season; mixtures of various materials in the same area; intrinsic
temporal variations of z materialj intrinsic goniometric properties; cli-
matic and weather changes; atmogpheric effects; and detector noise. Many
of these effects can be dealt with ir a statistical manner, and using
statistical decision theory one can arrive at a signature or class identi-
fication.

The remote sensing of terrain features means that we are necessarily
receiving radiation which has passed through part or all of the Earth's
atmosphere. As a result, it has long been suspected that the atmosphere
can cause significant changes in signatures and thereby reduce the accuracy
of classification. In the current investigation, we shall comsider primarily
two atmospheric effects; changes in classification accuracy for spatially
varying atmospheres, and the target—background interaction, i.e., the
influence of background elements on the target as a result of atmospheric

scattering.

i2



A rigorous mathematical treatment of radiative—transfer in a spatially
varying atmosphere is an intriguing but extremely difficult problem.
Nevertheless, under certain clrcumstances, simplifying assumptions can
be made and a reasonably accurate practical solution can be found. In
this study we shall analyze various atmospheric conditions using a simpli-
fiad radiative~transfer model to simulate multispectral data for different
classes of materials. We can then vary the atmospheric state and see what
the resulting change is in the classification accuracy.

It turns out that the second atmospheric effect, i.e., the target-
background intersction is in many cases more important as far as changes
in spectral radiances are coucerned, than variable atmospheres. We want
to know for example, the change in spectral radiance for a target surrounded
by various patterns of background materials . Also, we want teo know under

what conditions this effect is most important.

in the mathematical derivations of the basic equations very few approxi-
mations are made. The most important ones are: 1) a uniform atmosphere, and
2y single scattering. Multiple scattering i1s included iIn the determination
of "pure® atmospheric path radiance and in the downward diffuse irradiance.
A somewhat rigorous treatment is necessary because we do not want to intro-
duce anomalous mathematical uncertainties. We do want whatever variations
occur to reflect intriamsic changes in the environmental conditions and not

be the result of mathematical approximations. In the actual analysis we have

made other assumptions however, in order to simplify the computational anzlysis.

For example, we assume a checkerboard pattern of uniform square fields each

being a Lambert reflector. The general mathematical model, however, is capable

of using any complex pattern and 2 surface with any goniometric property.

13
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A further question arises; can we develop an algorithm so as to remove
this effect from real data? The answer is yes, providing that we have
some knowledge of the atmosphere and the surface pattern of filelds. In
the last section we devise an algorithm which can be used in the analysis
of actual meltispectral data.

Having sclved these problems it would now be apyropriate to consider
both the variable atmospheric state and the interaction probiem simultaneously

in order to determine classification accuracy.

14




3

VARTABLE ATMOSPHERES

In this section we shall}gxamine the variation of radiometyic quantities
in terms of the parameters used in the radiative-transfer medel. Making
use of these parameters we will then construct hypothetical varisble atmospherie
states for which we will impiement the atmospheric correctiom zlgorithm. The
percent classification will be calculated for the wvarious atmospheric conditioms.
3.1 OPTICAL PARAMETERS

Ir order to comnsiruet variable atmospheres we will first define the basic
optical parameters which are used in the radiative~transfer model.

3.1.1 ATTENUATION COEFFICTENTS

The attenuation of a collimated beam of radiation is expressed by the
following equation:

—ka
IA(X) = IA(O) e

when Ik(x) and IA(O) are the spectral intensities of the beam at distance x and
at the origin respectively and S is called the spectral extinction coefficient.
Thig is a measure of the total removal of radiation from the initial beam as
a result of both scattering and absorpticn in the medium.

In 1924, Koschmieder [1] defined a distance {visual rangr) such that the
limiting contrast between an object and its background (pure atmosphere) is 0.02.

This definition provides us with the following useful formmla which relates

[1};. Roschmieder, Beitr. Phys. freien Atm., Vol. 12, 19,24 pp. 33-53,
171-181.
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visual range to the volume extinction coefficient at 2 wavelength of 0.55 pm:

3.912

Ky Ckmfl)
o

V(km) = (2)
where lo = 0,55, This relationship holds cver a wide range of distances
and is illustrated in Fig. 1.

For realistic atmospheres we must consider not only the gaseous com-
ponent but also the semi-permanent suspension of particulates; referred to

as tle serosol component. Thus, we have
R A 3
6y (2) = 5(=) + (@) .. @

where K?(z) is the well-known Rayleigh coefficient at altitude z and K?(Z)
is the corresponding; aerosol coefficient. Besides the volume extinction
coefficients we also have volmme absorption and voiume scattering

coefficients, i.e.,
ky(2) = a,(2) + B, (2) (&)

where the absorption coefficient ul(z) and the scattering coefficient Bk(z)
for the gaseous component is known by experiment and the corresponding

aesrosnl coefficienis are determined by Mle theory, l.e.,

-]

a‘i(z) = [ u(r,z) oi(z‘)dr (5}
G
and
@w>=junwa&ﬂa (6
0
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where n{r,z) is the particle size distribution function for particles of
radius r and oi(r} and Gi(r) are the absorption and scattering cross
sections for uniform spherical particles, Detalls of the properties of

these coefficients ware determined for realistic atwmospheres by Turner [2].

3.1.2 OPTICAL, DEPTH
A more (onvenlent parameter to nse In radiative-transfer theory than
the attenuation coefficient is the optical depth 1. This is a dimensionless

quantity which is a measure of the turbidity of the atmosphere. Mathematically,

it is expressed as Follows:
oo

Ty = Jhxl(z)dz (7)

where Ty is the spectral optical depth at altitude h. TUsing this definition,
the optical depth of the entire atmosphere, called the optical thickness TOA’

is given by
o
Tox = JKA(z)dz (8)
o
Typical values of Tox in the visible part of the electromagnetic spectrum
range from v 0.03 for clear atmospheres to v 3 for very hazy atmospheres.
From a practical standpoint, the spectral optical thickness Tox is an
easily measurable quantity. Using a spectrometer oY some multispectral
radiometric device one cam measure the spectral irradiance of the direct

sunlight, Ed(l) for a specific solar zemith angle 60(=cos*1p°) and determine

[ZJR. E. Turner, Radiative Tranmsfer in Rezl Atmospheres, Report Ho.
190100=24~7, Environmental Research Institute of Michigan, Ann Arbor, 1574.
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the optical thickness from the following formula:

O
o " Yo B TE M (9)

where Eo(l) is the known extraterrestrial value of the solar irradiance.

Making use of data cbtained from light scattering expériments in the
atmosphere, Elterman [3] constructed model atmospheres for varilous hazes.
His data relate the optieal depth for any altitude to the wavelength and
visibility.

3.1.3 SCATTERING PHASE FUNCTIONS

Another quantity of importance in radiative-transfer amalysis is the
single-scattering phase funetion DA(r,6,¢). It describes the angular
geattering characteristics of a particle of radius r and can be thought of
as a probability demsity. It is normalized such that the integral of the
phase function over all angles is unity, i.e.,

1 2%
- J ka(rae,d)) d(cosf)d¢ =1 (10)
1] =1

For particles which are small as compared to the wavelength of the incident
radiation the angular variation in bk(r,9,¢) is almost like that for dipole
scattering, i.e., v 1 + ccszx, where X is the scattering angle. For large
particles, however, the scattering is predomimantly in che forward direction.
Deirmendjian [4 ] has calculated the ghase function integrated over various

particle size distribution in order to obtain the so-called polydisperse

3

L ]L. Elterman, Vercical-Attenuation Model with Eight Surface Meteorological
Ranges 2 to 13 Kilometers., Report No. AFCRL-70~0200, Air Force Cambridge Resear-h
Laborateries, Office of Aergspace Research, Bedford, Mass., 1970.

