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Preface

The research which went into this report was done at the request
of the Operations Evaluation Group, Assistant Chief of Staff, Studies
and Analysis, USAF. The detection of tactical military targets is
approachec from the aspects of contrast and contrast transmission by
the atmosphere. An applied approach is taken in which the factors
affecting contrast transmission are puinted out, methods of solving the
problem are presented and the most promising approach chosen. The
attempt has been made t9 utiiize existing models and concepts and apply
them to this problem. Experimental techniques have also beén investi-
gated which may be helpful in correlating the results of model predictions
and flight test data. It has become obvious to the author that the rela-
ticn of model predictions to flight test data is still very inexact due
to the inaccuracy of visibility measurements and the many approximations
which must be made to reasonably handle the radiative transfer preblem.
This indicates a continued and increased need for simple, reliable measure-
ment techriques during flight tests to describe the physical quantities
which affect the operational problem. Only through these efforts can
oredictive models be improved.

I would like to thank many people whose efforts made this research
and its results possible. In particular, Colonel Ed Battle who sponsored
the research a]léwed me frzedom to pursue different approaches,which has
been invaluable in completing the work. I thank also Mr. Tom Furness and
Mr. Lee Task of the AF Aero-Medical Research Laboratories for their help
on very short notice during the measurement phase of the research program.

Captain Jim Mardis of AFIT and Mr. Ken Arnold of ASD Technical Photographic
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Branch «iso were very helpful during the field measurements. Mr. Lenny .

Crouch and Capt. Neil McQuage of the Air Force Avionics Lab provided much
information about the Air Weather Service Haze Model. We also had many

interesting and informative discussions on approaches to the problem, for
which I am grateful. I thank also Dr. Robert Fenn of the Air Force Cam- t

bridge Researcn Laboratories fur the interesting discussions, guidance

DT T I,

and valuable information he provided. Dr. Donn Shankland, my advisor at

NIRRT

AFIT, has provided some valuable insights and ideas which have enabled

me to clarify the problem. My wife Andrea has provided much assistance

in preparing drafts of the report and more important, kindness and under-

3 standing during the many hours of work.

Edward A. Duff
Captain, USAF ‘
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Abstract

The contrast and the size of the target limit detection or lock-on
range. Models for the prediction of detection ranges are evaluated in
this report. The contrast available at the eye or the electro-optical

sensor is assumed tc be the limiting factor. The atmosphere provides a

transmission factor for the target-background contrast. A mode! for the
prediction of contrast transmission proposed by Duntley in 1948 is examined.
Duntley's work provides an analytic solution based on an equation which
relates visibility to air-transmittance along an inclined path, and a
table of sky-yround ratios. An improved equation for relating air-
transmittance to visibility is developed by the author. More realistic
values of sky-ground ratio were obtained from calculated data and from

< flight tests.

The RRA Monte Carlo model and the AWS Haze Model, which solve the

radiative transfer problem and predict contrast transmission, are compared
for accuracy. The AWS model is also compared to recent flight data which
predicts cornitrast transmission. The AWS model is shown to predict generally
higher results than the Monte Carlo data, due to the allowance for oniy two
scattering events in the AWS approximations. The AWS model does provide ;
a very fast and useful tool for the prediction of atmospheric effects on
contrast transmission.

A more receﬁt concept developed by Duntley, the directional path

reflectance R¥*, is used to describe the atmospheric effects. R¥* is a

calculated parameter based on the path radiance, downward irradiance,
P and air-transmittance. It may be generated from flight measurements or

from model calculations. R¥* provides a usefu: single parameter for
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;Z; evaluating an operational situation to determine approach angles where
J gi the effects of haza will be least on contrast transmission. The direc-
g g? tional background reflectance pRe is shown to be an important parameter
é %‘ in the prediction of contrast transmission. pRo Must be used with the
E § R* data to predict the contrast transmission. Sources of measured bR°
E é data are referenced. Graphs illustrating the use of the R* and bRo for
Pi % prediction are presented.

The inherent target contrast is needed with the contrast transmission
factor to predict detection or lock-on range. Mzasurements of inherent
target contrast by photometric and photographic means are compared. A
simple measureuent technique for field use is recommended. Radiometric
measurements are presented to iliustraie some spectral effectc which

should be considered in comparisons between the eye and different electro-

optical sensors.
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ATMOSPHERIC CONTRAST TRANSMISSION:
APPLICATION TO THE VISUAL DETECTION AND
ELECTRO-OPTICAL LOCK-ON PROBLEM

I. Introduction

Background

A1l visual systems detect a target by an interaction of two phe-
nomena: the size of the target and the contrast between the target and
*he background. Both af these phenomena have been studied in detail,
particularly during and after World War 1I. The size dependence is cne
of resolution and thus a function of whether the eye sees the target with
the fovea, or high resolution area, or with the peripheral areas with
lower resolving power. The angular subtense reguired in each of the
areas of the eye has been described analytically as a result of experi-
ment. The contrast threshold of the eye is dependent on total illumina-
tion present, the minimum detectable contrast decreasing as the total
illumination increaces until a minimum threshold is reached. Both of the
phenomena are also variable between individuals.

Electro-ouptical systems operate on similar principles and have the

same dependencies. The target must be large enough to resolve and it must

present sufficient contrast with the background to allow lock-on and track-
ing. Tc be specific, an observer in an aircraft detects a taraet on a
television display. He points the electro-optical sensor to center the
target in the display and places a tracking gate over the target. The
electro” "~3 of the system are used to measure the received signal dif-
ference from the "taiget" and "background". If the contrast (electron-

icaily, the signal to noise ratio or the difference in signals divided by




PV e

GEP/PH/72-4

the background signal, where the target is assumed to contribute only a
small portion of the signal) is sufficient, the electronics will lock-on
to the target and will track as the aircraft moves. The target size and
angular subtense is a geometry and system resolution problem. It is very
important to the detecticn, or lock-on prob]éﬁ, but not the subjact of
this report. In this regard, we consider the target to be large enough to
resolve and we consider the contrast as the Timiting factor.

