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PREFACE



This report describes part of a research program in the remote



sensing of the Great Lakes. The research has been conducted for NASA's



Lewis Research Center, Cleveland, Ohio, by the Environmental Research



Institute of Michigan (ERIM), formerly the Willow Run Laboratories,



Institute of Science and Technology, The University of Michigan. The



main objective of this program is to use remote sensing as a practical
 


technique for the analysis of water in the Great Lakes.
 


Remote sensing of the environment involves the transfer of radia


tion from a target on the Earth's surface through the atmosphere to a



sensor located at a point either within or outside of the atmosphere



As a result of scattering and absorption the atmosphere alters the



radiation reflected from the surface. In this report we develop the



mathematical algorithms based upon a practical radiative transfer model



which are then used to determine the reflectance of the surface. In



effect, the algorithm "inverts" the radiative transfer problem to elimi


nate the atmosphere from the remotely sensed data



The research described in this report was performed under Contract



NAS3-20483 and covers the period from 2 November 1976 through 1 October



1977. Mr. Thom Coney served as Technical Monitor The program was



directed by R. R Legault, Vice President of ERIM, Q A Holmes, Head



of ERIM's Information Systems and Analysis Department, and R F Nalepka,



Head of ERIH's Multispectral Analysis Section The ERIM number of this



report is 126100-3-F.



The author wishes to acknowledge the direction provided by R. R.



Legault and Q A. Holmes. The author also wishes to thank S. Westin



for his computer programming assistance and D Dickerson for her secre


tarial assistance in the preparation of this report.
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SUMMARY



In the remote sensing of surface features using multispectral



sensors aboard aircraft or spacecraft the Earth's atmosphere can have



adverse effects on the classification of various objects of interest.



It is therefore desirable to remove the effects of the atmosphere from



the multispectral data prior to the implementation of classification



processing algorithms Previous attempts to account for atmospheric



effects in remote sensing problems have been based upon the use of



statistical analyses of multispectral data or purely theoretical analy


ses of probable atmospheric conditions. In this investigation we make



use of an atmospheric-radiative-transfer model and experimental values



of critical atmospheric optical parameters to remove the atmospheric



effects from multispectral image data.
 


Of particular interest in this investigation is the reflectance



of the water in Lake Erie. Multispectral scanner data were collected



by NASA/Lewis Research Center in various high-altitude aircraft flights



over Lake Erie under different atmospheric conditions Simultaneous



with these flights ancillary multispectral data were also obtained at



the surface in order to determine the important parameters to be used
 


in the atmospheric removal algorithm. These parameters, along with the



multispectral image data, were then input to a computer program embody


ing this algorithm Typical output of this program is a multispectral
 


image in which each of the original observations has been replaced by



the corresponding value of "intrinsic" radiance or the effective reflec


tance of the surface.
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INTRODUCTION



in the analysis of multispectral remote sensor data obtained by



aircraft or spacecraft one finds variable effects which oftentimes



preclude the simple determination of basic features of interest. For



this study the quantity of interest is the spectral reflectance of the
 


water in the Great Lakes There are certainly many effects which



should be considered in the detailed analysis of water reflectance;



the wind is often present and this tends to affect the reflectance



properties, the sun angle is important; the degree of cloudiness, and



the amount of haze in the sky. These are extrinsic quantities which



affect the radiation from the surface to the sensor Intrinsic para


meters such as the degree of particulate sedimentation in the water,



temperature, and currents are also of interest in water quality studies
 


In the present investigation, however, we shall be concerned with the



analysis of actual multispectral imagery to eliminate an important



extrinsic quantity from the data, namely the effect of atmospheric



haze



Radiation from the sun enters the Earth's atmosphere and is



absorbed and scattered by the gases and particulates which compose



the atmosphere. The radiation reflected from the surface is then



attenuated as it propagates from the target to the sensor. In addi


tion, the scattered radiation contributes to the attenuated radiation



a quantity called the path radiance which must be taken into account



in the preprocessing algorithm. The path radiance is calculated by



means of radiative-transfer theory applied to a plane-parallel, hori


zontally spatially homogeneous, isotropic atmospheric medium which is



defined in terms of standard optical parameters Once the path radi


ance, irradiance, and transmittance are calculated in terms of the



measured and estimated optical parameters the radiance at the surface,



the intrinsic radiance, and the effective surface reflectance can then
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-be computed for each picture element (pixel) of multispectral image



data Within the limitations of the model and the errors inherent in



the measurement of the model parameters the computer algorithm created



during this study will remove the effects of atmospheric haze from the



data. The current model is applicable to any degree of haze from near
 


fog conditions to the clearest possible atmosphere and can be used on



imagery collected at any latitude. This model includes the effects of



multiple scattering by gases and particulates in the atmosphere and of



absorption by ozone in the near ultraviolet and visible parts of the



spectrum At the present time the model does not include absorption



by other gaseous constituents which are of greater importance in the



infrared part of the spectrum. With these limitations the model is



applicable in the wavelength region from 0.4 pm to 2.20 pm
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3 

ATMOSPHERIC RADIATION MODEL



In this section we will describe the physics of the transfer of



radiant energy through the Earth's atmosphere under conditions encoun


tered in realistic situations.
 


3.1 	 COMPOSITION OF THE ATMOSPHERE



Earth's atmosphere consists of the permanent gases oxygen (02)
,



nitrogen (N2), and argon (A) which have little effect on the absorp


tion of radiation in the visible and infrared part of the spectrum.



The more variable gaseous components such as water vapor (H20) carbon
, 
 

dioxide (CO2), and ozone (03) do, however, absorb significant amounts



of radiant energy especially in the ultraviolet and infrared part of



the spectrum. In the remote sensing of Earth's surface the wavelength



bands of an optical sensor are usually chosen so as to avoid the strong



gaseous absorption regions For this reason we will consider an atmos


pheric radiation model which takes into consideration only the multiply



scattered radiation and the absorption by the gas ozone and the particu


lates in the atmosphere. Thus, the model will be applicable to the



spectral region from 0 40 pm to r2 2 Pm with the exception of the



strong absorption regions in the near infrared.



Besides the gases the atmosphere contains a semi-permanent sus


pension of particulates called an aerosol. The particulates arise



from a variety of sources, some of which are natural as volcanic



eruptions, forest fires, dust storms, and ocean spray, whereas other



sources are anthropogenic in nature such as efflux from smokestacks,



vehicle tire wear, and large-scale cultivation of the soil All of



these sources contribute to the total worldwide particulate load which



exists in the stratosphere and which has a resident time measured in



years. The troposphere has a much more variable aerosol component



which is highly dependent upon load or regional sources.
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The particulates can have a variety of compositions and shapes.



Pure water aerosols or those with a large portion of water have a



spherical or nearly spherical shape whereas the dry particulates can



have any complex shape. The composition is generally that of sulfates



and phosphates and the composite aerosol usually is characterized by



a refractive index which in the visible part of the spectrum is given



by



m(\) = ml() - im2(A) ()



where mI(X) is the real part and m (A) is the imaginary part for a



wavelength A For most "general" aerosols found over large regions



of the world the index is given by



m() = 1.5 - O.li (2) 

which indicates that the aerosol is not pure water and that because of



the non-zero imaginary term it absorbs radiation. The details of



particulates and how they affect remote sensing will be dealt with



in a later section
 


3.2 ATTENUATION OF RADIATION



3.2.1 CROSS SECTIONS



Of all the scattering and absorption processes occurring in the



atmosphere the scattering of radiation by the permanent gases is the



easiest to account for. The scattering cross section is given by the



following equation []:



32 2 

SAi8r(n s 1) 6 +3pn 3 
R 3X 4 N2 6- 7p n 

and n is

where this so-called Rayleigh cross section is given in cm 
 

the refractive index of air at 15 0C and 1013 250 mb pressure. The
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quantity N is the molecular number density of air under standard con
s 

ditions; pn is the depolarization parameter, and X is the wavelength



of the radiation. According to Edlen [2] the refractive index is



given by



(n - 1) x 108 = 8342.13 + 2406030 + 15997 (4)
130 - 1/2 38.9 - 1/2



where X is the wavelength in pm The number density of standard air



is



N H Ps N(5)
s k T 

s 

where pH is the atomic mass unit, p is the standard atmospheric



pressure of 1013.250 mb, N is Avogadro's constant, k is Boltzmann's


0



constant, and T is the temperature 288.150 K. Using the latest values
S 

of these physical constants we get for the standard number density of



air



N = 2 5468926 x 1019 molecules/cm3 (6)

S 

Thus, with a depolarization parameter p of 0 0350 [1] we obtain for

n 

the Rayleigh scattering cross section



2


(n2 
 

aRay 1 3521891 x 1021 s4 (7)



A plot of the cross section aRay as a function of wavelength A is



given in Figure 1



Another atmospheric constituent which we will consider is ozone.



It is the primary absorber in the ultraviolet region and has some
 


strong absorption bands in the infrared. In the visible region there



7





ZLRIM



8 

25 
7--7= 

2 - - ,--- .----- i - -- 

4 -- 4

.!I ---) F-N- I 

RLESSCTRNGCROSS 

=. . ' -I" -L - I-- I N 
- -= i 15 -ZI, T f- t--- -- 

Wavelength (pm) 

ORIGINAIJ PAGE IS 
8 OF POOR QUALITy. 



ZRIM



is some absorption due to the weak Chappuis bands near 0.6 pm and we



will consider the absorption due to these bands only. The ozone



absorption is dependent upon wavelength and temperature but for the



visible region the temperature dependence is weak and we will neglect


-l



it. The ozone absorption coefficient A is given in cm and is



depicted in Figure 2 according to Vigroux [3].



The next atmospheric component which we will consider is the



aerosol. Lackmng information on the shape of the particulates we



will assume that they are uniform spheres. Even if the particles have



very irregular shapes the interaction of radiation with a large con


centration of irregularly shaped particles oriented in random direc


tions probably produces a scattered radiation field not too different



from that for spherical particles. The theory of the scattering of



electromagnetic plane waves from dielectric spheres was developed by



Mie [4] in 1908 More modern treatments of the theory along with
 


further developments are given by van de Hulst [5], and Kerker [6].



The scattering, total, and absorption cross sections are given in



terms of the dimensionless parameter x(= 27r/A) where r is the radius



of the particle and X is the wavelength of the radiation They are



the following:



"s(r) = 2 2 (2Z+) [IaZl2 + ]h1 2 ]  (8)


x2 
 =i



r) = 2tr (22+1) Re[ax + b9 ] (9) 
x 

aa(r) = at(r) - as(r) (10) 

where the parameters aP and b are given in terms of the Ricatti-Bessel



functions It is sometimes more convenient to use the dimensionless
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E



efficiency factors defined as



Q = a 2(11)


Trr



For large particles, i.e , for large values of x many terms in the
 


series must be taken into account and this is why computers must be



used in a detailed analysis of Mie scattering. The efficiency factors



for particles of various refractive indices have been calculated by



many investigators and examples by Turner [7] are presented in Figures



3, 4, and 5.



3.2 2 ATTENUATION COEFFICIENTS



Having defined the basic interaction cross sections we must now



determine the attenuation coefficients which are dependent upon the



concentration of particles in the medium.



For the Rayleigh scattering coefficient we have



K R(A,z) = N(z)aR() (12) 

where N(z) is the number of molecules of air per unit volume and aR(A)



is the scattering cross section as given by Equation 7. The coeffi
" m-1 
cient KR (A,z) is then expressed in reciprocal length, usually km


Thus, if one has the molecular number density as a function of altitude



the scattering coefficient can be determined. For our purposes we will



use the number density profile as given by the 1976 U.S Standard



Atmosphere [8] It will be found that variations as the result of



seasonal and latitude changes alter the profile very little, at least



as compared to changes in the aerosol density.



The ozone extinction coefficient KG(A,z) is given by



KG (,Z) = A(A)D(z) (13)
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where D(z) is the ozone equivalent thickness (cm/km) and A(X) is the



ozone absorption coefficient The determination of ozone variability



at a function of season, latitude, longitude, altitude, and time of day



has been the subject of much investigation over many years. Most of



these details are not of much importance to the present investigation



because they deal with the ultraviolet part of the spectrum. We will



make use of ozone number densities as provided by McClatchey et al [9]



and Krueger and Minzner [10] Additional information on ozone varia


bility is given by Vassy [11], Green [12], and Valley [13].



The ozone equivalent thickness D(z) is given by



V 113z



(14)
D(z) =3 102 p3 (z) = 4.66968 x 10 
 

where VO is the volume of an ideal gas at STP, i.e , 22.4136 m3/kmol, 

M3 is the ozone molecular weight of 47 9982 kg/kmol, and p3 (z) is the 

ozone density in gms/m 3 .



For the aerosol the calculations are more involved because we



must consider a spectrum of particle sizes The smallest particles



are called Aitken nuclei and have little effect on optical phenomena


-
Their sizes range from 10 3 Pm to 10- 1 Pm The condensation nuclei



or large particles range in size from 10-1 pm to I pm and are important



for optics Giant particles are those greater than 1 lim in radius



Deirmendgman [14] has parameterized the particle size distribution



with the following equation.



N(r) = ar6exp(-bry ) (15)



where the constants determined the type of haze The volume absorption,
 


scattering, and extinction coefficients are then given by the following



a(A,z) = a(r)N(zr)dr (16)J 
0 
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S(Az) = f os(r)N(z,r)dr 	 (17) 

0



K(Az) = Yt(r)N(z,r)dr 	 (18)J 
0



where N(z,r) is 	 the number of particulates per unit volume in size



range Ar, and the cross sections are functions of the wavelength



dependent complex refractive index m(X)



3 2.3 OPTICAL DEPTH



One of the most important parameters in radiative-transfer analysis



is the optical depth. It is a dimensionless parameter and is basically



the distance which a photon travels in a medium measured in mean free



paths. If the total optical thickness T of a medium is much less than



one then the radiation is probably scattered only once, whereas if the



optical thickness is much greater than one there are many scatterings



and the photon "diffuse" through the medium. In either case these are



approximations which can be used to determine the radiation field



Unfortunately, in the visible region of the Earth's atmosphere the



optical thickness is nearly one which means that the complete radiative


transfer theory for multiple scattering must be considered.



For a Rayleigh atmosphere the optical depth TR(Az) at altitude z



is given by



TR(Xz) = aR() 	 f N(z')dz' (19)



z



For the entire atmosphere the optical thickness To,R(X) is



To,R(X) = OR(A) 	 I 	 (20)
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where I is the column density for the permanent gases in the atmosphere.



Using the 1976 U.S. Standard Atmosphere we have integrated the mole


cular number density (Figure 6) over altitude to determine Is, i e


- 2
I for a standard atmosphere It is 2.16374 x 102 5 cm .



If the Rayleigh optical thickness To,R() is known at a particular



site then the optical depth is given by the following:



z) = p(z) (21)
PO oR



where p(z) is the pressure at altitude z and p is the pressure at



the site. It should be noted that optical depth is defined to be zero



at the top of the atmosphere. Typical values of the Rayleigh optical



thickness are 0 450 at X = 0.38 pm and 0.021 at X = 0.80 im.



The ozone optical depth Tg (,z) at altitude z is given by



{SG(X,z) = C A(A) p3 (z')dz' (22) 

z 

where



C = 46.6968 (23)



and



z



I(Z) = p 3 (z')dz' (24) 

0



is the integrated column density for ozone. Hence,



rG(A,z) = TG(X) - CA(A) I (Z) (25) 

where TG(A) is the ozone optical thickness at wavelength X. Typical



values are 0 012 at X = 0.50 pm and 0 045 at the peak of the Chappuis



band at A = 0.60 Pm.
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The aerosol optical depth is given by



TA(Xz) = 	 f K(A,Z') dz' (26) 

z 

Now, experiments have shown that the size distribution is approximately



independent of altitude which means that we can use the following


N(z,r) N(z) (r) 	 (27)



where N(z) is the particulate number density and (r) is the size
 


spectrum. Using Equations 18 and 27 we get



TA(X,z) = 	 a(x) 1A(z) 	 (28) 

where W(A) is the mean extinction cross section integrated over the



size spectrum and IA(z) is the particulate column density, i e



5(X) = ot (r) i(r)dr 	 (29)4 
0



and



IA(z) = f 	 N(z')dz' 	 (30) 

z 

Typical values of the aerosol optical thickness at a wavelength of



0 55 pm are 1.7 at a visual range of 2 km and 0.25 at a visual range



of 23 km



Of all the optical depths the aerosol optical depth is by far the



most variable one. In general, we have then



z(A,z) = rR(A,z) + TG(X,Z) + 'A(Az) 	 (31) 
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for the total optical depth of Earth's atmosphere and



To(A) = To,R() + To,G() + T o,A(A) (32) 

for the total optical thickness of Earth's atmosphere
 


3.2.4 PHASE FUNCTIONS



In multiple scattering one must consider the angular distribution



of the radiation. Mie theory allows one to calculate the differential



scattering cross section or the single-scattering phase function for



any size particle. Likewise, the Rayleigh phase function can be cal


culated or derived from the Mie formulas as A>>r. The phase function
 


p(p, ) which is wavelength dependent is defined such that



27r 1



-- { p(, ) dpd4 = 1 (33) 

0 -l 

where 6(= cos-l) and ¢ are the usual spherical coordinates. For a



Rayleigh atmosphere with no molecular anisotropy the radiation field



scattered by a single particle is of the dipole form


3 2



p(1) = (1 + P2) (34) 

If molecular anisotropy is taken into account the formula becomes [15]



p(p) = R1 + R2P2 (35)



where



R 3 + (36) 

n 

R2 = 2 + p (37) 

and pn is the depolarization parameter %0.035.
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The calculation of the particulate phase function is much more



complicated. An example of these calculations is illustrated in



Figure 7 for a so-called continental haze distribution for particles



with various amounts of absorption. As illustrated the phase function



is highly anisotropic, the amount of radiation scattered in the forward



direction being about 300 times the amount scattered at 1200 An indi


cation of the relative amount of scattering in a Rayleigh atmosphere



as opposed to a hazy atmosphere is depicted in Figure 8 For the



situations which we will consider in the model presented in this work



the phase functions for various wavelengths and angles have already



been computed and stored in data arrays It is then only necessary



to interpolate to find the phase function for any desired wavelength



and angle.



