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Effect of Atmospheric Conditions 
on Remote sensing of a 
Surface Non homogeneity 

The atmospheric blurring effect is a strong function of the amount of 
haziness in the atmosphere, solar zenith angle, position of the 
surface feature with respect to the local nadir direction, and 
wavelength of the radiation. 

INTRODUCTION 
ADIOMETRIC SENSORS on the Landsat, Skylab, R and other advanced spacecrafts permit con- 

tinuous monitoring of the earth-atmosphere sys- 
tem in several spectral regions with a ground-level 
spatial resolution of 10 to 100 m. Most such 
monitoring is currently confined to within 8" of the 
local nadir direction and, as such, a single space- 
craft provides data of the same geographic region at 

ing upon the contrast between the feature and its 
background, on various atmospheric parameters, 
and several directional parameters of the illumi- 
nation and viewing geometry. Such blurring ef- 
fects are well known in photography where they 
are commonly referred to as the adjacency effects. 
They arise in the development of high-contrast 
scenes. 

The relatively high resolution of the Landsat 

ABSTRACT: The effect of atmospheric conditions on  remote sensing of a surface 
nonhomogeneity is examined by studying the variations of the satellite-level 
radiance as a function of the nadir angle of a scan across the nonhomogeneity. 
The nonhomogeneity is in  the form of a square 5 k m  on  a side and with a 
Lambert reflectivity of 5 percent, and embedded in  a horizontal ground wi th  a 
Lambert reflectivity of 30 percent. The satellite-level radiances are computed 
for three different atmospheric models wi th  nil, moderate, and very large 
number of aerosol particles after taking into consideration all orders of scat- 
tering. Results are presented to  show a very significant and variable dependence 
of the contamination of the directly-transmitted ground signal on  the position 
of the nonhomogeneity wi th  respect to the local nadir direction, on the solar 
zenith angle, and on the wavelength of the radiation measured by  the typical 
Landsat sensors. 

about 18 day intervals. Agricultural and several 
other applications need such remotely sensed ob- 
servations of the Earth's features at intervals of a 
couple of days. An increase in the temporal reso- 
lution can be provided by expanding the angular 
range of the scan to about 50" (Schnetzler and 
Thompson, 1979). Even if the physical edges of a 
given surface feature such as a field or a pond are 
sharply defined, the presence of the intervening 
atmospheric screen results in a blurring of the 
edges, with the degree of resolution loss depend- 

sensors results in many data points for a fairly 
uniform field of several square kilometres. The 
atmospheric blurring effects are then clearly evi- 
dent in many scenes for which the ground-truth 
information is available. Hence, several inves- 
tigators (e.g., Cicone et al., 1979) have developed 
information extraction procedures based on an ar- 
bitrary stripping of the edge pixels, and on the 
assumption that the remaining interior pixels are 
relatively pure. Semi-empirical procedures for 
correcting the scene radiances for the background 
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effects have also been proposed (e.g., Potter, 1977; 
Ueno et al., 1978). Such correction procedures 
generally make use of the so-called weighted 
mean albedo of the background for arriving at a 
nominal value of the correction factor. 

Several investigators have looked into the ques- 
tion of the degree of purity of the interior pixels of 
a scene viewed along the local nadir direction. 
Ueno et al. (1978) suggest that, for the average 
atmospheric conditions to which their analysis is 
confined, background features located at a dis- 
tance greater than 800 m from a pixel would have 
very little effect on the purity of the pixel. Their 
statement is based on geometric considerations 
only, and takes into account the strong forward 
scattering nature of aerosol particles located fairly 
close to the ground. Otterman and Fraser (1979) 
point out that the purity of a pixel in the scene can 
be affected in a significant manner by the reflec- 
tion characteristics of pixels located at a distance 
of several kilometres, with the magnitude of the 
effect determined by several factors such as the 
relative reflectivities of the scene and the 
background, the average effective height of the 
scattering layer, the scattering phase function of 
the atmospheric constituents, and the attenuation 
characteristics of the atmosphere between the ef- 
fective scattering layer and the ground. Their 
findings are based on a single-scattering approxi- 
mation and, as such, they are only applicable to 
observations in the red and near-infrared spectral 
regions taken under conditions of light haziness. 
Pearce (1977) uses a backward-tracking Monte 
Carlo procedure for investigations of the atmo- 
spheric blurring effect in the presence of different 
amounts of aerosols, and for different types of sur- 
face nonhomogeneities. His computations are 
confined to the local nadir direction and, as such, 
there is no real scan across a boundary separating 
two different types of grounds. Furthermore, he 
expresses some reservations in intercomparison of 
results obtained from statistically independent 
runs. However, his investigation, aimed at the es- 
timation of the contamination of the central-pixel 
signal of a square surface nonhomogeneity due to 
the background albedo, clearly supports the 
aforementioned findings of Otterman and Fraser. 