The problem to be solved is the determination of the contrast available

at some point in the atmosphere from readily available meteorological data

such as surface visibility and cloud ceiling.

The contrast problem may be divided into three parts. First, we must
consider the contrast which exists between the target and the background,
in the immediate vicinity of the target, the inherent contrast. Sezund,
we must consider how the contrast is affected by the atmosphere it passes
through in getting to the sensor, the contrast transmission or atmosbheric
transfer function. Third, we must consider the required contrast at the
sensor for detection, or lock-on or tracking, the apparent contrast thresh-

old. The inherent contrast may be calculated from the reflectivities of

the target and the background, although these are not constant with wave-
length, illumination angle, and viewing angle. The apparent contrast
threshold can be measured as a function of illumination level and specifiea
for the system. The effects of the atmosphere are the most difficult to
solve.

Work was done by Koschneider in 1924 to predict the attenuation of
corcrast aleng horizontal paths of sight (Ref 1:33). Duntiey extended

this work to downward-and upward-looking paths of sight in 1948 (Ref 2:179).

Under the assumptions which Duntley made, a ciosed-form solution was obtained
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for the contrast transmission of the atmosphere. System designers and
systems analysts have subsequently used this solution by Duntley to
predict the effccts of the atmosphere on contrast transmission. The Air
Stafr, in an attempt to predict the performance of electro-optical {EO)
and visual systems, has used the model, originally stated by Duntley and
reiterated by Miadleton (Ref 3:64) and by Bailey and Mundie (Ref 4). In
attempting to correlate the results of model predicticns with lock-on
ranges obtained in flight tests of one EQ guided system they found large
discrepancie: between some of the results. It was unknown whether the
poor correlation was due to scarce data about the test conditions or
whether the model was invalid. In an attempt to answer these questions

it was decided to look in more detail at the Duntley model and alsn the

more recent models which relate the effects of the atmosphere on contrast

transmission to weather information.

Purpose of the Report

The purpose of this report is tn investigate contrast and contrast
transmission by the atmosphere and to determine ways to handle the pre-
diction of Tock-on ranges. To do this it was necessary to investigate

the Duntley model to determine the assumptions on whicn it is based and

how to determine the parameters which are required to use the model. Also

one had to investigate the other models which address the problem to see
how they agree among themselves, and with flight data which reperts con-
trast transmission. We then can recommend the best model to use, how to

use it, and the limitations under which the model must be used.

Scope of Report

The report compares several models for the predicticn of contrast
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transmission by the atmosphere. It does not attempt to . e-sclve the ) #

< ]

A ¥4 radiative transfer problom, but oniy examires work which has been done, ;

and applies it to the problem at hand. The report presents some measured

data on intrinsic contrast and suggests how this may be obtained simply

in future flight tests. It does not examine the details of any o. the
sensor systems involved or their requirements for apparent contrast for

detection, lock-on or tracking. In general, it limits itself to the

& B photopic (i.e. visual) region of the spectrum since the electro-cptical
; system is usuaily controlled by a man who must see the target first.
Several important consequences of the different spectral responses of the

eye and TV system are pointed out.

- OFYIIVE
SRR ST SR TSIy TN Xk

Assumptions

With any model, assumptions must be made. These will be pointed out

in the discussion of each of the individual models. Along with these

LR A Do et
2
A

[ S e

assumptions, the apparent contras threshold is assumed to be a constant
for any system to be considered, although none of the data here requires %
that assumption. Only in the step where lock-on range is finally speci-
fied for a given combiration of target, iliumination, and atmospheric
condition, must apparent contrast threshold be specified. Alse it is
assumed that contrast is the limiting phenomenon and not target size or
system resolution. Again this does not 1imit the validity ot the argu-
ments presented; one must simply ask, when determining the range, where

adequate contrast is available if tne target is large enough to be resolved.

Development of the Report

In Chapter II, the basic equations of contrast and contrast trans-

b mission are presented and important concepts are discussed. Different
I 4
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approaches to the sotution:are.laid out along with some of their assump-~
tions. Duntley's model is examined in detail. In Chapter III. an approach
for the description of contrast transmission is chosen and discussed in
more detail, and the importance of the directional background reflectance
is discussed. Chapter IV compares two model predictions of contrast trans-
missien, and compares one to measured flight data. Chapter Y presents
graphs which can be used to predict contrast transmis.ion under a variety
of cases. Some experimental measurements of intrinsic -ontrast are pre-
sented in Chapter VI along with important consequences of the spectral

nature of contrast and contrast transmission. Chapter YII presents the

Conclusions and Recommendations.
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II. The Problem of Contrast Transmission
and Approaches to its Solution

Radiative Transfer Equation

An understanding of the physics of the situation is helpful in under-
standing the effects of the atmosphere on 1ight. From the conservation
of particles in phase space, one may write the radiative transfer equa-
tion (Ref 6:27). The equation describes the gain and loss of particles
from a beam in direction & in a small volume of phase space resulting
from scattering, absorption, and reamission.