[4] s
D. Deirmendjian, Electromagnetic Scattering on Spherical Polydi N
Elsevier, Hew York, 1965, p. 78. g P ydispersions,
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scattering phase function, W: have also run computer programs to determine
the scattering phase functions and attenuation coefficients for wvarious
atmospheric states characterized by particle sizes and compositions, A
detalled treatment of these optical parameters is heyond the scope of this

report, but can be found In the author's previous report [2].

3.2 PRADIOHETRIC QUANTITIES

The general solution of the radiative-transfer equation is the following:

L= LOT + Lp {11)

where L° is the spectral radilance at the surface, T is the spectral transmittance
from the surface to the sensor, and Lp is the spectral path radiance, i.2.,

that radiance which results from all multiply-scattered radiation along

the path from the target to the sensor. The radiative-transfer model developed

at ERIM allows one to calculate all of the quantities in Eq. (11} for various

values of the independent variables on which the radiometric quantities

depend. The explicit dependence is as follows:

L= L(}tsTDs z, @, ¢, 909 P, E) (12)
LG = Lo(As TO’ 8, ¢, eos D, 3) (13)
T = T(A, TG’ z, 9 {14)
LP = Lp(}l: TO’ z, 6, ¢'s eO’ P» p) (15)

[2]R. E. Turner, Radiative Transfer ia Real Atmospheres, Report No.
1%0100-24~T, Envirommental Research Institute of Michigan, Ann Arbor, 1974.
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where A is the wavelength, To the optical thickness, 6 the nadir view angle,
¢ the azimuthal angle between the view plane and solar plane, 60 the solar
zenith angle, z the altitude of the semsor, p the target reflectance, and

p the background albedo. In addition, for the case of perfectly diffuse

(Lawbertian) surfaces the surface radiance is givea by

where

E= E(A, TO’ 8 s Py b-) (17)

o
is the total downward spectral irradiance on the target. By specifying
various input parameters the radiometric quantities can be ecalculated.
Figure 2 illustrates thz iaput—-output characteristics of the basic radiative-
transfer model developed at ERIM.

Of all radiometric quantities the easiest to measure is probably the
direct solar irradiance. This measurement gives us the optical thickness of

the atmosphere, which in turn allows us to calculate the transmittance, i.e.,

where To is the vertical tramsmittance of the entire atmosphere. The path
radiance is vsually more difficult to measure accurately. The ideal way

to determine it is to measure the radiance of an absolutely black infinitesimal
target. Then, since the reflectance p is zero, we have, according to Eq. (11)

L = LP (18)

Although there do exist surface materials which have very low reflectances,
there is still some significant amount of radiation from the target.
In order to understand the relatiomship of these various quantities we

shall plot a series of graphs.
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INPUT

Solar Zenith Angle (Time,Date)
Zenith View Angle

Nadir View Angle

Relative Azimuthal Angle
Target Reflectance

Background Reflectance

Target Radius

Pate

' Wavelength
Base Atmospheric Temperature
Basz Atmospheric Fressure
Visval Range {Optical Thickness)
Aerosol Refractive Index
Aernsol Size Distribution
Sengor Altitude

o RS Pt GME N XD G Y W e

A}

Air Refractive Index
Single-Sca:tering Albedo
Single-Scattering Phase Function
Optical Depth

 OUTPUT

Transmifttance

Irradiance

Surface Radiance

Beam Radiance

Singly-Scattered Solar Radiance

Doubly~Scattered Solar Radiance

Singly-Scattered Surface Radiance

Path Radiance

(Multiple Scattering)

Sky Radiance (Multiple Scattering)
Total (Beam plus Pgth) Radiance

FIGURE 2, ERIM RADIAT:IVE TRANSFER MODEL
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Yigure 3 illustrates the radintion of the direct solar and downward
diffuse irradiances as a function of the atmospheric optical thickness and
surface albedo. The direct irradiance decreases exponentially and is
independent of surface conditione since it just represents the amount of
radiation which is not lost from the selar input. For an optical thickness
of zaro {(no atmosphere) there is, by definition, no diffuse component, but
as To increases, some of the energy lost by the direct beam goes into the
diffuse downward component. It is interesting to note, however, that a white
surface only raises the diffuse downward irradiance by about 30% over that for
a black surface in the case of a thick atmosphere. For a thin atmosphere,
however, the white surface produces an irradiance almost three times that for
a black surface. This effect is illustrated in Fig. 4. Tha physical
principles can be understood better by looking at the total downward irradiznce
as a function of transmittance T, This variation is depicted in Fig. 5. Yor
darker surfaces the irradiance decreases with increasing turbidity because
less radiation is able to reach the surface. On the other hand, for brighter

surfaces, more radiation is reflected and is essentially trapped under the

ever thickening turbid atmesphere.

All of the radicmetric quantities are interrelated, sometimes in a
rather complicated way. Figure 6 illustrates the dependence of both
radiance on irradiance for various transmittances and surface albedos.

It is interesting to note that both of these quantities depend upon surface
albedo linearly. Also, for larger values of transmittance we see a very
large change in path radiance but a corresponding very small change in

irradiance.
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For practical cases of transmittances which are usually encountered
we can relate them to visual ranges. This is shown in Fig. 7.

We should now examine the total radiance. If we let the background
aelbedo be held constant and vary the target refliectance, then the total
radiance increases in a lineay way as depicted in Fig, 8. Likewise, holding
the target reflectance constani, we can see the effect of a variation iv the
background albedo. This effect is illustrated in Fig. 9 for four atmospheric
states. It should be noted from both of these graphs that there exists a
wide wange of atmospheric states and a very small range of reflectances which
can give approximately the same total radiance, i.e., given a certain
reflectance, we can have almost aany atmospheric state and the total radiance
remains the same.

We can examine the dependence of total rvadiance on the irradiamce. This
relationship is 1llustrated in Fig. 10. The dependence of each on reflectance
is linear but for specific transmittances the dependence is defipitely non-
linear. For example, for a surface with a reflectance of 50% the radiance
decreases with increasing transmittance up to a poimt, but then the radiarce
increases rapidly with a small increase in transmittance. If, however, the
surface reflectance is very high, say 100%, then the radiance increases as the
cransmittance increases. These effects are due to the fact that darker surfaces
will get darker as the haze decreases but brighter surfaces will get even
brighter. It should alsc be noted that if the totai radiance is measured
from a sensor aboard a sateliite and the transmittance is determined, then a
unique value for the reflectance exists. This is true however, only for p= p.
Nevertheless, the same prcceduré can be followed for more general sonditions
in which p # p. It is a mathematically well-determined problem since the

irradiance is also a measurable quantity.
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Dependence of Total Spectral
Radiance on Surface Albedo and
Optical Thickness for a Target
Reflectance of 0.2,

Wavelength = 0,55 um,

Solar Zenith Angzle = 60°
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TOTAL RADIANCE (mW/cm’~ster—-ym)
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Finally, we can analyze the relationship between total radiance and
path radiance (Fig. 11j. Thus, for dark surfaces a hazy atmosphere produces
a higher total radiance and path radiance than for clear atmospheres. For
bright surfaces, however, the total radiance for hazy atmospheres is less
than that for clear atmospheres. This effect is demonstrated by looking
at ERTS photography (Turmer et al., [51).

. It is assumed that in any analysis of multispectral data the wavelength,
altitude, and geometric conditions are known. The ynknown variables are
optical thickness Ty? target reflectance p, and background albedo p. The
values of these variables can be determined, however, by simultaneous
measurement of the quantities L, Lp, T, and E. Thus, for uniform surfaces
the state of the atmosphere and surface reflectances can be determined by
analyzing multispectral data and auxiliary data. It is not always practical
to measure the auxiliary data, however, and also the usual surface pattern is
not uniform. The wmovre complex case of a non-uniform surface will be treated
in a later section.