In this paper, we present selected results of our 
investigation on variations of the satellite-level 
radiance as a function of the nadir angle of a 
scan across a surface nonhomogeneity. The non- 
homogeneity is in the form of a square with 25 
km2 area, and with its sides along the east-west (or 
north-south) directions. The vertical plane con- 
taining the satellite and the direction of scan 
makes an angle of 45" with the vertical plane pass- 
ing through the sun and the satellite, i.e., the scan 
is across the diagonal of the square (Figure 1). The 
Lambert reflectivities of the nonhomogeneity and 
the background are taken to be 0.05 (e.g., water) 

SUB-SATELLITE 
POINT 

TO SUN - 
FIG. 1. Schematic of the surface nonhomoge- 
neity, and of the viewing geometry. $ is the azi- 
muth angle, the angle between the vertical plane 
passing through the direction of observation and 
that passing through the sun and the satellite. 

and 0.30 (e.g., bright sand), respectively. Results 
are presented to demonstrate the dependence of 
the adjacency effect on the atmospheric aerosol 
content, on the wavelength of the radiation, on the 
solar zenith angle, and on the position of the 
nonhomogeneity with respect to the local nadir 
direction. 

Following Chandrasekhar (1950), the radiance, 
Lo, of the radiation reflected by a uniform Lambert 
ground of reflectivity, p, and illuminated by the 
direct and diffuse solar radiation transmitted by a 
plane-parallel atmosphere, is given by 

Lo = b l ( l  - PS)I% (1) 
where 2 is the back-reflectivity of the atmospheric 
model and f is related to the sum of the direct and 
diffuse flux of energy incident on the ground. The 
quantity S is a function of several parameters 
needed in specification of the atmospheric compo- 
sition, and of the wavelength, A, of the radiation. 
The quantity f and hence the radiance, Lo, are 
functions of all these parameters, as well as of the 
solar zenith angle, 8,. The p factor appearing in 
the numerator.of Equation 1 is directly responsi- 
ble for the generation of the Lo term, while that 
appearing in the denominator represents interac- 
tions between the atmosphere and the ground. If 
the area covered by the surface nonhomogeneity 
(assumed to exist in the form of an enclosed poly- 
gon) is small compared to that of the background, 
it is permissible to express the radiance of a point 
inside the nonhomogeneity by the equation 

Lg,in = bid1 - ~ o u i f ) l %  (2) 
and that of a point outside the nonhomogeneity by 
the equation 
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where pin and pout are, respectively, the Lambert 
reflectivities of the surface representing the 
nonhomogeneity and the background. 

These equations are based on an approximate 
treatment of the problem of the interaction be- 
tween a horizontally homogeneous atmospheric 
model and a nonhomogeneous Lambert ground 

, underneath. The degree of this interaction, as de- , termined from the magnitude of S, is rather weak. 
For the extreme case of A = 0.555 pm and the 
atmospheric model with very large amount of 
aerosols (model:4) for which results are discussed 
in this paper, S is equal to 0.149. Hence, a use of 
this approximation can result in an over-estimation 
of L,,i, and in an under-estimation o ~ L , , , , ~  by a few 
percent only. 

Values of % and f for several realistic models of 
the midlatitude-summer, cloudfree atmosphere 
are available from our earlier work (Dave, 1978). 
Position of a point with respect to an enclosed area 
of any arbitrary shape can be determined by the 
procedures outlined elsewhere (Dave, 1980). Re- 
sults are presented in this paper for a square 
nonhomogeneity, but the method is developed 
and tested for a polygon of any arbitrary size and 
shape. 

