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A COMPUTER SIMULATION MODEL OF OUTDOOR

RADIANT LIGHTING

INTRODUCTION

The following simplified problem is considered. An observer sgtanding
on a flat, infinitely-extending ground surface is sighting with a telescope
in the direction of a panel-type target. The ground layer is assumed to be
covered with a material of uniform composition having a diffusive reflec-
tance, rg, which is spectrally dependent. The target panel is a small ver-
tical surface coated with a diffusively-reflecting material having a spec-
trally dependent reflectance, r,. The panel is standing against a sloped
incline as background. The background material has a diffusive, spectrally
dependent reflectance, r,. The exterior surface of the objective lens plece
in the telescope is partially coated with a material having spectrally de-
pendent coefficients, t), and s),, for light transmittance and scattering,

respectively.

The radiant energy reaching the telescope from the target and its
background is a function of the following variables:

1. The irradiance from the sky and surrounding ground, which im-
pinges upon the target and the background surfaces.

2. The reflectance values of the target and background surfaces.

3. The radiance from the horizontal sky behind the target and
background.

4, The atmospheric extinction (attenuation) coefficient at the
ground level.

5. The observer-to-target and observer—to~background distances.

The radiant energy reaching the telescope is attenuated and scattered by
the coating on the exterlor surface of the objective lens. The distribution
of this energy in the telescopic image, and the resulting luminance and
chromatic contrasts between the target and background, determine the visi-

bility of the target.

The objective of this report is to establish equations for the appar-
ent radiance at the telescope from the target and background as functions
of the sky irradiance and sun angles, and the other physical and geometri-
cal variables. The following sections establish sky radiance equations as a
function of sky irradiance and sun angles for a clear sky. The ground ra-
diance, target radiance, background radiance, telescope irradiance and the
apparent target and background radiances at the telescope are next derived.
Finally, the obhserver-target coordinate system is related to the geographi-

cal coordinate system of the global world.

PRECEDING PAGE BLAMK-NOT ¥1LIGD




DISCUSSION

Sky Radiance Equations

A review of the literature shows that extensive analysis and measure-
ments have been completed in the field of sky lighting. Chandraskhar (2)
used numerical techniques to develop tables listing the intensity and po-
larization of a pure air, planer atmosphere. Earlier work assuming vertical
light fluxes, as well as natural light, had been developed for pure air
(29) and for overcast skies (21). The effects of the earth's curvature and
shadow, important during twilight, have also been considered (27). 1In ad-
dition, numerous measurements have been recorded of the daytime, twilight
and nighttime skies (12, 16, 17, 18, 19, 20, 25 and 29).

We shall follow the analysis developed by Tousey and Hulburt (29) to
derive equations for the sky radiance. They made several simplifying as-
sumptions: (1) the sky light 18 natural and Stokes' parameters for polar-
ized light may be ignored, (2) the atmosphere has a uniform composition,
(3) the atmosphere 1is bounded top and bottom by infinitely-extending paral-
lel planes, and (4) the diffused light in the atmosphere 1is described by
opposing flux flows in the vertical direction. Chandraskhar (2) has shown
that the assumption of vertical 1light fluxes do not properly deacribe the
angular distribution of diffused light in planar atmospheres. Furthermore,
the assumption of planar atmospheres is not applicable to twilight since
the effects of the earth's curvature and shadow upon atmospheric lighting
is ignored. Tousey and Hulburt used their analysis to develop brightness
and polarization distributfons for the daytime sky. Their results did not
correctly specify the polarization in all sectors of the sky, but the
brightness values were only in slight error (29).

Tousey and Hulburt considered a planar atmosphere of uniform composi-
tion and constant thickness, z,. The top of the atmosphere is irradiated
with sunlight of intz2nsity, Ig),, 1mpinging at a zenith angle, {y+ The pene-
trating sunlight is partially scattered by the intervening atmospheric
particles in its passage to the ground surface. The scattered light 1is dif-
fused throughout the atmosphere by further multiple scatterings. The dif-
fused 1light and sunlight reaching the ground cover is partially reflected
back into the atmosphere, thereby generating opposing fluxes of diffused
sky light.

The observer is located on the ground at the origin of a three-dimen-
sional cartesian coordinate system (Figure 1). The target is assumed to be
near ground level and the observer-to-target direction 1s along the posi-
tive x-axis of the coordinate system. The vertical direction defines the
positive z-axis. A sky point is determined by a zenith angle, {, measured
from the vertical z-axis, and the azimuth angle a. The azimuth angle {is
measured clockwise about the positive z-axis from the observer-target line.
The radiant energy in a differential interval about the wavelength, X,
emitted per unit solid angle from the sky point ({,q) is described by the
function N)({, a)d\. This term is a function of the sun or moon position
({gsa,) in the sky, atmospheric conditions (i.e., ground haze, cloud cover,
etc.) and the reflectance value of the ground cover.
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The sky light reaching the observer from the point ({,a) is the sum of
primary scattered light and multiple scattered light. The primary scattered
light 1s sunlight which has been scattered toward the obgerver by all at-
mospheric particles along the direction ({,a). Let Iy denote the intensity
of a collinated beam of monochromatic sunlight at the top of the atmos-~
phere. The intensity of sunlight which reaches the atmospheric height z 1is

glven by (Figure 2):
2
Iy = Ig, exp ( (sec (,)f Brd&),
b

where 8) is the atmospheric extinction coefficient and exp is the exponen-
tial functional (e). The amount of this sunlight scattered toward the ob-
server is this quantity times the atmospheric volume scattering coeffi-
cient, 0y). The height z 1s on the line ({,a), and the scattering angle, ¢,
between tf\xis line and the impinging sunlight ({,,a,) 1s given by:

cosg = cos {, e cos { + sin { esin {ecos(a-a,)).

This primary scattered light is attenuated by a factor
(+]

exp ( (sec i’)fﬁ)\df),

due to multiple scattering in its passage to the observer. The total pri-
mary radiance reaching the observer along the direction ({,q) is given by

the integral,

N)\ = Ion\ fa'd,)\exp ( (secy,) f,BAdE) exp ( (seci‘)‘/;?xdf) sec{dz ¢H)

The multiple scattered light on the other hand, is diffused light
scattered to the observer from the atmosphere (Figure 3). Let S) denote the
sum of the flux per unit area of diffused light flowing vertically {in both
the upward and downward direction at the atmospheric height, z. The amount
of flux per unit solid angle is $)5)/4r. The quantity reaching the observer
along the direction ({,a) 1s this amount times the attenuation factor:

exp ( (seci) f BrdE)

The total radiance due to multiple scattering which reaches the observer
from all volume elements along the direction ({,a) 1s given by the inte-

gral,
o (]
N = f B\S)\ exp (sec{e fﬁxdf) sec{dz. )
I )

Tousey and Hulburt make two assumptions: (1) the atmospheric coeffi-
cients are constant independent of the vertical z-coordinate, and (2) the
distribution of diffuse radiation may be approximated by upward and down-
ward fluxes of radiation along the z-axis. Equation (1) for the primary
radiation reduces to:

N: = Igye Tg) e - B), Z secly_ g -B)Z sec (3)
6)\ 1-sec{, e cos(
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where the scattering angle, ¢, is the angular difference between the line
({,a) and the direction of the incident sunlight ({,, a,)- The equivalent
vertical atmosphere thickness, Z,, is calculated from the US Standard At-
mosphere Data (29).