The equation may be written

B = - V(R0 - vi(F,DER, D)

* -—-—A—-VB(F L f p(F,Q,2N9(F,21,1) da’
£ Q(F,42,v,1) (1

where
#{r,Q,1) is the angular particle density, i.e., the number of
particles, per unit volume, per unit solid angle, at
: some position r, with direction &, spced v, at time t,

] Q(r,2,v,t) is the source term describing the number of particles per

unit volume, per unit solid angle, per unit time, 1

& 3
% created in the direction Q, with speed v, E
§ ELZL%;QLL is the angular scattering phase functiun which describes 7
% the angular distribution of scattered narticles at

g‘ point r. The function is normalized such that

< ]{, p'('a%nﬂ dft! _/;plr 4m LALD 4o - (2)
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B(r,t) is the magnitude of the scattering coefficient (units,
per unit path length) at position r and time t for
particles with speed v,

k{r,t) i3 the magnitude of the attenuation coefficient (units,
per unit path length) at point r and time t+ for par-

ticles with speed v.

The first term on the right of the above equati-n then describes the
net number of particles which leave the volume at r, per unit time, per
unit sotid angle in direction Q, with speed v and time t+ which also enterec
in the same direction Q.

The sccond term represents the particles per unit volume, peir unit
time, lost from the beam in all nther directions, by scattering or absorp-
tion.

The third term represents the number of particles per unit volume,
per unit time, scattered into the beam from all other directions Q'at time
r and position r with speed v.

The fourth term represents the total number of particles per unit
volume, per unit time created in the direction Q, with speed v, 2t time t
and position r.

if each of the particles is a photon, the v = ¢, the speed of light,

anag if we definn

chu(F,2,1) = N(F,8,1) (3)

as the spectral radiance, i.e. the energy per unit area, per unit time,
per unit solid angle per unit energy interval af, time t in direction R,

at position r then we may rewrite Eq (1) as

APPSO

., g

.
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N4
¥ 98—(—51)—[ 7,00, NG, D Han!
+ Q' (F,Q,he, 1) (4)
In atmospheric problems, the time rate of change of the spectral
radiance is very slow compared to the diffusion time of photons through
the atmosphere. Thus
N 8.1
at
Assuming now that the atmosphere is uniform in the x,y plane end
that variations occur only in the z direction, we can restrict ourselves
to the case where the transfer of radiation is independent of position
in the x,y plane. Then
‘ I LI L 1o W1
Q ( X Ayl tag k) = 5 lcos 6] (5)
where 6 is the angle hetween the path of sight and the vertical. Tnen the
transfer equation becomes

a—':-lcos 8l = - k(ZIN(Z,) + ﬁ%’— D'p(? 8,07 Nz, 840" + 0'(2,8,50)  (6)
The physical meaning of the ibove assumptions is that we negiect
effects of scattered clouds which would make the atmosphere non-uniform in
the x,y plane. Also we neqlect any other haze or fog effects which may be
jsolated in the atmosj iere. We also make a flat earth assumption.
We now note that in the first term on the right hand side of Eg (6),
the spectral radiance N(z,ﬁ) is made up of two portions. It contains the

-

spectral radiance wlich left some reference surface and has not been
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attenvated to the point r in the direction Q, and alse the spectral

radiance which has been scattered or emitted into the solid angle in the
direction &, and has not yet been attenuated. We call the spectral
radiance at the reference surface Ny(0,Q) the inherent spectral radiance.
The other portion of the spectral radiance we shall c¢all the path radi-
ance N*iz,ﬁ) from the surface 0 to the point r.

We now consider our reference surtace to be the surface of the earth,
with a coordinate system centered at tne location of our target of interest.
Then we will be concerned with the spectral radiance Ne(Z,,6,$) which leaves
the target and background in a small soiid angles in the direction G. We
will be concerned with the amount which reaches the position r,Nr(Z,6,¢)

1n thac direction.

Contrast and Contrast Transmission

Spectral contrast as defined here is the ratic of the difference in

spectral radiance between the target and background tc the spectral radi-

ance of the background. In this form it is also called universal contrast.
Cther forms of spectral contrast are also defined: contrast modulation,
which is the ratio of the difference in spectral radiances of target and
background to the sum of the spectral radiances; and spectral contrast
ratio, the ratio of target spectral radiance to background spectral radi-
ance. Only the universal conirast is dealt with here, although Appendix A
shows relations between the different definitions of contrast. Spectral
contrast transmission is the ratio of the spectral contrast at any point P
along a path of sight, the apparent contrast, to the spectral contrast at
the source, the inherent contrast.

Non-spectral versions of the above quantities are also defined in

which the waveicngth dependence has been integrated out. The derivations
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which follow are rigorously true only for monochromatic light. The areas
where an assumption is made to apply the resuits to regions of the spectrum
will be pointed out.

The inherent contrast depends on the source and position of illumina-
tion and viewing as does the contrast transmission. The contrast trans-
mission also depends on the general terrain aibedo over which the target
is viewed. Albedo is defined here as the ratio of the spectral refiected
irradiance to spectral incident irradiance. In addition contrast trans-
mission is a function of the aerosnl content of the atmosphere. Any other
absorbing or scattering substances in the atmosphere will affect it. The
problem may be laid out mathematically as follows: At any point along a
path of sight the spectral radiance from a target is made up cof the image
forming light reflected from the target and transmitted to that point,
No(zf,e,¢)T(F), and the path radiance N*(Z,8,4), the spectral radiance
scattered into the path by aerosol and molecular components, and which
may be called non-image forming light. Thus,

N.(Z,8,0) = No(Z,,0,§)T(r) + N¥(Z,8,9) (7)
where N_(Z,8,¢: is the spectral radiance at altitude z, receiver zenith
angle 9, and azimuth from the sun ¢. NO(Z+,6,¢) is the spectral radiance
at the source r = O into a small solid angle about 8,6 and T(r) i the
spectral air-transmittance to altitude Z along a slant path r of receiver
zenith angle 8. The geometry is illustrated in Fig. 1.