The radiance, L, received at the satellite level in 
a direction of observation specified by the nadir 
angle, 0, and the azimuth angle, 4, (referred to a 
vertical plane passing through the sun and the sat- 
ellite) is the sum of the following three compo- 
nents: 
C1: direct transmission of Lo,, ( x  = in or out) 

through the atmosphere; 
Cz: diffuse transmission of Lo,, through the atmo- 

sphere; and 
C3: the atmospheric radiation emerging at the top 

due to illumination of the model from above 
by the direct solar radiation, and calculated 
under the assumption that the model is resting 
on a perfectly absorbing ground. 

We then have 

The radiance, L, is a function of the parameters 
needed in the specification of the atmospheric 
composition, and also of A, Oo, 8, 4, pin, and pout. 

The C, component is given by the equation 

where p = cos 8 and rb is the total normal optical 
thickness of the model. In the presence of the 
scattering by aerosols and molecules, as well as 
that of the absorption by ozone and aerosols, rb is 
given by 

Tb = rbC.R) + TbLS.M) + rb(ad4) + Tb(a.Z) (6) 
where nusR' and rh(*sM) are the normal scattering ov- 
tical thicknessesVdue to scattering by mole&Gs 
(Rayleigh or molecular scattering) and aerosols 

(Mie or large particle scattering), respectively, and 
~ ~ ( ~ 9 ~ )  and rPZ) are the normal absorption optical 
thicknesses due to absorption by aerosols and 
ozone, respectively. 

For computing the C, component, we first 
evaluate the primary-scattering source function 
due to illumination of the atmospheric model from 
below by a Lambert ground with the specified 
n~nhomo~eneity. A procedure for computations of 
this source function is outlined in the Ap~endix. 
After representing this source function with the 
symbol J(T, p, 4) where T is the total normal optical 
thickness at a level h km above the ground, we can 
then compute the primary scattering contribution 
to C, using the following equation: 

It may be noted thatJ(r, p,  4) also depends upon 
the atmospheric composition, and also upon A, O,, 
P in ,  and pout* 

As mentioned earlier, values of the quantities S 
and f needed in computations of Lo,, are available 
from our earlier work (Dave, 1978). From this ear- 
lier work, we can also obtain values of the C3 com- 
ponent which takes into account all orders of 
scattering, and also of the radiance Lout emerging 
at the top of the model when the atmosphere rests 
on a uniform Lambert ground of reflectivity, pOup 
Using the same procedure and numerical values of 
various atmospheric parameters in computations 
of C, as those used in computations of Lout and C3, 
we can apply an approximate higher-order scat- 
tering correction to the computed values of Ca, 
and obtain the corresponding values of C2, pro- 
vided the values of C2, are computed not only 
across the nonhomogeneity, but also for several 
positions away from it where the effects due to the 
nonhomogeneity are unimportant. Accordingly, 
we compute values of C, for a number of values of 
0 in the angular range Omin - Om,, shown in Figure 
1. The higher-order scattering correction factor, k, 
at the end points Omin and Om, is then obtained 
from values of Lout, C,, C,, and Ca in those two 
directions by making use of the following: 

Having obtained values of k at the end points, its 
values for the intermediate values of 0 are ob- 
tained by a linear interpolation procedure, and 
values of Cz are then obtained after multiplying 
C, with the corresponding value of k. This is an 
approximation whose validity cannot be fully es- 
tablished without solving the transfer equation for 
a three-dimensional model. 

From the preceding discussion, it is clear that 
we have formulated the problem of the radiation 
transfer for a horizontally homogenous, plane- 
parallel atmosphere resting on a Lambert ground 
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containing an arbitrary nonhomogeneity in its 
surface reflectivity. Furthermore, the higher-order 
scattering contribution to the emergent radiation 
arising from the illumination of the atmosphere 
from below, and interaction between the atmo- 
sphere and the ground are accounted for in an ap- 
proximate manner. 