3.3 CORRECTION ALGORITHM

We shall now consider a method which will allow us to eliminate the
variable effects of the atmosphere. For simplicity, we shall investigate
the case of satellite remote sensing, i.e., at an altitude where the optical

depth is zero. The basic equation for total radiance is then

L(o, u, ¢) = Lo(ro. us, $)T(o,u) + Lp(o, Us$) (19)

5

[ ]R. E. Turner, W, A. Malila, R. F. Nalepka, F. J. Thomson, Influence
of the Atmosphere on Remotely Sensed Data, Proceedings of Society of Photo-
Optical Instrumentation Engineers, 1975.
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FIGURE 11 3l

DEPENDENCE OF TOTAL RADIANCE ON PATH
RADIANCE FOR VARIOUS TRANSMITTANCES 4
AND SURFACE ALBEDOS. SOLAR ZENITH

ANGLE = 30°, NADIR VIEW ANGLE = 0°,
WAVELENGTH = 0.55 um
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where the zero means T = 0. The surface radiance is given by

o gty
Lo(1goksd) = J I u‘o(u,¢,u'.¢')[Lsun(ro.-u',¢') + Lsky(ro,—u',¢')]du'd¢‘
o

o

where the direct scolar radiance is
-t /u

L (Tgo=ts®) =E e ° 8Cu-n) 8(4-4,) (21)

and the second part of Eq. (20) is defined as the diffuse sky radiance

LD(H.¢). Hence, we have

o §
o/u

L (tsus8) =uE e © % oCuémn,0) (22)

for a general surface. We can now define an intrinsic radiance LI(U’¢)

as being that radiance which we would get if no atmosphere were present, i.e.,

Ly (n9) = HE, P(usds=u 50 ) (23)
Thus, Eq. (19) becomes
L(o,u;¢) = LI(U:¢)T(°9UO)T(OQU) + Ln(us¢)T(°au) + LP(O.u.¢) (24)

The intrinsic radiance can therefore be put in the form

LI(U:¢) =R (usuo) L(o,us¢) - S (u’uos‘p) (25)

where LI(u,¢) is the "corrected" radiance and L{o,u;¢) is the measured value
obtained by remote sensing. The correction functions R(u,uo) and S(u,uo,¢)
are either detzrmined experimentally or by model calculations. If we assume
Lambertian surfaces then the correction functions can be calculated easily.

In this case

Ly (o) =& (26)
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where E  is the downward diffuse irradiance on the target. The intrinsic

radiance in this case becomes

-l 27
LI(U|¢) p UOEO ( )
Now, we also have
E =E_ - uEBTW) (28)
where é_ is the total downward irradiance on the target. Using these
relationships on Eq. (24) we get
R(uvuo) o 2 ~
T(u ) [T(W)-1] + E_/u E_ (29)
S(usugs9) = R(usu ) Lp(o,u.d») (39)

where all quantities in Eqs. (29) and (30) are easily measurable except

the path radiance.

Standard procedures were developed (Turner & Spencer [6], Horvath et.al.,
[7]1) for the correction of multispectral satellite data for atmospheric variations
involving sun angle, surface albedo, and atmospheric trar-—ittance. The methods
L]

are not as general as the procedure described above but go provide the user with

a simple algorithm which can be used to quantify the atmospheric variations.

3.4 VARTIATION GF PARAMETERS
In order to understand the variation in multispecrtral data as a result
of a variable atmosphere we will construct an atmospheric state and calculate

radiance at various points of the scene. These will then represent the actual,

IG]R.E. Turner & M.M. Spencer, Atmospheric Model for Correction of Spacecraft Data,
Proceedings of the 8th Int. Conf. on Remote Sensing of Env., Ann Arbor, 1972

[71R. Horvath, M. Spencer, & R. Turner, Atmospheric Correction & Simulation of Space
Acquired Remote Sensor Data: 0.4-1.0 pym Spectral Range, Report 10657-5-F, WRL,
Institute of Science & Tech. Univ of Mich. 1972.
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measured radiance for a specific atmospheric conditicen. Then, selecting a
smaller number of points which would simulate auxiliary measurements of optical
thickness, we use these data points to construct an approximate surface and
then calculate new radiance. Comparing the actual with the calculated then

provides us with a measure of the atmoépheric variability.

Au we have seen, for a given visual range the optical thickness may
vary around some mean value ?;. Let us therefore consider a 21 x 21
element frame of data with a spatially constant surface albede and allow
the optical thickness to have maxima and minima at N points in the scen=2,
i.e.,

N -[aj,k(x--xi)2 + b, (y-y4) 5

vEy) = 1.+ i£1 o,e (31)

where the o is the value of the increase or decrease in the mean optical

thickness at the ith point and the a;, by are the widths of the

Gaussian distributions. Using the radiative-transfer model we can cal-
culate the-actﬁhl radiances for this surface at any point (x,y). Then,
choosing n sample points corresponding to optical thickness measurements
we determine che corresponding ro(xj,yj), (j=1,...n) and using regression

analysis determine the best surface through the n points. As n “ncreases

the radiances as calculated by using the regression surface should approach

those determined by the exact calculation.

Case I: Four Point Atmosphere

As an illustration of this method let us consider the simplified
case of circular contours at four points in a 21 x 21 frame. Thus
a, = bi = a for all i. We shall consider two visibilities with
fluctuations in the optical thickness surface consistent with Eq. (31).

The parameters are given in Table 1.



TABLE 1. PARAMETERS FOR MULTI-GAUSSIAN

V =10 km (?o = 0.611)

OPTICAL THICKNESS SURFACE

V=23kn (?o = 0.379)

i X ¥i oi Xy yi 9y

1 6 6 0.072 6 0.038
2 6 16 0.241 6 i6 0.125
3 16 6 -0.241 16 6 -0.125
4 16 16 -0.072 16 16 -0.038

The smaller absolute quantities correspond to a 15 per cent fluctuation in

the aerosol optical thickness and the larger absolute quantities refer to a

50 per cent fluctuation.

an "actual" radiance L for each of the 441 points of the frame.

Using these paramaters in Eq. (31) we calculated

~

inen

selecting n(<441) points according to the arrays shown in Fig. 12 we used

regression analysis to determine the best surface through the n points,

Using this surface we then calculated radiances Lc for each of the 441 points.

x x x N x
¥ x x ® x S SR Gl
» x TR Ut
o e e
(1) (5) (5) (9 (25)
FIG.12, OPTICAL THICKNESS EXPERIMENTAL ARRAY

33



If the T regression surface corresponded exactly to the known = surface
all the radiances should be the same. In reality there is a spread. For
the 1, 9, and 25 sample cases we plot histograms in Fig. 13. As can be
seen there is a considerable improvement as the number of "experimental"
sample points increases. Figure 14 illustrates the difference between the

two arrays involving five sensors. Tigure 15a illustrates the spatial

variation in the actual radiance based upon the actual L surface (Fig. 15b)

according to Eqn. 31. The large peak occurs in the lower left corner and
the big valley is in the uppar right corner. For n=1l, i.e., only one
sample point in the center of the frame the regression surface is a plane.
Hence, a contour plot of Lc/La should merely reflect the variation of the
L7 surface. This is demonstrated in Fig. l6a. For the two cases of five
sensors, however, the ratio varies somewhat as is illustrated in Figs.