Tousey and Hulburt solve equation (2) for the multiple-scattered radi-
ance by assuming that the atmosphere is a non-absorbing medium, and consid-
ering the boundary conditions on the vertical fluxes of the scattered light
at the top and bottom of the atmosphere (5, 10, 29). Equation (2) for the
multiple-scattered radiance reduces to:

NR" IL)‘_C_‘_,:E { CZ; + (a-= ® cos{) (1—e-ﬁ)\zT“°§)
4T 14074 6x

b (e'ﬂ)\ z, sec{y e-ﬁ)\ZTnc{ ) } (4)

(1-sec{, e cos{)

The equation constants are given by:

a = 2(14gZ7)k-(k-kT+T) (l-rg),

b = (1+sZp) (1-2k),
¢ = -2g(k-kT+T),

g = (1-rg) (1-m)B,,
k = 7+ (1-1) cos{, ,

T=¢ _B)\ZTsecg—so

Equations (3) and (4) are functions of the volume-scattering coeffi-
cient, ) the extinction coefficient, ﬁx, and the forward-scattering co-
efficient, 7. These atmospheric coefficients are functions of the type,
size, and number of particles in the atmosphere, including alr molecules
and aerosol particles, as well as water vapor. The volume-scattering coef-
ficient, 0y), determines the proportion of monochromatic light of wave-
length, A, which 18 scattered by a unit volume of material in a direction
at an angle, ¢, to that of the incident light. The extinction coefficient,
By, is the total proportion of light scattered by a unit volume, and is
defined by the angular integration of the volume-scattering coefficient ac-
cording to:

e
B)\ = 2r f U¢A81n¢d¢o
[+

The forward-scattering coefficient, 7, 1is that proportion scattered in the
direction of the incident light.




Alr molecules scatter light as described by Rayleigh's Law, (22, 29)
and the volume-scattering coefficient 1is given by:

o"b\(air) = co\"4 4 (1+k o cosle), (5)

where k accounts for polarization defects and is nearly equal to unity, and
c 1s a function of particle density. The extinction coefficient 1is given
by:

16rcA™4

2r ~4 ~
B)\(air) =5 cel (6+2k) =~ 3

Equation (5) shows that air molecules scatter as much light backwards as
forward along the incident light direction, and the forward-scattering co-
efficient 18 equal to 7 = 0.5 for a pure air atmosphere.

Now let us consider the case of an atmosphere with pure air and 1light
haze. In general, the atmospheric-extinction coefficient has the form B) =
c( N/ )", where A\, is the wavelength of green light, Ao = 0.53u. For light
haze, c¢ ranges from 0.2 to 0.1, and the exponent n has a corresponding
range of 2.0 to 1.3. The ratio of the wavelengths of green light to that of
red is 0.82, and that of green to blue is 1.15. The mean value of the at-
mospheric extinction coefficient is $=0.02 km-! (22, 29). The equivalent
atmospheric thickness is Z;=~8 kilometers (29). Note that for these values,
the exponential function ext (-BZTseco) may be approximated by 1-8Z;secd
for values of § equal to or smaller than 70 degrees.l

lAir molecules are much smaller in size than the wavelengths of light
waves. Water particles tend to increase in size and number with increasing
relative humidity. Assuming spherical particles and little absorption,
which is true for water vapor, the scattering coefficient for a given wave-
length, \, changes with particle size, a, in accordance with Mie's electro-
magnetic scattering theory (14, 22, 30). As particle size increases, the
angle of minimum scattering shifts from ¢ equal to 90 degrees for
Rayleigh's Law, backward toward ¢ equal to 120 degrees. Concurrently, the
scattering distribution, symmetrical about the plane defined by ¢ equal to
90 degrees, shifts forward toward the incident light direction, ¢ equal to
zero. In addition, the dependency of the scattering coefficient upon wave-
length changes. Tables listed in Middleton (22) suggest that the scattering
coefficient may be approximated by:

or(a/)) = CAP(1+k cos™(£¢)), (35)

where k, a, and f tend to increase with increasing values of a/\. The ex-
ponent n increases from -4 for Rayleigh's Law to a small positive number,
and then describes a decaying oscillation about the n=0 line for large
values of a/\ (22).

In general, the atmospheric-scattering coefficient is the sum of all
coefficients for the different particle types. A similar remark applies to

10
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We now conaider the application of equations (3) and (4) derived by
Tousey and Hulburt (29) to the outdoor lighting problem for an atmosphere
with pure air and light haze.

The equations for aky radiance obtained by summing equations (3) and
(4) reduce to:

Ny (§,a) = I—P;)‘- g,—)‘“zzl; { 3/4(1+cos2¢) + rgcosfy } cos{, (6)

where {, {¢=70°, How 1is this expression related to the sky irradiance, H{,
measured on a white diffusive panel placed in a horizontal position? The
sky irradiance is given by the equation:

e M (£ ) costsinidida
A" aLss,a ’
JJ

and since the contribution from the horizontal sky is insignificant, we use
equation (6) to obtain:

8.2
H;\ -I% l—i\_o% (1+t8cos§'s), ¢

Note that the sky irradiance depends upon the ground reflectance, rg, and
the sun elevation, {,, through the cosine term and also indirectly from the
on term.

In general, the sky radiance is expressed in terms of the sky irradi-
ance by summing equations (3) and (4) following reduction for the atmos-
phere conditions, and substituting equation (7). The result 1is:

the atmospheric extinction coefficient. This is reflected in the mean value
of the atmospheric extinction coefficient, which increases from 0.017 km-!
for pure air to 0.1 for light haze, 1 for dense haze and 10 to 100 for fog.
The dependency on wavelength shows a corresponding decrease, becoming inde-
pendent of wavelength in heavy fog (22). The forward-scattering coeffi-
cient, 7, shows a similar shift in value, ranging from 7 = 0.5 for pure air
(29, 15) to 7 = 0.8 for an extremely turbid medium (21).
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Ny (L,a) = B (27! cosly
2r(1+rgcosly)

‘3 )\ZT&

+ (l1+coslg + a(l-cosl) ) (1-e~PrZsect)

+ (3/10)(1+c092¢)secCs - cosCs)(e_p)\zT"cc‘-. 'ﬁ)\zT”cC)
l-secCscosg

where

a= 1/2(1-!'8)(1+<:03Cs + (1-coslg) o e -ﬁ)\ZTsecCs),

The results lead to equation (9) when the exponential functions are
replaced by their linear equivalents, valid when both the sun elevation and
sky elevation angles are less than 70 degrees.

Ny (C,a) = H { 3/4(1+cos¢) + rgcosgs} secl. 9)
27( 1+r8cosCs)

A similar expression may be derived from equation (8) for the horizontal
sky radiance, N’{ (a) = N\(%,a) at sun angl:s {, S70°, by setting [=n/2 and

using e-pXZTsecgsz 1 -B)Zrseclg.

N'{(a) -M 3/4(1+sin2§, e cos?(a-a,) )+r8cos§.
21r(1+rgcosCs)

+ 1/28)27 o {l-rg + (1+r8)coel;8 (10)

-(3/2)secly o (H-si.nZCs . <:082(a-u.s ))}}
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See Footnote 2 for derivation of the sky luminance and illuminance
from equations (9) and (10). See Footnote 3 for derivation of sky lighting
equations for overcast cloud conditions.