GENERAL 

Results presented in this paper are for scan di- 
rections confined to a vertical plane making an 
angle of 45", 4, with respect to the vertical plane 
passing through the sun and the satellite. The 
surface nonhomogeneity is in the form of a square 
area with a Lambert reflectivity, pin = 0.05, and 
embedded in an otherwise uniform Lambert 
ground with pout = 0.3 (see Figure 1). The coordi- 
nates of the lower left-hand corner of the 5 km 
sided square nonhomogeneity, referred to the ori- 
gin, are arbitrarily selected as 10.0, 10.0 km. Val- 
ues of C,, C2, and C3 are computed for 101 values 
of 9 in the range (Om,, - Om,,l = 1". With a satellite 
altitude of 600 km above the ground, 9,,, equals 2", 
22", and 42" for the sub-satellite point coordinates 
of (-6, -6), (-163, -163), and (-375, -375) km, 
respectively. 

Computations of the radiance of the beam re- 
ceived at the satellite level are carried out for five 
different values of the solar zenith angle, go, viz., 
0°, 30", 45", 60°, and 75", and for three different 
atmospheric models with nil, moderate, and very 
large aerosol contents. These computations are for 
the wavelengths of 0.555, 0.655, 0.7525, and 
0.8675 pm, which are pertinent to the ~ s s  and TM 
bands of the sensors on Landsat satellites. Out of 
these, only the 0.555 pm wavelength is in the ab- 
sorption band of ozone. The remaining three are 
outside the absorption band of common atmo- 
spheric gases. Our atmospheric models contain 
0.308 atm-cm of ozone. Information about the ver- 
tical profiles of aerosol and ozone used in our 
computations can be found in Figure 2 of Dave 
(1978). With the size distribution function Haze L 
plotted in Figure 3 of Dave (1978) and a refractive 
index of 1.5 - 0.01i, T~@.") = 0.09109, and rb("."' = 
0.00872 at A = 0.555 pm for model:3 with an aver- 
age amount of aerosols. The values of s""' and 
~ ~ ( " 3 '  at h = 0.555 pm are taken to be 0.09448 and 
0.02772, respectively. The aerosol normal optical 
thicknesses are zero for model:2 with no aerosols. 
The model with very large amount of aerosols 
(model:4) contains five times as many aerosol par- 
ticles as those in model:3 and, hence, its aerosol 
optical thicknesses are five times those of model:3. 

RELATIVE IMPORTANCE OF VARIOUS 

RADIATION COMPONENTS 

Values of CI, C,, C3 and L = C, + C2 + C3 are 
plotted as a function of the nadir angle, 8, in Fig- 

1 1 1 1 1 ' 1 1 1 1 1  
- 8 -  

MODEL: 3 X = 0.555 pm - 
8,=Wo 4=4S0 r-- 

I - - 
7 
9 4 -  - 
5 - 
YI \ , C I + C ~ + ~  _,/ 

- 
c3 a ---..----- -- 

2 -........ ........ - .. s............ C ?.="........... .. 
0 - 

I 

NADIR ANGLE tdeg.) 

FIG. 2. Directly transmitted (C,), diffusely 
transmitted (CI), and atmospheric (C3) compo- 
nents of the total (C, + C, + C3) radiation emerg- 
ing at the top of the atmospheric model as a func- 
tion of the nadir angle, 8. Model:3, A = 0.555 pm, 
0, = 60". I9 range: 2"-3". 

ures 2, 3, and 4 for the cases of the surface 
nonhomogeneity contained in the angular range 
2"-3", 22"-23", and 42"-43", respectively. These 
results are for A = 0.555 pm and for model:3 with 
an average amount of aerosols and illuminated by 
the sun at 60" from the local zenith. These values 
of the radiances and their components are for the 
solar irradiance of 172 mW cm-2 pm-' (Thekaek- 
ara, 1973). The angular size of the nonhomoge- 
neity as seen from the satellite level decreases 
from about 0.7", to 0.6", to about 0.4" with in- 
crease in its nadir angular distance from 2.5", 
to 22.5", to 42.5". The diagonal of the square is 
about 7 km in length and hence for the closest 
position of the nonhomogeneity (Figure 2), a 0.1" 
change in the nadir angle amounts to about a 1 km 
change in the distance at ground level. In general, 
for a point inside the square, the most significant 
contributor to the satellite level radiance is the 

1 ' 1 1 1 ' 1 1 1 1 1  
MODEL: 3 X = 0.665 .urn 

-8---7Bo=wo +=4S0 - 
B - 

Y 

........................ 
0 -, c2 , - 

I , I t  I 1  1 
22.0 22.2 22.4 22.6 22.8 23.0 

NADIR ANGLE (d.0.) 
FIG. 3. Same as Figure 2 but for the I9 range: 
22"-23". 