17a and 17b. The regression surfaces in these cases are quadratic in

the x direction but linear in y. For the nine sensor array there is

some improvement as shown in Fig. 16b. Finally, the 25 sensor case is
depicted in Fig. 18. Here the regression surface is a plane instead of

a two-dimensicnal quadratic. This undoubtedly arises because of the
symmetry introduced by our original choice of a multi-Gaussian surface.
Hence, the improvement is less than in the nine sensor case. This means
that one really should use regression analysis for much higher order
algebraic surfaces or for multi-Gaussian regression surfaces. Such
analysis is now continuing. As proof of the concept that an increase in
the number of sensors does not lead to improvement for quadratic surfaces
we used 49 sensor points. Here the result was still another plane surface

with a result similar to that for the n = 25 case. Additional runs were
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made, this time using a visual range of 23 km. The results are depicted
in Figs. 19 and 20. As before, the number of points cluster around a
ratio of one.
Case II: Two Point Atmosphere

We now consider a different atmospheric state, this time characterized
by one large peak and a large valley at points within a frame such that
the symmetry is broken. An illustration of this case is given in Fig. 21b
where a large peak is in the upper left section of the frame and a valley
is in the lower right section. The corresponding radiance surface is
shown in Fig. 2la. Again, selecting 1, 5, 9, and 25 sensor points and
calculating a regression surface, we determined the calculated radiance-
to-actual radiance ratio. This is plotted in Figs. 22 and 23 for a visual
range of 10 km and in Figs. 24 and 25 for a visual range of 23 km. Here
we see a definite improvement as the number of sensors increases because
the regression surface more nearly matches the actual surface. In this
case that occurs because we have less symmetry than in the four point
atmosphere. This is also obvious from the contour plots of Figs. 26a,
26b, 27a, 27b, and 28. For n = 1 there is a plane regression surface
and hence the ratios follow the contour of the 4 surface. Forn = 5, 9,
and 25 however, the surface is approaching unity as we are finding a better
approximation to the actual To surface.

Hence, what has been demonstrated so far is that there is considerable
improvement in the determination of intrinsic radiances if enough sensor

points are included in a scene and if there is a lack of symmetry. Lack
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of symmetry may not be required, however, if we can use higher order
regression surfaces. In general, we should be able to improve the
contours by using a very high order surface but there remains the
prcblem of using that surface outside the convex region bounded by the
Sensors.

Also, we need to investigate a spatial variation of the surface
albedo along with an atmospheric variation. The change in Wy the single-
scattering albedo should also be studied.

For rapid computer processing of actual data we need a more efficient
method than the evaluation of R and S correction functions for each pixel.
Therefore, instead of determining Tia o, and W, surfaces and then cal-
culating the R and S functions we can determine irradiance, path radiance,
and total radiance surfaces by regression analysis using sensor sample

points. This should decrease the processing time considerably.
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3.5 CLASSIFICATION ACCURACY

In this section we shall determine the classification accuracy for
a realistic scene with ;ariable atmospheres. We shall first consider the
effect of a horizontally inhomogeneous atmosphere on the classification
accuracy when using typical spectral signatures. Actually, there are two
effects attributable to the atmosphere which can cause a change in the
classification accuracy and they may or may not be separate. If the
atmosphere is constant in the horizontal plane then there can only be.a
mixing of the signatures as a result of surface radiation from elements
outside the sensor's field of view being scattered by the atmosphere into
the field of view. This effect which we shall call the interference effect
will be treated in considerable detail in the next sectien.

In the more general case of a variable atmosphere the radiance may
change throughout the entire scene as a result of the interference effect
mentioned above and also because the atmosphere over a given target is
quite different from point to point within the scene. For purposes of
clarity we shall neglect the interference part of the atmosphere here and
consider variations due to horizontal changes in the atmospheric state.

A spatially constant atmosphere produces no change in the spectral

transmittance, spectral irradiance, and the spectral path radiance, i.e.,

L(X,¥,25H,¢) = Lo(st:u’q’) T(z,u) + LP(zau’¢) (32;

where.Lo(x,y,u,¢) is the spectral radiance of the target at the surface
point (x,y); T(z,u) is the spectral transmittance from the surface to the

altitude z; and LP(z,u,¢) is the spectral path radiance at altitude z.
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The view angles are e(ncos-lu), measured from the nadir, and ¢, the azimuth
angle between the view plane and the solar plane. Thus, if we neglect the
atmospheric interference effect ther the only effect of a constant atmosphere
is to decrease the intrinsic target radiance and inzrease the path radiance.

For a spatially variable atmosphere we have for the sensor radiance

L(x,¥52z,u,¢) = Lo(x’y’"’¢) T(x,¥,25u59) + LP(X’sz)UﬁP) (33)

where the transmittance and path radiance are now dependent upon the position
in the plane. The surface target radiance Lo(x,y,u,¢) will vary not only
because of the intrinsic change in surface materials with distance but also
because the irradiance falling upon the target is different due to the over-
lying variable atmosphere. For a wide range of atmospheric states, however,
the irradiance changes very little and we will assume that it is constant
throughout the entire scene.

We shall now consider some specific examples of the effect which variable
atmospheres have on classification accuracy. The accuracy of classification
can be measured by comparing actual data at a given point in a scene with a
standard distribution obtained by generating the means, variances, and
covariances of real data for known materials or classes. Real data were
obtained from soybean and corn fields in Livingston Co., Illinois for am
atmosphere which had an estimated visual range of 23 km. The means and
standard deviations were determined and 25 data points were selected at
random from the Gaussian distribution for each simulated field in the scene.
The field configuration is illustrated in Fig. 29. 1In field Cl some of the
sample points were closer to the mean value of soybeans than for corn and
these were classified as soybeans. Hbst of the points (88%), however were

classified as corn.
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87.6% of corn and 87.1% of soybeans recognized correctly.

FIGURE 29
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The next case simulates a variable atmosphere in which the visual range
charges from 23 km at the top of the scene to 13 km at the bottom of the
scene, (Fig. 30). Each data point was then altered according to Eq. 33
and new classification accuracies were determined. This amounts to using the
top row of fields (V=23 km) as training fields in order to determine the
signatures. This time the percentage of classification changed slightly
*“roughout the scene and in some cases actually increased. We then used
signatures obtained from the entire scene instead of from the top row of fields.
The classification accuracy is shown in Fig. 31 where we see little change

from the previous case.

We then used an atmosphere in which the visual range changed from
23 km at the top to 8 km at the bottom. The same procedure was used as
before and the resulting classification accuracies are shown in Figs. 32
and 33. Here we see a slightly greater change in the percent classifi-

cation accuracy.

All these results can be summarized by a histogram plot of the number of
fields with a given classification accuracy. This is illustrated in Fig. 34
for the three cases considered. It is clear that the distribution peaks more
strongly as we go to clearer atmospheres, i.e., the recognition decreases
for hazy, variable atmospheres.

It should be realized that no correlation was used in the above analysis,
i.e., it was assumed that the soybean and corn fields were statistically
independent. Also, a steeper atmospheric gradient could exist in reality and
absorption by particulates should be considered. Also, as we shall see in
the next section the interference between scenes caused by the scattering of
radiation can be significant. This effect has not been included in the above
apa;yg;s. élthough_tye_change in irradiance is small, the corresponding change
in classification accuracy if this effect wére included could be significant.
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86.2% of corn and 89.1% of soybeans recognized correctly.
Signatures obtained from V = 23 km data set.

FIGURE 30
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FIGURE 31

63

87.6% of corn and 87.8% of soybeans recognired correctly.
Signatures obtained from this data set,
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Case 3a: Non-uniform atmosphere, V = 23 km (at top) to 8 km (at bottom).

83.6Z of corn and 90.9% of soybeans recognized correctly.
Signatures obtained from V = 23 km data set.

FIGURE 32
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Signatures obtained from this data set.

FIGURE 33
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Case 1: Uniform atmosphere, V = 23 km
Mean recognition = 87.6%
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Case 2: Non-uniform atmosphere, 13 < V < 23 km
Mean recognition = 86.2%
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Case 3: Non-uniform atmosphere, 8 < V < 23 km
Mean recognition = 83.6%
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NUMBER OF FIELDS VERSUS CLASSIFICATION ACCURACY

FIGURE 34
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4
TARGET-BACKGROUND INTERACTION

In this section we shall consider an atmospheric effect which under
certain circumstances can be more important in multispectral data pro-

cessing than the spatial variation of the atmosphere treated in the

previous section. It has been notad, Nalepka et al. [g], that there is
an influence of the background on the target. Such an effect is to be
expected, particularly for hazy atmospheric conditions since radiation
reflected from surfaces outside of the instantaneous field of view will
eventually find its way into the sensor as a result of atmospheric scatter-
ing. In this section we are concerned with the quantitative determination

of this interaction effect.