The equation holds for radiation from the target or the background.
The quantities involved are spectral in nature so that a dependence on
wavelength is implied. Denoting the spectral radiance from the target by
4N and from the background by pN we can compute the spectral contrast at

the sensor C_(Z,6,¢):

ASica BT o5 i 18 AP
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Fig. 1. Schematic Showing the Relationship of the Solar
Zenith Angle 8, Receiver Zenith Angle 6, and
the Receiver Azimuth Angle ¢.
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C (2.6,0) = *Nr(Z,9,¢) - bNr(Z,e,d))
rere bNr(Z,e,qb)

The spectral contrast at the source C, is

Ng(Z,,8,8) = N, (Z,,8,0)
N, (Z1,6,6)

1.

Co(Z,,8,0) =

(8)

(9)

The spectral contrast transmission 1. is the ratio of the apparent spec-

tral contrast to the inherent spectral contrast. It is given by

Cr(Z,6,¢)
TC(Zye:d)) = —_—-CO(Z+,9,¢)

Using Eqs (8} and (9) and dropping the (Z,6,¢) for brevity,

Substituting from Eq (7) for the elements of the first ~erm,

N, T N, T N

; =fo b0 b
¢ TN FNF TN N
Dividing
- . bNoT
SN T ¥ N¥
c bNoT + N

then dividing by the numerator, we get

(10)

(11)

(12)

This is the basic equation for computing spectral contrast transmission

through the atmosphere. Rewriting to show the full dependence,
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_ 1 :
T.(2,8,9) = — LIV (13) i
oNo (Z4,6,8)T(Z,8) :

Here we notice that the spectral contrast transmission is a function

of altitude, receiver zenith angle, and azimuth of the path of sight with

sl

respect to the sun, and we see the complex way in which this comes about.

Qycaars

The transmission dependence is easily understood: as the range increases,

TR TR T

the transmission decreases due to scattering and absorption. The range

ke

along a slant path is described by

R =2 |sec e (14)
é where 8 is the receiver zenith angle (see Fig. 1). This statement makes
the flat earth assumption and must be corrected for long slant paths
; (Ref 5:35). The spectral attenuation coefficient x(Z) describes the
’ distance in which a beam of unit irradiance is reduced to i/e of its
& . initial value by scattering or absorption or both. The attenuation coef-
ficient k(Z) = a(Z) + B(Z) where a(Z) is the absorption coefficient and

b B(Z) is the scattering coefficient. For a horizontal path x(Z) = x, and

the spectral transmission is just
T(R) = exp( -Kk4R) (15)
Since the attentuation coefficient is not constant with altitude, the

concept of optical depth was evolved. This is defined by

yA
Tout(2) = j; k(Z) dz (i6)

The spectral air-transmittance for any slant path through the atmosphere

is then given by

T(F) = T(Z,0) = exp( -1, ,|sec 0]) (17)

13
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The spectral.radiance from the background is seen to be a function -
of target height, and the angle of the path of sight relative to the sun
or cther source of illumination. This target height dependence enters
since the amount of spectral jrradiance reaching the target from the sun
or the sky is a function of altitude. The 6,¢ dependence is due to the
directional reflectance properties of all real materials. It is only for
the ideal, Lambertian, or diffuse surface, that the spactral radiance
would be constant in all directions, independent of the reiation of the
source of illumination and the viewing angle.

The dependence on altitude of the path radiance N* enters through the
dependence of the number and type of scatterers, absorbers or emitters on
altitude. No single function can describe this dependence although it is
usually assumed that there is an exponential decrease in scatterers with
altitude up to some altitude. The dependence of N* on © and ¢ is due to
the angular distribution of scattering p(z,Q,2') with respect to the
source of illumination. Figure 2 shows a Rayleigh scattering function and

a representative aerosol scattering function (Ref 6:21). The dependence

ISOTROPIC
K

,/”fi; ~~~~~~~~~~~~~  SOURCE

™aEROSOL

4
//////////// RAYLEIGH

Fig. 2. Representative Scattering Patterns for
Isotropic, Rayleigh, and Aerosol Particles
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on wavelength enters due to the changing, with wavelength, of the scat-
tering magnitude (and shape for the aerosol). For the different molecular
(Rayleigh) components which cause scattering, this scattered intensity can

be written as

-4 2
I cattored & » (1 + cos'B) (18)

where A is the wavelength and B is the scattering angle measured from the
axis pointed in the directior away from the source of illumination. For
aerosol scattering the dependence is not available in closed form without
assumptions about the size and makeup of the particles. Since aercsols
can be smoke particles, dust, water vapor haze, ice or snow, the specifi-
cation of size and number densﬁty is very difficult. It is the task of
measurement to model these parameters accurately so that calcufations can
be made to determine the scattiring phase functions. These depeQdencies
iisted above indicate the compféx nature of the path radiance. ‘“§§

Following the development by Duntley (Ref 7:2-5, Appendix A), the
last two terms in Eq (6) may be ¢alled the path function N.(Z,8,¢).

Then
N ___ . _(ZIN(Z,0,8) + Nu(Z,0,4) {19)
azlsec 6| ? *2E2Y b
‘shere
_ B(Z) Ar B ? [ ]
Nx(Z,8,0) = 5= p(Z,8,8N(Z,8") do’ + Q"(Z,0',Tw) (20)
Q.’