3.3 THE MODEL ATMOSPHERE



The "Rayleigh" part of the atmosphere, i e., that part charac


terized by the permanent gases is well known and is essentially only



dependent upon the atmosphere. Likewise, the "ozone" part is known



in the sense that the ozone number density can be found for various



latitudes and times of year. The "aerosol" part of the atmosphere is



subject to many variations and we must rely on semi-empirical methods



to characterize the optical state of the atmosphere



There is evidence [15,16] that the particulate distribution is



exponential with altitude, i e , it can be designated by an exponential



decrease in number density with a scale height which is dependent upon



the visual range. In our analysis here we will use the Elterman



model [15] in which the aerosol extinction coefficients below 5 km
 


altitude are dependent upon the visual range. Thus,



K(X,V,Z) = KA(A,V,Z) + KG(,z) + KR(Xz) (38)



where V is a parameter to denote the visual range. It should be stated



that we use V as an atmospheric parameter only to characterize the
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degree of turbidity of the atmosphere; neither the model itself nor



the results depend upon a measurement of visual range. Now, the aero


sol extinction coefficient is



-
KA(A,V,z) = KA(A,V,o) e z/H (V) (39)



for z S 5 km. Thus, the aerosol scale height H(V) is



z
H(V) = (40)



Z A(A,V,o)
 


According to Eltermann [16] experiments indicate that at z = 5 km



3 1
KA(oAV,5) = 5.0 x 10- km- (41)



where X = 0.55 pm Now, since KA (X,V,z) can be written as the product 

of number density and some function of wavelength 

KA(XV,z) = N(z)J(A) (42) 

where J(A) is the wavelength-dependent part of the aerosol extinction



coefficient, we have



KA(,V'z) N'(z) (43) 

IA(A,Vz) N(z) 

a quantity which is independent of the wavelength A. According to



Koschmneder's formula [17] the horizontal visual range is defined by



K(Ao,V,o) = Yn 50 (44)



2 km -I
Hence, knowing that KR(Xo,O ) = 1 162 x 10
- and KG(AoO) 

- 4 km- 1 = 2.57766 x 10 from McClatchey et al. [9] and using Equations 40 
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and 41 for an altitude of 5 km we can determine the scale height, i.e



5


H(V) = [ (45) 

n17824046 2.3755532] 

where V is in km. Now, by using a scaling relation we can determine



the aerosol coefficient at the surface in terms of its value at the



measured visual range of 4 km Thus,



[inV50 KR(X ,o) - KG(),) 1
KA(A'V'°) = KA(A '4 , °) [Zn-- K(AO - Kg(A°') J(46)



A A Zn450- KR()oO) - KG(A,o )



or



KA(X,V,o) = KA(X,4,o) [4.0491768 - 0.0122942] (47) 

where the coefficient KA (, 4 ,o) is illustrated in Figure 9.



Having determined the scale height H(V) and the aerosol coeffi


cient KA(A,V,o) at the surface we now have a complete model of the
 


particulate distribution below 5 km. In Elterman's model the assump


tion is that above 5 km there exists a "universal" distribution inde


pendent of visual range With these formulas and the definition of



optical depth we can then write



T A(X,V,z) = KA(A,Vo)H(V) [ez 
/H (V) - e-5/H(V)] 

+ KKA(Xz')dz' (48) 

5



for z 5 km and
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TA(A'V'Z) = KKA(XZ'')dz' (49) 

z



for z > 5 km. The aerosol optical thickness To,A (,V) is



-
'o,A (X,V) = KA(A,V,o)H(V) [1 - e 5 /H (V)] + KA(A'z')dz' (50)J 
5 

Based upon this model we will now see how a single measurement



of the total optical thickness To(A,V) at the Earth's surface allows
 


us to determine the optical depth T(X,Z) for any altitude z A



spectroradiometer at the Earth's surface pointing in the direction



of the Sun will measure the irradiance E(X), i.e.,



E(X) = E (X)e (51)

0 

where E (A) is the known extraterrestrial solar irradiance and p° is



the cosine of the solar zenith angle 8 0 Now, 

T(X,V) = o,R(X) + o,G (X ) + To,A( ,V) (52) 

and



T(X,V,Z) = R(X,z) + TG (A,Z) + TA(AV,z) (53) 

where o (A,V) is measured according to Equation 51 and T o(A),



To ,G(), TR (,z), and TG(X,z) are assumed to be known. We want to



determine T(A,V,z). From a measurement of T (A,V) we can determine



To,A(,V) from Equation 52 Therefore, we have



-
A ,V,z) = r A( X , V ) - KA(A,V,o)H(V)[l - e z/H(V)] (54), 
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for z < 5 km and 

TA(,VZ) = JKA(X,z')dz' = Tu(Az) (55)



z



for z > 5 km. TU(X,z) is the "universal" optical depth which is



independent of visual range. 
 By a simple scaling relation we have



TU(X,z) = R(X) f KA(Xo0Z')dz' 
 (56)



z



where R(A) is given by



KA ( , o)


R(A) = KA( oO) 
 (57)

KA(A0 o)



and is illustrated in Figure 10. Likewise,



"oU(A) = R(A) f KA(Xoz')dz' (58)



5



Now,



To,A(X,V) - ToU(A) = FA(,V,o)H(V)[l - e-5/H(V)] (59)



Since the left-hand side of this equation is known we can solve



Equation 59 for V. After performing an analysis similar to what was



done in deriving the model we have the following transcendental equa


tion to solve:



ex - yx - 1 = 0 (60)
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where



x = V5O - KR (Xo) - KG(?,O '° ) 
e KA(Ao,V,5) (61) 

and



T (o,A(,V)
- ToU(A) KA(o,4,o)



5 KA(XoV,5) KA(A,4,o)



It should be noted that y is known from the measurement of the optical 

thickness T o(A,V) and everything in Equation 61 is known except V. 

Let the root of Equation 60 be x The optical depth TA (,V,z) can 

then be determined, i e., 

00 5
Xo 
 

TA(X,V,z) = T (X,V) - F(A) ex- 1 - e (63)

A '' o,A x0 

where



KA(X,4,o)



F(A) = 5 KA(oV,5) KA(Ao,4,o) (64)



Under normal conditions y cannot be negative as that would mean that



the optical depth at 5 km is greater than the optical thickness.
 


However, the universal optical depth may be greater than T o,A(AV)



if between the time of measurement of the universal value and the



measurement of ToA(,U) the present universal value has decreased.



The roots of Equation 60 vs. y are illustrated in Figure 11.



Hence, Equation 63 gives as the aerosol optical depth at altitude



z and wavelength A for z < 5 km. For z > 5 km we use Equation 56 where



the integral can be evaluated using KA(AoZ) from Elterman [18].
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3.4 --RADrATIVE-TRMSFER-

Having defined the physical properties of the medium we can now



describe the process of the transfer of radiant energy through the



atmosphere



3 4.1 EQUATION OF TRANSFER



The radiation which is scattered and absorbed by the medium is
 


described by an integro-differential equation [19] For a plane


parallel medium the radiative-transfer equation is



dW o(T) 27r 

- = L(T,]J,4) (t p(, ,4,',#')L(Tp', ')di'd4' (65) 

0 -1 

where L(Tv) is the spectral radiance, i.e , the amount of energy



arriving at a point on a surface per unit area per unit time per unit



solid angle per wavelength interval The units we use here will be



milliwatts per square centimeter per steradian per micrometer. It



should be noted that radiance is independent of distance if one neg


lects the effect of interaction with the medium. For example, the



spectral radiance of a star is the same regardless of one's distance



from the star. The quantity w (T) is the single-scattering albedo



and is defined as the ratio of the volume scattering coefficient to



the volume extinction coefficient, i.e



to ( T ) = (A,z) (66)
0 K(A,Z) 

thus w (t) is a fraction between zero and one The quantity



is the single-scattering phase function which des


cribes the angular dependence of the scattering at a given optical



depth T in the medium The relationship between the angular coordi


nates is illustrated in Figure 12.
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Much effort has been spent in the last forty years by many



investigators to solve Equation 65 for various media and boundary



conditions. Mathematically exact formulations of solutions to this



equation are beyond the scope of this investigation and considering



the limitations of the data and the measurement errors such a solution



is not warranted For the purposes of the remote sensing of the



Earth's surface an approximate solution is quite adequate A sim


plified two-stream approximate solution of the radiative-transfer



equation has been developed by Turner [20,21] especially for hazy



atmospheric conditions Comparisons of the model calculations with



mathematically exact formulations and with experiments have demon


strated the utility of the model.



3.4 2 BOUNDARY CONDITIONS



Since the Sun has a angular size of only about one-half degree



and constitutes only %lO -3 per cent of the sky we may consider it to



be a point source. The radiance due to the Sun at any optical depth



is then given by



LSun(,,) = ESun(T)6( + 1io)(5 - O) (67) 

where ESun(T) is the solar irradiance or the amount of energy incident



on a surface per unit time per unit area per unit wavelength interval



and the 's are the Dirac delta functions which specify the Sun's



location at the spherical coordinates 0(= cos-l ), 0. It should be 

noted that irradiance does not depend upon solid angle and refers to 

the power density regardless of the direction of the incident radia

tion. Hence, irradiance does depend upon the distance from the source 

For-example, the irradiance from a point source such as a star decreases 

as the inverse square of the distance to the star. 

Since the radiative-transfer equation is linear the direct solar 

radiation field can be added to the diffuse scattered radiation field 
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to get the total radiation field in the medium, i e



L(T,i, 	 ) = LD (T,-,) + LSun(T,,) 	 (68) 

where the radiative-transfer equation can be solved for the diffuse



field LD(Qv,). The complete solution can then be formed by allowing



the diffuse field to satisfy the boundary conditions These are the



following:



LD(O, = 0 	 (69) 

J2w 1 


LD(T°'l'O = f p'p( ,4,p','')L(To,-v',P')dp'd t (70) 


0 0 

Equation 69 indicates that the downwelling diffuse radiation field at



the top of the atmosphere is zero. In Equation 70 the quantity



is called the bidirectional reflectance of the surface,



a general concept of reflectance which depends upon the direction of



the incident radiation and the direction of the reflected radiation.



3 4.3 	 REMOTE SENSING EQUATION



If we consider a homogeneous atmosphere, that is, one in which



the single-scattering albedo and the phase function are independent



of optical depth then Equation 65 can be integrated to give the formal



solution



0 
L , ,4) = L(r ,i, (T)e 

21 1 	 T 
,+ 	 4 p('' eL',p' A)d T d'd' 

o -1 Tn 

+wEp0 p(''-°)4( A)[-T/p ° -TI/ e --T)/P0 0+ 00° ) 1e -e ej (71) 
47r (1 + 	 1 L0)5 
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where the first term on the right-hand side of the equation represents



the radiation attenuated along the path from the target to the sensor.



The second term accounts for the multiply scattered radiation along



the path and the third term represents the singly scattered solar



radiation. Equation 71 can be written in a more compact form as



L(T,p,4) = L(To ,p,)T(T,p) + Lp(TP,). (72) 

Equation 72 is called the remote sensing equation in which the quantity



L(TOp, ) is the surface radiance, T(ri) is the transmittance along



the path, and L (-,pp) is the so-called path radiance. The product



of the surface radiance and transmittance is sometimes called beam



radiance, i.e.,



LB(T,4,) = L(TOr,V)T(T,J) (73) 

Given the optical depth T, single-scattering albedo w , and the 

scattering phase function one can calculate all of the quantities on



the right-hand side of Equation 72 to determine the total radiance



L(T,i,) at a sensor.
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THE INVERSION ALGORITHM



We can now derive the expressions for "inverting" the remote



sensing equation to extract radiometric quantities which are inde


pendent of the atmosphere. In a strict sense this is impossible to



do completely because the atmosphere and surface are coupled, that is,



the surface conditions partially determine the radiation field in the



atmosphere and likewise the radiation field in the atmosphere partially
 


determines the reflectance characteristics of the surface. One is



always limited by the inability to measure enough of the environmental



parameters to specify the complete state of the medium. Nevertheless,



we will derive approximate expressions which are useful for the analysis



of remotely sensed data from the Earth's surface.



4.1 REFLECTANCE



Since reflectance is an important parameter in our investigation



we will define carefully the various concepts of reflectance In all



of the work considered we will neglect the effects of polarization



Also, because almost all quantities are spectral, i.e , we are dealing



with parameters specified at a given wavelength we will not specifically
 


refer to these quantities as "spectral".



The fundamental quantity called bidirectional reflectance,
 


p(p,4,,',4') depends upon the spherical coordinates 0'(= cos-1l'), V'



of the incoming radiation and the outgoing spherical coordinates



0(= cos- p), 4. Thus, according to Equation 70 if one knows the up


welling radiance at the surface and the total (solar plus sky) radi


ance at the surface one can "invert" the integral equation to extract



the bidirectional reflectance of the surface. In practice, this is



quite difficult because it means the spectroradiometers must be placed



at each site to be investigated and "scanned" in angular patterns.



The cost in time and money to perform a detailed investigation of even
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one square mile of the Earth's surface in this manner would be



enormous. Hence, one employs a less detailed but also a much less



costly method of collecting data, that is, remote sensing. It is



natural to expect that in a less detailed measurement one would lose



a certain amount of information In this case we must be willing to



sacrifice some knowledge of the goniometric properties of the surface



because of the limitations on the number of directions of observations



which are available to us for a given pixel of data Thus, we must



define more general but important concepts of reflectance.



The directional-hemispherical reflectance is given by



2w 1 

P(,'W) = J f pp,4,p',ftdd (74) 

0 0



This reflectance defines how much of the radiant power incident from



one direction will be reflected into all directions Another reflec


tance is the hemispherical-directional reflectance, given by



27r 1

f { 
p(m,4) - o 2r 1 ' (75) 

1 { {Q'L(To,-p',40)dp'd4' 

0 0



a more complicated expression, but one which describes the radiant



power reflected into a given direction (0,) as a result of incident



radiant power over all incoming directions. The hemispherical reflec


tance or albedo p is defined as
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2wr
J J1 

0 0 1 (76) 

I f o 
0 0



which is the ratio of the power output to the power input to the sur


face. This quantity p is the reflectance most commonly given in tables



or graphs and ranges in value from zero to one or from zero per cent



to 100 per cent.



It will be useful to consider the effects of solar and sky radia


tion separately. We therefore use Equation 75 as



2w 1 

f { D (T d 

+o 0B/ (77)



where E is the total irradiance at the surface, i e.,



21r 1 

E =J f P'L(mo,-', ')d'd' (78) 

0 0



The first term on the right-hand side of Equation 77 represents the



solar radiation and the second term represents the diffuse sky radia


tion. Performing the first integration we get
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P(,0 = (l-f)p(,,o,¢o) 

'(,€ ,' L(r°,-p',')lif 1 	 L 


+ irf 271 J'P'0, ',W) L ED d(oP'd4' (79) 

0 0



where f is the ratio of the diffuse sky irradiance to the total (solar



plus sky) irradiance. Jerlov [22] gives the amount of reflected energy



for various f values and thus one can estimate the reflected properties



in terms of haze level or cloud cover.



For water studies one tends to avoid the specular angle but it



can be of importance particularly if the glitter pattern on the water



surface is large. The bidirectional reflectance of a specular surface



is



P,4,PW) = PS(P',4')6 ( '- P ) (4'-4-r) 	 (80) 

where ps(1',4) depends only on the incoming zenith angle e' and not the 

azimuth angle 4'. Thus, it can be given by Fresnel's law for unpolar

ized radiation, i.e ,



p0') = 1 	 sin 2(' - X) + tan2 (0' - X) (81) 

sin2(' + x) tan (6' + X) 

where



sin 6' =n sin x, 9' cos6' 	 (82)



in which X is the angle of refraction and nr is-the refractive index



This formula can be used with Equations 74 and 75 to determine the



reflectance properties of water surface with various atmospheric con


ditions. A plot of the specular reflectance for a refractive index
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of 4/3 is given in Figure 13 The diffuse or Lambertian reflectance
 


(Equation 76) has been calculated by various investigators [23,24]



for different sky radiances and they obtain values of 0.066 and 0 052.



Since our primary interest in this investigation is on the removal of



atmospheric effects from multispectral data over water rather than in



the physics of the water medium we will not consider these detailed



properties of water any further. Interesting reflectance studies can



be found in Siegel and Howell [25] and Wezernak et al [26].



4.2 	 INTRINSIC RADIANCE
 


We will now develop the expressions for the actual quantities



which will be evaluated and used with the multispectral image data



Separating the solar and sky radiation fields the surface radiance



can be written as
 


-T /1
o


)L(r , 	 ,) = oEoe 0 0P0,0,1oo 

27 1 

+ f p t p( '*'v''*')Ls(T°-p',*)d'd4' (83) 

0 0



If the atmosphere were to disappear the only component which remains



is the extraterrestrial component and the sky radiance LS(T,-1,)



vanishes Thus, as T + 0 Equation 83 gives us the radiance for the
 


case 	 of no atmosphere at all, or the "intrinsic" radiance,
 


LI 	 ,I,)= poEp(p, ofl o) 	 (84)



This 	 radiance is what would be measured if one were doing remote
 


sensing of the lunar surface from a spacecraft We would like to



have 	 the same radiance for the Earth's surface Equation 83 can be



written as
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= LI(p, )eL(TOp,4) 
 

27r 1 

+ f hI'P(,'f]a',4)Ls(To'-II'qt)d 'dq' (85) 

0 0 

or, using the equation for the hemispherical-directional reflectance



we have,



L(T , + (86) 

It should be noted that up to this point there have been no approxi


mations in the formalism Equation 86 is exact and if the intrinsic



radiance and the surface radiance were known the reflectance p(p,)



could then be found. The problem is that one usually does not have



enough information regarding the sky radiance, Ls(T,-p,) in



Equation 85 in order to evaluate the integral. Therefore, we must



make some approximations in order to arrive at a meaningful solution



If we make the assumption that the surface is perfectly diffuse for



the sky radiation then the bidirectional reflectance is a constant



and Equation 85 becomes



L(TO,,E= +0 E(i()e (87) 

or



E(To) 
L(To,MY) = 1--B L (v,) (88) 

040 
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where E (To) is the diffuse sky irradiance and E(T ) is the total



(solar plus sky) irradiance at the surface Now, using the remote



sensing equation we get



E~ro )



L(r,p,) = LI(v,4)T(p) + Lp(Tv,4) (89) 
0 0



Inverting this equation we finally obtain the intrinsic radiance for



the surface, i e.,



L(p,4) F(T,p,I)L(r,1,4) - G(Tu,) (90) 

where



F(T,,) E)T,) (91) 

and



G(T,V, ) = F(T,1, )Lp(T,P, ) (92) 

Equation 90 then is the basic algorithm for the determination of the
 


radiance characteristic of the Earth's surface free of any atmospheric



effects The functions F(T,j,@) and G(T,p, ) can be calculated



according to the atmospheric radiative-transfer model and in some



cases can be determined experLmentally Thus, we see that the multi


plicative and additive (or subtractive) operators act upon the multi


spectral image data L(rp,) to produce the intrinsic multispectral



image data L1i,4)



We can now find the bidirectional reflectance of the surface



from Equations 90 and 84, i e.,



P'4',1 0 4) = L1 O( E)/v0 (93) 
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where it must be realized that the surface is considered to be diffuse



for the sky radiation only, not for the solar part If one assumes



that the surface is diffuse for the solar and the sky radiation then



the diffuse reflectance is given by



P = pTP(4,p ,o) (94) 

4.3 FLIGHT CONFIGURATION



Having defined the basic mathematical algorithm to be used we will



now describe the procedure for specifying of the input image data, the



geometry of the sensor and the environment which is to be investigated



The description of the computer program employed will, however, be



general enough so that its use is not limited to a particular sensor



The geometrical arrangement of the sensor with respect to the



environment can be defined by using a right-handed coordinate system



as illustrated in Figure 14 A sensor is located at point Q viewing



radiation along the vertical scan plane PIQPn where the scan line



across the surface is PIPn The important point for the user to



remember is the location of the first pixel in a given scan line



That point defines the critical angle with respect to the Earth's



coordinate system. In Figure 14 the aircraft (or spacecraft) is



moving in a Northeasterly direction with a right-handed scan We



call this a system with positive helicity. If the craft were moving



in a Southwesterly direction P and Pn would be interchanged but the



helicity would still be positive. The helicity is inherent in the



scanning system. If the direction of flight is denoted by the vector



F and the spin vector of the scanner by S then the helicity H is



defined as the outer or



H = Fx S (95) 
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cross product of the corresponding unit vectors. Thus,



+1 for a right-handed scanner


H = 	 (96)



-1 for a left-handed scanner



The user need not be concerned with deriving the solar zenith



angle 0o or the solar azimuth angle A (or 40) as these are computed



automatically once the latitude, longitude, date, time of day (Standard



time), and zone number are specified. For convenience, the inter


national time zones are given in Figure 15 and the time zones for the



United States are given in Figure 16. As an example, Cleveland, Ohio



is in the Eastern time zone with zone number +5. The subroutine for



the computation is quite accurate and it has been checked against the



Nautical Almanac. The maximum error is only a fraction of the angular



size 	 of the Sun itself.