4,1 THE GENERAL EQUATION

In a mathematical analysis of a problem as complex as the transfer
of radiation through a medium wi;h inhomogeneous boundary conditions it
is important that one analyze carefully the mathematical procedures to be
used so as to understand the limitations of a model based upon these
calculations.

The general equation which is used to describe the spectral radiance

at a sensor is

L= LoT + LP - (34)

where Lo is the radiance at the target in the direction of the sensor, T

is the transmittaznce between the target and sensor, and LP is the path

[BJR. F. Nalepka, H. M. Horwitz, N. S. Thomson, Report Neo. 31650-30~T,
Willow Run Laboratories, The University cf Michigan, Ann Arbor, 1971.
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radiance, which is the result of radiation having been scattered by the
atmosphere into the direction of the senscr. In a detailed analysis of
path radiance as we shall undertake in this section it is desirable to

gsubdivide this term into additional parts, i.e.,
- 5
Lp=Lp +L, +1L, (35)
o t 8

where LP is that component which represents all multiply scattered
o
radiation which has never reached the surface, LP is the component
t

that represents radiation originating (by reflection) from the target

and being scattered by the atmosphere one or more times. The average of this
component over the solid angle of the sensor can be considered as a part of
the target radiance. Finally, LPs is the path radiance component arising from
radiatior originating from the background elements and being scattered one or
more times. These components are illustrated in Fig. 35 for the case of

single scattering.

Sensor

Target Background

FIGURE 35. RADIANCE COMPONENTS IN A SCATTERING ATMOSPHERE
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The radiance at the surface, Lo’ is not independent of the atmosphere.

In fact, it depends on the overlying medium in the following way

L (@) = J 2 p,") [Lsom(“ ). Laky(ﬁ')] da’ . £38)

where p(ﬁ,ﬁ ) is the bidirectional reflectaznce of the surface and

~

ol o 1
Laolar(n) and Lsky(ﬂ) are the solar and sky radiances at the ground.
and Q are the incoming and outgoing directions of the radiation. If we
have a Lambertian (perfectly diffuse) surface then the surface radiance

is given by

g
non R (37)

where p is the direction independent hemispherical reflectance (albedo)
and E is the total do. .weiling spectral irradiance on the target.

The pure atmospheric path radiance LP and the irradiance E will be
calculated accdrding‘to the usual radiativz-transfer model. The primary
dependence of the total radiance L on an inhomogeneous surface arises
from path radiance terms LPt and LPS; It is the determination of these
components which will be the cbject of our mathematical analysis.

4,2 MULTI-DIMENSIONAIL RADIATIVE-TRANSFER

If the atmosphere has spatial variations but has a uniform surface
we must have an inhomogeneous equation with inhomogeneocus boundary con-
ditions. On the other hand, for a uniform atmpsphere and a non-uniform
surface we also have an inhomogeneous equation with inhomogeneous boundary
conditions. We shall specialize our analysis to congider a time-independent,
spatially uniform medium in the horizontal plane bounded by a non-uniform

Lambertian surface.
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4,2.1 THE TRANSFER EQUATION

We shall consider a transport equation
HL(E,8,t) = Q(1,2,t) (38)

where L(%,0,t) is the spectral radiance at position T with direction @ at
time t and Q(?,ﬁ.t) is the source of radiation, H is a lirear Boltzmann

operator gilven by

=i
[ -4

+ 8.7 + k(E,8) - ﬁ%}‘lj p(£,8,2") ad' (39)
Q

where x(f,ﬁ) and B(i,a) are the extinction and scettering coefficients
and p(f,ﬁ,ﬁj) is the phase function. We will not go into the details of
the interesting symmetry properties of the transport equation but refer
the reader to Case and Zweifel [9 ] for such explanations, If we have
time independence and an isotropic, rotationally invariant medium then

the radiative-transfer equation is

BovL(E ) + e(IL(E,D) - EE J p(2,8-8")L(E,8")ad" = () (40)
~
Q

where Q(f,ﬁ) is the distributed source. For a monodirectional point

source of unit strength we have
Q(E,R) = §(F - ) 5(a - ﬁo) (41)

We consider the adjoint equation formed by replacing @ and ﬁ' with

their time reversed states, i.e., oy

1

ALE A +x@LE D - BB [ p@ddhna, AN’ - dah @
o

where L(,-8) is the adjoint ¢ L(E,f).

[9]K. M. Case and P. F, ZWéifel. Linear Transport Theory, Addison-Wesley
Publishing Co., 1967.

70



4.2,2 GENERAL SOLUTION
The soiution of the transport equation can be found by muléiplying
the transpor: equation by i(f,—ﬁ), the adjoint equation by L(%,2), sub-
tracting and applying Gauss' theorem, i.e.,
[vdave- 5,5 (43)
v A

where V is a volume, A is the surface area and ﬁi is the unit normal vector.

If we let
L(E,8) = 6(2,8; £_,0) (44)
and

QM) = 6(F - £) 8( - Q) (45)

where G(f,ﬁ; fo,ﬁo) is the adjoint Green's function, then using the
reciprocity relations for Green's functions we then find the general solution

to be the following:

L(E,89) = J f G(E,49; t',4") Q@',0")at'ad’
vV Q

5 J I G(2,4; ®',8") a, R4 LR',2')ea ad' (46)
A |
It should be hoted that Q(f,0) is the distributed volume source and L(R,Q)
is the radiance on the surface. Hence, Eq. (#&) is the general solution
of Che radiative transfer equation of any distribution of sources within or

on the boundary of the medium. The main problem then, is to determine the

volume and surface Green's functions.
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4,2.3 GREEN'S FUNCTION

The radiative-transfer equation that we must solve is the following:

ﬁ'VL(x,Y.Z:U:q’) + k(2) L(x,¥,2,u,9)

2r 1
o= 84:) J J P(z,u.¢.u',¢') L(st:Z’u'9¢‘)dU'd¢' = Q(x,¥,2,u,9)
0

-1 (47)

where 6(=cos—lu) and ¢ are the usual spherical coordinates of polar (or zenith)
angle and azimuthal angle respectively. In order to find the solution
L(x,¥,2z,4,9) for the distributed source Q(x,y,z,u,¢))we must first determine

the Green's function which is a solution of the following equation:

Qe VG(X,Y,2,1,0) + K(2) G(X,¥,2,H,0)

2m 1
= 84: J J P(Z.U,¢,U'.¢')G(x,y,z,u',¢')du'd¢'
0 -1
= §(x - xo) §(y - Yo) §(z) 6(u - uo) §(p - ¢°) 4 (48)

where (xo,yo, 0) are the coordinates of the surface source and 90(=cos-1uo)
and ¢o are the corresponding angles for the monodirectional source. Since

we have homogeneity in the x~y plane we can use the two-dimensional Fourier

transform, i.e.,

E(ks‘enzol-l;':) -J J ei(wzy)c(an9z:“:¢)dXdy (49)

and an inverse,

syizunt) = =25 | [ OG0 00 aka (50)
2%)" &=



Taking the Fourier transform of Eq. “%) and finding the formal solution

we get for the general Green's function transform

Ekk,l,z;u,¢) -,

£ £: 2
1;“ zcosdlk i[yo+ 1:“ zsing £

-[TO-T(z)]Iu 1[x°+
e e 8 (u=p ) G

= |m

1 ' A
3 5 1% B(z')e"[T(z Y=t (z)=ir(z-2z )]/up(z',u,¢,u',¢')G(k,£,z,u',¢')du'd¢'dz'

(51)

where A= 1-u2[k cosp + £ sing].