Duntley then points out that there exists for each point in the atmos-
phere a unique spectral radiance, the equilibrium radiance Nq(zye,¢), which
is transmitted unchanged through the small volume dz d2. From Eq (19), by

o setting aN/(3z|sec 6]) = 0,
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Ny (Z,0,6) .
N (Z,6,0) = ———- (21)
q k(Z)

S

This shows that at each point along the path, the spatial rate of
change of the spectral radiance is proportional to the difference between
the spectral radiance N(Z,9,4) and the equilibrium radiance Nq(Z,0,¢).
That 1is,

IN(Z,0,4) _ _ k(Z)[N(Z,0,¢) - Nq(Z,8,¢)] (22)

9z|sec 6|

A dark object will tend to increase in spectral radiance and a 1ight

object will tend to decrease, toward the equilibrium radiance.

Analytic Approaches

We now consider some of the approaches to solving the problem, both
analytic and by measurement. We will also consider the assumptions made
< in each. .

Analytic Approach I: Sky-Ground Ratio (Duntley K Factor). Duntley

originated the following approach in 1948 (Ref 2:179). It has been reiter-
ated and used, though often incorrectly, many times since its origination

(Ref 3:64 and Ref 4), Duntley develops the problem as follows (also see

:s

Middleton, Ref 3:64):
The geometry is shown in Fig. 3a. In this derivation all quantities

are integrated over wavelength over the photcpic or visual region. To

avoid confusicn we use the symbol B(Z,8,4) te represent the brightness;
the photometric equivalent of radiance. An equation for the change in

radiance through the lamina dr is

dB(r) -

= - [alr) + B(r)IB(r) + B*(r) (23)
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where
B(r) is the radiance at the lower surface,
a(r) is the absorption coefficient (units 1/length),
B(r) is the scattering coetficient (units 1/length)
~*’r) is the path radiance in the direction of the observer per
unit length (power/area-ster-path length),

and

B*(r) = &2 fa(r,e',¢'>p(r,§,§') dq! (24)
Q'

This expression for path radiance ignores any emission by the atmosphere,
the Q' term from Eq (20) above. This assumption is very cood in the visible
region of the spectrum.

If B* is everywhere proportional to B, the scattering coefficient, then
Eqs (23) and (24) hold.

With the above assumptions one may proceed tc assdme that

o(r) = alr) + B(r) = gyf(r) (25)

and

B*¥(r) = B*¥(0)f(r) (26)
where o, is the attenuation coefficient at the surface. This assumption,
as Middleton points out, restricts one to the case whore absorption is
negligible compared to scattering. This is probably a good assumption if
large amounts of pollutants are not present and also at relatively high
sun angles. We then may write Eq (23) as

dB(r) = [ -gyB(r) + B*(0)1f(r)dr (27)

Integrating between B, and Bg and 0 and R,
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Br R .
f dB(r) = —j f(r)dr (28)
B, 0,B(r) - B*X(0) %

where R is the length of the slant path, B, is the radiance in the direc-
tion of interest at the source and 8z is the radiance at the receiver.

Solving, we have
Info,By - B¥(0)] - Inlo,8, - B¥(0)] = -0R (29

where

_ R
R = J' fir)dr
0

which Duntley calls the "optical slant range." Then

048y - B*(0) = [, - B*(0)]e PR (30)
CT i

. o o B0y, %P “ O 4R (31)
. B¥O)  _ _-OoR, .00k

Br = g, (1 T+ Bye (32)

b
3

p:
b
:
£
i
fs
s

This i5 seen to be in the same form as Eq (7) with

B*(0)

-goR
o oR
Oo

(1 - )

oR equail to the transmittance. Pro-

equal to the path radiance and e™°
ceeding with the same type of development for contrast transmission we

obtain :

(@]

R '
T = — = s (33)
c G, |+ B*(0) (edoﬁ_ 0

Oy ,B

d

Next Duntley goes back to his differential Eq (23) as we did in Eq {"1) and

sets it equal to zero to get che equilibrium radiance:

(343
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Hence if the radiance is just equal to B%{~Y/o(r) it will not be altered
with range. This is the concept »F "optical equilibrium® (Ref 2:179).

By the assumptions made above in Eqs (25) and {26),

BX(r) _ B*(0) _
G(r) = "Co) " Bhorizon (35)

since along ary horizontal path of sighth(r)is the radiance of the hori-
zon sxy in a particular direction provided that the sky is clear.

What is the direction along the horizon? fonsider the downward

RO gy X NS A TR T SR T
:

looking path cf sight as shown in Fig. 1. fhe sun is being scattered into

PRy

~;i;} ‘ the sma’’ solid angle d in the direction Q. From Fig. 2, the angle is
‘ described as B. One must lcok along the harizon in the direction such
o 4 that the scattering angle is the same. The sun must make the same angle
N with the horizon path as it does with the inclined path. The reason for ;

requiring clear skies is now edditionally ciear. This development will

% : T be valid only if single scattering of the sun is the prime cause of the
< . . . B*(r) E
g path radiance =_—. The. Eq (33) reduces to -
1
T - = ) - (36)
1 ¢ 1+ B((bhoriécn 8 (eO'oR - 1)
! b-o

= R)/pB, is the "sky-ground ratio." B must be measured
bPu

B(q)horizon horizon

in a particular direction which may be specified as follows: If the
spherical coordinate system shown in Fig. 1 is set up, then the cosine of

the scattering angle for a path of sight in direction 8,¢ is given by
cos B = cos 8, |cos 6]+ sin &, sin 8 cos ¢ (37)

(see Appendix B for derivation), where
8, is the zenith angle of the source,

9 is the receiver zenith angle,

Dy X SOV AN Y POV ) (LA AL A oI 4 3 o+ o

¢ is the azimuth from the sun {¢ = O when looking toward the sun),

20
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and in the direction along the horizon for equal scattering Prorizon - B

8 = 90°; thus

o
e

)

(ofe}

_cos B
¢horizon ~ sin 8, (38)

where B is 0° when looking in the same direction as the ongcing sun rays.
Clearly then, directions may exist such that cos B > sin 8, in which case
cos ¢horizon > 1 and ¢horizon is imaginary. Then B(¢horizon = $) cannot

be measured. Figure 3b shows a case where the directions exist.

