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Contrast  Attenuation Factors for  Remote  Sensing 

Attenuation  factors  for  the  contrast of  objects lying on the earth’s  surface  and  observed  through jive  different  atmo- 
spheric models are calculated  as a  function of the wavelength (0.31-0.9935 pm), solar zenith angle, ground reflectivity, 
and the nadir and azimuth angles  of view. Thefirst  model is free of aerosols  and absorbing gases.  Absorption  by average 
amounts of oxygen,  ozone, and water vapor is included in the remaining four  models. The  second  model is also free  of 
aerosols, but the last  three models contain  aerosols in  the  form of a sphericalpolydispersion made  from  a substance with 
a spectrally  independent  refractive index of 1.5-0.01 i. Models 3 and 4 are  expected to  represent, respectively, the 
averuge and strong turbid conditions  encountered  over  large  continental areas. Models 3 and 5 contain  aerosols with 
different size distributioti characteristics, but have  the  same  amount of aerosol mass loading per  unit horizontal area. The 
contrast attenuation  factor is found  to increase with an increase in wavelength  and reflectivity of the surrounding surface, 
and a decrease in the  atmospheric turbidity and gaseous  attenuation.  It also depicts strong azimuthal  dependence espe- 
cially for models illuminated by low-altitude solar radiation of longer wavelengths. 

Introduction 
The  Landsat (formerly known  as ERTS)  satellites 
launched by the U.S. National Aeronautics and Space 
Administration  (NASA)  during 1972 and 1975 are 
equipped to provide  a  high-resolution  spatial mapping of 
the  earth-atmosphere  system in four different spectral 
bands [ I ] ,  namely, 0.5-0.6 pm, 0.6-0.7 pm, 0.7-0.8 pm, 
and 0.8-1.1 pm. A  very significant portion of these  data 
could be  used in several diverse applications such  as  crop 
census, identification of vegetation disease, fish produc- 
tion,  sea  state and  ice conditions,  water  resources  inven- 
tory, pollution monitoring, and geological surveys [2-41. 
However, a full use of the short-wavelength portion of 
these multispectral data  is  hindered,  to some extent, by 
difficulties in correcting signals for  atmospheric  attenua- 
tion effects. These effects are highly variable and  depend 
upon a number of parameters  such  as  the  atmospheric 
composition, wavelength of observation, solar zenith 
angle, and  the nadir  and azimuth angles of the direction of 
observation,  i.e., the view angle. Even though an  accu- 
rate determination of these  attenuation effects for speci- 
fied atmospheric conditions and observational  geometry 
is feasible, computer time  limitations have  dictated  the 
use of approximate solutions of the radiative transfer 
equation for  rather  crude  atmospheric models [5, 61. 

The  Landsat 3 satellite, launched by NASA in March of 
1978, contains an additional spectral band in the 10.4- 
12.6-pm region.  This is the atmospheric window region, 
so called because  the transmission of the ground signal is 
least  affected by attenuation due  to  gases and aerosols. 
However, this  spectral  band does contain  a  weak ozone 
band and a continuum of strong  absorption bands for wa- 
ter  vapor  and  carbon diodide on  both sides of the window 
region [7]. Furthermore, scattering by large aerosol  parti- 
cles and fog dropleis  can also play a significant role  in the 
modulation of the ground signal. We exclude  any further 
discussion of this  infrared band in this paper,  since  it  is a 
very  complex  problem involving emission,  absorption, 
and scattering in a nonhomogeneous atmosphere. 

A  nonluminous  dbject situated  at  the  earth’s  surface 
and its surrounding  background are illuminated by direct, 
as well as diffuse, solar radiation. Because of the dif- 
ferences in the reflecting properties of the object and its 
surroundings,  an  observer  situated at the  earth’s  surface 
distinguishes  them by measuring the ratio of the dif- 
ference  between  these  brightnesses  to the  brightness of 
the background. This ratio is called the intrinsic contrast. 
The  same object and  background, when viewed by an ob- 
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server in space, exhibits a different contrast, which is re- 
ferred to  as  the  apparent  contrast. This  change in con- 
trast,  due  to a  change in the relative  position of the ob- 
server, is due  to  the differences in the  manner in which 
the  atmospheric screen affects these  two signals. 