4.2.4 SINGLE-SCATTERING

Equation (5!) is an integral equation for the transformed Green's
function. It represents a complete solution with an infinite number of
scatterings for a monodirectional point source. Iterating once gives us
the single-scattering solution for the transformed Green's function., Taking

the inverse transform then gives us the solution, i.e.,

GS(KQYazsus¢s ,Y ol o9 ) =

0" 0" 0
z
it [B( 'y P(z' susdsuy,0,) ~[t(z')-1(2)1/u ~[t =tz )1 /u,
i J z = e e
o
0

f-u2 L3 A2

z'cos:bo - —lEH—(z—z')cos¢ 8 oo P

i

(z-z Yeiné|dz'. (52)
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The geometry appropriate to Eq. (5%) is illustrated in Fig. 36. An
observer or sensor is located at point (x,y,z) and receiving direct radiation
from the point (xs,ys,O) on the surface, kadiation also emanates from either
a target or background point source designated by (xo,yo,O), is attenuated
to point (x',y',z'), and is then scattered into the direction (6,¢) and is
attenuated to point (x,y,z).

4.2,5 SURFACE PATH RADIANCE

Since we have no volume scurce of radiation we consider our only source

to be the surface. Hence, the solution is
LP (X,57,2,1,¢) =
s

2n 1
J J J J GS(XDY»z|u1¢; :yosu°s¢o)uo L(xoiyoa"osq’ )du d¢ dx dy (53)
¥

Inserting the singly-scattering Green's function and carrying out the inte-
gration over the angular coordinates we find the path radiance arising from

the surface to be

LP (X,¥:2,u,¢) = U*B ﬂf_zl P(Z' »COSX)
z

4ﬂu

“lt(z) =@ /u ~[1 -1z /" Rt
x e e L(x sy ¥ »¢ )dz dx dy (54)

where

b — — (55)

2
(z-z )cos;] + [;;y + (z-z )31n¢ + z'z
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FIGURE 36, GEOMETRY FOR SINGLY SCATTERED SURFACE RADIATION
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and

1- 2 1
B (z=z )sing

ry. ¥

2
j_z_ Los
1-p f 1-u
l;-xo i e )COSJ +[y-y° % e

The angle ¥ is the scattering angle.

2
(z-z’)sin%]

Equation (54) is therefore a mathematically exact formula for that
portion of the path radiance which arises from radiation reflected from the
surface and is single-scattered. The total spectral radiance at a sensor is

then given by

L(x,¥,2,H,¢) = Lo(xs’ys’u’¢)T(z'u) i LP (z,1,9) + LP (X,¥52,u,9)
4] s

where LP (z,¢,$) is the pure atmospheric path radiance and Lo(xs,ys,u,¢) is
the surf:ce radiance.

Before we analyze the effect of background on target via atmospheric
scattering we shall look at another effect associated with the finite
aperture of a sensor. In order to determine the mean radiance received by
a sensor with a finite opening angle es we must integrate the total radiance

over that angle, weighted by the cosine, i.e.,

u L(u,¢)dudd

u dudé

(56)

(57)

(58)
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The question arises, if BS(=COB_1

us) is measured in milliradians how much
does L(p,9) differ from -1 If part of the instantaneous field of view
lies near a highly reflecting area then it is possible that a significant

difference does occur. The various components of interest can be illustrated

as in Figure 37.

FIGURE 37. RADIANCE COMPONENTS FOR A FINITE APERTURE
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In a previous study, Turner [2], it was assumed that all radiation from

the surface was scattered along the direct ray from the center of a target
to the sensor. This corresponds to components 1, 2, and 3 in Fig. (37).
The first component is the directly at*:anuated radiation from the surface,
the second is the singly-scattered radiation from the target, and the third
is the singly-scattered radiation from the background. Likewise components
4, 5, and 6 are the corresponding components for radiation being singly-
scattered within a crne. For hazy atmospheres the radiation is strongly
peaked in the forward direction and therefore the radiance decreases quite
rapidly as a function of angle, If we evaluate the radial integrand of the
path radiance we find that it decreases as in Fig., 28. It should be noted
that the largest part of the integrand lies within 80 cm or so of the
instantaneous point of view. Hence, for a resolution element of “80 m on a
side, corresponding to the LANDSAT field of view we see that the edge effect
is very small.

Although the value of the integrand decreases rapidly with increasing
angle, the value of the total integral or the path radiance will increase
due to the fact that more surface area is being included as the distance
increases from the center. This effect is illustrated in Fig. (39) fer three
different atmospheres. It should be noted that 60% of the contribution is
reached at a distance of 0.8 km or ten LANDSAT pixels for a hazy atmosphere
whereas 60% of the contribution occurs at four LANLSAT pixels for a very hazy
atmosphere. Thus, although the total effect is less for a clear atmosphere
than for a hazy atmosphere it is necessary to go out to greater distances to

obtain the same percentage contribution. This is due to the fact that the

[213. E. Turner, Radiative Transfer in Real Atmospheres, Report No.
190100-24~-T, Envirommental Research Institute of Michigan, Ann Arbor, 1974.
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probability for scattering is less for a clear atmosphere but the probability
that the radiation is scattered at a large angle is greater because of the
smaller degree of anisotropy in the singleé-scattering phase function. This

effect is illustrated in Fig. 40. Hence, the total effect of a background

-

Isotropic and Rayleigh Functions
are Muiltiplied by Ten

30° 60° 90° 120°
330° 300° 270° 240°
/ /—lsotropic

i Water Aerosol
(A = 0.45 um)

Incident
Direction

\—-Rayleigh

-

1

3300 3000 2700 2400
300 60° 900 1200

FIGURE 40 ANGULAR DEPENDENCE OF SINGLE-SCATTERING PHASE FUNCTIONS IN
ANY AZIMUTHAL PLANE

is important and we should now consider a more realistic surface pattern

characteristic of agricultural areas.

4.3 SIMULATION OF SATELLITE DATA

We shall now consider surface conditions which are more realistic than

those used in Section 3., There we assumed a uniform surface with a background

all composed of the same material. In this section we apply the mathematical
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technique: of Green's functions in order to simulate satellite multispectral

data appropriate to extended agricultural areas.

4.3.1 REFLECTANCE PATTERNS

Using the mathematical methods of the preceding section we can calculate .
the singly-scattered radiance from any complex pattern of reflectance elements.
For computational simplicity, however, we shall consider a simple checkerboard
pattern of square fields with the target being the center square. The radiance

in a vertical direction at space altitudes is given by
L(xfin’¢) = Lo(xf:st¢)T

+ Lpo(xf.yf.¢) + LPS(xf.yf.¢) (59)

where (xf,yf) is a point within the target square¢. For homogeneous atmospheres

Lp (X£5¥¢5¢0) = Ly (4). (60)
o o

The surface path radiance, LP is
s

LPs(xf’yf,¢) = J J F(fost¢sxosy°) dxodyo (61)

Xo. Yo

where we must integrate cver the entire surface, (xo,yo) being any point
on the surface. The quantity F(xf,yf,¢,xo,yo) is given by
b
L
2k 8(z ) ' % %y *3
F(xf'Yf¢sxo:yo) 4 [ iy p(z 50,u%,07 ) X
0

“[t(z")=1(2)] ~=[1_~t(z")]/v*
e : e ° Lo(xo,yo,u*,¢*)dz' (62)
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where

u* = % (63)
\/Qxf-xo)z + (yf-yo)2 +z'?

% 1 ¥¢ (64)

2

= gin

¢

2 2 A
(xf-xo) g (Yf yO) * 2z
In the case of Lambertian surfaces
E
L L5 (65)
o T
where pij is the reflectance of the (i,j) square, Hg is the cosine of the solar
zenith angle, and E is the irradiance. The surface path radiance is therefore

given by

1)
L, (¢) = Poal 6
P i=1 j=1 13743 668)

when Iij is the integral over the (i,j) square. It should be noted that
the integrals Iij are independent of reflectance so that the lengthy compu-
tations for these integrals need only be done once for a specific set of
wavelengths, atmospheric states, and fiéld «izes. Any number of reflectance

patterns may then be considered by multiplying each pij by each I If we

$4°
look at the origin of coordinates, i.e., at the center of the tirget square,
then by symmetry

L

R + + + + ¥
e_ " Poo’oo LS e L LR G e S R T (67)

«
.

mh0g g PPy g F Ly g 0 g g) B 2Oy 8oy = S0i50ad] Ty
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where the 61j

It should be noted that only (N-1)(N+5)/8 integrations need be performed

are Kronecker deltas and poo is the reflectance of the target.

for an N by N grid.