The extraterrestrial solar irradiance, E (X) is calculated using

0



the NASA Standard Values by Thekaekara and Drummond [27] and are



illustrated in Figure 17 for a mean Earth-Sun distance. We correct



for the variation with distance on a day by day basis.



4.4 	 ALGORITHM INPUT PARAMETERS



Besides the geometric parameters as defined in the previous



section we must now specify those parameters which are characteristic



of the medium and the measurement system.



4.4.1 ALTITUDE



There are several "altitudes" which must be specified. First one



must know the actual altitude (km) of the sensor above the surface.



Second, one must know the pressure (millibars) of the atmosphere at



the surface, and third, one must know the atmospheric pressure (milli


bars) at flight altitude. If only the altitudes are known one can use



the tables relating pressure to altitude as given by the U.S. Standard
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TABLE 1 

OCS-2-NASA/LEWIS 

CONVERSION FACTORS 

Channel A (pm) F(G = 1) F(G = 1 5) F(G = 2.0) F(G = 3 0) 

1 0 428 5.520617 3.680411 4 907215 7.360822 

2 0.466 5 349853 3.566569 4 755425 7.1331373 

3 0 508 4 643580 3.095720 4 127626 6.191439 

4 0 549 4 301303 2 867535 3 823380 5.735070 

5 0.592 4.022688 2.681792 3.575723 5.363584 

6 0.632 3.680411 2 453607 3.271477 4.907215 

7 0.674 3 123931 2.082620 2 776827 4 165241 

8 0 714 2.353995 1 569330 2 092440 3 138660 

9 0 756 26 812927 17 875285 23.833713 35 750569 

10 0 794 1.241034 0.8273560 1 103141 1 654712 

Note 

L(mW/cm2_sr_m) = FC where C is the count value from 

0 to 255 

G is the gain setting 

53





EIM - __



6f completeness because they are actually part of the input data.



A number of single scattering phase functions are included with



the program. The user may use any phase functions he wants as long



as they are realistic for the conditions and satisfy the following



normalization relation:



I 

I p(t)dp = 2 (98) 

-il 

where p(p) is the phase function for an angle 0(= cos- ). The phase



functions which we have made available with the program are of two



sets, one corresponding to a maritime haze and one corresponding to



a continental haze. Previous work has shown that there is not much



difference in the results between the two particulate distributions



especially when the visual range is large. The maritime haze is that



one characteristic of conditions over large bodies of water such as



oceans and seas The continental haze is characteristic of conditions



over the land. In either case we have a phase function for the follow


ing complex refractive indices of the particulates



1 5 - 0.0i 
1.5 - O.Oli m 1 5 - 0 101(99)
 


1.5 - 1.0i



The first of these corresponds to a "clean" haze, i e , one which 

does not absorb radiation, the second has a slight amount of absorp


tion, and so on. A general, worldwide refractive index would probably



be m = 1.5 - 0.04i but there can be considerable local variation about



this value. A user can easily determine the sensitivity of the results



by simply running the program with different phase functions.



54





ERIM



Another quantity which can be changed to correspond with the



phase functions is the scattering fraction, fs, defined as



s5
 
f= T°oA (100) 
S TO, 

o ,A
 


(called FSCAT in the program) It is the ratio of the scattering



part of the aerosol optical thickness to the total aerosol optical
 


thickness and is related to the refractive index. If f = 0 the


S 

particles are absorbing all radiation (and re-radiating it in the 

thermal region) whereas if fS = 1 the particles scatter all the inci

dent energy Unfortunately the exact relation between f and the
s 

phase functions involves a more detailed mathematical investigation



in radiative-transfer theory and Mie scattering theory than we can



present here One should note however, that it would be inconsistent



to use an f value of zero with the phase function with a refractive
s 

index of 1 5 - 0 01 or an f = 1 with m = 1.5 - 1.0i. The quantityS 

f S is used to compute the forward scattering fraction n given by 

0 96 fs To,A + 0 5 To,R 
 (101)



s o,A o,R



and the single-scattering albedo w



= ro,R + fs To,A (102)
0 T 

where



T = T + T + T (103) 
o oR oG o,A
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Another quantity which one should change depending upon the season



or latitude is the ozone column density. The difference in the results



for different densities should be slight for the visible and near



infrared parts of the spectrum unless one has extremely clear atmos


pheric conditions in which case the ozone makes up a larger percentage
 


contribution to the total optical thickness. We have included with
 


the program five ozone integrals, those corresponding to tropical, mid


latitude summer, mid-latitude winter, sub-arctic summer, and sub-arctic



winter. To obtain these column densities we integrated the corre


sponding ozone density profiles as given by McClatchey et al. [9] for



these conditions A switch is in the program so the user can select



a given condition by simply changing the switch value. Other para


meters related to the ozone integrals are, the number of altitudes in



the integral and the number of integrals to be read The ozone abporp


tion function A(A) in Equation 13 is also included as data but the



values used in this program have been the accepted values for about



25 years and will probably not change much in future measurements



The "cutoff" wavelengths of 0 362 pm and 0 439 are also included as



'constant" data.



Finally, there are data values for the aerosol model atmospheres



Measurements of the stratospheric aerosol distribution are infrequent



and only in recent years has there been the impetus to perform satel


lite measurements of this component. Hence, we consider the input data



for the stratospheric aerosol to include the number of wavelengths in



the "R" function (Equation 57), the number of profiles (currently one),



and the number of altitudes in each profile If additional modeling



of the stratospheric component were desired then more profiles could



be included. For this reason we have included a switch for the number



of the profile desired



The "gamma" function, although included with the input data should



not be altered
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4.4 4 SPECIFICATION OF IMAGE AREA



Everything described so far has concerned the input data for



implementing the atmospheric correction algorithm. We must also des


cribe the subset of MSS data to be processed and the input tape format



The first input data card (NSA card) specifies the initial scan line,



final scan line, and scan line increments for processing followed by



the starting pixel, final pixel and pixel increments for processing



points on those lines. For example, if one wants to analyze every



line from the second through the fiftieth and each of the 344 pixels



per line the entry would be 2, 50, 1, 1, 344, 1. The second input



data card specifies the number of pixels available, the maximum scan



angle (radians), and the angular scan interval (radians). For the OCS



sensor these values would be 344, 770035, and .00449 respectively



The third input data card defines the subset of the scan line data



buffer which is to be processed by the atmospheric routine Input



values of 3, 344, 5 specify that beginning with the third pixel brought



into the scan line data buffer according to the NSA card, the atmos


pheric program should process every 5th pixel (i.e , pixel 4, 9, 14,



344 of the original data tape.



4 4.5 SAMPLE DATA



For ease of application we present here a listing of input data



which were used on an actual data set Table 2 includes all inputs



including those corresponding to the selection of data points which
 


was just described in the preceding section. A single asterisk denotes



those quantities which will change with almost every data collection,
 


the double asterisk denotes quantities which change only a few times,



and the remaining quantities rarely change.



4 5 ALGORITHM OUTPUT PARAMETERS



The program is designed to produce an image tape in exactly the



same format as the original data set except that atmospheric effects
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have been removed. An option switch has therefore been included so



that one can produce various output data sets. If the switch (LSW) is



set equal to 1 the output is the digitized path radiance. If LSW=2 the



output consists of beam radiance (digitized), if LSW=3 one gets surface



radiance (digitized), if LSW=4 the digitized intrinsic radiance results,



and if LSW=5 the (digitized) reflectance is produced If LSW=6 all of



these quantities (non-digitized) are printed out including the input



data in radiometric units In addition, much of the input data is also



printed and the direct solar and the total irradiance is printed The



optical thicknesses interpolated from the measured values are printed



A flow chart of ATCOR-I is depicted in Figure 19 Figure 20 illustrates



a flow diagram of the computations in terms of subroutines This overall



procedure is carried out under a LINE11 system structure.



LINE11



LINE11 is the name of a software structure developed over a period



of years at ERIM. It has grown in response to a need for a flexible



testbed for algorithms which operate on multispectral scanner data. The



key concept is to regard a computational run involving multispectral



scanner data as composed of a series of logical steps (QSTEP=I,2, ,li)



At each logical step all of the modules are given an opportunity in



turn, to communicate their requirements, to have access to the labeled



common area, and to manipulate the data which is available for process


ing during that step. In a very real sense, every subroutine is called



during each QSTEP This logical structure is best illustrated by the



following chart. Basically, LINE11 provides a software setting in which



multispectral scanner data is made available for processing by a user



specified algorithm. During QSTEP=8 a single scan line is the unit of



multispectral scanner data available. These scan lines are handled in



a group corresponding to the "region" specified at QSTEP=6 The set of



"regions" to be processed are specified at QSTEP=4 
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SCENARIO FOR LINEll



QSTEP 
Number Activity 

1 Linking of modules 

2 Specify default control 
parameters 

3 Initialize and read the 

control variables 

4 Specify set of regions 
to be processed 

5 Read the title (file 
header) for a specific 
region 

6 Initiate processing of 
a region 

7 Determine and pass along 
addresses of any dynami
cally allocated arrays 

8 Buffer up a single scan 
line and process it 

9 End processing of a 
region 

10 End processing of a set 
of regions I 

11 End of all processing 
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The individual modules are brought 

together in the order in which the 

user has indicated they are to be 

exercised so that each module 

knows the address of the module 


which precedes it (i.e , the 

module which supplies data for 

it to manipulate). 


During this step the monitor and 


all modules involved will identify 

themselves by printing out their 

name, version, and the date of 


their last programming update. 


Any program modules which manipu

late the data a scan line at a 

time are executed once per scan 

line during this step. 


Summarize results for this region, 

e.g., a given polygon. 


Summarize results for all regions, 

e.g., tabulate an entire flight line 


Close files, terminate activity 
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FIGURE 19. OPTIONS FOR OUTPUT FROM ATMOSPHERIC CORRECTION PROGRAM ATCOR-1
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5 

ANALYSIS OF MULTISPECTRAL DATA 

In this section we will analyze portions of the actual multi


spectral remote sensor data in order to determine the effectiveness



of the correction algorithm
 


5 1 LAKE ERIE DATA



The object of this program is to eliminate atmospheric effects



from multispectral remote sensor data Hence, it would be desirable



to have data for situations of widely varying atmospheric conditions



For the purposes of this investigation we have analyzed two data sets



which were obtained by the Sponsor using high-altitude aircraft The



first set was for June 5, 1976, a hazy day over the western part of



Lake Erie The second set of data was for the same area but for clear



conditions on September 24, 1976 The actual flight lines are indi


cated on the map in Figure 21 Optical thickness data were obtained



using a small radiometer with filters to monitor the direct sunlight
 


at several wavelengths Table 3 presents measured values at the time 

of overflight along with "standard" values for various visibility con


ditions. As can be seen from the table, conditions on June 5, 1976



were similar to those for an atmosphere with a visual range approxi


mately 30 km and for September 24, 1976 it is extremely clear with a



very high visibility



From the many lines of data we selected a few representative 

examples to verify the algorithm Figure 22 illustrates the data for 

Channel 1 (X = 0 428 pm) and Channel 7 (X = 0 674 Jm) for a scan line 

through Pelee Island, on the hazy day A similar scan is shown in 

Figure 23 for the extremely clear day In the first case every fifth 

pixel is given and in the second case every eighth pixel is presented.



In both cases at is obvious where the island land area begins by noting



the sharp increase of reflectance as a result of vegetation especially



for the longer wavelength It should be noted that the scan planes for



Unfortunately, revised calibration values for the sensor which took 
this data were received as this document was being prepared thereby 
calling into question the specific results presented in this section 
See Appendix A for details 
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TABLE 3



SPECTRAL OPTICAL THICKNESS ACCORDING TO ELTERMAN'S MODEL



Moderately 
Wavelength (pm) Clear (23 KM) Hazy (10 I(M) Hazy (4 (M) Very Hazy (2 KM) 

0 40 0.682 1 00 1.64 2 59 

0.45 0.508 0.792 1.36 2.20 

0 50 0.422 0.679 1.19 1.97 

0.55 0.374 0.600 1.07 1.78 

0.60 0.334 0.540 0.960 1.62 

0.65 0.300 0.476 0 860 1.46 

0.70 0.262 0.425 0.790 1.33 

0.75 0.241 0 390 0 740 1.25 

0.80 0.226 0.364 0.695 1.17 

0.90 0.204 0.326 0.625 1.07 

1.00 0.191 0.300 0.580 0.991 

1 10 0.183 0.288 0.550 0 959 

SPECTRAL OPTICAL THICKNESS AT TIME OF OVERFLIGHTS 

Wavelength (pm) 6/5/76 9/24/76 

0.3800 0 63 0 4 

0 5000 0 38 0.2 

0.6100 0.30 0.19 

0 7487 0.21 0 18 

0 8730 0 19 0 18 

1 0400 0 23 0 21 
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the two days are not coincident but instead are almost perpendicular



to one another. The slight variation of reflectance with angle may be



due to an incorrect value being chosen for the input atmospheric para-


meters or it could be a real effect of the water 
 This can be deter


mined by varying the input parameters throughout their normal range



of values.



It is interesting to look at the spectral variation in the reflec


tance for these two situations They are presented in Figures 24 and



25. The reflectances for the water in either case are quite similar



but there seems to be an unusual change in the land reflectances It



should be pointed out however that there can easily be larger variations



in the land reflectances as the result of looking at wet soil, crops,



and roadways



5.2 REFLECTANCE DATA



For the purpose of someone who is unfamiliar with reflectances of



natural materials such as vegetation, soil, and water we present in



this section a set of reflectance curves for a variety of these mate


rials. Figure 26, taken from Kumar [28], illustrates the reflectance



of a green leaf in the spectral range 0.4 pm to 2.6 Um. It is interest


ing to note the large increase in reflectance near the chlorophyll



absorption band and the similar increase in the reflectance curves for



Pelee Island as depicted in Figures 24 and 25 Figures 27, 28, 29,



and 30 illustrate the spectral reflectance of various soils and forms



of vegetation most common to the United States. These figures, taken



from Leeman et a.[29] are only a small part of the entire compilation



but they serve as representative examples for the understanding of the
 


results of our analysis. More important to our study, however, is the



spectral reflectance of water. Figures 31, 32, 33, and 34 taken from



Wezernak et al [30] illustrate the reflectance of water bodies Figure



31 depicts Atlantic Ocean water with low chlorophyll levels where the



level is indicated in mg/m3 . Figure 32 shows water from the Pacific Ocean
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with a high concentration of- Gonyaulex-sp., one forn of Red Tide. - In



Figure 33 the reflectance of oligotrophic-eutrophic lakes is depicted



and the large degree of variability should be noted. Finally, Figure 34



illustrates the reflectance of water with the presence of industrial



effluents. If one compares these curves with those corresponding to



Lake Erie it will be noticed that they are similar not only spectrally
 


but in absolute value It seems likely that Lake Erie contains similar



effluents and the reflectance curve is some combination of those in



Figure 34.



5.3 DISCUSSION OF RESULTS



The results of our analysis of the multispectral remote sensor



data indicate that the atmospheric-radiative-transfer model can be used
 


to extract meaningful information on the radiance and reflectance char


acteristics of surface materials. The reflectance curves obtained from



a sample of the data certainly are reasonable and consistent with what



one believes to be the actual reflectance of Lake Erie water. Unfortu


nately, in our case we had no data from a "very hazy" day on which to
 


verify the algorithm's effectiveness but the formulas used in the program



have been used in other radiative-transfer programs for a wide range of



atmospheric conditions.



One can determine the overall sensitivity of the results to changes



in the environmental parameters which define the scene by altering the



input parameters. In a sense, the model's results can only be as relia


ble as the input data. For our flignt, the optical thickness data were
 


collected at only one point in the overall flight path but it is entirely



possible that there was considerable fluctuation throughout the region



covered The ideal situation would be to have a number of well-calibrated



devices at various points in the flight path to determine the degree of



aerosol variability.
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6 

RECOMENDATIONS AND CONCLUSIONS
 


In any project involving a number of measurements by many people



over a period of time it is important to point out the probable sources



of error Perhaps the major source of error in the entire experiment



is in the measurement of the spectral optical thickness In discussions



with the NASA/Houston personnel who have been involved with the radio


metric devices we learned that the calibration procedures are very



difficult to perform and once the instruments are calibrated it is



likely that they may "drift" from their calibrated values over a period



of time. For example, in this particular experiment the optical thick


ness in the first channel of the radiometer was less than that for a



pure Rayleigh atmosphere, clearly an impossibility Certainly one



should place great emphasis on reliable measurements of the spectral



optical thickness. Also, in some cases the measured optical thickness



increase at the longer wavelengths indicating poor band selection or a



problem with the filters A recommendation for partially eliminating



this difficulty is to perform the measurements with a large aperture



° 
 device (%5 opening angle) and simultaneously photograph the Sun to



account for the solar aureole This should also be easier to do from



an aircraft and would provide the advantage that the optical depth at



flight altitude would be known.