The directly transmitted component C, of the 
ground-reflected radiation La,, is diluted by the 
other two components. It is therefore helpful to 
work with a contamination factor, q, defined by 
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the equation 

- 
E, 

a- 

4 '  
I! 

- 1 
ij 
2 

0 

Variations of the contamination factor, q, as a 
function of the nadir angle, 8, are plotted in Fig- 
ures 5 through 7, and Figures 8 through 10 for the 
cases of the nonhomogeneity confined to the an- 
gular range 2"-3" (first or the nearest position) and 
42"-43" (third or the farthest), respectively. All 
these six diagrams are for the 0.555 pm wave- 
length radiation with each diagram consisting of 
three curves, one for each of the three atmospheric 
models described earlier. Figures 5,6, and 7 (and 
similarly, Figures 8,9, and 10) are for solar zenith 
angles, 6,, of 30°, 6O0, and 75", respectively. In gen- 
eral, values of the contamination factor outside the 
nonhomogeneity are smaller than those inside it. 
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2.0 2.2 2.4 2.8 2.8 3.0 

42.0 42.2 42.4 6 42.8 a 0  NADIR ANGLE (do@.) 

NADIR ANGLE (do@.) 
FIG. 5. Variations of the contamination factor [(Cl 
+ CI + C,)IC,] as a function of the nadir angle, 0, 

FIG. 4. Same as Figure 2 but for the 6 range: when the surface nonhomogeneity is confined 
42"-43". between 0 = 2' and 0 = 3". Different curves are for 

atmospheric models with no (model:2), average 
(model:3), and a very large (model:4) amount of 

atmospheric radiation, C3, whose importance in- aerosols. A = 0.555 pm, 0o = 30". 
creases with an increase in the distance between 

13 

11 

C 
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z 
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the nonhomogeneity and the sub-satellite point. 
The C2 component is generally smaller than the C1 9 
component, but both become comparable near the 
edges, especially for the farthest position of the c 

nonhomogeneity (Figure 4). The changes in Cz or 
L = C1 + Cz + C3 with 6 near the edge region 

E 
d 

demonstrate the blumng or the adjacency effect, z 
0 

with the radiation from the bright background 5 
spilling over the dark scene. This blurring effect is 
noticeable to a distance of about 2 km from the 
edges for the results presented in Figure 2, and all 8 
the way to the center for those presented in Figure 
4. Furthermore, some asymmetry of the blurring 

1 effect can be detected in the results presented in 
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- A - 0.565 rm 8, -75' 0 ' 46' 

ph - 0.05 pout = 0.30 

- - 

9 -  

- 

7 -  

- 
5 -  

3 

2 
3-' 

3 - - 
1 I 

1 7  2 - 
I I I I I I I I I  

2.0 2 2  2.4 2.6 2.8 3.0 

NADlR ANGLE (dog.) 

FIG. 7. Same as Figure 5 but for r). = 75". 

Figure 4. The farther edge is less blurred than the 2.0 2.2 2.4 2.6 2.8 1 0  

nearer one. NADIR ANGLE (d.0) 
FIG. 6. Same as Figure 5 but for 0, = 60". 
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NADIR ANGLE (dog.) 

FIG. 8. Variations of the contamination factor 
[(C, + Cz + C3)1C,] as a function of the nadir 
angle, 13, when the surface nonhomogeneity is 
confined between 0 = 42" and I3 = 43". Different 
curves are for different atmospheric models with 
no (model:2), average (model:3), and very high 
(model:4) amount of aerosols. A = 0.555 pm, 
e. = 30". 

This is due to the differences in the magnitude of 
the normalization factor (C, in Equation 9) inside 
and outside the nonhornogeneity. 