The  ratio of the  apparent  to  the intrinsic contrast of an 
object,  as  seen from  a  satellite  through an atmospheric 
screen  and as seen  at  the ground level, respectively, is a 
quantity  independent of the reflection characteristics of 
the  object  and of the directional characteristics of the 
field  of illumination. (For  the mathematical  definitions, 
see  the  next section.) This quantity, referred to in this 
paper  as  the  contrast attenuation factor,  seems  to  have 
been  introduced by Duntley et  al. [8], who called it a  con- 
trast transmission factor. A  mathematical definition of 
this quantity is given by these  authors;  however,  no  theo- 
retical  values are provided for  any atmospheric  condi- 
tions. 

Fraser [9] referred to  the aforementioned  quantity as 
the  contrast attenuation coefficient and computed its val- 
ues for  several selected  wavelengths and  solar zenith an- 
gles. Because of the unavailability both of current meth- 
ods  that could solve the radiative transfer  equation  for 
nonhomogeneous  atmospheric models, and of adequate 
computing resources,  Fraser’s  study was primarily re- 
stricted  to a  nonabsorbing Rayleigh atmosphere.  His  tur- 
bid atmospheric models contained  an exponential  de- 
crease with height of nonabsorbing  aerosol particles. 
Only primary  scattering of direct solar radiation by aero- 
sols was taken  into account  and this in an  approximate 
manner. However,  Fraser  seems  to  be  the first investiga- 
tor  to point  out that  the  apparent  contrast of an object  can 
be significantly enhanced by rotating an  analyzer in front 
of a  satellite  optical  system. This study by Fraser  was 
restricted to atmospheric  models  resting on a ground 
obeying Lambert’s law of reflection.  Coulson’s [ 101 mea- 
surements showed that radiation reflected by many natu- 
ral surfaces exhibits  partial  polarization. He then  used his 
reflection measurements to  compute  contrast  attenuation 
factors  for several  natural surfaces viewed through  non- 
absorbing Rayleigh atmospheres. 

In this paper, results of a theoretical study are  pre- 
sented  that  show  the  dependence of the  contrast  attenua- 
tion factor  on  atmospheric  composition, wavelength,  sun 
angle,  ground  reflectivity,  and on the nadir as well as azi- 
muth  angles of view. The  atmospheric models used  vary 
from an aerosol-free model without any gaseous  absorp- 
tion to several  models with absorption by common  ab- 
sorbing gases and moderate  to high concentrations of 
spherical dust particles. These  models, representing the 
average, midlatitude  summer conditions,  are assumed to 
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Figure 1 Schematic of the observation geometry. 

rest  on a  ground obeying Lambert’s law of reflection.  A 
scalar  form (i.e., neglecting the polarization character- 
istics of scattered radiation) of the radiative transfer  equa- 
tion for a plane-parallel, nonhomogeneous  atmosphere 
with scattering  and  absorption is used for this purpose. 
Some thoughts  about  future  work aimed at correcting ac- 
tual  satellite data  are  expressed in the last section. 

Necessary expressions 
Let us consider a plane-parallel model of the  terrestrial 
atmosphere illuminated by a  plane-parallel beam of the 
monochromatic  solar  radiation of wavelength A microme- 
ters, at an angle of Bo degrees with respect  to  the local 
zenith  (Fig. 1). The  amount of energy in a one-micrometer 
wavelength interval, passing per  second through a one- 
square-meter  area normal to  the direction of incidence at 
the  top, is taken  to be ZoA (W/m2-pm).  The plane-parallel 
model means  that  the model is of homogeneous character 
and of infinite extent along the horizontal  directions. Any 
nonhomogeneity due  to  scattering  andlor  absorption by 
molecules as well as  aerosols  (e.g.,  dust particles as- 
sumed to  exist in the form of a spherical  polydispersion of 
a  material with known refractive index) is confined to  the 
vertical  direction  only. We further  assume  that this atmo- 
spheric model rests  on a ground  obeying  Lambert’s law of 
reflection. Accordingly, a fraction R (Lambert reflec- 
tivity) of the total  radiation  incident  upon the ground is 
isotropically reflected by it,  independent of the distribu- 
tion and  polarization characteristics of the radiation in- 
cident  upon it. This model is characterized by  two param- 
eters,  namely,  the  atmospheric composition including the 
surface pressure  (represented by  a  unique model num- 
ber),  and the wavelength A. These  two  parameters  can  be 
combined in a single parameter T,(model, A) which is  the 
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Table 1 Normal optical thickness due to molecular scattering for models 1 through 5 and due to aerosol scattering  and absorption for 
models 3 and 5 for selected wavelengths. 