2The sky luminance, B({,a) is determined by the sky radiance in accordance
with,

B({,a) = / ¥y o Ny (§,a)d) , (36)
o

where ¢, 1s the luminosity function for the light-adapted eye. Using equa-
tion (9), the sky luminance for {,{, <70°, is given by:

B(L,q) = Eqy {3/6(1+¢oaz¢) + chOQC,}secC (37)
2w(1+r8cos§s)

where E; is the sky luminance and the ground-reflectance values are con-
stant independent of spectra (i{.e., snow or black earth). Using equation

(10) 1in equation (35), the horizontal sky luminance, B,(a) for { <70° is
given by:

-1
Bu(a) = Eq (BNZT) 3/4(1+sin2§‘ocosz(a-c,)) + rscosc8
2w(l+r8cosC,)
+(1/2)psz ® { 1-r8+(1+rg)cos§so (38)

-(3/2)secly o (1+s:ln2§s . cosz(a-u.))} }

3We consider for comparison an atmosphere with a heavily overcast sky. The
scattering coefficient is dominated by that for the water particles within
the cloud layer. These droplets ate large in size (20 microns average dia-
meter) and numerous (5 to 50x10-% drops per in’) (22, 24). The correspond-
ing extinction coefficient 1s P, =10 to 100 km-1!, and it 1s relatively in-
dependent of wavelength (22). The scattering process is dominated by the
cloud layer, and the effective atmospheric thickness of the turbid medium,
t. Assuming that t's magnitude is on the order of one kilometer or larger,
then all exponential functions tend to zero. The sky-radiance is determined

by equation (4) for the multiple~scattering process, and this equation re-
duces to:

l-r
G = Do sy ey {1 . (- ~ncost } (39)
4r(1+gt) +ry

Equation (39) is a function of the zenith angle, {, and ground reflec-
tance, rg. The maximum value occurs at the sky-point directly overhead, and
the sky-radiance decreases with the increasing values of zenith angle. The
equation is independent of azimuth angle, a, and assumes a constant value
independent of zenith angle when a ground surface is highly reflective as
for a snow field (rs-l). The sky irradiance is given by:

13
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{ Ground Radiance

The ground surface is assumed to be covered with a materisl of uniform
composition having a diffusive reflectance, rg, which is spectrally depend-
ent. The radiance, W,, emitted in any direction is:

1 8
w8 -z ul, (11)

where H; is the sky irradiance. The observer-target distance is assumed to
be short enough that the sky-radiance distribution remains the same over
all ground points in keeping with previous assumptions. Consider an incre-
mental area of sky located along the line, ({,a) as measured from & coordi-
' nate system transposed to a ground surface element (Figure 4). The sky
‘ point emits radiance N)([,a) in the direction of the surface element. Its
angular area is dw = 8in{d{da. The light from the sky point is incident at
an angle C to the ground surface normal. The irradiance at the ground
element from the sky point is dH, (f,a) = N)({,a)ecoslesinl{dlda. The total
irradance from the akyz}s:

/2
s
j Hy = Ny (L, a)coslesinldla .
, JJ
ﬂg-hgc“cs k (1+r8){1+4/3(1-r8) . (1_,,)} (40)
' T lige 1+x‘8

and i8 a function of the zenith angle, I,, and ground reflectance, tg+ Sub-
stituting equation (40) into (39) results in:

' Ny(Z,a) = H°
; \(5a YYIVEIY: (1+2f cosl), (41)

l-r
! where f = (__8) (1-»)
. 1+t8

The sky radiance may be expresaed in terms of the horizontal sky radi-
; ance Nk = N,(r/2), as follows:

‘f N, (8) = N}(142fecosl), (42)

‘? where the parameter f is the same as in equation (41). Assuming that the

ground reflectance is independent of spectra, and introducing the luminos-

f ity function for the light-adapted eye, the corresponding sky-luminance 1is
; given by: g

B(L) = Bn(1+2fecosl), (43)

’ vwhere By, is the horizontal sky-luminance. At least in form, this is in
H agreement with the experimental measurements by Moon and Spencer (23) of
) sky luminance on overcast days.
i
]
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Rather than solve this equation, we note that ll{ may be measured directly
with a spectrometer placed in a horisontal plane.

Target Radiance

The target is assumed to be a vertical, flat-panel emplaced at height,
h,, sbove the ground level and of such small size that it does not cast a
significant shadow upon the ground immediately about it. The target is ori-
entated so that the surface normal is parallel to the x-axis.

The target surface is coated with a diffusively reflecting material
having a spectrally dependent reflectance value, r,. The radiance emitted
in any direction from the target surface is:

Wi =T HL, (12)

where ll{, the total irradiance at the target surface, is the sum of the
irradiance from the sky and that from the ground surface to the target
front; 1i.e., H{ - B‘is + HE" .

We now derive each of these irradiances in turn and consider thelir
forms for the case of a pure air atmosphere mixed with slight haze. The ob-
server—target distance is assumed to be short enough that the sky radiance
distribution remains the same at all ground positions in keeping with pre-
vious assumptions. A radiance N)\(C,a) is emitted from the sky point (I,a)
as measured by a coordinate system transposed to the target position (Fig-
ure 5). The sky point has a differential solid angular area, dw = s¢inldlda.
The light from the sky point is at an angle ¥ to the surface normal of the
target, where cosy = sinfecos(r-a). The total irradiance at the target sur-
face from the sky is: ‘

infa w2

u'{s - - f f N (T,a) sin2§.couad§da (13)
t/z o

The sky radiance for pure air/slight haze atmosphere is described by
equation (8). However, this equation contains exponential functions which
produce singularities following integration. For this reason, we approxi-
mate equation (8) by equation (9) for sun and sky zenith angles less than
70 degrees; 1i.e., §,,§$ 70°, and by equation (10) for sky angles near the
horizon; i.e., 70° S{S 90°. The target is a vertical surface and as we
shall see, only the horizontal sky provides & significant contribution to
the sky irradiance. We separate equation (13) for the sky irradiance 1into
the sum of two components: (1) an integration of equation (9) over the
range 0<{< 70°, and (2) an integration of equation (10) over the range 70°
<< 90°.

16
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The results of the integration of the first component are:
R
2:(1+r80c00§5)

HaO(1) = { 0.135-(0.372rgecos{,

+0.79cos{gesin{gecos +0.64581n2{ (14)
+0.231-1u2§,oc012as)}

while those for the second component, using f,Zr = 0.16, are:

)
TS - H\ 2 2
Hy°(2) 21r(1+r8cos§s){1.59 { 3+4rgcoal + sin®{ ¢(l+cos a.,)}
-0.255 { 2(1-r8 + (1+r8) ° cosfa - l.5sec{y) (15)

-sec{,s1n{, o (1+cosza8)} }

A comparison of the two components shows that the sky irradiance is domina-
ted by equation (15) for the horizontal sky.