For model:2 with no aerosols, the contamination 
factor for the central pixel increases from 2.03 to 
3.01 for the first position, and from 2.14 to 3.90 for 
the third position of the nonhomogeneity as 0, is 
increased from 30" to 750. However, there is very 
little edge blurring effect in these cases as it can 
be visualized from the flatness of the q vs. 0 curves 
within the nonhornogeneity. In all cases, values of 
the contamination factor increases with an in- 
crease in the atmospheric aerosol content with the 

NADIR ANGLE (@.I 
FIG. 9. Same as Figure 8 but for 0, = 60". 
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rate of increase depending upon e, and the angular 
distance of the nonhomogeneity from the local 
nadir direction. The blurring, or the adjacency ef- 
fect, also becomes more pronounced with an in- 
crease in these two parameters. For large values of 
the solar zenith angles and atmospheric aerosol 
contents, the blurring effect extends to the central 
pixels of the nonhornogeneity, a distance of about 
3.5 km. It is interesting to note that, in such ex- 
treme cases, there is a strong asymmetry in the q 
vs. 8 curves within the nonhornogeneity, with the 
near edge signal more contaminated than the far 
edge one. Furthermore, the least contaminated 
pixel is not the central one; it lies somewhere 
between the central pixel and the far edge pixel 
(see Figures 8-10). 

Variations of q VS. e, corresponding to the 
nearest position (2'-3") of the nonhomogeneity 
and for the four wavelengths of interest in Landsat 
remote sensing, are shown in Figures 11 and 12 for 
the atmospheric models with average (model:3) 
and with very large (model:4) amounts of aerosols, 
respectively. These results are for a solar zenith 
angle of 60'. From the results presented in these 
diagrams, it can be seen that the general level of 
contamination decreases with an increase of the 
wavelength, but the spread of blurriness over the 
nonhomogeneity seems to be practically indepen- 
dent of wavelength. 

25 

21 
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b 17- 
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2 13- 

f -  
2 
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1 

In the preceding sections, we have examined 
numerically the problem of the effects of a high 
contrast background on the signal received from a 
small rectangular area (5 km by 5 km) of low re- 
flectivity, and observed through atmospheric 
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FIG. 10. Same as Figure 8 but for 00 = 75". 
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8, = 60' MODEL: 3 @ = 46' 
p, = 0.06 Po", = 0.m 

2.5 

NADIR ANGLE 1deg.I 

FIG. 11. Variations of the contamination factor 
[ (C ,  + C ,  + Cs)/C,] as a function of the nadir 
angle, 0. Different curves are for different 
wavelengths, A, of the radiation. 0. = 6W, model:3 
with average amount of aerosols. 

models with different amounts of turbidity. For an 
exact solution of the problem, it is necessary to 
solve the radiation transport equation for a plane- 
parallel atmospheric model resting on a horizon- 
tally nonhomogeneous ground. A so-called exact 
numerical solution of this three-dimensional 
~roblem is a very formidable task requiring very 
iarge computational resources. ~ e n c e J  an attempt 
is made to obtain an a ~ ~ r o x i m a t e  but meaningful 
and acceptable solutiokwith the help of the read- 
ily available calculations for the one-dimensional 
models (Dave, 1978). It has been shown that the 
atmospheric blurring effect is a strong function of 
the amount of haziness in the atmosphere, solar 
zenith angle, position of the surface feature with 
respect to the local nadir direction, and on the 
wavelength of the radiation. Results of this and 
other similar investigations can be of considerable 
assistance in improving of the quality of interpre- 
tation of the current and future Landsat data. 

9 1 , 1 1 1 1 1 , 1 1 ,  
8 ,  = 60' MODEL: 4 @ = 45' 

pm = 0.05 pout = 0.30 

; 7 -  
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4 - u. 
Z 
9 5 -  - s 
5 - 
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&55 

1 - - 
I I I I , I I I I  

2.0 2.2 2.4 2.6 2.8 3.0 

NADIR ANGLE (deg.1 

FIG. 12. Same as Figure 11 but for model:4 with 
very large amount of aerosols. 

I would like to take this opportunity to express 
my sincere thanks to my colleague, Dr. Alan H. 
Karp, for a reading of the first draft of this manu- 
script and for his valuable comments, and to Dr. 
Robert S. Fraser of NASAIGoddard Space Flight 
Center for bringing to my attention several refer- 
ences of crucial importance to this work. 