Wavelength  Models 1 to 5 Model 3 Model 3 Model 5 Model 5 
( m )  molecular  aerosol  aerosol  aerosol  aerosol 

scattering  scattering  absorption  scattering  absorption 

0.3100 1.0610 0.08159 0.01344 0.03662 0.00997 
0.3950 0.3825 0.08696 0.01139 0.03928 0.00880 
0.4950 0.1508 0.09039 0.00959 0.04179 0.00774 
0.5950 0.07119 0.09107 0.00821 0.04371 0.00690 
0.7400 0.02941 0.08836 0.00671 0.04555 0.00595 

total, normal  optical  thickness of the model. See  Table 1 
for normal  optical  thicknesses due  to molecular and  aero- 
sol scattering and  aerosol  absorption  for  the different 
models at  selected wavelengths. A ray passing com- 
pletely  through the model along the vertical  direction  suf- 
fers an  attenuation of exp [-.r,(model, A)]. 

Let Is(model, A, On, O', + I ,  R )  be  the specific intensity 
(or  radiance) of the radiation  reflected by the ground in 
the direction 0', +', where 0' is the angle  referred to  the 
local zenith,  and 4' is the  azimuth angle  with respect to 
the  sun's meridian plane,  i.e.,  the vertical  plane  passing 
through the  sun  and  the  observer. This specific intensity 
resulting from reflection of the  direct solar  and diffuse at- 
mospheric  radiation at  the  ground level is measured in 
W/m*-prn-sterad. For  the  case of the Lambertian reflec- 
tion, this  radiation  can  be represented by I,  (model, A ,  On, 
R ) .  The radiation  received  by the  observer in the  direc- 
tion O', 4' is then given by 

Ij(mode1, A ,  O o ,  O', 4 I ,  R )  

= Zg(model, A ,  e,, R )  exp (--T~ sec 0') 

+ A R ( ~ ' ,  4'1, (1) 

where AR stands  for the atmospheric radiation  resulting 
from the scattering of the unidirectional  solar  radiation 
and the diffuse ground-reflected  radiation illuminating the 
atmosphere from above and below.  It also depends  upon 
the remaining four  parameters,  namely,  the model, A ,  On, 
and R .  

We next consider a small target reflecting the  direct  as 
well as  the diffuse radiation incident upon it according to 
some  arbitrary law of reflection such  that its reflectivity 
R' is a  function of several  directional parameters.  The 
smallness of the target implies that it does not modify any 
features of the  atmospheric radiation field in any signifi- 
cant  manner,  except  for  the view direction represented by 
0,  4. Let Zt (model, A, Bo,  0,  4, R') represent  the specific 

21 6 intensity of the radiation  reflected by the target in the di- 

rection O,$. The radiation  received by the  observer in the 
direction 0,  4 is then given by 

Zi(mode1, A, Bo, 0,  4, R') 

= Z,(mode/, A, On, 0 ,  4, R') exp ( - T ~  sec 0) 

+ AR(O, 4). (2) 

Intrinsic and  apparent  contrasts of the object are  then 
given  respectively by 

C,(model, A, B o ,  0,  4, R ,   R ' )  

- - IJrnodel, A ,  On, 0, 4, R')  - I,(model, A, On, R )  
I,(model, A, On, R )  

, (3) 

and 

C,(model, A, Bo, 0,  4, R ,  8 ' ,  +', R ' )  

- Il(model, A ,  0,, 8 ,  4, R') 
Z,'(model, A, On, O', $', R)  