Another source of possible error lies in the calibration of the



multispectral scanner Calibration procedures can be difficult for



this type of device and should be verified carefully. For this experi


ment we did not have the details on the scanner characteristics but we



were presented with the calibration values.



Users of the ATCOR-l program are assumed to be somewhat familiar



with the basic ideas of radiometry and atmospheric structure. As was



stated earlier one should be consistent in the application of input
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-d-ta and miultipecttal imagery.- For example, the surface albedo must



be consistent with the region of observation. If one is over water



the albedo input should be similar to that of water Fortunately, we



have found that the results of the calculations are relatively insensi


tive to albedo changes for the usual conditions encountered
 


Care should also be taken to specify ozone concentrations which



are appropriate for the latitude and season. The results do not depend



critically on the ozone optical thicknesses unless the atmosphere is



clear of haze.



The reflectances we obtained as a result of applying the algorithm



to multispectral aircraft imagery compared well with other published



reflectance data. A further check on the model's accuracy would be tp



make measurements of the reflectance at the water surface at various



points in the region of interest and compare these values with those



obtained by remote sensing.
 


From the user's point of view, it would be desirable to eliminate



the necessity of having to obtain ancillary information from field



measurements One possibility is to use a "sky" sensor, i.e., one



which is responsive to the upper hemispherical radiation of the Sun



plus sky. Simultaneously, photographs of the upper hemisphere could



be taken and digitized to determine the fraction of direct solar radia


tion Such a measurement would then allow one to measure the optical



thickness of the atmospheric layer above the aircraft. By flying the



aircraft at various altitudes a profile of the aerosol properties could



even be generated to improve the algorithm's input parameters.



Finally, it should be pointed out that the radiative-transfer



model used in this investigation can be used for any semi-transparent



medium such as glass or water The only change involves the parameters



which define the medium and perhaps the boundary conditions. Additional



work can be done on the subject of water studies by taking into con


sideration the actual sky radiance distribution in the calculations for
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APPENDIX A



Research calibration values for the Ocean Color Scanner were re


ceived as this document was being prepared for publication For com


pleteness, the results obtained using the revised set of "F-Values" are



presented in this section Unfortunately, the limited amount of effort



which could be spent was not adequate to resolve the issue of correct



sensor/model calibration



On March 29, 1978 revised values for the OCS-2 radiometric conver


sion factors were received from our NASA sponsor. These revised values



are.



(Original F-Value
 

Channel New F-Value from Table 1)



1 5 504 (5 520617)



2 4 920 (5 349853)



3 4 908 (4 643580)



4 5.383 (4 301303)



5 4 638 (4 022688)



6 3 968 (3 680411)



7 4.529 (3 123931)



8 3.541 (2 353995)



9 2.095 (26 812927)



10 1 849 (1.241034)



Figure A-i lists the command file used to process OCS data collected



an September 24, 1976 using the "revised" OCS-2 radiometric conversion



factors. Specific details of the input data format was described
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SRIM 

reflectance Most investigators neglect the angular distribution in



the modeling of the diffuse reflectance from the water surface but



with an atmospheric-radiative-transfer model this effect can easily



be treated. In this way it might be possible to extract detailed



properties of the water medium by multispectral remote sensing
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earlier in conjunction with Table 2. Figure A-2 gives the resulting



program outputs for selected pixels on scan line number 4. The pixels



chosen were observed over a range of scan angles from +450 (Pixel #1)



to -43' (Pixel #337). For comparison the program outputs on these



same data values with the original OCS-2 radiometric conversion factors



are given in Figure A-3. The improper values of intrinsic reflectance
 


which are predicted in Channel 9 are due to the incorrect scanner
 


calibration.
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I DEOIIG LINF+jH+AL +pCK.LINE+CZnNF+AE 5SL TH CKNESS+FSR+PF+rY.E GH+SLAR+PARAA3+EC AL+0FSP+Q328U+HOTTR+SG64I PRAY.


2 ,**.*k REPEAT OF
RJJI,.300,I RFPORT

2.2 3U4',.7816,045689



2.14 1,3440sa 
3 9 243076 
4 34 06 0.0 
5 0 	 FIGURE A-I 
6 at 47 0 0 82 45 0.0
 


7 12.123 n00 6 
8 	 .428 ,h'66 .q0A .549 %Sq2 .63? .674 .714 .756 .794 Command File Used to Process 

.02 .02 .O2 .02 .0? .02 .02 .02 .02 .02 September 24, 1976 Data 
1 13.38, 
3 1.0 9QQwq1 407504 .992? qg02hB . 0A .978149 q7oa96 .961262 .951057
 

4 9396qj .066425 7hbO'4 *62788 50 .342070 .173648 .0 -. 173648-.302020


S ".So ".6027hn'.?9104.766440qA2903a. 06642S*9..505.S.&939693-.950057..963262



?.0
A-,9 	 00-9268-990522.. 7560-. 90- .l 
 
6 .970296..978 
 
7 0.40 
8 90 7202 82 3252 62,1150 00 5196 Pa.9011 16.10n3 11.4784 0.7019 6.8400 5.541?


9 9 7n05 2.4601 1.0n9 0.0950 0.6158 0.-113 0 24Q 0,203? 0.1513 0.1206


10 0 100 0 1109 0,120? 0 11160 0 2009 0.2668 0.4269 0.56116 0.6193 0.6609


30 0.6q59 0 7237 0 7793 0.7820 0.7160 0.7180 0.8056 0.9320



12 0.05


t3 81 3277 74.2287 57.0079 38 0010 24.516Q 16.1f27 I1 8n00 q.0073 7.1107 5.8141


t 0.6 2a 2.5P93 1,5100 0.9677 0.628 0.0155 0.2800 0.206? 0.1546 0.1213


15 0 110$ 0.1150 0.1101 0 1522 0.2070 0.2721 0 4255 0.5542 0.6201 0.6597


1b 0.6640 0.6907 0 7131 0.7361 0.6901 0.7162 0.R000 0.9191

17 050 
in 71 1068 67,101t 12,0761 36 149? 20 051? 16,199 12.0741 9.2768 7.16?7 6,0277 
19 5.0600 2,5b99 1,9071 0.9796 0.6262 0.4191 0.2907 0.20118 0.1574 0.1275 
20 0.1141 0.1203 0,1153 0.1977 A 2129 0.2761 0 4225 0.5417 0.5997 0,6338 

P1 0.6a19 0.6577 0 690? 0.6948 n.6724 0.7105 0.8305 0.9021 
2 0.55

23 65.900*60.D56 16 3897 34.4608 23.5?66 16.51?2 12.2A32 9,5125 7.5904 6.2207 

?4 5.23?2 2.6704 1,576n 0.9q11 0 6117 0.0?p2 0 2-28 0.2109 0.1598 0.1102 
P5 0 1174 0 3202 0 119R 0.1621 0.2169 0.27SA 0.4100 0.S279 0.5788 0.6076 
?b 0,61111 0.6?55 0 6506 0.6576 0,6515 0,7015 0.1367 0.8820 
27 0.60 
28 5.5664 55.2726 4,730 32 6A33 ??,9705 16.5P12 12 Q006 9.7165 7.7994 6.0?14 
29 5 3a49 2.7401 1,604P 1 0021 0,6368 0.4P48 0 2906 0.2126 0.1619 0.1126 
30 0.107 0.1276 03o037 0.1663 0 2204 0 20 0.01?1 0 5133 0.5977 0.5021


31 0.5867 0.594A 0 6100 0.6236 0.6307 0.6n98 0 8001 0.659B


32 0.65


33 50,1)00 90.638l 1,521 31.0007 22.3"7 16 4094 12.5550 9 84It 7.9820 6.5q31


10 5 5518 ?,10A9 1.6375 1,0126 0.6032 0 0274 0 2960 0.?0 0.1635 0.1306


5 	 0 P26 0 1305 0.17n 0.1699 O.22P8 0.?209 0.4n56 0.497f 0.5366 0.5572 

)0 0 560? 0 5693 0 SAI1 0 5938 0 6115 0.6762 0.7007 0.8352 

37 0.70


38 49.7002 46 541 38,602? 29.5201 P1,8110 16.3380 12 6310 10.0315 0,1450 6.7517


39 5 6960 2 8753 1,6q98 3.0228 0.674 0O.0209 0 201 0.2151 0.1649 0.1363 

40 0 1247 0.1310 0 3O9 0,1721 0.2249 0.2805 0.lfl? 0.622 0.5159 0.5331 
a1 0.539 0.5370 0 5513 0 5668 0 5927 0.6611 0.760? 0,8103'12 0.6p



43 02.09?7 39.7361 13.8806 26.8719 26.6901 16.0107 12.6906 30,24 ,6 8.0172 7.0302 
a0 5.9560 3.020? 1,7t22 I.00?1 0.6553 0.43?? 0.298R 0,2168 0.1670 0.3390 
45 0.122 0 1170 0,1540 0 1754 0.2V61 0.2779 0.3838 o.412 0.4765 0.4880 
46 0 4877 0 0886 0.499a 0 5193 0.5564 0.6P79 0.7161 0.75801 

47 0.00 
40 1h.?q 14.%?59 30,0Q70 24.6506 19.6411 15.b6$ 12.069 10,3768 8.007 7.2550 
09 6 1761 3.1103 1.7619 1.0600 0.662q 0.0150 0.3001 0.2t79 0.1686 0,1410 



50 0.107 01398 0,'156 0,1779 0,2257 0.7737? 0 3646 9.4214 0.4403 0.q177 
51 0.b1161 0.4Q61 0,4566 0.4799 0.5O29 0.5Q33 0 671? 0.7067 
52 1o06 
53 29 670 PA.51 25,5A7 2110?60 16.1551 I1,O?02 12 488? 10.4500 8.8308 7.5t85 

54 6 4509 3 n041 IS839 1.,01114 0.6735 0.9190 0 3028 0.2194 0.1703 0.1433 
55 0 1335 0 12b 0,1593 0,1760 0.2?2 0.2631 0,3171 D.3783 0,3899 0,3932 
56 0.3910 0.3916 0.40"9 0.?92 0.4749 0.593 0,602A 0,6301 
97 1.26 
so 24.29S7 23.5951 ?1,7711 19.2216 16.6175 10.229? 12 16Z4 to.4129 80904 1,7146 
59 6 63? 3.453q 1,91U8 1.1221 0.6B83 0.4455 0.3047 0.Z?12 0.17?1 0.1 5 

ho 0.1I50 O.U29 0,1602 0.1779 a.2158 0,2106 0,30S3 0.3332 0.3395 0.340 

61 0.3390 0 3413 0.3540 3A02 0.0245 0.4790 0.5?81 0.51H2 
62 1,67 
63 18 3015 17.9759 17,0733 15,7306 t4 00 12.036 11,377 10.0563 8.3707 7.8t65 
60 6b862 3.69q9 20042 1.1000 0.7224 0.1626 0 3140 0.2?70 0.1766 0.1093 
65 0.13qu 0.016 0,159? 0,1730 O.?009 0.273S 0 2959 0.2680 0,2706 0.2710 
66 0.27?? 0.2779 0.2918 0.3153 0.3409 0.3853 0 4118 0,4263 
67 2.17 
68 
69 

24.6515 
6 8905 

14 OP87 
3 0686 

IA 020 13.?763 
2,188S 22731 

12.3891 
0,77t3 

11.4181 
0,491S 

10.4239 
0.3116 

9.4086 
O3.356 

8,5189 
O.,139 

7.6503 
0.1558 

70 0,11143 0 2OW? 0,100 0.1679 0.1869 0.2009 0 2186 0.229 0.2265 0,2Z8 
71 0 2320 0 23911 0o.921 0.?704 0.2928 0.3151 0.3320 D.3184 
11 992. 179 411 
12 71 I 7 8 
13 .362 ,03q 

1 I 6 03E-05 
2 2, l.2000E-0I 
3 3. 1,60')OC-04 

A0 2 01393E-00 
5 5 3.09PE1-00 
6 6 3.760C-04 
7 7, 4 9320F-O 
8 8 5 2s07F-04 
9 9. 6 078IF-04 
0 10 6.9497-00 

I I 1 7 90115E-00' 
12 IP. q 0969E-0 
13 is I.O0s0i-Oi 
10 111 1.28904-O 
15 1 193151F-03 lo . 
lb 
17 

26. 1 
17 I 

5030503 
8I8?E-03 1 

t1 
19 

JA 
09 

2.0774iF-03 
2.37157F-03 P 

20 
at 

2n 2.7095F-05 
21. 3.0o0nF-03 c f 

22 2p 3.02221-03 

P320 81. 3.7729t-0120. t.l0?7E-03 
25 25Q,0l29-03 

27 3S 6.30-36-0 
28 41) 6.712&F-03 
29 4'1, 6 0008L-03 
30 50 6.87,717-03 
31 51 6,87175.O0 
32 5? 6 IIlP?F-03 
33 53 6 (1851-03 
30 59. 6.186L'-01 
35 55. 6,892?f..03 



36 56, 6.093qF-43 
37 57. 6.8967L-01 
38 56. 6.8096f-03 
39 59. 6.9Q26V.03 
ao 60. 6.oS7F-O3 
41 
U2 

61 6.99q?F-03
6?. 6.9i?qr-O 

a5 63 6.916QF-01 
40 60, 6.9P-01-03 
as5 65. 6.9?bor-05 
46 66 6.911qE-03 
47 67 6.98IF-03 
go 68$* 5 *9140F.03 

9 69. 6.9 524!-03 
50 7n. 6.9A06&-0i 
90 71 b.9696E-03 
q 7? 6,979J.03 

54 
53 73. 6.989"E-01 

74. 7.OnOOE-0\ 
55 75, 7.010IE-03 
56 76. 7.0218t-O 
57 77 7.03?9r-03 
5B 7A. 7.0071-03 
59 79. 7.123r-03 
60 80. 7.060'E-03 
61 81. 7.0615E-03 
62 8?. 7.075nt-03 
63 83 7.0GS(1[-03 
64 S84, 7.0844L-03 

00 65 U5. 7.0876F-01 
0 66 86. 7.089RE-01 

67 87, 7.09UL-01 
68 86. 7.0Q?25-13 
69 89. 7 003ir-03 
70 90. 7.0935F-03 
71 $00. 7.IOIOE-03 
15 7.1010 F-03 
1 .27 2.10 E 0? 
2 .?8 1.06 F 02 
3 .30 1 01 E 01 
45 .12 R 98 E -t 
5 .34 6.0 E -? 
6 .36 1.8n E -I 
7 362 1.0 E -3 
8 .43q I D0 E -3 
9 .aS 3.50 E -3 

10 .50 3.05 E -? 
II .95 9.20 E -P 
12 .60 1.32 F -I 
13 .65 6.20 E -2 
I4 .70 2.30 E -2 
I5 .80 1.00 E -P 
17 I 
IS
19
20 

6 
.40 a,0

0.50 .20 

21 0.61 .19 !4 
22 .7 u7 .18 
23 .8730 .01 
24 1.04 .21 



25 
26 
27 


1

2 
3 

1 

2 
3 

4 
5 
 
6 
7 
a 
9 

to 
 
It 
 
12 
 

14 
 
is 
 
16 
 
IT 
 
111 
 
19 
20 
21 
 
22 

23 
 
24 
Ca 
 
26 
27 
28 
?9 
 
30 
31 
 
32 
 
33 
34 
35 
 
36 
37 
 
38 
 

39 
 
'10 
 
aI 
 
4.2 
43 
044 
45 
46 
 

I 
2 
 
31 
 
4 
5 
& 
7 

i,00oo .00000 
P0 I 46 
1



0.27 2.07 
D'36 I Sol# 
 
0.$5 1 00 
 
0.90 0,6on0 

S. 4.0?99C.O? 
6. .I0-O 
7. 4II,0oq1-O? 

A. I 646t.-0p 

9. 3.513'-0? 

In. 3.2qll-0? 
l* 2.8ob60[0? 
1 2 .5Aor-? 
13. P.2002F-0? 
1'l. 1.99621.02 
is. 1.7?17r-o?


16. 1.Uh421 -0? 

to. 0.67"tiE-03 
1q. 7.41001-.03 
20. 9.67101-03 
22, PI78101-..oS 
2?. 3.14h301 
23. 7.791AF-03 
 
2. 2.198f0.0% 
25. i.7080r-oj 
26. 1.3980L-01 
27. 1,OVBA-030 
28 7, 60Or-01 
29. 6 Omoor-o 
30 '4* 6600 -01, 
31. i.soo5-60


3? hl7?001-00Pe 
33 ?.OAoOr-0', 
3q, 1 5OfL-01



35. 2 ZtOoF-01 
36. 9.2qgAr-os 
37. 6.9Q9RF-09 
30. 513400E.09 
39 3.9119AF-09 
QO.3 3.OOORE-05 
41. 2 2996E-0


4?, 1.6990f-05


43. 1 qRI o 
40 h '066L-06 
45. 6,qq990-06
46, 0,9993I-06 
$17 P.991.L06 
III. I.9068E-0f. 
q, q 9R1$E-07



50, 0.000 
-t0. 9 091 1-03 
-70. 1.4?9 L-OP 
-50. 2.040 t-07
.15. 2.857 E-0? 
-25 4 000 8-Oz 
-17.5 5.714 F-0? 
-Ie.5 8.040 E-O? 

00000 cacao 1n60o0 
2A 

0,2R 1.9570 0.30
0,3n) 3.090 o,40 
0 60 0,803 0.b5 
1.06 0.5383 1.26 

j.O00 1o000001.0 
 

1.8420 0.3?

J,13bO 0.a5 
0.0075 0.70 
0.4865 1,67 

0000 1.00000 1,00000



1.7?90 0.34 1.6150
I,3Q 0.50 J1,070 
0.7557 0.80 0.66?5 
0.4141 2.17 0.3727 

0 

http:513400E.09
http:7.41001-.03
http:1.99621.02


Go 
oDO 

a 
 
9 

t0 
 
i1 
 
12 

3 
1Q 
 
Is 
16 
 
17 
 
19 
 
19 
20 
21 
22 
23 
24 
 
25 
 
26 
2 
28 
)I

END OF FILE



-8.75 
.b.25 
 

-. 38 
 
-3 13 
-a. 
-1.5 
 
-1. 
 