We considered three aimospheri: staces characterized by visual ranges
of 3 km, 10 km, 2rnd 40 km corresponding to very hazy, hazy, and relatively
clear conditions respectively. The wavelengths chosen are those corresponding
to the centers of the four ERTS channels, i.e., 0.55 ym, 0.65 um, 0.75 um,

and 0.95 ym. It is assumed that the sensor is looking in the nadir direction

from space at fields in the midwestern part of the United States on 24 June
1975. The atmosphere is uniform over the extended area and cocntains no
absorbing particulates. We chose, for computational convenience, a 19 by 19
grid, i.e., 361 square fields, each 2 pixels or 160 m on a side. Thus, each
field cortains 4 resolution elements. Configuration 1 is depicted in Fig. 41.
We consider a target in the center of the grid and a variable background.

A new reflectance is iragined as moving in from the right, column-by~-column
unti. . completely overtakes the original background. Configuration 2 is
depicted in Fig. 42. Here we consider a new background which is expanding
outward from the target field, ring-by-ring until the original background is
completely overtaken. Any configuration is possible but we shall consider

these two examples.

First, we analyze a black target and a variable black-white background.
Figure 43 illustrates the variaéion in the ratio of the surface path radiance
to the pure atmospheric path radiance as a white cover advances over the
scene, It is assumed, however, that the target is always black. It should
be noted that there is a very large increase only after the white cover

passes the target and then approaches an asymhtctic value. Figure 44 illus-

trates the spectral variation of the same ratio., It is almost linear with
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wavelength but the slope of the curves is quite different depending on the
amount of white background.
Second, we shall consider the same configuration only this time we have
a variable wheat-grass background where reflectances for healthy, mature wheat and
grass were used., This would simulate a scan across a wheat-grass boundary.
Figure 45 illustrates the effect. Pure wheat means that the entire scene is
wheat. Edge of wheat means that we are looking at a wheat field target with
one half of the scene covered by wheat and the other half by grass. As we
cross over the boundary to the grass one can see that a large change occurs
due to the dominance of the radiance from the target itself. Then as we

progress further into the grass region the radiance changes slightly.

Third, we consider a wheat target being surrounded by rings of grass.
Figure 46 depicts the variation in the spectral radiance in this situation.
We heve a wheat field surrounded by a black background. Then we have an
all wheat scene which clearly illustrates the magnitude of the background
interference. It should be noted that this represents about 90% of the
radiance possible, i.e., an infinite plane of wheat would raise the values
oy 10%. The third curve represents a wheat field surrounded by a total
grass scene. The percentage change is significant but this will have to
be translated into actual signatures before classification accuracies can
be de-ermined.

Fourth, it is perhaps more useful to consider the per cent change in
radiance from one configuration to another. Let us imagine a wheat target
surrounded by a grass bac“ground. Figure 47 shows that there is about a
25% change in channel 3. Now, if we have a wheat target and 'he next ring
of elements (fields) is also wheat with the rest of the surface being grass,
then the change is only ~17% in channel 3. It continues to decrease, of

course, as we add more wheat to the area surrounding the target.

89



90

.95

0

4v

FIGURE 45
TOTAL SPECTRAL RADIANCE AS A FUNCTION

OF A VARIABLE WHEAT-GRASS BACKGROUND
FOR A WHEAT TARGET AND A GRASS TARGET,
SOLAR ZENITH

VISUAL RANGE = 10 KM,

ANGLE = 31°

8

| EDGE OF WHEAT

0.75

0.65

2T
1

L33

Lt

=ik

3] so3ss EET e 13823 a3 BN

2%s

(uri-123 mINBu JMm) FONVIAWVH

WAVELENGTH (um)



WHEAT SURROUNDED __|

91

~0.95

T
{
'
3
i

1
|
{

1

s e
E

BY GRASS

B |
ol

1

|~

NS (3058 Lkl

i Al

i

B

SOLAR ZENITH

32 RN

0.75

AND GRASS BACKGROUND

FIGURE 46
VARIATION OF WHEAT RADIANCE FOR A

WHEAT,

VISUAL RANGE = 10 KM

ANGLE = 31°

BLACK,

0.65

s+

pady o}

vor fawdi bt i n

¥
Hi

(ur-~a193 B~ o /-@) FONVIaVE

WAVELENGTH (um)

0.55



4

FIGURE 47

PER CENT CHANGE IN TOTAL RADIANCE
FOR A WHEAT TARGET SURROUNDED BY

RINGS OF WHEAT AND GRASS.
SOLAR ZENITH ANGLE = 30°,
VISUAL RANGE = 10 km

FETRI RN ERARE ARE 22 RasTe IREES ERERS

4

e 48

ITes

4

H

PER CENT CHANGE

1

...
pET s sx ey ot

TierEe

15

1

|

338 o

Ihas] tRett

WAVELENGTH (um)



How much dces the per cent change vary as a function of sun angle?
This is illustrated in Fig. 48 for four solar zenith angles. There seems
to be a maximum effect in the range 60 ~ 300—600, which is also the range
of sun angles for which most data are collected. .

In order to see the simultaneous change in total radiance and surface

path radiance we can plot one versus the other for all four chammels. This

is depicced in Fig. 49. We go from an all wheat area to a wheat field

surrounded by grass. The length of the displacement depends upon visual range;

the gréater the visual range, the smaller the line segment. Thus, for nc

atmosphere the line segment is zero.

The greater the reflectance of the background relative to the target,
the greater is the change in total radiance. Thus, for a dark targe:
such as soill or loam the change can be quite large. This is shown in
Fig. 50 fsi soil being surrounded by various amounts of grass . A corre-

sponding LT vs. L. plot is depicted in Fig., 51.

Ps

In order to see the per cent change for various materials we can analyze
wheat targets with grass backgrounds, soil targets with grass backgrounds,
and diseased wheat targets with a wheat background. This dramatic effect
is illustrated in Fig. 52.

What is the effect of different atmospheric states on the radiance
values? 1In Fig. 53 we consider soil targets with various backgrounds. As
is to be expected, the change increases with increasing turbidity, or

decreasing visual range.
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Fin. 'y, we should ccasider the varicus components which make up the
total raétanc. Figure 54 illustrates the spectral vaiiation of the beam

radiance LB’ the pu. > atawvepheric path radiance LP , the surface path
o

radiance LP_’ and the to.. 1 radiance LT' Although the dominant term is

the beam raZiance, the surface path radiance is by no means insignificant.
For shorter wavelengths or smaller visual ranges the multiply scattered
surface path radiance can be expected to increase. Thus, the background can
certainly alter the total radiance. The pure atmospheric path radiance is

independent of surface conditions and decreases monotonically with increasing

wavelength.
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5
INTERACTION CORRECTION ALGORITHM

In this section we shall develop mathematical techniques which can
be used to correct actual multispectral data for the interaction effect.
It is assumed that the atmosphere is homogeneous in the horizontal plane
but the flat surface may have any degree of spatial inhomogeneity.
5.1 GENERAL SURFACES
We shall firét consider general, non-Lambertian surfaces. The general

equation is
L(E,0) = Lo(fs,ﬁ)T(?,ﬁ) + Lpo(f,ﬁ) + Lps(i,é) (68)

For homogenecus atmospheres

T(E,8) = T(z,Q) (69)

LPo(f,ﬁ) = Lpocz,é) (70)
Thus,

L(E,,2,0) = L (E,,T(z,2) + Lpo(z.ﬁ) + LPB(?p,z,ﬁ) (71)

where the vectors ?p and is are illustrated in Fig. (55). Now, the singly-

scattered path radiance is given by

Lps(rp,z,n) = | [ 00 G(rp,z,ﬂ; £ .2) L (Y, )dr d2 (72)

J

Taking the Fourier transform of Eq. (71) leads to the following equation:

.