- (4) 

- 

I&nodel, A, On, e ' ,  $', R )  
Ii(mode1, A ,  On, O', 4',  R)  

Since  the target is assumed  to  be  small, AR(0,  4) is 
practically  equal to AR(O', 4 ' ) .  Hence, O', 4 '  symbols in 
the  representation of C, can be omitted. After making use 
of Eqs. (1)-(3) and taking 0 = 8' and 4 = +', we can re- 
write Eq. (4) as 

C,(model, A ,  Bo,  0, 4, R ,   R ' )  

= A(mode1, A ,  On, 0 ,  4, R )  

x C,(model, A ,  e,, 0 ,  4 ,  R ,  R ' ) ,  (5 )  

where the  contrast attenuation factor A(mode1, A, e,, 0,  
4 ,  R )  is given  by 
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Figure 2 (a) Variations in water vapor concentration (. . .), ozone concentration (- - -), and aerosol number density (-) as  a function 
of height. (b) Variations of pressure thickness (-) and temperature (- - -) with height. The aerosol-height distribution shown is for a 
total of 19.815 X IO6 particles in a vertical column of I-cm2 cross section, i.e.,  the distribution for model number 3.  Distributions for 
models 4 and 5 are obtained after multiplying the aerosol number density of  all layers by an appropriate constant.  The data are  for the 
midlatitude summer model. 

It may be noted that  the intrinsic contrast  as defined by 
Eq. (3) goes  to infinity as R approaches  zero.  Under  such 
circumstances,  the  contrast  attenuation  factor defined by 
Eq. (6) goes  to  zero, and the  apparent  contrast  as defined 
by Eq. (5) becomes  indeterminate. One is then  required to 
use  Eq. (4); see Ref. [9]. 

Computations 

Values of I,(model, A ,  Bo, R ) ,  T,,, and ZI(mode1, A ,  Bo,  O , $ ,  
R )  are easily  obtainable for a number of combinations of 

the aforementioned parameters from  radiation datasets 
we have  generated [ 111. (These  computations  were  per- 
formed  by  taking  into account all orders of scattering.) By 
using these radiation datasets,  values of the  contrast  at- 
tenuation factor defined by Eq. (6) were  calculated for  the 
five different  atmospheric models described in the  next 
section,  and  for the following values of the remaining five 
parameters. 

A: 38 unequally  spaced  wavelengths in the  spectral 
range 0.3 1-0.9935 pm;  see Ref. [ 111 for  the  exact val- 21 7 
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Figure 3 Variations in the normalized aerosol number density 
as a function of the particle radius for two size distribution func- 
tions, Haze L (-) and Haze M (- - -). The  area under a given 
curve is equal to 1 particle/cm3. 

Figure 4 Variations in the normalized phase function of a unit 
volume of the spherical polydispersion Haze L as  a function of 
the scattering angle. Different curves  are for wavelengths of 
0.3100 (-), 0.6150 (- - -), 1.1085 (. . a), and 2.0050 pm 
(- - -). The refractive index is taken as 1.5-0.01 i. An integration 
of the scattering phase function over  a solid angle of 4.rr yields 

21 8 a value of 4 ~ .  

ues. Wavelengths are unequally spacec d in order  to 
simulate  the absorption bands of oxygen,  ozone,  and 
water vapor. 

8,: O", 30",  45",  60", 70", 75", and 80". 

13:  O", 30°, and 60". 

6: O", lo", . . ., 180". 

R:  0.1, 0.2, . . ., 0.8. 

Atmospheric  models 
As mentioned  earlier,  the  atmospheric models selected 
for  our investigations are plane-parallel in nature. All  five 
models are cloudfree and  have a surface  measure of 101.3 
kPa (1013 mb). The first model is free of aerosols and  ab- 
sorbing gases, but the remaining four models contain 
0.308 atm-cm of ozone, 2.96 gm-cm-'  of water  vapor,  and 
absorption  due td  oxygen in the  appropriate  spectral in- 
tervals.  These models,  based on  actual  data from  Ref. 
[12], are  for  average cloudfree  conditions encountered 
during summer months over midlatitude  regions. Further 
information about  the vertical profile of aerosols,  ozone 
[13], water  vapor, and temperature  as used in our investi- 
gations can be  found in Figs. 2(a) and (b). (Figs. 2-6 are 
taken  from Ref. [l 11.) 