.5 
 
0. 
 
1. 
 
1.5 
2. 
 
2.S 
 
3. 
3.5 
4. 
 
'.5 
5. 
5.S 
 
6. 
 
6.475 

295 0 

t.143,E-0


1.597 C-01 
2 255 E-01 
3.055 E-O 
4.323 E-01 
S.179 E-0l


6.321 E-01 
7,869 E-02 
1.000 E 00 
1.718 E 00 
2.31 E On 
1.195 E O0 
a 13 E 00 
& 392 E 00 
9.176 C 00 
1.300 F 01 
1.478 f 01 
2.98 E Ot 
4.03 E 01 
6.7070E 01 

.0000 2 
0.0 



SIMULATION DATE IS SEPTEMBER 24, 1976



LATITUDEx uiDEG 47HIN 0.0 SFC 	 LONGITUDE 82DBEG SMIN 0.0 SEC


TIMF IS 141 61 0.0 TIMN ZOnE 5


SOLAR ZENITH ANGLE. 4S DEGnFS 39 MINUTES 17.172 SECONDS
SOLAR AZIMUTH ANGLES 323 DEGREES ?3 MtNUTES 51.738 SECONDSPAR1CULATE REFRACTIVE "IDY..50-0.0It 	 FIGURE A-2 

INPUT OPTICAL THICKNESiES 	 Results of Using the Command File 
With Revised OCS-2 Calibration 

a 3 4 5 6 Factors 

WAVELENGTH 0.400000 0,500000 06100000 0. 7417000 0.730000 1.0400000 

0
 
OPTICAL 
 

.100002001
1IKFS 0000000040090000aon
 
(MEASURED) *0 

AZIMUTH ANGLE FROM SUN TO SCAN PLANEC295 OEGREES, 0 HINUTE5, 0,0 SECONDS 
MAXIMUM SCAN ANGLES0.7836000 RADIANS. ANGULAR RESOLUTION OF SCANNER IS 0.004569E RADIANS. P6



CHANNEL 	
 1 2 3 A 5 6 
 7 8 9 -O0



oq WAVELENGTH 0.42800 046600 0.50800 0.54900 0.59200 0.63200 
 

CO



0*67400 0.72400 0.75600 0.7900 

INTERPOLATED OPTICAL 0.31271 0123619 0.09497 0.18410 0,18701 0.19t2 0.18884 0.8405 0.07934 0.27731 
THICKNESS 

BACKGROUND ALnEDO 0.02000 0.02000 0.02000 0.02000 0,02000 0,02000 0.0 000 0.02000 0.02000 0.02000 

31SGLE SCATTERING 1.00000 
 0.90385 0.93054 0.83695 0.76230 0.84666 0.93333 0,96746 0.98024 
 0.95182


ALBECO



SCATTERING PARAMETER 2.00000 0.00000 
 1.00000 0,00000 0.00000 0.00000 1.00000 1.00000 1.0000 t,00000


(FSCAT)
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LINE NJMBER 4 PIXFL NUMBER I SCAN ANGLE. 44.597 DEGREES 

0 2 3 4 5 &7 9 t0 

LTOT 
LPATH 
LIBEAM 
LSURF 
LINTR 
RHOS 

31.67413 
2.67908 

28.99504 
40.30390 
46.40654 
0,44491 

33.62144 
2.2408 

31.18663 
39,89513 
45.83755 

0.311144 

31.35635 
I.650Ol 

29.89134 
36.04190 
40.50633 
0.32457 

3P.55060 
0.94961 

31.60078 
37.20776 
41.85716 

O.36sA8 

30.37640 
0.72285 

29.65355 
34.80749 
39.7375 
0.35415 

0.0 
0.74029 
0.0 
0.0 
0.0 
0.0 

18.86238 
0.74419 

1A.11819 
22.42094 
23.711289 
0.2504! 

14.57091 
0.67832 

13.89259 
17.27614 
5.01074 
0.20587 

163 45493 
0 59518 

162.R5974 
202.42769 
209 27748 

2 61015 

0.0 
0.92614 
0.0 
n.0 
0.0 
0.0 

OINE NUMBER 4 PIXEL NUMBER 9 SCAN ANGLES 42,803 DEGRfES 

1 2 3 4 5 6 7 B 9 10 

LTOT 
LPATH 
LBEAM 
LSURF 
LINTR 
RHOS 

16.27180 
2,60A44 
13.67136 
18.78B80 
22.56607 
0.20741 

17.40715 
2.167B5 

15.23930 
14.21078 
22.07225 
l.06441 

06.23152 
1.41363 

14.61789 
17 75186 
19.95074 
0.15986 

17.10501 
0.41371 

16.19130 
18.95699 
213252 
0.08784 

13.9174t 
0.69245 

13.24496 
15.46954 
17.48938 
0.05731 

0.0 
0.70461 
0.0 
0.0 
0.0 
0.0 

6,73128 
0.70441 
6,02607 
7.40351 
7.84003 
0.08269 

4,91411 
0,63967 
4 27444 
5.27564 
5.49997 
0.06287 

2.56400 
0.55951 
2,00448 
2 47286 
2.55653 
0.03289 

0.0 
0.49340 
0.0 
0.0 
0.0 
0.0 

LINE NUMBER 4 PIXEL NUMBER IT SCAN ANGLE- 40.709 DEGREE9 

1 2 3 4 5 6 7 8 9 0 

C0 

CO 

LTOT 
LPATH 

LBEAN 
LSURF 
LTNTR 
RHOS 

16.39603 
2.5S30 
13.8617Q 
18.P5701 
22.64798 
0.20016 

17.14340 
2.10642 

15.03698 
18.81531 
21.60787 
0.16001 

16.47745 
1.37023 

19.10721 
17.99379 
20.22264 
0 16204 

07.20502 
0.883t0 

06.22191 
18.89690 
20.2S?2 
0.18724 

14.29478 
0.66655 
13.62R23 
19.83407 
17.90601 
0.16106 

0.0 
0.67400 
0.0 
0,0 
0.0 
0.0 

7.17510 
0.67021 
6.50497 
7.93820 
0.40624 
0.00866 

5.02839 
0.60630 
4,A2209 
q.4200 
5.65164 
0.06460 

2.96a00 
0.52866 
2,03S33 
2 49404 
2.57643 
0.03216 

0.0 
0.46505 
0.0 
0,0 
0.0 
0.0 

LINE NUMBER 4 PTXFL NUNMOR 25 SCAN ANGLE. 38,6 DEGRFES 

2 3 4 9 6 7 8 9 to 

LTOT 
LPATH 
LREAM 
LSUPF 
LINTR 
RHOS 

15.69908 
2.07924 

13.41990 
06.08493 
22.72549 
0.09968 

16.87965 
2.05536 
4.flQ2q 

08.42545 
21.1094 
0.05769 

16.00655 
1,33399 

14.77457 
07 50597 
Iq 67439 
0 15765 

17.10502 
08571h 
t6.04762 
08.84079 
al.19506 
0.t8669 

13,93741 
0.64464 

13 29277 
15,37530 
17.38731 
0,15639 

0.0 
0.64788 
0.0 
6.0 
0,0 
0.0 

6.95319 
0,64070 
6.31249 
7.65765 
8.00925 
0.0855S 

4.79983 
0.57756 
4,22227 
5.4478 
5.36354 
0.06130 

3,8U600 
0 50203 
3,34)97 
4°07?82 
4 21063 
0.05252 

00. 
0.44053 
0.0 
0,0 
0.0 
0.0 

tINE NIJMER 4 pIXFL NINER 33 SCAN ANGLFs 36.520 DEGREES 

LTOT 
LPATH 
LBEAN 
LSURF 
LINTR 
RHOS 

1 

15.77496 

2.43454 
13.34042 
17.83354 
21,41876 

0.19686b 

2 3 

16.61591 15.73066 
2.0168 1.30417 

1460??? 14.13950 
18.04033 t7 02394 

o0.7?746 09 1376b 
0 .154D0.1531 

4 

06.06677 
O.83S05 
15.6367? 
05.05116 
20.30679 

0.17N186 

5 

13.h9916 

0.626?8 
13,07 88 
19.06007 
17 03081 
4,05305 

6 

0.0 

0.62%73 
0.0 
0.0 
0.0 
0.0 

7 

6.0525 
0.61556 
6.18969 
7,4057 
7.90891 
0.081 

8 

4.79981 

0.55290 
Q.4693 
5.14655 
5.36139 
0.06133 

q 

1.28200 
0 47910 
0.8028Q 
0 97256 
IOOS47 
0 W254 

0 

0,0 

0.01939 
0 0 
0.0 
0.0 
0.0 



LT0T 
LPATH 
LBEAM 
LSURF 
LINTR 
RHS03 

1 

15.65075 
2,39913 

13,2516 
11.58310 
21.11797 
0 19010 

LINE NUMBER 4 

2 3 

1674779 15.73966 
1.90052 1°.6n16 

:0.76726 14.45950 
16.14529 16.08009 
20.80(05 19.08337 
0.15929 o.15291 

PIXEL NUMBER 

4 5 

16.59442 13.46092 
0.81867 0 61111 

15,77575 12,84981 
18.15114 14.7403Z 
20.4I948 16 67943 
0.17986 0.15002 

41 

& 

0.0 
0,60713 
0.0 
0.0 
0.0 
0.0 

SCAN ANGLE- 34.426 DEtRFES 

7 8 9 

6.80523 4.74269 1.92300 
0.590 2? 0.53180 0.45946 
6.21103 4,21085 1.46354 
7.4582t 5,07760 I 76410 
7,80796 5,29359 1,82379 
0.08330 0.06051 0.02275 

to 

0.0 
0.40121 
0,0 
0,0 
0.0 
0.0 

[ 1 

1 

LINE NUMBER 

2 

4 

3 

PIXEL NUMBER 

4 5 

49 

6 

SCAN ANGLE 

7 

32.332 DEGREES 

8 9 20 
L70T 
LPATH 
LBEAH 
LSURF 
LINTR 
RHOS 

I5,27822 16.3521§
2.37227 1.95514 

1 O.9056414.1070Z 
17.00943 17.60385 
20.02897 20.22597 
0.18777 0.15066 

15.49373 
1.26145 
1.23228 
1h.64948 
18.71181 
0.1494 

16.33913 
0.80486 
15.5307 
17,l.39? 
20.03900 
0.17691 

13.22267 
0 59A80 

12.b2387 
14.1425 
16.13247 
0.14690 

0.0 
0.59170 
0.0 
0.0 
6.0 
0.0 

6.6573t 
0,97628 
6.0810N 
7 P7038 
7,69q05 
0.08120 

4 68555 
0:51399 
4.17155 
5.00794 
5.22088 
0.05968 

3,?0900 
0.44?71 
2°762?9 
3.11070 
3,4Z695 
0.00274 

0.0 
0.38567 
0.0 
0.0 
0.0 
0.0 

LINE NUMBER 0 PIXEL NUMBER 57 SCAN ANGLE- 30.37 OEGREL. 

3 4S2 5 6 7 a9 to 

CO 

LTnT 
LPATH 
L8EAM 

LUPE 
LINTR 
RHOS 

14.0548 
2.5326 

1P.55922 

16,04333 
lq.74905 
0.18152 

16 08842 
1,9368h 

J4 15156 

17 22745 
19.79349 
0.1414 

1SW087 
t.24754 

13.7543? 

l 019q 
18.02121 
0.140110 

15.82853 
0.79,,p9 

25,03"' 
17.10874 
10.3369 
n,17012 

13 10355 
0,58008 
12.5107 
14.2750A 
16.14313 
0.14520 

0.0 
0.57013 
0.0 
0.0 

0,8 
0.0 

6.28746 
0.56137 
5,72600 
6.81921 

7.°21 7 
0.07616 

4,39984 
0.49901 
3,90083 
4.66438 

4.86250 
0,05558 

1.20500 
0.42856 
P 17644 
3 319,5 

3 430 4 
0.0479 

0.0 
0.37207 
0.0 
0.0 

0.0 
0.0 

-

-d 

LINE NUMBER 4 PIXEL NUHER 65 SCAN ANGLE. 28.143 OEGPEEq 

LTT 
LPATH 
LBEAM 
LSURF 
LINTR 
RHNS 

I 

14.78127 
?,31149 
12.43q77 
16.20732 
I9.16961 
0.17891 

2 

15.95655 
1.2911 

14.03144 
17.0114 
19 54761 
-0,145i 

3 

14.51000 
1.?380 

13.?7196 
15.42473 
17.33536 
0.13189t 

4 

15.19028 
0.76668 
14,0161 
16.42320 
18.47540 
0,16273 

5 

12.38881 
0 58171 

It 80709 
23.43240 
15.19n18 
0,136(3 

6 

0.0 
0.56912 
0.0 
0.0 
0.0 
0.0 

7 

5.99158 
0.5490 
5.44239 
6.41650 
h.83030 
0.07213 

8 

4.17128 
0.411660 
3.68468 
4 30984 
4.57650 
0,05231 

9 

1,92100 
0,41672 
1,50627 
1.7918S 
1 85455 
0 02313 

10 

0.0 
0,36137 
0,0 
0,0 
0.0 
0.0 

LINE NIUMSER 4 PIXEL NUMBER 73 SCAN ANGLF. 26,049 DFGRFE 

LTUT 
LPATH 
LUEAM 

LSURF 
LINTR 
RHOS 

14.51??4 
2.33643 

12,19641 

15.81254 
18.99147 
0,17455 

2 

1.29719 
1,9193A 

13,377111 

16.1,000 

18 57059 
0,13A13 

3 

l4.j4 10 
1.23?58 

12.9085? 

t,qbo6 

16.81375 
0.13473 

4 

14.80733 
0.78177 

14.n2557 

15.9532? 

17.94.hil 
0.158o 

5 

12.?6968 
0.S7649 

1t.60319 

13 27107 

15,00774 
0 1Q99 

6 

0.0 
0.56145 
0.0 

0.0 

0.0 
6,0 

7 

5,62073 
0.53946 
5,08227 

6.1?04 
6.i6691 
0.079 

8 

4.05700 
0.07650 
3,58050 

4.2519n 

4.43270 
0,05067 

9 

1.92300 
0.4069A 
i.510? 

I 7996? 
2.8h0s? 
0 02120 

10 

0.0 
0.35215 
0.0 

0.0 

0,0 
0.0 



LINE NUMRER 9 PIXFL NUMRER 82 SCAN ANGLE- 23.955 DEGRFESi I 

1 2 9 to 

LTOT 
LPATH 
LUEAN 

14.40861 
2.33759 

12.07104 

14.90158 
1.91922 

12.98235 

13.A9517 14.296711 
1.23084 0.77934 
IP.6633 13.51740 

11.4358? 
0.57323 

10.86259 

0.0 
0.55589 
8.0 

5.39q? 
0.53197 
4.86789 

3.88558 
0496849 
3.40708 

1,92300 
399I2 

.2388 

0.0 
0.53463 
0.0 

LSURF 25.58t64 15.63523 14.6410h 15.3187 1? 30200 0.0 5.74206 4.04607 2.80371 0.0 
LTNTR 18.71193 17.96411 16.05159 17.25Oq6 13 91190 0.0 6.0806? 4.21011 t,8605 0.0 
RHOS 0.17200 0.13301 0o11.a5 0.15?02 0.I293 0.0 0.06413 0.0821 0 02326 0.0 

LINE NUMRER 0 PIXEL NIMBER 69 SCAN ANGLE. 21.810 DEGREES 

1 2 3 4 5 & 7 a 9 10 

LTOT 1.16020 14.90158 13.64929 14.16909 22.29750 0.0 5.17791 3.94?72 1 921300 0.0 
LPATH 
LOFAM 

2.34456 
1181565 

1.92425 
1?.97735 

103257 
12Ib1667 

0.77922 
1.308987 

0,57178
10 62580 

0.55?29 
0,0 

0.52653 
4.65138 

0.96290 
3.48030 

0.39299 
1.53001 

0.33867 
0.0 

L9URF 15.0923 15.98409 14.122B5 15.16767 12.00093 0.0 5107285 4.11026 1 80630 0.0 
LTNTR 18.24644 17.00605 16.n9698 17.06?97 13.5869 0.0 5.79553 4.28504 0.86742 0.0 
RHOS 0.1b771 0.13138 0.t2898 0.25029 0.12217 0.0 0.06113 0.04898 0.023 9 0.0 

LINE NUHER 4 PIXEL NIHBR 97 SCAN ANGLE 19.766 DEGREES 

1 2 3 9 9 6 7 8 9 t0 

LYOT 13.76757 14.50596 13.03441 13.53089 10.95933 0.0 5.17791 3.77129 1.92300 0.0 
LPATH 2.35699 1.93415 1.a3755 0.78127 0 57205 8.5b056 0.52305 0.Q5819 0 38852 0.33421 
LEEAM 
LSURF 
LINTR 
RH03 

11,43058 
1J.6403 
17.59168 
0.26168 

t2.5711 
15.05960 
17.30073 
0.12889 

lt.79606 
13.58109 
15026335 
0.12230 

22.79957 
10.4751 
t6.21910 
0.1086 

10.38728 
1 7 198 
3.?537 
0.11q23 

0.0 
0,0 
0.0 
0.0 

4.6585 
5.96466 
5.78686 
0.06203 

3,31310 
3,90383 
4,06q83 
0.09652 

I 53998 
2 50792 
1,66898 
0.62332 

0,0 
0.0 
0.0 
0.0 

LINE NUMRER 9 PIXEL NUHBER OS SCAN ANGLE 17,672 DEGREES 

I ? 3 4 5 6 7 8 9 10 

LTOT 14.03599 12.2422t 02.9029 1.78629 10 60196 0.0 5.02997 3.77129 1.92300 0.0 
LPATH 
LBEAM 

2.37460 
11.66140 

1.09868 
12.29154 

1.2964 
10.66580 

0.78S40 
13.00074 

0.57398 
10,02796 

0.55066 
0,0 

0.52152 
9.508Q4 

0.05580 
,31550 

0.3870 
1.53730 

0,33123 
0.0 

LSURF 
LINTR 
9H03 

04.89646 
17,89120 
0.16444 

14.69356 
16.8Z19 
0.0575 

13 90695, 
15.p6764 
0 2074 

14.67932 
16.51361 
0.14595 

It 29q2t 
12.77784 
0 11493 

00 
0.0 
0,0 

5.28233 
5,59370 
0,05900 

3.89877 
4.06455 
0.09646 

I 80710 
I 86A25 
0.02330 

0.0 
8.0 
0.0 

LINE NUMRER 4 PIXEL NUNSER I13 - SCAN ANGLE- 25.573 DEGREES 

I a 3 9 5 6 7 a 9 to 

LTOT 13.66335 13.54660 12.54?59 13.02029 In 36371 0.0 4.88203 3.65701 2.q2300 0.0 
LPATH 
LBEA4 

2.39711 
11 26625 

2.06760 
0.07qO0 

%.?5668 
Il.S586 

0.7951 
02.2?871 

O.7752 
9.7R621 

0.55253 
0.0 

O.52090 
9.36022 

0.45521 
3.20280 

0 3845n 
0.5350 

0.3PQ70
0,0 

LSURF 
LINTR 

14,35190 
17.23Q07 

19.17061 
16.?8M37 

I? 95073 
14 55491 

13.7044 
15.51?5q 

l1.012t 
22 95362 

0.0 
0.0 

5,09978 
5,40046 

3.75896 
3.91827 

I 80530 
1.86693 

0,0 
0.0D 

RHOS 0.25095 0.02t28 n 11663 0.13663 0.11200 0.0 0.05696 0.091479 0 02320 0.0 

*0 



LINE NUMBER 4 PIXEL NUMBER 12t SCAN ANGLE- 13.8 OFGPEES 

t 2 S 4 5 6 7 8 9 to 

LTOT 
LPATH 
LBEAN 
L0SUF 

LINTR 
RHOS 

13.787S7 
2.42429 
11.36328 
10.44408 
17.14789 
0.1b905 

t4.37409 
1.99070 

1?.3b330 
10.74777 

16.90447 
0.1?622 

.1425413.02024 
t.?7055 *.79951 

11.27199 12.22070 
1? 90804 1.76480 
14.51817 15.8888P 
0.11633 0.13619 

10.00634 
0,58P57 
9 42377 

10 59?86 

11 97906 
0.10775 

0.0 
0.55610 
0,0 
0.0 

0.0 
0.0 

.110806 
0.52416 
4.28390 
5,0032? 