% "y g
SRS AR O R T R RS AT

If the direction exists, and we make all of the above assumptions,

L

then B(¢horizon = B) can be measured along with bBo(9'¢) and the sky-

22 e

é - ground ratio determined. This B(¢horizon = B) is then the ncn-spectral
counterpart of the previously mentioned Ny of Eq (21), the equilibrium

radiance for a path of sight.

L Duntley gives a table of possibie values of sky-ground ratio under
{ g A some sky and background corditions. The variation of sky-ground ratio

with sun angle and path of sight is not shown. As a matter of fact,

calling the sky-ground ratio K, as do Bailey and Maudie (Ref 4) and others,

is highiy misleading since it implies that sky-ground ratio is invariant

524

2

with source and receiver position. Actually, sky-ground ratio is a func-
tion of 6 and ¢, the path of sight, 8,, the sun zenith; and the inherent

background reflectance as Duntley points out (Ref 2:179).

This still leaves the determination of R. Duntley does this by
assuming an "optical standard atmosphere" in which the scattering and
absorbing particle density decreases exponentiaily with altitude. The

form which Duntley uses for particle density is (Ref 2:187):

-yt o e e R L

N/, = exp (- Z/21,700) (39)
~- where Z is the height above sea level in feet. Middleton uses (Ref 3:74):
21

e e S R Y O R 2 SN R SR T R R R e 2 AN AR £ Ll -




T TR T C e e e e

GEP/PH/72-4

4/N, = exp(-7/30,000) (40)

as do Bailey and Mundie (Ref 4). See Fig. 1 for geometry. Since Z = R|cos 6}
and assuming that the f(r) in Eq (28) is N/N,, then

- /
R = 21,700 Isec Blke-Rllcos 0|/21,700 _ oRefcos 9[/21,700) (41)

and for the observer looking at a target at sea level, the expression

reduces to

R = 21,700 Jsec e|(1 - g Rlsec 31’21’700) (42)

Physically R represents the slant path length which has the same number of

particles as 1 path along the surface of length R.
The relatior is then made by Duntley, using the earlier work of
Koschneider (Ref 1), between the extinction coefficient and the “"meteoro-

logical range." If the "meteorological range", v, is defined as the range

. at which a large black object is just visible against the horizon sky, and
the threshcld of apparent contrast for the eye is accepted as .0z, then
O, = 3.212/V. rrequent use is made of the relation o, = 3/V in wh.ct. the
eye is assumed to have a .0% threshold of contrast. Then the contrast

transmission can be expressed in the analytic form

1
T = (43)
R I K(e+°°R -

where R is given in Eq (42) above, and

_ B(q)horizon = 8)

K=
\Bo (3,6

Bailey and Mundie (Ref 4) give a nice treatment showing some of the effects

of different sky-ground ratios, and meteorclogical range on contrast trans-

mission. The dependence of contrast transmission on air-transmission !

~-4eR

o

T=e¢e

e
A Y

for rarious values of sky-grcund ratio can be seen from Fig. 4.

22
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s Note the very strong dependence on sky-ground ratio for a constant value
of air-transmittance. One key problem then is to choos> the sky-ground

ratio. Duntley gives the data shown as Table I (Ref 2:184). Middleton

TABLE 1
Sky-Ground Ratios Suggested by Duntley in 1948

Sky Condition Ground Condition Sky-Ground Ratio
Overcast Fresh snow 1
Overcast Desert 7
Overcast Forest 25
Clear rresh snow .2
E Clear Desert 1.4
K Clear Forest 5

observes that from Duntley's table it appears that the sky-ground ratio is
approximately the reciprocal of the surface albedo under an overcast sky
and 1/5 of the reciprocal of the albedo under clear skies. Duntley gives
ne justification for the numbers he presents. The use of this table and
Middleton's observations on it are a major cause of error in predictions
using this theory.

Calculations have been made from the RRA Monte Carlo data to yield
contrast transmission (Ref 8). By using the computed contrast trans- é
mission and kncwn air-transmittance for that model atmosphere, the sky-
ground ratio may be ccmputed from Eq (43) for different sun positions, b
receiver positions and surface albedos. The results are presented graphi- :

7 cally in Figs. 5 and 6. In Fig. 5 the computed average value over altitude }i

of sky-ground ratic is plotted as a function of albedo for three receiver 1

P Tt et pa ki el S At IR s
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zenith angles and two visibilities. An isotropic source at the top of - I
the atmosphere is assumed. The dependence which Duntley shcws with
albedo is clear but the computed valuesfor the low albedo case of the
forest (albedo = .05) or intermediate albedo of sand are considerably
lower than Duntley predicts. Note also the variation of sky-ground ratio

with the amount of haze present. As visibility decreases,the value of

sky-ground ratio increases for a constant albedo. For a plane parallel
source (1.e. the sun) there is also a marked variation with solar zenith |

angle as shown in Fig. 6. Here the computed average (over altitude and

azimuth) sky-ground ratio is plotted against solar zenith angle for three

” i b 5 vt G g e W e Tt A
n PTVBRLTy ~rel AT d i i v ¢ !
. Y P - NI ST NN TR PPENILY
e T s b R 2 ST S AR P o3 s i 4t

receivar zenith angles. Visibilities of 3 and 25 KM are used and albedes

of .1 and .9 are shown. Note for the low albedo the more pronounced effect

TSI ONTE

: of solar zenith. As the sun approaches the horizon, the sky-ground ratio
increases sharply. A similar effect as in the isotropic case of increased
é { ‘ sky-ground ratio with decreasing visibility is also noted. In general

3 the sky-ground ratios are less spread than Duntley would indicate in

Table I. The high albedos produce siightly larger sky-ground ratios than
predicted and the lower albedos preduce lower sky-ground ratios. The
; variation of sky-ground ratio with respect to azimuth frem the cun can
also be shown but the Monte Carlo data does not lend itself to this type

of presentation, as wili be discussed later.