We now consider the irradiance received by the target from the ground
(Pigure 6). The radiance emitted from an incremental element of ground area
located at a radius p and angle a measured from the target's front, is
w((p,a) given in equation (l11). The %raight line distance between the
ground element and target is !-(pz+h§) , and the ground radfance {s at-
tenuated in its passage through the atmosphere by an exponential function
of the spectral dependent, atmospheric extinction coefficient, 0,. Further-
more, a certain portion of the horizontal sky light, N\(r/Z,a), is added to
the ground radiance. The net radiance at the target from the direction at
the ground element is given by:

Wgr(p.u) = U{ (p.a)e-a\ﬂ 4'N\(7r/2,a)(l-e'°'\£ ) (16)

The angular area subtended by the ground element 1is dw = da.cosﬂ/ﬂz.
where ds = pdadp and the angle # {8 measured from the vertical z-axis to
the straight line along the distance, £; i.e., cosf = h/0. The light from
the ground element is at an angle ¥ to the surface normal of the target,
where cosy = sinfecos(r-a). The total irradiance at the target from the
ground is:

N/l
2_,12
wte - o f f iy M @n)e @ Fentar | 3y conatta. )
l/} hy

Equation (17) contains exponential functions which produce singulari-
ties when integrated. However, the values of the extinction coefficient,
o,, are small in a pure air atmosphere, and the exponential function de-
creases at a slower {ate with {ncreasing distance, than does the inverse
square function, 1/£°. In other words, the contribution of distinct ground
elements becomes insignificant with {ncreasing distance, before appreciadle

18
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atmospheric attenuation can occur. The horizontal sky radiance terms cancel
in the equation, and the resulting integration of the ground radiance 1is:

HRE = 4} o g (18)

Background Radiance

The background visually surroundii, the target has a diffusive, spec-
trally dependent reflectance, r,. It slopes upward away from the observer
with the surface normal at an angle ? -Y to the vertical z-axis (Figure
7). The background incline is slight (Y nearly equal to =/2), and little
shadow {s cast upon the ground to ite immediate front. It does not provide
significant radiance to ground elements. The observer-target line inter-
cepts the background surface at a height, h,, above ground level. The radi-
ance emitted from the background in the direction of the observer 1is:

b Hor
Wy =2t 19)
where the irradiance on the background, H{, 18 the sum of the irradiance
from the sky and that from the ground; {i.e., H: - Hg’ + Hgf . We again de-
rive each of these irradiances in turn and consider their forms for the

case of a pure air/slight haze atmosphere.

The radiance, Ny ({,a), is at an angle ¥, to the surface normal of the
background, where cosy,= cos{esinY-sin{ecosaecosY. The irradiance from a
differential element of angular area located at the sky point 1s dﬂxf(f,u)-
Nx(f,a)osin(ocos¢3dfda. The total 1irradiance at the background surface from
the sky 1is:

T cos~1(cosYcosa)

¥ ¥ 7
R f f at (1,0 + f f dnd* (f,a) (20)
w ° 3n
5 T

o

However, equation (20) was derived assuming that angle Y is nearly equal to
n/2; that is, that the surface incline is slight. For this reason, we ap-
proximate the sky irradiance at the sloped background by that at a horizon-
tal surface; 1i.e.,

1Y® = ul. (21)

The radiance from an incremental ground element (Figure 8) on a radius
p and angle a , measured from the surface front, {is w:?(p,a) given in equa-
tion (11). The radiance is at an angle ¢° to the surface normal, where
cosy= sinYcosh-cosYsinfcosa, and the angle § 1is between the vertical z-axis
and the straight line distance, 4 =(p? + hbz) 2, The total ground irradiance
is:

HY? = h, f f {(%H{r,—N')‘\(a))oe‘o'\‘e + N;"(a)} o (hysinY-(f2-n,? )1’S
¥ hy(1+tan?ysec2a) "
ecosgY °°°“)ZT da. (22)
20
- : ot T <L
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The background surface is assumed to parallel the y-axis; that is, the line
of steepest ascent is in the x-z plane. Note that the lower limit of inte-
gration of the variable [ varies with the angle, a.

We assume in equation (22) that: (1) the exponential functions may be
ignored due to moderate extinction in a pure air atmosphere, and (2) the
lower limit of the distance variable, £, is hyetanYeseca, since the angle Y
1s nearly equal to w#/2 and the term taniYsecza is much larger than unity.
Equation (22) reduces to:

H‘{\g - %H;ro cosYcotY. (23) ]

Note that H'\’\" = 0 when Y = w/2 as would be expected for a horizontal sur-
face, but that H‘)’\g approaches infinlity as the angle Y approaches zero be-
cause of the second assumption above. The total irradiance at the back-
ground surface is the sum of equations (22) and (23).

b
Hy = H§(1+ -i-rgcosYcotY) . (24)

Telescoplc Coating Irradiance

The exterior surface of the objective lens of the observer's telescope
is partially coated with a material having spectral dependent light trans-
mittance and diffusive scattering coefficients. The amount of light scat-
tered by the coating is a function of the irradiance at the exterior sur-
face of the telescope. The determination of this irradiance 1is equivalent
in formulation to that for the target, except that the telescopic front
faces away from the observer, instead of toward him. The irradiance 1s the
sum of that from the sky and that from the ground; f.e., H§ = H® + HSO.
The irradiance from the sky is:

% m
1% 7 7 Nwstn®t o cosadida, (25)
_12‘\1_ o

while that from the ground is:
n o

3 s 2 2
HS® = b, f’f {(“\n"'“ - N (aye-oNy N’;\(a)} (%hs.)l/zcosadﬂda, (26)

I h
7

[

where h, denotes the scope height above ground level,

Equation (25) for the sky irradiance 1is separable into the sum of two
components., The first component 1s the integration of equation (9) between
the limits of 0° and 70° for the zenith angle, while the second component
13 that of equation (10) between 70° and 90°. The first component is:




]
His(l) = _____EL______{O.135 - (0.37rgcos{i-0.79cos{s.
2n(1+r8cos(3)
sin{gcosag + 0.6k5l1n2§a + 0.23131n2{.c002a1) }, (27)

and using P)Zy=0.16, the second component is:

[ 3
H§3(2) - ;Y {1.59(3+4r°cos§' +2sin2§.(1+cosza'))
2w(1+rgcos§s)

+0.255(2(1-r°+(1+ra)cosf’ -3/28ec{, ) -sec{ e sinzf, (1+cosza')) }. (28)

Equation (27) for the telescoplc surface is identical to equation (14)
for the target since they are the irradiance from the zenith sky. Equations
(15) and (28) give the irradiances from the corresponding horizontal skies,
and are identical in form except for the sign of the second bracketed term.

The irradiance from the ground is given by equation (26) assuming that

the exponential functions may be ignored in a pure air/slight haze atmos-
phere. The result is:

cg o, 148

Equation (29) 1s identical to equation (18) for the ground firradifance at
the target, as would be expected.

Summary of Radiance Equations

The irradiance and radiance equations derived for a pure air/slight
haze atmosphere are listed in Table 1 as a function of the emitting sur-
face.

TABLE 1

Radiance Equations

Surface Irradiance Radiance
Ground - - - (11)
Target (14)+(15)+(18) (12)
Background (24) (19)
Telescope (27)+(28)+(29) -

24
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Target—-Background Radiance

The radiance emitted from target and background must be adjusted for
atmospheric attenuation and addition of air light, to determine those
values which reach the observer (22, 3, 4, 6, 7, 8, 9, 11, and 13) (Figure
9). The radiance at the observer from the target and the intervening atmos-
phere is:

! - -
W= wle Mt (0) o 1-e M, (30)
where the radiance emitted from the target, WT, is given by equation (12),
and the horizontal sky radiance, NK(O), the observational direction is
given by equation (10) with the azimuth angle, a = O. The straight line
distance, 27, between the observer and target is in the same units as the
inverse of the atmospheric extinction coefficient, a), along the path of
observation.