Information about  the  aerosol  content and  size  distribu- 
tion characteristics of aerosols in  various models is pro- 
vided in Table 2. These  aerosol particles are  assumed  to 
exist, in the model, in the  form of a  spherical  poly- 
dispersion of material with a spectrally  independent  re- 
fractive index of 1.5-0.01 i. Size  distribution character- 
istics of the spherical  polydispersions Haze L and  Haze 
M, specified in column  4 of Table 2 ,  can  be  found in Fig. 
3.  It is sufficient to state here  that  the  Haze L distribution 
is representative of the  conditions  encountered in the 
lower atmosphere  over large continental  areas, while the 
Haze M distribution is for  those  encountered near coastal 
regions [14]. The  total  aerosol  contents of 1-cm2 cross 
sections (see Table 2) for models  3 and 4 simulate  condi- 
tions of average and  strong turbidity, respectively. Mod- 
els  3 and 5 contain aerosols with  different  size  distribution 
characteristics, but have  the  same  amount of aerosol 
mass  loading per unit horizontal area.  However,  since  the 
Haze M distribution contains a greater number of large 
particles than  the  Haze L distribution, model 5 is less  tur- 
bid than model 3. Further information about  the optical 
properties of various models can  be found in Figs. 4-6. 

Discussion of results 

Wavelength dependence 
Values of the  contrast  attenuation  factor A(mode1, A ,  Bo,  
0, 6, R )  defined by Eq. (6) are plotted as a function of 
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Table 2 Basic information  about various atmospheric models; 
refractive index of the aerosol material = 1.5-0.01 i. 

Model Gaseous Total  number of aerosol Size distribution 
number  absorption particles in a column of function of 

1-cm2 cross section  aerosols 

1 No 
2 
3 

Yes 
Yes 19.815 X lo6 Haze L 

- - 
- - 

4 Yes 99.075 X lo6 Haze L 
5 Yes 4.673 X IO6 Haze M 

wavelength (A in pm) in Figs. 7(a)-(c) for  the solar  zenith 
angle 8, = 0", 45", and 80°, respectively.  These  contrast 
attenuation  factors  are  for  the nadir viewing direction, 
i.e., 0 = 4 = 0". Solid curves  represent  results  for  the 
atmospheric models resting on a Lambertian ground  with 
R = 0.1, while the results  for  model  2 appear  as a dotted 
curve. Results for models 1 and 4 with an underlying 
Lambertian ground reflectivity of 0.8 are given by the 
dashed  curves.  In some cases,  parts of the  curves  are 
omitted for clarity. 

For  the  atmospheric model free of any gaseous  absorp- 
tion and aerosols (model l), A(  1, A ,  Bo,  0, 0,O. 1) increases 
rapidly with an increase of A for all three values of B o .  
There is also some Bo dependence;  for  example,  the  con- 
trast  attenuation  factor is equal to 0.064, 0.053, and 0.027 
at A = 0.31; it is equal to 0.963, 0.961, and 0.903 at A = 

0.9935 pm for 8, = O", 45", and 80°, respectively. These 
very strong  decreases in the contrast attenuation factor 
with a decrease in wavelength are  due  to  the  fact  that  the 
scattering cross section of a  molecule increases inversely 
as  the  fourth  power of the wavelength (Rayleigh law of 
scattering).  Results for model 2 (dotted curve)  show sev- 
eral significant deviations  from those  for model 1. The de- 
pressions in the  A(2, A ,  0, 0, 0 ,  0.1) vs A curve [Fig. 7(a)] 
at A = 0.725, 0.825, and 0.947 pm  are  due  to  absorption 
by atmospheric  water  vapor, while that at A = 0.7625 pm 
is due  to absorption  by  oxygen.  Effects due  to  absorption 
by ozone  are visible in the  spectral range 0.31-0.33 pm. 
An increase in 8, from 0" to 80" [Figs. 7(a)-(c)] results in 
strong accentuation of the  absorption  features.  In addi- 
tion,  the effect of absorption by ozone in the visible re- 
gion (Chappuis band, 0.53-0.66 pm) is clearly evident in 
the  results  presented in Fig.  7(c) for 8, = 80". (It  should  be 
pointed out  that  the radiation computations in the  spectral 
bands of absorption by  oxygen and  water  vapor involve 
several assumptions. For further information on this sub- 
ject,  the  reader is referred to Ref. [ 111). 