Several other factors should be pointed out about sky-ground ratio.
In general. the sky-ground ratio is not a constant with altitude, although
it may be over a 1imited altitude regime. This can be seen from the RRA
data, but the altitudes presented in the original report are .5, 2, 4, 6,

10 and 50 kM. These are rather widely spaced for use at low dive angles

< - and low altitudes. Values of computed sky-ground ratio from several flights
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Fig. 6. Effects of Solar Zenith Angle and Albedo on the Sky-Ground
Ratio for Two Visibilities. Three Receiver Zenith Angles
Are Shown. Data is from Monte Carlo Calculation.
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A e s

conducted in Germény in May and June of 1971 are shown in Figs. 7 through . o

Lo

10. The data for these calculations were received from Dr. Robert Fenn
of the Air Force Cambridge Research Laboratories (Ref 9). The weather

and sun conditions under which the flights were conducted are shown in

Table II.

TABLE II
Geophysical and Weather Conditions for Haven View Flights

8 285 o i D I T 7T, SRR AT - v

’ Y0 o : A R N e Y T
Ao TS A LIRS e 15 %0 8] etiset s et T TR Y
" i3 el ks LN <L, v P Loz 2 p Lo me N3 LN Ao N

EE :
i g e gt UM S e Y |
c-134  05/25/71  55° .3-2.4 M Broken .07 33-24 M ;}
c-137  05/28/71 50° .3-3 M Broken .04 15-20 Ki ;T
c-138  05/29/71  36° .3-5.1 KM Scattered .03  13-30 KM
é ) c-139  06/03/71  38° .3-5.1 KM Scattered .04 30-20 ¥ ;5
§ é - c-142  06/06/71  36° .3-5.1 KM Scattered .05 7-10 KM 3
i
E K ']
§ - : The metnod of data collection is described in Ref 7 and will be dis- i;
cussed briefly later in this chapter and in Chapter III. Given the data ?g

necessary to compute contrast transmission, and the air-transmittance
from in-flight measurements, the sky-ground ratio may be computed. The »
values averaged over the altitude regime are displayed in Figs. 7 through
10. Figures 7 and 8 show the values of sky-ground ratio in the plane of :%
the sun plotted against receiver zenith angle. Flights with similar solar
zenith angles have been grouped. Figures 9 and 10 show the plane perpen-

dicular to the sun. There is some agreement in shape between the grouped :

data, but the varying cloud conditions could cause some of the notable

it differences. Note hcwever the range of values of the sky-ground ratio,

A 4

again supporting the use of lower values than shown in Table I. Note also

28
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that in most of the cases the sky-ground ratios tend to approach a lower

r value toward the horizon. In the limit where Dunley's theory reduces to

¥oschneider's, the sky-ground ratio wouid be 1.

Despite the many limitations of the sky-ground ratio and tne fact that
it usually cannot be measured, as will be shown in Chapter VI, it can be
computed in the way meationecd above from the more complete modeis. Tables
of values generated from the Monte Carlo data for various solar zeniths,
visibilities, receiver positions, and albedos, and waveiengths are shown
in Appendix C. Sky-ground ratio vaiues computed from the KRA model are
nresented in Table III for the following conditions.

TABLE III
saramgters for Sky-Ground Ratio Computation from Monte Carlo Data

Sky . ersqs Solar
Condition Visibility Albedo Zenith 8 ¢
Clear 55 um 3 KM .1,.9 0°,30°,75° 12 values 22.59,67.5°
112,5°,157.5°
" 25 KM " 0°,30°,70° " "

Overcast .55 um 3 KM .1,.3,.6,.9 Isotropic " -
.65 um

1] 25 K]" 1] # t -

Betore accepting the Duntley model, with the new sky-ground ratios,
some commants must be made about relating the visibility to the transmittance
through *he "optical standard atmosphere." The equation which Duntiey gives
(Eq 42) and Middleton and Bailey and Mundie repeat, but change 21,700 to
30,000 feet, appears to be highly pessimistic in predicting transmission of

the atmosphere. Work reported by Elterman (Ref 10:7-1) uses an aerosol

particle densitv function of N/No = exp(Z/1.2 M) up to 1C KM. This shows

et dinat
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that the aerosol particle density drops much more sharply than the value;
predicted by Duntley in Eq (42). This can have a large effact on the pre-
diction of contrast transmission at the lower altitudes. Elterman gives

an excellent treatment of the problem of transmittance nrediction as a
function of surface meteorological range in Ref 11. It appears that
Duntley has lumped mnlecular {Rayleigh) scattering with aerosol scattering
in coming up with his optical slant range. Middleton and Bailey and Mundie
continue the error, although they point out that all atmospheres may not
look like the standard atmospnere. Using the development of Elterman {Ref 11)
and the concept of optical thickness mentioned earlier, the spectral air-
transmittance may be developed in analytic form as tollows: .

The transmission over a slant path from Eq (17) is

ThIth(Ah,X,Vn) = exp g"l}exf(hz’l’vn) - Texf(hl’l’vnihsec 6% (44)

where (h,A,Vp) refers to an aititude, wavelength, and visibility condition.