The radiance at the observer from the background 1is:
W wh e ek N3(0) o (e by, (31)

where the background radiance, w{, is given by equation (19) and lb is the
straight line distance between the observer and the background.

The observer-background distance ([b) is a function of the observer-
target distance ([T) and the terrain. The straight line connecting the ob-
gerver's telescope and the target passes through the backgrouand position.
By congruent triangles,

hy-h
£y = ET(_L__C), (32)
(hT'hc)

where h., hy, and h, are the vertical heights of the telescope, target and
background positions above ground level. The straight line distances are
given by:

2 1
Ly = k2 + (hp-n )2,

2 1
Ly = (xp + (h,,—hc)z)/2 , (33)
where X; and X, are the horizontal observer-target and observer-background
distances. The directional cosines of the connecting line are a, = XT/IT &

a; = (hT-hc)[ﬁT. The apparent angular area of the target subtended at the
observer's position is,

A 2

where Ay 1s the target-area.

25
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Geographic Coordinates

The observer's coordinate system specified by the observer-target line
may be converted to the geographic coordinates of the global world given by
(a) geographical latitude of the observer's position, (b) bearing of the
observer-target line from true North, and (c) declination, meridian, and
azimuth of the sun. Burge (1) lists equations converting the zeanith and
azimuth angles of the sun as measured in the obgerver's coordinate system
to appropriate coordinates in the geographic system.

The zenith angle of the sun, { , is converted by cos {, = sinuesind +
costecosuecosd, where the angle u is the geographical latitude of the ob-
server's position. The angle, §, is the declination of the sun, that is,
the angular distance of the sun above or below the equator varying with the
season. The angle, t, is the meridian angle measured on the equator from
the North Point to the circle passing through the sun. The meridian angle
may be computed from the local apparent time t,, by t = t, -12 hours.

The sun's azimuth angle, a,, 1s converted by a, = a, -ay, where a, is
the azimuth of the sun measgured from true North as given by sina, = (sint
e cos{)/sin{,. The angle ay 18 the bearing of the observer-target line
measured from true North.

CONCLUSION

Equations are derived for the sky radiance of a clear sky with slight
haze as a function of the sky irradiance, the sun angles and the spectro-
reflectance of the ground cover. These expressions are used to derive equa-
tions for the radiances emitted from a panel target and its background as a
function of their spectro-reflectance values. The apparent radiances reach-
ing the telescope from the target and background are derived by considering
the intervening atmosphere and the distances of the target and background
from the observer. The irradiance arriving at the telescope-front from the
surrounding sky and ground are derived to complete the lighting scenario.
Finally, the observer-target coordinate system is related to the geographic
coordinate system of the global world.

R A




e ————

e e

el P
P

-

———

10:

11.

12.

13.

14.

15.

REFERENCES

Burge, C.J. Nomograms for computing sun angles. Naval Weapons Center,
China Lake, CA. NWC-TP-5689, August 1974,

Chandraskhar, S. Radiative transfer. New York: Dover Publications,
Inc., 1960.

Coleman, H.S., Morris, F.J., Rogenberger, H.E., & Walker, M.J. A photo-
electric attenuation of brightness contrast along a horizontal path for
the visual region of the spectrum. Journal of Optical Society of Amer-
ica, 1949, 39, 515-521.

Coleman, H.S., & Rosenberger, H.E. A comparison of photographic and
photoelectric measurements of atmospheric attenuation of brightness
contrast. Journal of Optical Society of America, 1949, 39, 990-993.

Dawson, L.H., & Hulburt, E.O0. Angular distribution of light scattered
in 1liquids. Journal of Optical Soceity of America, 1941, 31, 554-648.

Duntley, S.Q. The reduction of apparent coantrast by the atmosphere.
Journal of Optical Society of America, 1948, 38, 179-190.

Duntley, S.Q. The vigibility of distance objects. Journal of Optical

Society of America, 1948, 38, 237-249.

Duntley, S.Q., Gordon, J.I., Taylor, J.H., White, C.T., Bocleau, A.R.,
Tyler, J.E., Austin, R.W., & Harris, J.L. Vigibility. Applied Optics,
1964, 3, 549-602.

Fry, G.A., Bredgulan, C.S., & Ellerbrods, V.J. The effect of atmospher-
ic scattering upon the appearance of a dark object against a sky back-
ground. Journal of Optical Soclety of America, 1947, 37, 635-641.

Hammad, A. Scattered and rescattered sunlight. Journal of Optical Soci-

ety of America, 1949, 38, 611-616.

Hardy, A.C. Atmospheric limitations on the performance of telescopes.
Journal of Optical Society of America, 1946, 36, 283-287.

Henderson, S.T. Daylight and its spectrum. New York: American Elsevier
Publishing Co., Inc., 1970.

Hendley, C.D., & Hecht, S. The colors of natural objects and terrains
and their relation to visual color deficiency. Journal of Optical Soci-

ety of America, 1949, 39, 870-873.

Houghton, H.G., & Chalker, W.R. The scattering cross section of water
drops in air for visible light. Journal of Optical Society of America,
1949, 39, 955-957.

Hulburt, E.O. Propagation of radiation in a scattering and absorbing
medium. Journal of Optical Society of America, 1943, 33, 42-45.

28




- mrea e

16.

17.

18.

19-

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Hulburt, 2.0. The brightness and polarization of the daytime sky. NRL
Report No. N-3257, Naval Research Laboratory, Washington, DC, February
1948.

Hulburt, E.O. Survey of the brightness of the night sky. NRL Report No.
N-3263, Naval Research Laboratory, Washington, DC, April 1948.

Hulburt, E.O. Night sky brightness measurements in latitudes below 45°.
Journal of Optical Society of America, 1949, 39, 211-215.

Hulburt, E.O. Measurements and estimate of sky brightness for all alti-
tudes of the sun for various altitudes of the observer above the sur-
face of the earth. NRL Report No. 4870, Naval Research Laboratory,
Washington, DC, February 1957,

Kooren, M.J., Lock, C., Padsen, D.M., Scolink, R., Tousey, R., &
Hulburt, E.O. Measurements of the brightness of the twilight sky. Jour-
nal of Optical Society of America, 1952, 42, 353-357.

Middleton, W.E.U. The color of the overcast sky. Journal of Optical
Society of America, 1954, 44, 793-798.

Middleton, W.E.U. Vision through the atmosphere. Toronto: University of
Toronto Press, 1968.

Moon, P., & Spencer, D.E. Illumination from a non-uniform sky. Illumi-
nating Engineering, 1942, 37, 707-726.

Ornulf, A., Brecard, J., Cure, E., & Veret, C. Transmission by haze and
fog in the spectra region 0.35 to 10 microns. Journal of Optical Soci-
ety of America, 1957, 47, 491-498.

Packer, D.M., & Lock, C. The brightness and polarization of the day-
light sky at altitudes of 18,000 to 38,000 feet above sea level. Jour-
nal of Optical Society of America, 1951, 41, 473-478.

Richardson, R.A., & Hulburt, E.O0. Sky-brightness measurements near
Bocauiva, Brazil. Journal of Geophysical Research, 1949, 54, 215-227.