An increase in the  atmospheric  aerosol  content  results 
in a sharp  decrease in the  contrast  attenuation  factor.  For 
average nonsummer  observation geometry for  Landsat 
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1 Scattering angle (degrees) 

Figure 5 Variations in the normalized phase function of a  unit 
volume of the spherical polydispersions Haze L (- - -) and Haze 
M (-) as a function of scattering angle for incident radiation 
wavelengths of (1) 0.3100 and (2) 2.4500 pm; refractive index 
equals 1.5-0.01 i. An integration of the scattering phase function 
over a solid angle of 4n yields a value of 4n. 

\u Molecular scattering 

\ 

~ O . O 0 1 1 I I I I I I I I I I 1 1 ' , \ 1 1 I I I I I I  \ 

0.5 1 .o 1.5 2.0 2.5 

Wavelength (pm) 

Figure 6 Variations in the normal optical thickness for molecu- 
lar scattering, aerosol scattering, and aerosol absorption as 
functions of the wavelength of incident radiation for models 1 to 
5 (- - -); model 3 (-); model 5 (- - -). Aerosol normal opti- 
cal thicknesses for model 4 are obtained after multiplying the 
corresponding values for model 3  by five. 21 9 
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Figure 7 Variations in the contrast attenuation factor as a function of wavelength for different atmospheric models resting on a Lamber- 
tian ground with reflectivity R = 0.1 (- and . . .) and 0.8 (- - -); (a) 0, = 0 = 4 = 0", (b) Bo = 45", and 0 = = 0", and (c) = 80°, and 
0 = 4 = 0". 
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Figure 8 Variations in the contrast attenuation factor as a func- 
tion of the Lambertian reflectivity R of the ground  underlying the 
atmospheric model; Bo = 0" and 80"; 0 = 4 = 0". Models 1 (- 
and xxx) and 2 (- - -); (a) 0.947 pm and (b) 0.31 pm. 

satellites over a  midlatitude region [Fig. 7(b)], an  increase 
in the atmospheric turbidity from zero to average to strong 
(models 2 through 4) results in a decrease in the  contrast 
attenuation  factor from 0.939 to 0.830 to 0.488, respec- 
tively, at A = 0.889 pm. Absorption features  due  to  atmo- 
spheric gases become less  prominent with increases in at- 
mospheric  turbidity.  A  change  in the size  distribution 
function from  Haze L to  Haze M without  any change in 
aerosol mass loading  (coagulation  among aerosol  parti- 
cles, models 3 to 5) ,  results  in an  increase in the  contrast 
attenuation  factor. 

An increase in ground  reflectivity  from 0.1 to 0.8 (solid 
and dashed  curves for models 1 and 4) results in an in- 
crease in the  contrast  attenuation  factors,  and  associated 
strong dampening of the  gaseous absorption features at 
high sun angles [Figs. 7(a) and (b)]. This R dependence of 
A(rnode1, A ,  B o ,  0, 0, R )  in two spectral regions of gaseous 
absorption is compared in Fig. 8 for A = 0.31 and 0.947 
pm,  for Bo = 0" and 80°, and  for models 1 (solid curves) 
and 2 (dotted curves). Curves  for  both wavelengths ex- 
hibit somewhat similar trends  for 0, = 0". On the  other 
hand, differences between  the  contrast attenuation fac- 
tors  at 8, = 80" for models 1 and 2 increase from 0.020 to 
0.146 at A = 0.31 pm, but decrease from 0.390 to 0.095 at 
A = 0.947 pm  as R is increased  from 0.1 to 0.8. These 
differences are  due  to changes in the relative importance 
of directly  transmitted and diffuse atmospheric  radiations 
[see Eq. (I)]. 
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Figure 9 Variations in the contrast  attenuation  factor  as a function of 4 (with reference  to  the sun's meridian  plane) and e,,; nadir 
angles of view, 8, equal to  (curves A) 60", and (curves B) 30". Different curves  are for different atmospheric models  resting on a Lam- 
bertian  ground  with reflectivity R = 0.2 (-) and 0.8 (- - -) at A = 0.595 pm; (a) 0, = 60" and (b) 0, = 80". 