S sl ke 3
L(k,z,0) = T(z,0) e Lo(i,n)

+ 202 50 L, (2,0 + I, (k2D (73)
) 8
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where the bar indicates the Fourier transform. Now, because of the trans—

iational invariance of the Green's function we get

i}s(i,z,ﬁ) = [ n- G(k,2,2,2) L (k,a,)dd (74)

Hence, we finally get an integral equation for the surface radiance >ransform,

i.e-p
n e . Akw
L = . (2m)~ &(k) (z,Q)e
L (k,®) L(k,z,0) % e LPo
: T(z,0) T(z,8)
ﬁc.‘ft
x ;(z 5 a.d G(k,2,2,8 ) T (k.8 )dd_ (75)

Taking the inverse Fourisr transform leads to the following resuit for the

corrected radiance:

Ly (E ) = —
T(z,0)
1 P T - A A & -l ~ '
- b J J nQ  G(F ,z,0,0 ) L (F, r Jda dr (76)
»
where * =T - T . Equation (76) says that we must subtract the pure
%5 D t

atmospheric path radiance from the actual data value and divide by the trans-
mittance and then subtract a modified surface radiance from integrated over
the entire surface. We have an integral squation for the corrected radiance

L(i.ﬁ) which can be solved in various ways. In particular, if we use the
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singlemscatteﬁing Green' s funct}on in Bgq. (76) then a definite (but complicated)
analytical result can bé found for the corrected radiance.
5.2 TLAMBERTIAN SURFACES

1f we assumé a perfectly giffuse (Lambertian) surface congiderable

simplification occurs in the méthematical‘metho&. "Edeation (76) then

becomes .
2 s - i*"-r‘t
e . gp @7 EE I, ) e
= = Llk,2,8 t o
LGC\-) b ~ e - H ~
T(z,Q) : o T{z,%)
i‘E-’ft .
e g(k,z) L (k)
- - - (77)
T(z,8)

where Etﬁ,z) is the transform of an isotropic Green's function integrated

over a hemisphere, ZHguation (77) can tﬁerefore be solved for i;(ﬁ), i.e.,

— - 2 Y | ' -~ i?c‘ét 3
E‘(kszsﬂ) - (2m) 8 (k) LP (z,ﬂ)] e . . o

—_— _ (o]

Lo(k) = iﬁ'? . } (78}

T(z,8) + gk,z) e

Thus, knowing the surface pattern nd the optilcal thickness or visibility
conditions one can find the transmittén&e, pure atmospheric path radiance,
and the Green's function. Invefting the abave transform then gives us the

surface radiance free of the interaction effects. The general algorithm is

illustrated in Fig. (56).
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6
CONCLUSTONS AND RECOMMENDATIONS

In the current analysis we have anal%zed two atmospherid effects,
the spatial variatioms in the atmosphere and the target—~background inter-
action, Of 21l possible atmospheric variations these will cause the
greatest change in classification accuracy.

The relationship between the various radiometric quantities which
we considered in some detail is useful for the determination of atmospheric
and epvironmental parameters which, in turn, are used in an atmosphéric
correction algorithm. Thus, a measurement of irradiance or sky radiance
along r/ith transmittance will allow certain pérameters to be estimated.

For variable atmospheres it is necessary to perform several measurements
at selected points in a scene. As we have seen in thé simulation analysis;
the greater the number of auxiliary measurement sites the better is the
agréement between actual and calculated radiances.

In the classification problem we showed that rather severe atmosphefic
optical thickness gradients are needed in ordef'to realize-ansignificant
change in the per cent classification zccuracy. It should be realized
however, that no correlation was assumed between classes and hencé thel
soybean and corn fields were statistically indefendenﬁ. Also; no absorption
was included in the simulations made. TIf remote éénsing data are collected
over a large'area or pear an urban complex then there conld vefy well ber
large spatial changes in the absorptive part of the optiéal thickness., At
first, it seems that strong gradients in the optical thickness surface are

unrealistic, but that is not the case if aﬁsorption is inciude&. Also, 1t
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was agsumed throughout that there was no interference arising between
fields as a result of atmospheric scattering. As was learned in the
next section such a neglect can affegt classification accuracy. Hence,
we conclude that if multispectral data are collected over small, homogeneous
regicns awvay from sources of polluition and in very clear atmospheres then
the classification accuracy is not preatly affected by atmospheric changes,
It should be realized, however, that these are severe restrictions. A not
inconsiderable amount of remote sensing data collection is performed under
adverse weather conditions. Also, it is becoming increasingly more diffi-
cult to fird extended areas which are completely free of aerosol absorption.
Thus, in order to extend the capability of remote sensing to a wider range
of atmospheric condiltions it seems appropriate that the atmospherie correc-—
tion procedures outlined in Section | be implemented on actual data.

Only in recent years has the effect of surface albedo been realized
to be of imporiance in muitispectrzal data analysis., It has generally been
acsumed that spectral signatures are essentially determined by the target
material. Background albedo was recognized as being of some iméurtance in
the estimation of the magnitude of path radiance but no real quantitative
analysis was done, especially for various surface patterns of fields. As
a result of the work done in the current study we are now able to analyze
the efiect of varying target~background geometry on the spectral radiance
characteristics of &z target maferial. We can consider fields of anyrsize
and simulate any complex pattern. We have found that the background changes
the irradiance on the target by a very small azmount, much less than the
effect of background on path radiance. The current analysis makes use of

fow approximations. The integration iIs dome numerically with realistic
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anisotropic phase functions and for vertical changes in the atmosphere.
This means that, as f£ar as the surface path radiance is concerned, we
have an exact formulation for a realistic, vertically inhomogeneous
atmosphere.

The results of the calculations eclearly indicate a sizable change
in the radiance from targets of standard materials such as wheat, soil,
and grass when various background materials are present, It should also
be pointed out that the effects presented here are in a sense minimal
since we cannot integrate over an infinite surface. They do represent,
however, most of the effect due to single scattering, i.e., the effects
are perhaps fifty to ninety per cent of the full valuve, Most of the
simulations considered were for a 10 km wisual range but it is apparent
from the graphs that even for high visibilities the sffect can be important.
Hence, we conclude that if remote sensing is performed without taking into
consideration the geometry and type of background elements then a false
determination of the signature may result. This is especially true for
highly variable contiguous filelds.

F¥or the variable atmospheric problem we recommend that additional
variable surfaces bhe considered, i.e., those which portray a larger amount
of absorption. Also, norn-linear optical thickness gradients in the hori-
zontal plane should be used which are more indicative of variable atmospheric
conditions near urban areas. In addition, the atmospheiic correction algorithm
outlined In Section 2 should be used on real data with known atmospheric

variabil “tv.

109



Although much has been learned in the target-background interaction
problen there are a number of things which should be done to improve the
accuracy. First, we used mean values of reflectance for the various fields.
Most of these data, however are for the leaves of plants rather than for the
crops themselves. Thus, the current model should be interfaced with a
reflectance model for the materials used., The mathematical procedures
developed herein are versatile enough to include tﬁe bidirectional reflectance
of any material. The interesting gonlometric properties associated with
some crops could then induce changes in the present results, which could
be either larger or smaller than are indicated by assuming Lambertian
surfaces.

It would be interesting to include the interaction effect with the
variable atmosphere and to see the total change in classificacion accuracy.
In any case, for a uniform or non-uniform atmosphere the classification
analysis procedures should be carried out for a complex pattern of inter-
acting fields. This simulation can be done with the present analytical
techniques.

Finally, the ifiverse problem should be analyzed, i.e., the implementation
of the interaction correction algorithm outlined in Sectiomn 5.

Tncluding all of these effects, i.e., performing correction analysis
followed by classification procedures should result in a significantly

improved classification accuracy of multispectral data.
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