Rosenberg, G.V. Twilight: A study in atmospheric optics. New York:
Plenum Press, 1966.

Sinclair, D. Light scattering by spherical particles. Journal of Opti-
cal Society of America, 1947, 37, 475-480.

Tousey, R., & Hulburt, E.O. Brightness and polarization of the daylight
sky at various altitudes above sea level. Journal of Optical Society of
America, 1947, 37, 78-92.

Tucker, R.A.R. Introduction to meteorological optics. New York: Ameri-
can Elsevier Publishing Co., Inc., 1970.

29




c

R

-~
- e

i, S

APPENDIX A

SPECTRAL DATA FOR DAYLIGHT, NATURAL TERRAINS AND
ATMOSPHERIC ATTENUATION

31




“,' " v ﬁ
we . *

Spectral Data for Daylight, Natural Terrains and Atmospheric Attenuation

The spectral data for daylight irradiance, spectroreflectances of
natural terrain features and the atmospheric attenuation coefficients are
briefly reviewed in this section.

DAYLIGHT IRRADIANCE SPECTRUM

) The relative spectral power from the total sky and sun irradiating a
horizontal surface changes only slightly over the visual spectrum during
daylight. This is true for the sun at altitudes anywhere between two hours
i ! after sunrige and two hours before sunset, and the sky anywhere from total-
‘ ly covered with clouds (overcast sky) to totally free of clouds (blue sky).
The ICE standard illuminant D65 is based on numerous spectroradiometric
measurements of daylight at different locations throughout the world, and

best represents natural daylight (Judd and Wyszecki, 1975 [3]).

SPECTROREFLECTANCES OF NATURAL TERRAIN FEATURES

The spectral reflectance of natural terrains has been extensively 1in-
vestigated by Krinov (1953) (4). As reported in Pendorf (1954) (5), Krinov !
took most of his spectral measurements on clear days around noontime. In
the case of horizontal terrains (i.e., snow fields, grass, earth), the
spectrograph was placed at ground level on a tripod and directed downward
at an angle of 45 degrees and an azimuth of 90 degrees from the sun. For
vertical terrains such as trees, the spectrograph was directed horizontally
and at an azimuth of between 135 degrees to 225 degrees from the sun.

The spectral curves for snow fields are relatively flat. The values
for freshly fallen snow drop gradually toward the red portion of the spec-
trum. The curve for snow covered with a film of ice is flat, independent of
wavelength.

The spectral curve for vegetative formations has a weak maximum in the
yellow-green region, and an upward slope in the red portion. The curve for
coniferous forests in the winter period is relatively flat with a slight
rise in the near-infrared region. The curve for coniferous forests in the
summer period, dry meadows, and grass (excluding lush grass), is higher in
value and shows a similar rise in the near infrared. The curve for decidu-
ous forests in the summer perfod and all lush grass has a weak maximum in
the yellow-green region, and a strong rise in the infrared region. Ripe
field crops and forests in autumn show an upward slope in the entire green-
to-red portion, and a steep slope in the near infrared portion.

Measurements from the ground and from the alr are in agreement for

bare ground areas, such as soil and shallow or dense vegetative founda-
tions. However, measurements of forests from the air are only one-~-half to
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one-quarter of those for a ground observer due to the large shadow areas
between individual treeas. Por such vertical vegetative formations, the
ground spectral reflectance values used to calculate sky-radiance should be
those values measured from the air.

ATMOSPHERIC ATTENUATION COEFFICIENTS

The spectrum variations of the atmospheric attenuation coefficient
used in this study are s simplification of actual data (Barnes, 1968 [1]),
since the line structures of atmospheric absorption due to water vapor,
carbon dioxide, etc., have been ignored.
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APPENDIX B

COMPUTER PROGRAM




ComEutet Program

A computer program was written in Fortran IV language to compute the
apparent radiances from the target and the background. The user must
specify the angular position of the sun (moon) relative to the observer and
target, the position of the target, and the spectroreflectance values of
the ground cover, target, and viewed background.

The program first calculates the sky illuminance (foot-candles), and
the luminance (foot-lamberts) from the viewed background at the surface,
the luminous reflectance value of the background, and the horizon lumi-
nance. These values are printed out for reference. The program then com-
putes the apparent radiances from the background and target.

The computer program is attached below, and a list of subroutines
follows:

1. TEST - Main program sets initial conditions and calls for com-
putation of target and background radiances.

2. SUNA - Subroutine computes constants of irradiance and radiance
equations as a function of the sun's elevation and azimuth, and the back-
ground slope angle. Called by TEST.

3. LUMIN - Subroutine computes sky {llumination (foot-candles),
the viewed background luminance (foot-lamberts), the luminous reflectance
of the background and the horizon luminance. These values are computed from
the constants of SUNA and the spectroreflectances of the ground cover and
background. Called by TEST.