The source function is defined as the total emis- 
sion per unit mass in a cone of unit solid angle 
with its axis along the direction of propagation of 
the emitted radiation. The direction of emission is 
represented by the zenith angle, 0 (or p = cos 0), 
and the azimuth angle, 4, referred to an arbitrarily 
chosen vertical plane (see Figure A-1). Integration 
of this source function weighted by the attenua- 
tion factor between the points of emission and re- 
ception and the incremental optical thickness 
along the direction of propagation, provides the 
radiance of the beam of radiation along the line of 
sight. 

In a non-emitting atmosphere where the re- 
scattering of the atmospheric radiation is ne- 
glected, this source function is due to the first 
scattering of the radiation incident on the atmo- 
sphere from outside. The atmospheric optical pa- 
rameters of interest then are (1) the normalized 
scattering phase function represented by P(T, p, 4, 
p', 4 ' )  where p1 and 4' are the directional param- 
eters of the incoming radiation; (2) T,, is the normal 
optical thickness of the entire atmosphere; and (3) 

DIRECTION OF 
? OBSERVATION 

FIG. A-1. Schematic diagram representing the 
viewing geometry and the ground illumination of 
a point, P, located on the line of sight. 
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T is the normal optical thickness at the h km 
above the ground. Further information about these 
atmospheric optical parameters can be found in 
several radiation-transfer related publications 
(e.g., Braslau and Dave, 1973). 

Let us consider a plane-parallel atmospheric 
model of homogeneous character and infinite ex- 
tent along the horizontal direction, and resting on 
a horizontal ground obeying Lambert's law of re- 
flection. This ground is assumed to contain a sur- 
face nonhomogeneity in the form of an N-sided 
polygon such that the Lambert reflectivity of the 
surface inside of the polygon is pin and that of out- 
side of the polygon is pout. 

For the conditions specified in the preceding 
paragraphs, the expression for the primary- 
scattering source function is given by 

where L, (pj, 0,) is the radiance of the radiation 
reflected by the Lambert surface of reflectivity, p,. 
This radiance depends upon the atmospheric 
composition, surface reflectances, and the solar 
zenith angle, 9,. 

The factor exp[-(.rb - 7)/p1], representing atten- 
uation between the ground and the atmospheric 
point under consideration, is independent of the 
azimuth parameter (a consequence of the assump- 
tion that the atmosphere is horizontally homoge- 
neous), and hence for integration over 4', we deal 
with the expression 

7 J Vj" P(T,P,~,P'>~') L(pj>@o) d4'. (A.2) 
rn? 

From the discussion in Dave (1980), it can be 
shown that, for a given value of p', the 0-21r range 
of 4' can be broken up into one or more intervals 
such that, for the jth interval bounded by &' and 
4'+1, pj equals either pin or pout. Thus, for a given 4' 
- &'+, corresponding to a given value of p '  where 
L, (p, 0,) is independent of 4', one can obtain a 
finite integral of the normalized phase function by 
a suitable numerical quadrature and weigh it with 
the appropriate value of L,. The angle, 8, between 
the directions (p, 4) and (p', 4') is given by the 
equation 

cos 8 = pp' + (1 - p2)113 (1 - p12)112 cos (4' - 4), 

and, hence, a table of P(T, e) at lo interval of 8 
would be sufficient for the numerical quadrature 
in most cases. It should be mentioned that the 
value of 0 as obtained from Equation A.3 changes 
from 10 - @'I to 0 + 0' as 4' is increased from 0 to ~ r ,  

and changes from 0 + 0' to 10 - 0') as 4' - 4 is 
increased from ~r to 21r. It is, therefore, necessary 
to divide the 4' range into a minimum of two 

intervals (viz., 0 - ~r and P - 21r) even if there is no 
change in the surface reflectivity over the entire 
range. If pj is not constant over the entire azimuth 
range of 21r radians, it is necessary to break the 4' 
range at two additional points, viz., 4 and 4 + ~ r .  

For the integration over p' appearing in Equa- 
tion (A.l), a lo to 2' interval in 0' would be sum- 
cient for most purposes provided 0' is outside the 
range O',,, - O',,,. For values of 0' inside this 
range, an order of magnitude finer resolution may 
be required, depending upon the physical char- 
acteristics of the polygon and desired accuracy of 
computations. 
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