Table 3 

Model 
number 

Contrast  attenuation  factors  for  the five atmospheric models for e,, = 30°,  60°, and 80"; A = 0.595 pm, R = 0.2, and 4 = 0". 

e,, = 30" eo = 60" O0 = 80" 

0 = 0" 0 = 30" 0 = 60" 0 = 0" 0 = 30" e = 60" e = 0" 0 = 30" 0 = 60" 

0.843 0.853 0.788 0.813 0.813 0.672 0.664 0.613 0.394 
0.842 0.853 0.788 0.812 0.813 0.671 0.660 0.608 0.388 
0.751 0.756 0.628 0.715 0.687 0.446 0.524 0.424 0.159 
0.471 0.451 0.242 0.414 0.335 0.108 0.244 0.151 0.028 
0.797 0.806 0.708 0.765 0.752 0.555 0.590 0.510 0.249 

Directional  dependence seen  that  the  contrast  attenuation  factor  decreases with 
We now discuss  the 8 and 4 dependences of the  contrast  an  increase in 8, B o ,  and the  atmospheric turbidity. 
attenuation  factor  for selected values of 8, and A. Values 
of A(rnode1, 0.595, Bo,  8, 0, 0.2) for 0 = O", 30°, and Values of A(rnodel, 0.595, B o ,  8, 4, R )  for 8 = 30" 
60°, and for Bo = 30°, 60°, and 80" are given in Table 3 for and 60" are plotted as a  function of the azimuth  angle 4 in 
all five atmospheric models listed  in  Table 2 .  It  can  be Figs.  9(a) and (b) for Bo = 60" and SO", respectively.  Re- 221 
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Figure 10 Variations in the contrast attenuation factor as a function of 4 and A; nadir angles of  view, 0, equal to (curves A) 60", and 
(curves B) 30".  Different curves are for models and R values as in Fig. 9; (a) A = 0.395 pm and (b) A = 0.8675 pm. 

sults  for R = 0.2 (R = 0.8) are  shown by the solid (dashed) 
lines. For R = 0.8, only the  results  for model 3 are  pre- 
sented. Almost all curves exhibit  a maximum in the  range 
of  70" to 110". Furthermore, this maximum achieves  the 
greatest  sharpness  at large 6 and 8,. For example, for Bo = 
80°, 0 = 60", R = 0.2, and model 3, A decreases by  a 
factor of 2 as  the azimuth  angle of view is changed from 
90" to 0". Results similar to  those  presented in Fig. 9(b) 
but for X = 0.395 and 0.8675 pm  are shown in Figs. 10(a) 
and (b),  respectively.  Both of these wavelengths are in 
the  spectral regions  located outside  the absorption bands 

of common atmospheric  gases. A decrease in the wave- 
length from 0.595 to 0.395 pm results in a  substantial flat- 
tening of the A vs 4 curves. On the  other  hand,  an 
increase  in  wavelength  from 0.595 to 0.8675 p m  results in 
a strong  increase in the azimuthal dependence of the con- 
trast  attenuation  factor. 

Concluding remarks 
In the preceding sections,  the  contrast attenuation factor 
was  defined as  the  ratio of the  apparent  contrast of an 
object as  seen through the  atmospheric  screen  from a sat- 
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ellite, to  its intrinsic contrast  when viewed at  the  surface 
of the  earth.  Dependence of this factor was  then  theoreti- 
cally examined for six different parameters.  For this pur- 
pose,  computed values of the radiation scattered by 
plane-parallel but  nonhomogeneous, realistic  models of 
the  cloudfree, midlatitude summer  atmosphere  were used 
[I  I]. These radiation  calculations were performed after 
consideration of all orders of scattering in the models. Se- 
lected results were presented  to  show  the  strong  depen- 
dence of the  contrast  attenuation  factor on wavelength, 
atmospheric aerosol content  or  turbidity, size  distribution 
characteristics of aerosols,  gaseous  absorption,  Lamber- 
tian reflectivity of the  ground,  the  sun’s position, and  the 
nadir as well as  the azimuth  angles of observation. 