4. RADT - Subroutine computes the radiances emitted by the target
and background at the specified range. Called by TEST.

5. SKYI - Data file of sky irradiance spectrum. Called by LUMIN
and RADT.

6. GRDS - Data file of ground cover spectroreflectance spectrum.
Called by LUMIN and RADT.

7. TGTS - Data file of target spectroreflectance spectrum. Called
by RADT.

8. BKGD - Data file of viewed background spectroreflectance spec-
trum. Called by LUMIN and RADT.

9. ATTC - Data file of horizontal atmospheric attenuation coef-
ficients for standard clear atmosphere, visibility 23.5 kilometers. Called
by RADT.
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SHYTH, STHFZs T1000,.
ACCOUMNT, HL¢¢%,
FIN(SLSRs T)
MAP(PART)
LG
PROGRAM TEST(DUTPUT,TAPL3I=OUTPUT)
CONMUN/BKGD/ ANGB
COHMOM/ZFADDZXT( 7919 XB(79)s SC(29)
C TAPGET DIAMETER AND RANGE IM METERS
DATA DTO/3./
DATA F/720004/
C VIEMED BACKGROUND GO-DEGRLES FROM GROUND MORMAL (1O0-DEGRE: SLOPE)
DATA ANGB/1e39%626/
C SUN DIRECTLY OVERHEAD
DATA EL,AZ/2%04/
WRITE(3,990])
990 FOPMAT(LH »6X, *VISIBILITY COMPUTATIONS?)
C SKY LIGHTING CONDITIONS
CALL SUHALELsAZs AMNGB)
CALL LUMINC(ES,)BL,BRyBHS)
WPITE(3,991)ES,BLs BP.s»BHS
991 FORMAT(1H ,6XptSKY ILL(FCI=',F10e%s? BKGD LUM(FL)®'pF10e4s? BKGD P
CEFLECTANCE®?,F10,4," HORIZON (FL)®%,F10s4)
C SET UP TARGET AHD BACKGROUMD PADIANCE FOR SPECIFIED RAMGE
10 RYB=ReDTOSTAN{ANGB)/2.
WRITC(3,0904)R,F X8 )
994 FOPMAT(2Xs» *TARGET=RANGEL 53 2X,F1Ne%s»2X» *BACKGROAUND RAMGE952XpF 10441}
CALL RADT(R,RXB)
C WRITE QUT TARGET APPARENT RADIANCE
WRITE(3,1000)(XT(I)s 1=y 79)
1000 FORMAT(2X,10(F10,4,1X))
C WRITE QUT BACKGROUND RADIANCE
WRITE(3,1000){XB(I),1I=},79)
€ WRITE OUT IRRADIAMCE AT SCOPE FRONT
WRITE(351000)(SC(1)sI=1p79)
sToe
END
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SUBROUTINE SUMA(EL,AZ,BN)
C COMPUTES CONSTANTS OF SKY RADIANCE EQUATIONS
COMMOM/COMST/Ap ABsBToCTyDTyET)BCHCCoDCH ECo BHyCHs DHo EH
OATA PI/73,14159/
AsCOSCEL)
AB=COS(BN)®CUOT(BN)/2,
BTeql359~g7963%COSIEL)*SIN(ELY®CDS(AZ) = 6462%(SINIEL)*%2)=g2313%((
QSINCEL)I®COS(AZ))#92) = 25498 (2, %( 14 +COS(EL)=15*SEC(EL) )=SEC(EL)*{
QSIN(EL)»#2)#(1,+(COS(AZ))ee2))
CToe25008 (3,42, (SIH(EL)®®2)%(1,¢(CNS(AZ)**2)))
D;--(-B?Z‘COS(EL)-.5‘(lo'COS(EL)))
ALY
BCwg1359¢47963%CNT(LL)*SIN(EL)*COS(AZ)=e6462%((SIN(EL) )#52)=,2313#
QCISINCEL)®COSCAZ) ) ##2)+,25498(2,8(1o+COS(LL)=1e5%SEC(EL))=SEC(EL)*
OCESINICL))ew2)%(1,+{COS{AZ) ) **2))
CC=(CT
22"}.B7Z'COS([L)*.5‘(1.“C05(EL)))
sf
BHe oS¢ (1, 4COSIEL) =1 S™SECIELIS(1o¢(SIHIELIACOS(AZ))*%2))
CHmg7E®{14¢{CINIEL)*COS{AZ))es2)
DH'("‘IQ)IZ.
EHsA
WRITE(3,1000)A»ABsBTsCToDT,LT,BCsCCoDCHEC,BHyCHp DHHEH
1000 FORMAT(2X, *SKY IPRRADIANCE CONSTANTS®72(2X, 7(F10e4s2X)/))
RE TURM
END
SUBROUTINE LUMINCES»BLBRyBHE)
COHMOM/F.AD/SHy TCHRT» PG, SCHr ATSRB
COMMOM/CONST/As ABs BTsCToDToEToBCoCCrDCPECH BHoCHe DHp EH
DATA PI1/3,14159/
C ATTENUATIOMN WITH SLIGHT HAZE» STANDARD ATMOPHERIC HEIGHT
DATA CMs XNpZT/40001591465680004/
C RADIAMT FREQUENCY RESPOMST RANGE, VISUAL FUNCTION
DATA WOy DW/ 37540 54/
WsWO
ES'O.
BlL=0,
BHS'OQ‘
: C IRRADIANCEs MICROWATTS/CM SQ/5 tHM
: 00 10 I=1,79
: W=y +DW
CALL STDBS(IsXaYsl) .
CALL CRDS(I,RG)
' CALL BKGD{(I,RB)
{ CALL SkYI(I)

) ESeES+SHeY®DY
BLeBL¢SH*FB*Y#DY/PT
' AK=CH® ( (5304 /W) **XN)

! AWsle/7(ZT*AK)
i BHSeBHS ¢ SHEYSDW* (BHe CH*AN¢ (DH+EHS®AW) RG) /( 2, #PI* (1, ¢ A®RG) )
iy 10 CONTINUE
4 C ILLUMINANCEs FOUTCANDLES

ESeES*,6317

C BRIGHTNESS» FOOT LAMBERTS (MILLILAMBERTS)

\ BHS®BHS®1,9849
& BLeBL*1, 9849
. BR-BLOPI/ES
RE TURY
END




SUBROUTINE RADT(RX,P.XD)
C COMPUTES RADIANT ENERGY FROM TARGET AMD BACKGROUND
COMMON/RAD/SHs TCoRToPGoSCoATo RS
COMMON/CONET/ApAB BToCToDTHLToBCHCCrDCLEC)BH)CHs DHpENH
COMMOM/RADD/NT(79)51B(79),SS(79)
DATA PI/3414159/
C ATTENUATION WITH SLIGHT HAZEs STAMDARD ATMOPHERIC HEIGHT
OATA CHo XNp ZT/,0901551465800047
C RADIANT FREQUENCY, 10 NM INTERVALSy 380 MM TO 770 NM
DATA HO,DYU/370e9 104/
H=HO
DO 10 1+=1,79,2
WeWeDN
CALL GFDS(I,PG)
CALL BKGD(IsRB)
CALL TGTS(I,PT)
CALL SKYI(I)
CALL ATTC(I,AT)
AK=CN® ( (530, /W) #%YN)
A=l / (ZT*4LK)
C IRPADIANCE
STuSHe(PI*RGH+(BT+AWSCTH+RG*(DT+AWRET) }/(1e¢RG*A)) /{2,%P])
SB8eSH&(1,+RG*AB)
SNeSHE(BHeCH®AW#RO*(DH+ANSEH) I/ (24 #*PI* (1, +RG*A))
SSUINeSH®(PI*RG+(RCHAUSCCERGH(DCPAWSEC) ) /(1e+PG*AY )}/ (2e#*PI)
C RALTAMCES
WTT=s3T*PT/PI
WBB=SB*RB/PI
C APFPARANT PADIAMCES
WTCI)=WTTREXP(—AT*RX )+ SM*(1o-EXP (=AT*R X))
WB(I)=BD®EXP(=ATERXB)+SN* (1, ~CXP(=AT*RXRB))
10 COMTINUE
RETURN
END
‘ SUBRROUTINME CKFYZI(T)
) COMMON/FAD/SH TCHRTHIRGHSCr AT, PB
DIMENSION S(79)
CIE STANDAPD ILLUMIHAHNT, D=65
TOTAL SKY IRRADIANCEs HORZZONTAL PANELs FROM DAY=CKY AHD SUN
RELATIVE POHER
MW/CM2/NM AT 5 HM INTERVALS, FROM 380 NM TD 770 NH
) DATA S/5000526375446,6847982689087019916559205093449904198647»9548»
' AlO4e99110e9911749117645117¢8)110e3511%¢95115e4511549911264,108,8,
Y R109¢1s109¢45108¢69107¢892106¢3910408,106020107751060s104045104,2,
! Cl04¢0102¢910000986209603096¢1095e809262088¢758903290408960,6596»
) DBBeb2ET¢ 98545, 8343583.5583417981095800980019800258102,8243580,3»
i E786357430690 7270479 71eb9T30074035684061006065475699572e5575e1»
u F69¢396306958¢0460%55640906648/
C RELATIVE FACTOR, 147X
SH=l,7¢S(1)
¢ RETURN
y EMD