5.298n2 
0.05588 

3.54273 
0,05639 
3.00634 
3,6174 
3.77126 
0.00311 

0 28200 
0,38490 
0.A9700 
1.0" 11 

0 08668 
0 01355 

0.0 
0.3206b 
0.0 
0.0 

0.0 
0.0 

LINE NUMBER 4 PIXEL NUHR 129 SCAN ANGLE. 11.389 DEGREES 

1 2 3 0 5 7 5 q t0 

LTOT 13.78757 
LPATH 2.05591 
L1EAM 11.33160 
LSURF 10.3764 
LNTR 17.26630 
RHO5 0,15870 

13.R1hb0 
P.01761 
1.62079 
10.06754 
1b.-6P90 
0,12040 

1?.05068 
0.28703 

10 76355 
1.321R5 
13 04814 
0.11096 

13.02024 
0.80919 
I220085 
1 70056 
15.a5756 
0.03605 

10.00634 
0 58913 

01722 
10.97556 
00.05909 
0 10757 

0.0 
0.56006 
0.0 
0.0 
0.0 
0.0 

0.51218 
0.52827 
3 98391 
0.64707 
0 92106 
0.05090 

3.37131 
0.45933 
2.91197 
3.00072 
3.55367 
0.0406? 

0 28?00 
0 38688 
0.8951? 
1.04706 
1,08?90 
0 00350 

0.0 
0.33094 
0.0 
0.0 
0.0 
0.0 

LINE NUMBER 0 PIXEL NUMBER 137 SCAN ANrLCO 9.295 DEGREEO 

1 2 3 0 5 1 7 8 9 0 

0O 

LTOT 

LPATH 
LDEAM 
LIURF 
LINTO 
RHO5 

13.66335 

2.89181 
11.t7155 
i0.5064 
16.9951 
0.05621 

13 50285 
Z.0067? 
11.93810 
13.70037 
05.70215 
0.01726 

1,54250 
1.00629 
11.3629 
12.85110 
111.11433? 
0.1573 

13.02O0 
0.82009 

1? 19921 
1.71674 
15.43075 
0.13590 

00,12507 
0 59700 
9 52137 

10 69203 
12.09131 

0 00876 

0.0 

0,56,39 
0.0 
0o.q 
0.0 
0.0 

0.58615 
0,53015 
0.05200 
.72165 

5.00005 
0.0570 

3.54273 
0.16397 
3.07077 
3.60020 
3.75328 
0.04290 

92 00 
0,30n0 
0 5326 
0 79157 
1.85?20 
0.02110 

0.0 

0.33364 
0.0 
0,0 
0.0 
0.0 

LINE NUMBER 4 PIXEL NUOMBER 005 SCAN ANGLE 7.201 DEGRFES 

t 2 1 4 5 & 7 8 9 10 ;p 

LOOT 
LPATH 
LBEAH 
LSURF 
LINTR 
RHOS 

14.03999 
2.53170 

11.5042q 
14,55392 
17.0790 
0.1866 

14.63703 
2.08321 
17°S5460 
ia.80096 
17.193? 
0.02752 

13.03441 
t.32789 

I1 7065? 
13.37980 
15.03713 
0°.20019 

t3.65849 
.8311?5 

17.82,1211 
t4.410q 
16.21126 
0.10279 

10 08?8 
0 60640 
9.8764? 
It 07505 
0? 52936 
0.11?66 

0.0 
0.57686 
0.0 
0.0 
0.0 
0.0 

4.88203 
0.54070 
4.3403? 
S 05S4 
5.35150 
0.05644 

3.65701 
0,07020 
3.18682 
3.72387 
3.88079 
0.00037 

2.56000 
0,39533 
2 0867 
2.53301 
2,61872 
0.03?66 

0.0 
0,33760 
0.0 
0.0 
0.0 
0.0 

7' 
OA 

LINE NUMBER a PIXFL NUMBER 053 SCAN ANGLE 5.107 DEGRFES 

I ? 3 0 9 6 7 8 9 t0 

LTOT 
LPATH 
LBFAI 
LSU1F 
LUN4TR 

RHOS 

13.66339 
2.57541 
1.08793 
111.04'21 
16.83060 

0.1507c 

14.11034 
2.1?117 

11.98917 
10.Pt9t 
16,33130 

0.12169 

I?.q0011
0.3518t 

00.55963 
13 ?01198 
10 0065 

0.11892 

1,78610 
0.811007 

10.93707 
q.53066 

16.30637 

0.0039R 

10.11284 
0.61700 
9,8684 
10.05909 
12 50630 

0.11249 

0.0 
0.58678 
0.0 
0.0 
0.0 

0.0 

4.80806 
0.55085 
1.25720 
0.95300 
5.qs50 

0.05533 

3.65701 
0.87795 
3,07906 
3.71213 
3.81998 

0.04023 

0.800 
0 00066 
0,68034 
0 02761 
106208 

0.00125 

0.0 
0.32?90 
0.0 
0,0 
0.0 

0.0 



LINE NIJ)40ER 4 PIXrL NUkRER 61 SCAN ANl.S 1.D OfGnEES 

I 2 5 8 9 t o IC 

LTO? 
LPATH 
[BEAn 
LSURhF 
LINlO 
RHOS 

I4.?Ba4p 
* 1 8 I 

1l.66161 
111,13035 
17.6.917J1 
0.326761 

14.Syooq 
a.tt,23q 

2?.?fl&0 
l00176011 
6.43336 
0.1 390 

I1.i5is? 
I,17795 

lt.7700? 
13,4594? 
15.1176? 
A. tat14 

11.16614 
0. 6939 

l?.92074 
111.5079, 
I8.3 OoS 

011417s 

10.721011 
0.62900 

gO,oofl 
10D4511 
02.7595h 
t.9S1 

6.0 
0.590D9 
0.0 
0,0 
0.0 

0 a4 

5.10394 
0.56154 
4.So?0ld 
5.28359 
5.59S20 

5902 

1.71411 
0 * 14 
32641 
1.76656 
3,9 67? 
4011'IR 

0.64100 
0,00933 
0,1?4 
0270?m 
0,27946 
0.00349 

0.0 
0 34937 
0.0 
0.0 
0,0 
0,0 

LINE NUHnER 4 PIXEL NIHIIER 169 SCAN ANGLES 0,918 OFGnEeN 

I R 3 4 S 6 7 8 9 10 

LITD 
LPATH 
LAEAM 
LIV9F 
LINTR 
RHOS 

14.03S94 
2.67317 
l|.sbiaq 
14.34*806 

7 
0.15A39 

li$.9o50b 13.28034 
2.0067A I.0022 
12.2qQio l1l.f711 
la.S7,ull0.q5729
17.?3 q79iS.?3661 
0.12076 0.12209 

I0.Pqh6711jO050S13 
6.883t6 0.6117 

13.00397 10.31756 
JSA1 jt.s6034
16.9%090 13.07318 
0.149Q2 0.0759 

0 
0.61071 
0.0 
04 
0,0 
0.0 

4.95600 
0.573T% 
0.38729 
5.09636 
5.39687 
0.05692 

3.71419 
o 49179 
3.?1630 
3:75136 
1.91298 
0.04473 

1,psp00
0 41R31 
O.b4bq 
t 00757 
1.AU166 
0.019Q0 

0,0 
0.35703 
0,0 
0.0 
0,0 
0,0 

LINE NUHRER 4 PIXEL HHIBER 177 SCAR ANGLE -1.76 DEGO EE 

R 3 4 I 7 a 9 to 

LIOT 
LPATH 
LEAN 
LSUR 
LiarR 
RHO5 

14.?8412 
2.7610 
1t.5563? 
14.Sq3b 
17.5271A 
Ot6t 

1o~otA 
P.25433 

12.64725 
4.qvW'

17.229q 
0 0.2 

13.9Z27 
1.43669 

12,08958 
13.80146 
15,5132f 
A,64,a 31 

14.29h74 t0.9593i 
o.qoAo 0.6',600 

11.394 9 10.30333 
19.03764 11.54454 
16.91670 13.05528 
0.l4900 0.11743 

0.0 
0.62087 
6.0 
8.0 
0.0 
0.0 

5.0791 
0.58756 
4,5903s 
5,304? 
5.63 
0.65q62 

3.771Z9 
0.505 
3.26119 
3.80976 
3,Q&759 
0.04535 

I.W020 
Oa0270 
0.85320 
0,99936 

, 02q04
0 01283 

0.0 
0.36607 
0.0 
0,0 
0.0 
0.0 

LINE NUMBIOER 4 PTIIEL HUN*1104 85 SCANlANGLE. .3.Z70 OEGI8EES 

LT0T 
LOATH 
LIOE6X 
LSUPF 
LIHIR 
RH0O 

1O4.3599 

?.7B617 
ll o8 
14 1I102 
17.06798 
0.15687 

? 3 

o4.50596 23,10331 
2 30928 t.46456 

12.20W6 I 03375 
1.46438 13,62809 
16.6187 15,13617 
0.1 374 60,e7A 

4 

14.a9674 

A.92146 
13.373?7 
tS.0164Sl 
16.9g494 

n.o4aTa 

5 

11.3l670 

11.67175 
10.6449S 
9.q9q'24 

j3.49031 
O.tatiq 

6 

0.0 

0.64094 
0.0 
0,1 
0.c 
0.0 

7 

5.25)"8 

0.60364 
4.64224 
5.40689 
5.7 569 
0.W039 

6 

3,94Z72 

0.52468 
3.02308 
3.98977 
4.05993 
0.04754 

q 

19 100 

0.49Q19 
1.40270 
t,12R94 
1,78745 
0,02 79 

to 

0.0 

0.37694 
0.4 
0.0 
0.0 
00 

LINE NIMAER 4 PIXEL NUHIIFR 193 SCAN ANGLE' .5,36S DFGpFEI 

2 3 4 5 6 7 a 9 10 

LT(31 

LOATH 
LSEA$ 
1.3111W 
LINTYl 
HH04 

0l.0o.20 

P.48=13 
11051M0 
11.?Qg9 
0.1135? 
0.15780 

1°.50596 

2.3509 
l2,14h07 

14846h41 
lb, 526 
0.1230 

ll.003 

1.0503 
1h.09818 
13,59246 
15.??ht3 
01.1.011 

14.169fl9 11.19758 

8.9468 C.689133
23.22?61 l0.504 S 

00,85209 11.77975 
16.707q6 1116 
0.14716,01190? 

9,0 
a.65,14 
0.0 

0.6 
0.0 
0, 0.0 

510394 

0.62256. 
o.811213 

9.29098 
5 522146 

5425sla 

3A,82141 

0.54 
3.20065? 

3.41756 
Q.00109 
4.00573 

3,?0900 

0,b636 
2 74 164 
1,20N65 
3 31121 
0,F)1137 

0.0 

0.3"016 
0.0 

0.0 
0.00 
0.0 k ? 



LINE NUMBER 4 PIXEL NUMBER 20t SCAN ANGLF. -7,459 OEGREE3 

LTOT 
LPATH 
LOEAH 
LSUnF 
LINTR 
RH00 

I 

14.03q99
2.1412 

11.12187 
10 07204 
16.q0105 
0.4534 

? 

14.76970 
2 O135 
02.35135 
14.66019 
16.84)84 
0.12947 

3 

I 77?20 
1.54357 
02.2??63 
13 97763 
15 70901 
0.12587 

4 

14.42439 
0.971068 

11.45270 
19.11777 
17,00685 

0.400 

5 

11.671107 
0.7094 

00.9651? 
12.2q769 
13.90696 
0.12909 

6 

0.0 
0.hB061 

0.0 
0.0 
0.0 
0.0 

7 

5.39982 
0.6447? 
4.75510 
5.53697 
5.86143 
0.06184 

a 

3,94272 

0.56238 

3.30031 
3.94993 
4.11789 
0.04707 

9 

%20500 

0.47,137 

P.73062 
3 89h5 
3,?9759 
0 01113 

t0 

0.0 

0.40606 
0.0 
0.0 
0.0 
0.0 

LINE NIIBER 4 PIXEL NUMBER 209 SCAN ANGLE. -9,553 DEGRFE9 

2 3 4 5 6 7 6 9 to 

LTOT 
LPATH 
LREA 
LURF 
LINTR 
RH0O 

14.78127 
2.95401 

11.79723 
14,94q8t 
17.05n49 
0.1619q 

t5,a?906 
2.4050 

12.94853 
I'.30$4 
17.671182 
0.13(66 

14.63?97 
1.90477 

13.04f20 
11.02531 
16.77411 
0.13441 

16.5944? 
0.99896 
15.595u6 
17.5369l 
lq.72832 
0.07377 

t3.4609? 
0.73047 

ip.73005 
11.28651 
16.15608 
0.14532 

0.0 
n.70435 
0.0 
0.0 
0,0 
0.0 

7,47096 
0.66990 
6.80108 
7.92597 
8.39329 
0 0805? 

6.74262 
0.58583 
6.15678 
7./0036 
7.50653 
0.08580 

6.01000 
0.M95i5 
5 90085 
6 91565 
7.11901 
0.08916 

0.0 
0.q2448 
0.0 
0.0 
0.0 
0.0 

LIelE NUMBER 4 PYXFL NUNBER 217 SCAN ANGLFN.1I.647 bEGRFES 0 

1 2 3 4 5 6 7a 9 10 

0 
C0 

LTOT 
LPATH 
LREAM 
I SURF 
LINTR 

RHOS 

15.9908 
3.05774 

12.84143 
16.d9504 
19.57106 

001798 

17.93463 
2.54631 

15.39 3? 
18.10367 
21.03001 

0.15665 

17,70711 
1.660 

16.07851 
18. U0857 
20.61080 

0.1657A 

20.16859 
t.02018 

19.14040 
21.540$4 
24.23?19 

0.21144 

10.4640M 
0,75375 

17.71(13 
19 9885 
22 49179 

0 ?0232 

0.0 
0.73041 
0.0 
0,0 
0.0 

0.0 

16.79020 
0.69783 
16.09138 
18,77492 
19.88190 

0.20969 

13.59952 
0.61201 

i2.98751 
15.20523 
15.05178 

0.18119 

22,Q3"96 
0 510843 
21,91653 
25 65010 
R6 5105 

0,33074 

0.0 
0.44520 
0.0 
0.0 
0.0 

0,0 

Y 
6 

Y4 

LINE NUMBER 4 PIXFL NUMBER 225 SCAN AtiJLEI-13.741 DEOREES 

I 3 4 5 & 7 8 9 10 

LTOT 
LPATH 
LIBEAN 

LSURF 
LINTR 
RHO5 

15.27R1? 
3.13544 

j2.tu?61 

15.383 
t9.5426? 
0.17043 

16.61591 
2.61587 
0.nOO 

16.6/626 
19.16020 
0,147? 

14.60012 
1.67520 

14.92918 

17.10724 
0q ?2627 
n.15406 

18.12621 
0.05953 

17.O6h67 

1q.22S94 
21.62791 
4.19050 

16.91548 
0.77898 

16.13649 

18.1nb6 
20.51456 
0.18052 

0.0 
0.75905 
0.0 

0.0 
0.0 
0.0 

16.71724 
0.72885 

15.98831 

18.67062 
19.77737 
0.20059 

13.54230 
0.6Q125 

12.90113 
15,12360 
05.76689 
0418022 

19.022996 
0.54453 

18 68540 
21,A9701 
27.61799 
0 ?235 

0.0 
0.46846 
0,0 
0.0 
0.0 
0.0 

LINE NIMBER 4 PIXEL NUMBER ?33 SCAN ANLE-1IS.036 OLGFES 

I 2 3 4 5 6 7 8 9 t0 

LTOT 
LPATH 
LBEAH 
LSUPF 
LINTR 
RHI3 

16.76866 
3.?170U 
1.55121 
1',2691 
20.7407q 
0.19864 

18.330295 
2.689"1 

15.h4061 
18.6608 
21.5414? 
0.1507? 

17,83008 
1.7250A 
16.1000 
3,84039 
20 77354 
0.06646 

00.25186 
1009315 

17.16051 
19.35159 
2t.77197 
4.19177 

It.?0074 
0.80652 

15 39422 
17.12958-1 
10.5931? 
0 07621 

0.0 
0.79080 
0.0 
0,0 
0.0 
0.0 

14.15021 
0.76364 

13 90657 
19.0q56 
I6.83'71 
0.1775? 