For ideal  conditions (no  aerosols in the  atmosphere)  the 
contrast attenuation factor  near  the 1.0-pm wavelength 
region lies  between 0.9 and 1 .O, depending  upon the  exact 
value of the wavelength, the ground  reflectivity, and  the 
sun’s  position, provided the  directions of observation  are 
confined fairly close to  the local nadir.  Thus,  Landsat  ob- 
servations in the 0.8- 1 .  I-pm  spectral band are  frequently 
used in many applications. However,  our  results  show 
that a  moderate-absorption band of water  vapor  is located 
in the middle of this Landsat  spectral band. Water  vapor 
content of an atmospheric  column is highly variable, and 
furthermore,  its effect on the  contrast attenuation factor 
is modulated by ground  reflectivity  and by aerosols. 
Hence,  corrections of the 0.8-1.1-pm band Landsat  data 
are often  made by users.  Such  corrections  are probably 
based on  the ground-truth  and other related  information, 
and  can  also be based on the experience of the  user  and 
his familiarity  with the  scene.  This  aspect of data analy- 
sis is rarely  discussed in the  open  literature.  Results of 
our investigation can assist in our understanding of this 
problem in a  more  quantitative manner. 

A meaningful correction of Landsat  data in the  other 
three spectral  bands is a very complex, multi-parameter 
problem.  Some of these  parameters  are strongly depen- 
dent  on  space and time, with very little  information  avail- 
able  at  the point  and  time of the  observations of interest. 
Hence,  several valid questions  are raised  concerning the 
practical  usefulness of such theoretical investigations in 
real-life situations. Our present investigation is not com- 
plete  in the  sense  that it does  not  encompass ranges of 
various parameters  such  as  ozone  amount, water vapor 
amount, possible  refractive indices of the aerosol  mate- 
rial, and size  distribution characteristics of aerosols.  Fur- 
thermore,  as pointed out during the discussion of results, 
the  spectral regions of absorption by water  vapor and 
other  gases require a much more detailed  examination 
than the  one performed  for the  present  study.  The work 
reported by the  author in Ref. [ I  I] was  carried  out with a 

very reasonable  amount of computing resources.  Hence, 
no difficulties can  be foreseen in generating similar but 
more  sophisticated  and extensive  datasets which can be 
used for understanding the  problem in a  very compre- 
hensive manner. They  can also  be  used, in the first ap- 
proximation, for providing contrast attenuation  infor- 
mation for  the models resting on a surface with vari- 
able  albedo,  e.g., a large plantation or farm surrounded 
by bare land,  or  an island. 

As for correcting the real-life data, two approaches 
come  to our mind at  this time. Santisteban and  Munoz 
[15] point out  the possibility of a great degree of redun- 
dancy in the  Landsat  data  under  several  circumstances. If 
so, some of these redundant observations  can be  used to 
provide  information abopt  the  contrast attenuation factor 
at the  scene. Several  investigators [16, 171 have suggested 
correction of satellite data by means of ground-based  ra- 
diation observations  at  strategic  points and  times. Our  ra- 
diation datasets [ 1 11 provide an excellent  opportunity for 
detailed  examination of such a complementary technique 
for various  atmospheric conditions and  observational 
geometries. 

Finally, such theoretical  investigations involving other 
computational  procedures [I81 can  be  extended to study 
the feasibility of using polarization  measurements for  re- 
mote  sensing of terrestrial features [9]. Radiation  re- 
flected by many surfaces is polarized [IO], and the  atmo- 
spheric screen would affect the parallel  and  perpendicular 
components of the signal differently. In some cases, ellip- 
tical polarization may be detected which can be used with 
advantage in the analysis of data. 
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