OO




SUBROUTINE GRDS(IsRG)
C SPECTRAL REFLECTANCE VALULS FDR GROUND COVER
DIMENSION R{79)
C SOUPCE PENNDORF 1956 VEGCTATIVE TYPE C~1D FOREST AUTUMN
DATA R/740479¢0485¢04990057005190052060539005%5405654058,5,06,
A3¢ 4061, ¢062¢06063900649000679¢0699 6062960769 0078,,0799,081,,083,
Be0870s0910e097901125612350134500429015150159901685617350178,4184,
Cel91,0092501935¢419553%,196541935¢1915019253%0193,41925619,0191,
Del9350202502129 4223902349 02409 025990272902855039¢315563350345,
5;561?;?78003933.5099.4269.443004520.66,.47).681006910051
6=R
RETURN
END
SUBROUTINE TGTS(IsRT)
OIMENSION P(79)
C TARGET SPECTRAL REFLECTANCE VALUESs LUSTERLESS OeDe PAINT 34087
DATA R/5%50400,604614,0042794043652%,0445000459 04545,04649,0473,
100‘"! 004910 .0509; .0527) 005360 QOSS‘OD '05640 0060 .0618' [ 0636’ .06’05'
2006825 07279007459 4077390089 408099 0818 4%,0827) 4%,083652%40827,
3,0836).0884,,0891540909,¢09275¢094%,¢09735009915415610095,1018,
4010549 ,00649010820610919011501145,01173,0119501236901273541318,
5013649 ¢14365414735615279el155450¢16369616739017369¢18185019095,42»
6020915 021825027730 023064/
RY=R(I)
RETURN
END
SUBROUTINE BKGD(IsRB)
C SPECTRAL REFLECTANCE VALUES FOR TARGET BACKGROUND
DIMENSION R(79)
C SOURCE KRIMOV 1953 TYPE III FICLD GRASS AUTUMN
DATA R/7¢03540305,40315603159603240032556033500345,4036500375,4039,
UeD405) 90429 4042576 043500445 00459 00469004790048,40499 4049594050051
Upe0520 o 0549 ,0569 6059900629 ¢0665960715060745407756078%5,008,40805,
Ue0B815408055 4080079900787 ¢077900762e0765,007T79¢078,0079560795,408,
UeDB81ye082,6082,¢082760815008,608156082540083500845409250099,5,108,
Uell6sel28)e14pel54941679¢178001899062030021600238902599¢26796275¢
Ue20%5429506323,,435/
RB=R(1)}
RETURN
END




SUBPOUTINE ATTC(I,AT)

C ATHOSPHERIC HMORIZOHTAL ATTENUATION COCFFICICNT (1/KM)

OIHENSION A(79)

C VISIBILITY 23,5 KM  CTANDARD CLEAR

DATA */.25‘!' 02505' 0257002‘35102600 23650.233) QZZ°5I .ZZblo 22250 021°0
1621559421296 208554:2052¢2039620190199561975619%5,019396191,5418954157
2201859 0183954181561799e17 79l 7%0al1730e17100169,616756165,50163850162
360016145 616025615996 15785015660¢15549¢1542501530e15235541517541510
©5591508,014975,0149100e148459014T780014715501465901456859614525414455
500&4390).15325’.1526101*195'0141300150650014001395'.139).1385).138
63013750¢13790136550136500355501350¢134556134541338,4133/

AT=A(2)/1000,

RE TURM

END

SUBROUTINL STDBS(I,XS,YS,2S)

C STAMDARD OBSERVCP CIE 1931 ONE-DEGREE TGT
C 380HM TO 770MM IN Shit TICRCMEMTS

ODIMNENSION X(T79),Y(79),2(79)

DATA X7/7400145,00225400429000769¢0143,¢02329¢0435,007769013644502148
1502839963285, ¢34083,,348156133629¢3187962908502511,¢1954,41421,.0956
200058, 60329¢01475¢0049,¢0024500939,029150063394109641655942257,
3029069035975 4933%99651219e59455,67845e76219084259¢916394978691,0263
491405679 1406221406565 140026509384500544,547514)06424545419544479,
5036089 028359421679 616991 612125008749006360e04685¢0329500227940158,
6001149 0081,40058p) ¢00415¢00299.0025400249200100400075,0005540003,
7000254 0002,,0001, ,0001/

DATA Y/¢0s40001540001540002,40004540006,60012,00022,00040,,0073,
1001169001685 ¢0235002985403854048546060900739560915¢11265¢139,41693»
202085025869 03239040735650350608200T1007932908620¢91499¢9549,9803»
36995514000224995,06976865695250915490879e81l635¢T7575e0949,4631945668»
498035141256 3081563215¢26%5e21700175901382961075¢081694061540446)
5e032,00232040179601195,4000825400579 40041540029, 40021,40015,,001,»
6000079 e 00055 600049 ¢00039 400029600019 ¢00015,0001» 2¢0,/

DATA Z/7.'0065;401055402010¢0362940679¢11025020745037135,645691,039
115130560 14623516767151,7826010772151e744151666925165281,142876»
21004195 48135061625 04652703533902729021235015825411175¢0782,60573,
3006229002989 002030001349 400879600575 ¢00395 400275 00215600189 460017»
4;20%?;;001100001000006:.0006000003000002100002;-9001’29‘001

YS=Y(I)

2S=2(1)

RETURN

END
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) LIST OF NOTATIONS AND SYMBOLS

rg, spectro-reflectance of the terrain ground cover

spectro-reflectance of the target surface

spectro~reflectance of background

tX’ spectro-transmittance of the coating material

spectro-scattering coefficient of the coating material

X,¥,z, coodinates of a right-hand cartesian coordinate system located at the

obgerver with the x-axis in the target direction and the z-axis ver-
tically toward the sky

thickness of the atmosphere
{, zenith angle measured from the z-axis

a, azimuth angle measured from the x-axis in a clockwise direction ahout
the positive z-axis

: {_, zenlth angle of the sun
azimuth angle of the sun
A, wavelength of monochromatic radiant energy

) Iy)» 1ntensity of sunlight at the ozone layer

! Ny sky radiance
- BA' atmospheric extinction coefficient

atmospheric volume scattering coefficient

> Op)\?
‘é ¢, scattering angle
‘; n, forward scattering coefficient
f N;, primary sky radiance

N?, multiple scattered sky radiance
ﬂf H;, sky irradiance

Ny, horizontal sky radiance

S,
x>

(Continued)
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w{, ground radiance
W{, target radiance
! HT, target irradiance
. A » target irradiance from sky
A » target irradiance from ground
: p, ground radius
f, straight line distance
hy, target height above ground level (x~y plane)
Oy ground level atmosphere extinction coefficient
dw, differential element of angular area
j ds, differential element of ground area
@, angle between z-axis and radiating point
¥, angle between surface normal and radiating point
n, surface normal
Y, angle between incline of background surface and z-axis
Wy, background radiance
H:, background irradiance
HP®, background irradiance from sky
HR“, background irradiance from ground

h,, heigh; of background on observer-target line above ground level (x-y
plane

V,, angle between surface normal and radiating sky point
¢b' angle between surface normal and radiating ground point
H;, coating irradiance

H°', coating irradiance from sky

HS®, coating irradiance from ground

{(Continued)
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height of coating above ground level (x-y plane)

apparent radiance at telescope from target through intervening
atmosphere

apparent radiance at telescope from background through intervening
atmosphere

x~axis position of target

x-axis position of interception point of background and observer-
target line

straight line distance between observer and target

straight line distance between observer and background
directional cosine along x-axis of observer-target line
directional cosine along z-axis of observer-target line

apparent angular area subtended by target at observer's position
area of target

geographical latitude of observer in global coordinate system
declination of the sun

nmeridian angle

local apparent time

bearing of observer-target line measured from true North