13.02811 
0.67417 
12.35391 
14.W167 
0S.I2'113 
0.17281 

13 4h09Q 
0.57,101 

12 86499 
IS 15?1 
IS 6170? 
0 1903 

0,0 
0.49478 
0.0 
0.0 
0.0 
0,0 



LINE NUMBER PIXEL NUHIER 241 SCAN ANCLEt. 7.930 DEGREF 
1 2 1 4 5 6 7 a 9 10 

LTOT 
LPATH 
LREAI 
L90RF 
LNTR 
RH0O 

17.63814 
3.300t5 

i4.3399 
18.31694 
21.99934 
0.2022o 

20.03583 
2 7680? 

18 06781 
21.60069 
24.81815 

0.18087 

21.39610 
1.77850 

19,61750 
22.55008 
25.1433t 
0.70307 

23.7427A 
1.12996 
V7.61?82 
?5.53694 
28.72798 
0.2530 

2l.,6128 
0.03672 
20.72455 
R3.15579 
26.41716 
0.?3756 

0.0 
0.82628 
0.0 
0.0 
0.0 
0.0 

17.23503 
0.802800 

16.4322? 
19.25728 
20.39270 
0.21508 

11.59952 
0.71138 

12.8813 
1.156199 
lb.80357 
0,18064 

20.51190 
0.60737 
t9904b0 
P3 0113 
P4.19536 
0 30177 

0.0 
0,92458 
0,0 
0.0 
0.0 
0.0 

LINE NUMBER 4 PIXEL NUMBER 209 SCAN ANGLE.-20.0 0 OEGRFES 

t 2 3 4 5 6 7 8 9 tO 
LIOT 
LPATH 
LDEAH 
L!URF 
LUNTR 
RiNUS 

15.5265Q 
3.39586 

12.13068 
15.54957 
18.67961 
0.07165 

17.14340 
2.85137 

14.29203 
17.12527 
19.67610 
0,14655 

16.23152 
1.83581 

1.395771 
16 57680 
16.630t4 
8.10928 

16.12621 
1.1696? 

16.95657 
14.17876 
21.57529 
0.290c 

15.84339 
0 6983 

14.97355 
16 90016 
19.1102 
0 17190 

0.8 
0.86576 
0.0 
0.0 
0.0 
0.0 

15.31182 
0,84678 

14.46504 
16.98595 
17,9874 
0.18971 

13.5238 
0.75326 

12.7891a 
15.07300 
15.71439 
0.17962 

18,58899 
0 64494 

17 94403 
21 14109 
21 85687 
0.27p60 

0.0 
0.55815 
0.0 
0.0 
0.0 
0.0 

LINE NUMBER 4 PIXEL NtIJBLR 257 SCAN ANGLE-.22,t8 DFGREEs 

1 2 3 0 s 6 7 8 9 10 
LTDT 
LPATH 
101AM 
LSURF 
LINTR 
RHOS 

15.65075 
3.49p7 

12.15801 
15.63459 
18.76370 
0.17264 

16,48404 
2.939A6 
13.118 
16,7080 
18 69400 
0.13925 

15,73966 
1.89714 

13.84252 
15.97175 
17.95013 
A 14383 

16.33913 
*I.Pt 

15.t2669 
17.13R98 
19.28nh? 
0.16982 

14.65215 
0.90592 
13.70622 
15 54159 
17.57538 
0.15808 

0.0 
8,90931 
0.0 
0.0 
0.0 
0.0 

t4.20227 
0,89557 

13.30670 
15.66139 
16.58019 
0.17U92 

13.14239 
0,79980 

12.34259 
I0.50111 
15.20112 
0.17375 

10.t0199 
0.68669 

13,41130
i5.84?59 
16.37866 
0.042 

0.0 
0.59541 
0.0 
0.0 
0.0 
0.0 

LINE NUHBER 0 PIXEL NIUMBER 265 SCAN ANCLE-2.213 DEGRFES 

I 2 3 0 5 6 7 8 9 10 
LUT 
LPATH 
LBEAK 
LSURF 
LINTR 
RHOS 

15.65075 
3.59489 
12.05586 
15.56987 
18.70001 
0.17187 

17.0152 
3.03460 

13.9779? 
16.80051 
09.34891 
0.10413 

16.07745 
1.96253 

14.51491 
16,78537 
14.86453 
0.15116 

17.4879& 
1.25841 

16.2250 
16.44277 
20.72710 
0.10256 

16.06t6? 
0.94498 

15.13664 
17.14674 
19.39858 
0.1744t 

0.0 
0.95682 
0.0 
0.0 
0.0 
0.0 

05.23785 
0,94901 

1j.?888S 
16.86057 
17,85468 
0.18831 

13.02809 
0.85080 

12.57728 
00.89706 
15.53092 
0.17752 

17.30699 
0.737?1 
16 57457 
t9,62486 
20 28893 
0.25305 

0.0 
0.63613 
0.0 
0,0 
0.0 
0.0 

LINE NUMBER 4 PIXEL NIUMFER 273 SCAN ANGLFu.26.307 DEGRFFS 

I 2 3 0 5 6 7 8 9 to 
LTOT 
LPATH
LIIFAN 
LSURF 
LItITR 
RHOS 

16.02338 
3,70242

12.32095 

25.832l 
19,19604 
0.07644 

17.67008 
3.1326 

10.53R?6 

17.97749 
20.18910 
0.15039 

10.72339 
2.3195 

14.691411 

17.03252 
09.12?29 
0.15138 

18.50916 
1.30743

17.70272 

lq.5716t
22,017?3 
0.19393 

16.03900 
0.98080 

15.145?20 

17 54P2? 
19 83781 
0.17843 

0.8 
1.00795 
0.0 

0.0 
0,0 
0.0 

10.05433 
1.00660 

13.04773 

15,04048 
16.35086 
0.17245 

13.54238 
0.90574

12,63663 

15,01191 
15.650211 
0.17888 

?4 35799 
0 70153

23 57649 
?7 99750 
28 94407 
0.36101 

0.0 
0.67980 
0.0 

0.0 
0.0 
0.0 



LINE NUHRER 4 PIXEL NUMBER 251 SCAN ANGLE.. 0,01 DEGREES IC'

1 2 3 5 6 7 a 9 to 

LTOT 
LPATH 
LREAM 
LURF 
LINTR 
RHOS 

15.65075 
3.5153? 

10.83543 
15.4298 
18.53181 
0.17033 

16,87965 
3.?368J 
13.642 
16.999o 
19.01508 
0.14164 

16.35449 
2.t0521 
1,P'928 
16.56660 
1I.61867 
0.14919 

IZ.36032 
j.Ibq2s 

16.00105 
08.250A4 
20.53090 
0 t180Q 

|5.4860t 
1.03106 

14.05495 
16.14987 
18.60252 
0.16732 

0.0 
0.06?09 
0.0 
0.0 
0.0 
0.0 

14,49815 
1.06751 

13.43064 
15.94'178 
16.88490 
0.17808 

03.48524 
0.96373 

12.52150 
14,924014 
05,55873 
0.17784 

18,58899 
0,81324 
17,75574 
20.5459 
21.87041 
0.27277 

0.0 
0,72562 
0,0 
0.0 
0.0 
0.0 

LINE NINBER 4 PIXEL NUMBER 289 SCAN ANGLE..30.495 DEGREES 

LIOT 
LPATH 
LREAM 
LSURF 
LINTR 
RHOS 

1 

16.02338 
3.93348 

12.08q90 
15.8q900 
19.03525 
0.17496 

2 3 

16.87965 15.86?63 
3.34605 ?.08203 

13.53360 11o68060 
16.48173 15.95551 
18.93900 17.9318A 
0.20007 0.04369 

LINE NIJRER 4 

4 5 

|7.23?h7 15.12864 
1.41356 1.07736 

15.R191t 14.05128 
18 09?a7 16 03366 
20.35126 18.13184 
0.07927 0.16309 

PIXEL NUMNER 

6 

0.0 
1.11657 
0.0 
0.0 
0.0 
0.0 

297 

7 8 q 

12.87080 13.54238 23.07599 
1.13083 1.0238Z 0,88669 

1t.73997 12.51855 22 1833 
13.98764 14.91514 26.53360 
14.8t23? 15.61211 27.4314 
0.15622 0.17845 0.34211 

SCAN ANGLE-32.589 DFGREES 

to 

0.0 
0.77281 
0.0 
0.0 
0.0 
0,0 

0 
lot 

00 
00 
0 

LTOT 
LPATH 
LREA2H 
LSURF 
LINTR 
RHOS 

15.15390 
0.05D65 
1.09725 

14.63737 
17.S8003 
0.16150 

2 

25.69281 
3.45096 
02.23285 
14.96627 
17.19551 
0.12809 

3 

10.51000 
2.26206 

22.?0790 
14.33456 
16.11-014 
0.12909 

45 

14.80733 
t.46997 

13.33736 
15 30063 
17.21257 

6.15161 

11.55995 
1.11202 
20.2970 
lt.03685 
13.4q893
0.120? 

6 

0.0 
0.07661 
0.0 
0.0 
0.0 
0.0 

7 

5.07379 
1.19556 
4.27823 
5.11760 
5.40934 
0.05716 

B 

3.08558 
1.08501 
2.60056 
3,36353 
3.90686 
0.01008 

9 

2.56400 
0.q4085
I 62119 
1.94882 
2.01476 
0.02513 

0 

0.0 
0.82055 
0.0 
0,0 
0,0 
0.0 

Yd 
IV 

LINE NIIHMER 4 PIXEL NUMBFR 305 SCAN ANGLE.30.684 DECREER 

LTD! 
LPATH 
LOEAM 
LSURF 
LINTR 
RHOS 

I 

15.02969 
11.18454 

10.80515 
14,40068 
17.2917 
0.1589q 

2 

15.?9719 
3.57021 

11.7089A 
14,009l 
16.55516 
0.1332 

3 

I4.tI10 
P.34493 

2|.79617 
013.85940 
15.5761l 
0.12481 

4 

14.29674 
2.52809 

12.7686 
14 697801 
16.5344? 
0.14564 

5 

11.07845 
1.17421 
9.902?0 

1.37309 
12.86050 
0.11%68 

.6 

0.0 
0,23539
0.0 

0.0 
0.0 
0,0 

7 

5.02997 
0.26064 
3.76933 

4.52879 
4.79580 
0.05058 

5 9 

3.48559 1.92300 
1.04627 0,99,q?

2.3932 0.9200 

2.62252 1.11932 
2.94250 1.15719 
0.03363 0,01 4 

10 

0.0 
0.86803
0.0 

0.0 
0.0 
0.0 

LINE NUHER '0 PIXEL NUMBER 313 SCAN ANGLEU-36.778 OEGRFES 

1 2 3 a 5 6 7 8 9 to 

LTOT 
LPATH 
LBEAm 
LSURF 
LTI4TR 
RHOS 

15.65075 
'131680 

21.33387 
15.065Q4 
18.21486 
0.16742 

19.q5655 
3.70009 
1?.5607 
25.35I0 
-07.,iol50 
0.t29hR 

14.26407 
2.43025 
l|.63381 
13.9638 
15.9311 
0,17975 

|q.24674 
1.56750 

I?.70021 
14.6818 
16.5tq3o 
OQl95-0 

11.19758 
0.22377 
9.9718A 
11.49536 
12.99966 
0.11043 

0.0 
102940 
0.0 
0.0 
0.0 
0,0 

5,39982 
1.321194 
0.07486 
4.91991 
5,20999 
0 05049 

3.71415 
1.20646 
2.50769 
1,30 085 
3,17015 
0.036Z4 

3?0500 
I 04783 
2,15716 
?.61470 
2,70317 
0 03371 

0.0 
0.91437 
0.0 
0.0 
0.0 
0,0 



LINE NUHRER PIxEL NUMBER 321 SCAN ANGLES-38.672 DEGREES 

2 3 4 5 6 7 8 9 to 

LTOT 
LPATH
LBEAN 

IS.5265M 
4.45335 

11.07319 

i5.82468 
1 8264a2 

31.99826 

t4.9100014.16909 
?.9766 1.64763

ll.9QP34 12.52125 

10.95433 
1.2714S
9.685q88 

0.0 
1.35170 
0.0 

5.10394 
1.38744
3.T1650 

3 54273 
1.26461 
2.27812 

.q2300 
i,09875
0,82425 

0.0 
0.9583 
0.0 

LSURF 
LINTR 
RHOS 

14.94189 
17.94577 
0.16494 

10142465 
17.14769 
0.12773 

lI.?lAl2 
15.97929 
O.t2804 

1.52707 
16.34279 
0.14395 

11.20q24
tP.67609 
0.11402 

0.0 
0.0 
0.0 

4.51t63 
4.77761 
0.05039 

2,77785 
2.69b97 
0.03310 

1.0046Z 
|,03861 
0,01295 

0,0 
0,0 
0.0 

LINE NIIHNER 4 PIXEL NUMRER 329 SCAN ANLE-40.966 tEGRFES 

I 2 3 4 5 6 9 10 

LTOT 
LP4TH
LREAH 

16.02138 
4.59359

11.42979 

16.14779 
3 95568
12.79?11 

q.87890 
Z.60679Ip.?7?tt 

15,29020 
1.70875

11.48t51 

11.31670 
l.32?86
9.09384 

0.0 
2,40776
0.0 

5,39982 
t,4730
3.95252 

3.82143 
1,31996
2.50647 

1.92300 
1,14706
0,77S94 

0.0 
1,00095
0,0 

LSUF 
LINTR 
RHOS 

15.96729 
18.69690 
0.27085 

l6,6?36 
1S 40660 
0.1371, 

111 62695 
16.43875 
0.1372 

15.71399 
17.67757 
0.05570 

11.61S22 
13.13860 
0.21818 

0.0 
0.0 
0.0 

4.8271? 
5.11173 
0.0539 

3.07763 
3.208qg 
0.03667 

0.95156 
0.98376 
0.01227 

0,0 
0.0 
0.0 

LINE NUMOER 4 PIXEL NJMBER 337 SCAN ANGLE:-43.061 DEGREES 

I p 3 4 5 6 7 8 9 10 

LTOT 
LPATH 
LDEAH 
LSURF 
LINTR 
RHOS 

15.89916 
4.73735 

11.16103 
19.1440 
10.44843 

.16956 

16.74779 
4.08804 

2P.69975 
5.q75 

18.35193 
0.23672 

14.75593 
?.69743 
12.A5850 
14.5708 
16.24785 
0.13019 

14.55?03 
1.77,OO

12.78?03 
14 97920 
16.946 6 
0.t438 

10.84021 
1.3717? 
9.468649 
11.06312 
12.51086 
0.11253 

0.0 
1.46166 
0.0 
0,0 
0,o 
0.0 

5,02997 
2.50389 
3 52608 
4.33524 
4.59085 
0.04842 

3.54273 
1.37196 
2.7077 
2.68O160 
2.79562 
0.03095 

2,56400 
1.19235 
t,37165 
i69365 
1,75096 
0.02184 

0.0 
1,04042
0.0 
0.0 
0.0 
0.0 



________ 

ti"
SIMULATION DATE IS: SEPTEHEF "1-7 
 

LA-TI TUDE__ DFG. 7HIN __ .0 SEC LONGITUDE- 82DEG 454IN 0.0 SEC 

lIoP 1314t A: 0.0 7fl F--zrNE- 5 
nqLAR 7ENIHIN ANGLE. 11$ OEGRFES J9 IINUTFS 17.172 SECONDS 

- EIK -~R-9rIrNUfn-V 7rGrri 12 FTwE yYf M- rw9rr5T 9tNO S FIGURE A- 3PARTICULATE RFFRAC_TIVF IN FY.1,0.0.01.1A 

INPUT OPTICAL THICNESSES Results of Using the Command File 

______~3 3 With Original OCS-2 CalibrationFactors 

N0 EL ENOT1 T 0" oor-0-6.5F C 0-61W oTO-0Yg6WCT-T. 4-6 7 -0-. Tt -6, 6ToO0 acor -

OPTICAL THICKNFas _08_00004 OOOOOOo00O0f 0.P00000.00_
(MEASURED)-

AZIMUTH ANGLE FROM SUN TO 9CAN PLANEU295 DEGREE9r 0 MINUTE3, 0.0 SEClN S 

-------XIHNSAN IANS-- -RESOL UT I nNt OPrSCA 44RFFISr ,O456af4 -RADANs.--hLEz7836600R -ANGUL AR 0 

CHANNEL ! 2 3 4 5 6 7 8 9 t0 

WAV5FNGI}I T 2A060-.A660Ooo 0.500 CS19 75267S?0770 b.7 0. 75606 07900

INTERPOLATED OPTICAL 0 177t 0.23619 0.19097 0.18,110 0.18781 0,19t16 0.08864 0.18 05 0.7931 0.17731



0 0 02000 0.02000 0.02000 
 0.02000 0.02000 0.02000
8ACXKROJND ALREOO 0.02000 0.02000 0.02000 0.02000 


-SxHGL"CTTTnR 1.600o f -- 6q 4- 404-raB 
AL EO0 

SCATTRIGPARAETRI.~oO01.0 000,0 O.-"TO-oOo flooW 100f.o oooC .oo-OOO---o-oooO--oOoo--00- l.0000 

(FSCATI____________________________________ 

http:0.P00000.00
http:FY.1,0.0.01
http:oor-0-6.5F


LINE NUMBER 4 PIXEL NUMBER I SCAN L' 84.97"DEGREES 

VTOT 
LPATH 
LAEAM 
LSURF 
N.RI 

S 

1 

21.11635-. 
2.6790A 

"1 8 372 
25.6PA30 
30.73056 

...24291 

2 3 

,I1853 2,0.90V13 
2.240081 1o650t 

20.11777 --. 039 
?5,64763 23 0398 
29.68 6 03|Q 

0 

2.70035 
0,94981 

20.75053 
24 5323iI 
27 *,qI83 

5 

20.25096 
0 7228 

19,52 l1 
22 9?877 
2522 

. 

6 

0,0 
0.740029 
0.0 
0.0 
0j* 

.o L 

7 B 9 

16.76656 12"S9-"I08.97t8 
07441q 0,67832 0 59 Ia 

Tlo.02237-1.27363 108.37599 
19 82739 iS 26208 114,7067S 
0o6 459oT~7* 13 697 

....2A, i tP . 73691 

1O 

0,0 
0,t26 
0.0 
0.0 
0,0
0 ,. 

i. 
a-

I IR/E NIJHIER 41 PIXEL NUNO}ER 9 SC;ANc tt-r''h2;B-0 OEGREC9 

-TrotTb---

LPATH 
LBEAM-" 
LIPUF 

RHOS _ 

T 2 3 4 5 6 
8o"n F01116 89 10.82096 11.40O3 9.2916? 0.0 

?.60044 tlh7tS i,0I3b. A,q.ll37L0 9?45.0.:7046L 
.24756-9,13700-9 0073'-'-10.8962 8 59917 0.0 -

11.33478 |t.A9,601 1t.?7001 12.28q39 10.09086 0.0 

0. 125 __.1011 0.1019 0.12169 0,1013 0.0 

7 8 9 tO 

"5.9833636-- 85b 1 1--.'70935 0.0 

0,70U 
4 
1 0.63967 0 .5q0 0.93 

49 
10 

0 

5,27896 - 3.72843 " 14980 0 
6.Q8476 4.60175 I 11851 a 0 

0.07243 0,05080 _01820q _flO -

LINERNU MER-- -C p-x l NINOE-17 SCANTNEO 40. 7 Oq"DEGREES 

O 
0O 

_ ?---- -

LTOI __Te. 430n 0 ?B- .U29 0 _f00 § ?O.40333-9.52 98 7 
LPATI 2.53124 2.1064? 1.37023 O.86310 0 66655 
LSEAM 8a.39658 9. 326 r-9. 614 6 0.TO*5 26p_ 6.86 t3 P 

LSURF 10.42737 11.661513 11.05180 1.25So 10.29792 
-LIN R--T _ A7-tA r 26TT3;I 7 ag3FlTA_7M03f7n6ir5-
RHOS 012h09 0.09983 0.0315 0.12W03 0.10475 

6 5bh 

00 -60o,37 7870; _46q69F 
0.67400 0.67013 0,60630
6 .0- 5.707 - .86 33Q 

0.0 6.9b531 4.73620 
r -- '7l .37cr6__W7 

9 I?7 9 

0.0 0,0777q 0056 

- I 

f-7 09 3q 
T-0 528166I 8069 

t 04678 
It.OQ

9 7 
0 02866 

i 

0,*0 
04650500 

0.0 
o.o() 

n 0 

2 3 4 6 I " 9 

-LYOY - -lr$C5958-Tt .2532f Tff.73499T' 4033 
LPAH P.47928 2 ,5536 1.33399 0,85738 
LBEAM-8*I.030 9,19797-9.u OS00i-F .5904 
LSURF 10.94550 I1.113 24 11.14373 0.22911 

- 96906 b;o -; 18 
0,640,4 0,647800 ,1b0n70 
-8.66986.0 - 5.5399 
10,00167 0.0 6.72044 

--. 26652 
0.577S6 

_.68896 
4.49495 

-2 56u01-o 0 
0 50203 0,04053 

--2 06200 ,0, 6 
2 51103 0.0 

RHO 0.120 8 1 0097840_.10035 . 17 0.10173 0,0 0.07506_ .05356 0.0p338_ 0.0 - - - - - -

.......... [LINENUMBER - . . pr NIIBERfl - -SCAVANGLE' 36.52-DEOREE ... .. - ------...-----

t10rN;5i& 
LPATH 2.13054 
LIIEAM 
LSURF 10,80437 
ETNTRT__o 97&OT_ 

RHOIS 0.l1927 

6F_ - - ---

IIt n7'460 fQ.49j0CAjn.97783 -9* 379. 
2.01368 - 1.30417 0.3605 0.6062 0.62573 
9,06371 9 8f -10.Il178 8 S0651-6 -

11,19777 10.3657 11,71226 979957 0.0 
ACSol,.o,78871 1I~._ 756o_1. 681 oo 

0.09583 0.09759 0.11605 0.09q68 0.0 

6;0491? 0;J_?6652 

6,61556 0,55290 
5.0355 -3'.71363 
6.S5621 4.50028 
o a&.*94277_4.691 6._ 
0.0732? 0.05363 

T

-0,A060 -o, ~ 
0 'lq 1 0,41939 

-0 17557 -0n.0_ 
0 45094 0,0 

lnJ703Th ;o 
00587 000 



LINE NUMBER 4 PIXEL NUMBER 4I SCAN ANCLEE 3 -D-3--RE5 

I a 3 a 5 6 79 1 

1CT 
LPAT-
LBE A8 
LSUF 

707.0U396 
2.°qqj9

03'83
10.66113 

11.1653] 
S.9805? 
9. 1L 79-47 
It PBS3 

0.9306 11., o 
1.8016 A0.8W67 

I?89' j .ll* 4?E 
In MIR90 11.7868l, 

a2q_B 9739W6 
0,61101 
8 3 6?8 
9 9908 

0 
0.60713 

0 
0.0 

6 , 0 ai9 -
0.5942? 

5 4 1109 
6.5,02a 

i57 1,f-1? 2O 
O,5318 0,59q16 

.260-389-- 0 82256
4.41124 0.990 

0.0121 
0. 0 
0,0 

-

RU$___0,1O769Q_0,lo6S9 0.09743 0.11679 0,09764 0.0 0.07316 0.05?93 0,0127A_80,0 

LINE NUMBER PIXFL NUMBER 49 SCAN ANGLr 32.332 DFGREES 

- 2 3 4 if 6 t o 

LPATH 
LBEAM 
L9URF 

RHO 

2,37P27 
7.81326 
10.Pq760 

0,l0,. 11673I b" 

-t495 S1Q - 1,?61t45_ 0, 086 
8.9 643 9 0676b 10.09711 

10 93910 10.60769 J1I.Gh. 7 

0,09
3
6 00553 

-8721,633 
q.U0001 

0909b1 

0,59d0. 0 
0.0 
0. 

_O.O 

057
6
?O 0.51399 

5.3133-369095 
6.311 0i 4.30295 

0,07132 0.05223 

0 1? 0,38567 
- 4 -9398 0.0 
2 03 80 0.0 

0,02f21_.0,l_ 

-

O0 
CO 
0) 

I 

L10T "9,93711 
LPATH 2.35"26 
LDEAM--7.58381-
LSUPF 9.9)079 

tHOS 0.1O,09157 

LIME NUMBER 4I P XFL 5UBR57 _SCAN-ANGTLEs 30.237 DGA 

3 11 5 --7 CT h-cT l ok 

10,72573 0.00119-7505213 0,737T 0.0 s.5"068C-3.91098 -66q --0.,0 
I.Q3686h l?1775 0,79J?2?9 n.8 0 7913 n.56137 0,09901 04? S6 D,.37247 
8.78887 .75365 9.7580 R.14663 0,0 507A0.,II97-"I.711t 0,0 
10.69Q16 14.20513 11.15641 9.?9?75 0.0 5.987?4 4.07965 2 041159 0.0 _ 

_.-,00190. 0ltis 0A945?_.0 0.066B7 0.04861 0,,0263? 0.0 

._ "_e_ 

LINE NUMBER 4 PIXEL NUMBER 65 9C'-N ANGLEr 28 113 bFGREES 

1 

LTOT-

LPATH 2.31_9
LBEAm--7.so82o 
LSURF 9,78815 

2 

6.1378 
I _2511
8.27 
10.96 39 

3 0 

-9.67329-10.12683--.,592 

lt?300 M.78666
83 --
9.803118 0.6fl17q 

5 

0.58171
7.7750 
8.73n35 

67 

W9803- o -

0.56912
0 . 

0.0 

--* I0 

s'32585 -3.70781---?8-o o o!- -

0.54919 0,41,60 011167? 0:36137
1 2o.697766 32220 85---0,0 

5.66848 3.3768 I 03019 0,0 

RHOS __o.1O05 009041._ 0 08828 0,10553 .08804 n_0.0 .... 0,06331 _0 01573-0 01329 .0.0 

.. NE NUMBER 1 pT-XEL-NIIMBER-73 ----- SCAN ANGLES 2.OO9-DEGREES . . . .. 

LTOT_  9.-68A6'10 . 19820 0-q052736 -9; 0715 4 817900 
LPATH 2.134113 1.01934 1023258 0.76177 0.97614LOEAM -- 7.35?24 8.P7B6 -8.19 76O--,05977 7,60331 

LSURF 9.53212 in.00?5? q.09q751 l0,339 ? a.6 030 
RH!OT 1 012 T.-6,n-! *,J6tJ O,*73O9 -l * 631 080, 7_05005
lINUS 0,0922 0.018560 0l.853 _0.1O_?15 0.08777 

-- -..... qq- --I . 60 623 1.?6801 - ;60 -
0,56145 0,5396 0.476S0 0 40698 0,35215o--0. .- 4.415763 -3.1971 - 0 87501 -

0.0 9.P7313 3.71660 I 03e73 0,0 
o- 889o- 870119 A " 3l8 0 "0' 

0.0" . .05889 0.0,112.9 0_ 013'9 0.0 . .... . . 



3 4 5 6 7 t9±0 

LPATH P.33759 1.9192a 1.23084 0.77934 0.57323 0.55589 0.53197 0.406D9 0.1991? 0.3063 

LSUPF 

RHOS 

9.36199 

0.10157 

9.6S314 

0 08262 

g.2863? 

0.08363 

q.03305 

0,0982 

7,qn997 

0,08122 

0.0 

0,0 

5,03033 

0.05623 

3.51087 

0,02 

1 00902 

0007 

0.0 

.00,0_ 

LINE NWiInFR 0T flXjELUHBER89 SCAN 'AtGTC 2l.8660RFEESE 

] Z 3 

LTO?4 09h3r 
LPATH 2111456 t92u?5' I.3257 

-L BE &H 7 09569 - A.0 24-- 7.86688 
LSURF 9.1244 9.619 " q n7458 
LINR rc-9 l6rT-,rovSrrbr 9I 3-i 
RHOS _ 0.10071 0,011233 0.08112 

45 

oooo TWOCoo0~X5~~.80 
0,772? 0.57178 0,55220 
8, 66I8?-6-8328001-. 
.61753 7 79086 0.0 

f38 I 5Y C;0 
0.097 8 0,0792A _0.0 

1 O 

CF.iS0 
0.52653 0,021 0 39299 0 33067 
4. 07606 -3. 0423-- 0 A8903;-0 0 
0.7959? 3.59290 1 04057 0,0 
50.7B6 --370567fl0,854670 
n053560..0281 0,01353._. _ _0 

-- __ - LINE NUM -R 4- PThiFIIHFI1ER97 ScfA"_ANGLF_9.7U;-DFGRFES 

CI 

*e 3 4 5 6 

t T--h;i go91 .-oi07 A 695&T-'-.6P 0 SiF-'7 62Kf .0--TO'--
LPATH 2:35699 1.93415 1.23759 0.78127 0,57?05 0.55056 
L9EAH - i83 -.83_77365q-757_A f8t)'10278-03£6; 
LSURF 8.7,7bt 9.?6756 6.57910 9.31717 7.59915 0.0 

-MlNTr-IOTSI 2r-TTr479 60 17ff1Ti-,4 Fr rh9s C4 
RHO 0.09667 0.07932 0.07726 0.09?32 0,07730 0.0 

B to 

#'a -?5 3 ,-35S22"r'-' r-20b 0;~--0 -
0,52305 0.115819 0 3852 0,33021 

07953 2 8 8909 * 0 
,78925 3.1009 0 05?4? 0.0 

307 1 2-1;555 9 F_08A0020 ,( 
0.05349 0.04064 0,00357 0.0 

-

- - 1INEhUIIOECW IxFvNI'N8ER1) r 8-CA0ThNGEyw't7;6720-rGREEi--_______ 

LPATH 
LEAH-
L9URF 

2.37460 I.q90b8 I2.0960 0.78546 0.17398 0.55066 
6,9828-7;9A6?3--7,3610 - 8. 053---6.40b03--OO ....O995 
8.92000 Q.0196 A 1,6073 9.09099 7.31723 0.0 

0 5215? 

4.6275t 

0.5580 
-2 *89670 
3.40602 

0 10570 
0963-" 

1,05362 

0.33123 
0.0 
0.0 

R 

---

"LNT ?6 

______ -

2- 6.6 9 - -. D7 

CINE-NNRER - -_ 

-f66 6 --B.-- R 

_ _P1 xFC' NuIER IiIh AN AkGCra 

-

is. 9758 Df GRrs -F 

- "ToIp. 

-

._GG 

LTO - lo0 F-",-311& - A 6 16"---80- 9-; . 95 -3 25068 -? 8 0t - 00 .... 

LPATH 2.3971 
LBEAK-6.7119O0--
LSUPF 8.5511 
L TN71 0 .?702. 
RHO0S - 0.0940 

I 96760 
7.2635 
80.66481 
9. 95505 
007016 

0.25668 0.791q1 0.5775t 0155253 
1-710497 -7.08P63-6°.3310--; b 
0.1530B R8.95u3 7.12506 0.0 
71 It?99--fn, 0&o -8 0574-0 ;o

0 073I12 0.08814 0.07207 0.0 

0.52090 
3,81768 

.q06531 
4 .72859 
ooqQ7 

0,t5520 
.-- Z708 

3.28t09 
3, 210? 
0.03I10 

0.38050 0.32970 
0 0751- 0 
1 A05 13 0:0 
,I0AR? 00 

0 00358 _ 0.0 .. 

-,1 

. 



- - - - - - - - -

LINE NUMBER A pIxrL NUJIER 121 iETIXi'GES l31-i-Drr. EcS 

1 3 4 s 6 7 8 910 _ 

; 7.36165 4.680t4 6.67091 0.0 a27M-33 .r-4-9O 6Ogr-0.0LTOT __9,392 9.58283 
LPATH 2.'24?9 1.99070 3.7055 p.79954 01a25 0.5614 0.5216 0.45639 0 38190 0.32961 
LgEAMS---76753--7.592----7.9100 7.88061-6.08833 0,0 . 1972.927f--.6---0.0 
LSURF A.60?1 09.0 4171 A1667 8.87633 6.,A4 0.0 4.37929 3.15607 0 50b43 0.0"L!ZNTR- 10.33170 10.1884L8 9.13324 9.985009 7.734"2Wt.0 4 .2o 7S--29o 7r---S69 os--- 00 

RH03 __ O09o96 00773A 0,0730 -000795 _0,0696 . 0 0,04891 0.037b1 0 ,0071 0,0__-

LINE NUMBER 4 PTXEL NUMBER 129 SCAN ANGLES I I 8"-DcGREE 

1 5 6 8 
ClOT 9,i1B ' 3iirR;*,379 8,68010 6.67091 0.0 4 011083?;-L 9967 3--0 * 85*068 -0 *fF 
LPATH Z.4593 __..j0178lI.271Ao.q9 mO,89I3 0.5146 0.5?827 0 , 5933 0* 863H 0.33094 
LBEAW 6.73569 -7. 15-- 6.11166? 7.A7075 6.0 7-- 0..0 0 180 - 0.0 -
LIUAF 8.Snsbo 8 5'857 7.7'137 8.8567h 6 82q85 0.0 4.06726 2.7024 0 90741 D0 
I1.1N rrwo;;3 W479-5,3 6-W.g8wor941Th1A__7 7.ZVYst' ------ ot.30~7-7r.-0965-0o56591-C-.0AMOS--- 0,09031 0,07102 0.8695.0_. ?76. 0,069 0_ 0. 0 5370.03539 __ 0 00706 0.0 

LINE NUMBER 4I PIXEL NUhRER tf i-CAW-RArLrM-9291-TTGkEE3

-- - I34 5 T6___ _ 8 
Lt9iWl 9.05533 8.36165 8.680j4 6.7503? 0.0 il.87581.149|101.O-?82E E0V--0.°0 "



9
LPATH 2,q181 2.n487? j.3062 Q.02094 0 59710 0.56839 0.531415 0.46397 0, 19038 0,33364LFA--6.6172---7.0066 --- 7.05536- 7.545-6.0532 0.0 3.5a243 685030 89163-0.0 -f-- __'_--._ 

LSURF 8.38180 8.12311 8.06956 8.A3677 6.904175 0.0 4.12 77 3.13990 1.0429 0.0 

RHOi 0.09253 0,07123 0.07?67 0.087s6 0.7023 0.0 0.04610 0.0371? O2..034__.0 

- - LINE NIIMBtE !XLUIIhTJS-i -ANtEi7;0bEDGrrC9

0 2 (0 5 6 7 a q 1 0 

-C - _345 -- -- - ?soa1;o93o6 - -

LPATH 2,S3170 2.o0323 1.12789 0.6302s 0 60641 0.97686 0.54170 0.47000 n 19531 0.33764LREA" f;. 82574--7 . 67 5417; "lb067 8-.? 9r-b- "1?06 ~o0 1: 79782 ; 700/4r--. 301 03-0,0"3



LSURF A.63SJ4 q.10930 8.03qp 9.29051 7.15729 0.0 4.42196 1.24871 I 53117A 0.0 

RHOS 0.09532 007796 0.67577 .09?10 0.07280 0.0 0.04939 0.03871 0 03979 0.0 

INE-NUMflER- .. . - EXELNtJIJI-l53 ---- SCAN ANGLE. 1.107 DEGREES 

07 2 1 6 7 8 _ 9 T0 

LIOT 4,390 _06Q1;0759 9.39074 -6.98657 0. 4273 56 ,568 d ----
LPATH 2.57541 ?.12117 0.1s18l 0.849o7 0 61700 0.58678 l.550"s5 0.477q5 0, 10166 0.34290LBA--b533b9-' 7.?658--7.?SSa=; -. 0167 "--.3 717-0.0-- 3.779A--;7771--0.,"07 ...............



LSUnF 8.25791 6.64t05 fl.210853 q.16921 7 10?2A 0.0 0 13216 1.?1767 0 S I080 0,0


- R---_ . 0911 _0,079 -.0 r-0.539 b -- 5875r8- 0.753c0 0 .04 72-5. .04-- 0687 
RUGS 0,09 lb__ 0107395_ __.07064 0.024___ 0 07265 0.0 0.04838_ 0.03858 .0 00682 0.0 

http:I.271Ao.q9


IjLINE NUMFER %I-?XEL NU~nbER 060 ~EnTERE 
1 2 44 6 7 6 9 t0 

LPATA P.6 261 263 0 .1779S 0.A6539 
1.BEAM% .900257.120" ~7739 59."25-

LSURF 1.71 6 01' 8 79184 8.411305 9.'1405 

h103 _0.*09h22 __0o,75 9 0,07603 0,09?63

0.62(10
.-65160

7.30405 

0_,107030 

0.99109 
-

0.0 

0.0 

0.56154 0.48718 
3.97530-2.8192--9 

4 62395 3,81088 

0,05164 0.0391__ 

0140931 0134937
0 80100 

0 12101 0.0 

0.00027._0O -

LINE NIINOER 1 ~ E tME 6 CNAOF .1 EAE 

-6TO7 

LPATM 
LREAH 
i.SUoF 
CLIT 
RMO4 
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