T i< the optical thickness of the atmosphere from the surface to altitude

ext
h. But

T LA VR) =T + T + T (45}
exi n exTR exfp exTabs

where R, p, and abs refer to extinction due to Rayleigh scattering, aerosol

scattering and absorption respectively. By definition

T

h
ext(oAoVn) = j; B(h,X,Vn)dh (46)

for Rayleigh paftic1es

SR(h,k,Vn) = BR(h,k) = OR(A,h)nR(h)
since the molecular particle density does not depend on visibility. oR(A,h)

is the scattering cross section for molecules. Alse assuming uniform mixing,
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oR(A,h) oR(A,h=0}

So

1

h
(h,A,Vn) oR(A)J[ nR(h)ch (47)

T
exTR A

We may noW use the U.S. Standard atmosphere, 1962 for an expression for

number density of molecules in the standard atmosphere: N/Nj=exp(-Z/3.2 KM).

Then

tefo(h,A) = HeBa(A,h=0)[1 - exp(~Z/Hy)] (48)

where H
visibility. Elterman gives Ba(.55 um) = ,0116 1/kM.  Curves from Ref 12
show the Rayleigh aerosol and ozone attenuation coefficiant as a function
of wavelength. The data is presented in Fig. 11. For aerosols, a model

presented by Elterman (Ref 10:7-3) shows a number density for aerosols

N/No - 3-2/1.2 KM (49)

up to 10 KM altitude. The density above that is not easily approximated.
The models presented by Elterman for low visual ranges in Ref 11
modify this slightly, attributing the above to clear conditions and add

haze below 5 KM. Here
N/N, = o~Z/Hp(Vn) (50)
where Hp is a scale height for the particular visibility Vp, then

B(hyk,vn) = Bp(ho,x,vn)e'h/HP(Vn) (51)

and

[4 = ) - —h/Hp(Vn)
Toxt \h,A,Vn) Hp(Vn)Bp(ho,A,Vn)(l e ) (52)

P

R = 9.2 KM is the scale height. Note that this is not a function of
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Fig. 11. Calculated Atmaspheric Attenuation Ceefficients for
Horizontal Transmission at See Level in a Model

Year Standard Atmosphere. Absorption at the Longer
Havelengths Due to H,0 and CQ; is not shown.
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E} 13 . Neglecting absorption and in the photopic region, we may assume that the
ié %} hd air-transmitiance at A = .55 um is representative of the photopic region.
Then
¥ 3,912
; zi Kg (.55 un) = Bp + BR =0y = Sy
;f % S¢
i 3.912 h/Hp (Vi)
2 = . - - bt I} n
i | Tot AV Hp(—-—-——-—v BR)(1 o e > (53)
L & P
; % For specific wavelengths the curve in Fig. 11 may be used to find Bp(k)
k é: and B(X) or consult Ref 10. Elterman gives the scale heights for the
; g visibilities which he models as follows:
. ? Vi (KM) Hy (KM}
. 2 .24
& | 3 .90
= - 4 .95
T 5 .99
E § 1.03
8 1.10
2 10 1.15
i 13 1.23

It appea~s appropriate to use 1.7 KM as the scale height for visibil-

ities between 13 and 25 KM and also above that. Note that the scale heights

3 § for the lcser visibilities are valid only up to 5 KM altitude {(Ref 11).
:i % Above 5 KM the decrease is no longer exponential (see Ref 13).
~é§i g Up to 5 KM in altitude, the transmittance in the optical standard atmos-
‘tf’ % phe“e may be written as
g
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. - LY ‘f‘. = 7 - - -hZIlHR .3—£1—2— /‘
. Thl_hz(Ah,A,Vn) = exp { EiRBR(A)<l e ) + Hp( Vo BR(A)) {
x (1 - e’hz/”P‘Vn’> - BR(A)HR<1 - e'“‘/“R)
3.912 ~h \ ;
- Hp(—\97-- - sRm) (1 - e "“P”n’)]pec el} (54) :
Combining, 3
3 ) -h1/HR _ _-h2/HR (3.912 )
Thl_hz(Ah,)\,Vn) exp{ [BR(MHR(e e )+ Hp\ v Br(A) :
% (e"hl/Hp(Vn) - e'hz/Hp(VT]))]Isec el} (55) ,
é
where h, < h,. %
Assuming that h, = 0, ther ﬁ
T, (Ah,A,V) = ex ‘—e o (1 - e V/HRY 4y (22912 g (g
o-h A Yy epi RMTR p\_ ¥ R ;
i
x (1 - e_h/Hp(vn)>]|sec 8| (56) 3
| ;
This expression may be compared with Eq (42) noting that the Rayleigh optical %
thickness is the same, but the sizable correction of using a scale height of E
3
approximately 1.2 in place of 6.41 or 9.2 as used by Middleton to describe §
aerosol extinction. ;
Comparison w. data presented by Elterman in Ref 10 for a 23 KM atmos- ;
phere and in Ref 11 for a 3 KM atmo-phere shows good agreement between the i
formula given above and the predictions based on the data presented at incre- i
mental altitudes. At or below 5 KM and at slant ranges less than 20 KM, the k
B percentage of error between the two methods is less than 14% even at the ! ;
i
i
i3
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shallow dive angle of 2.8°. T1he agreement is generally much better typi-
cally less than 5% for both atmospheres. Thus using the "modified optical
standard atmosphere" above one can directly relate visibility to trans-
mittance and use the Duntley sky-ground ratio concept.

Analytic Approach II: Directional Path Reflectance R¥. A very inter-

esting and promising approach to the probiem has been pointed out by Duntley
(Ref 7:Appendix D) and also independently by others. Startina with the

same basic equation for contrast transmission, Eq (13), Duntley suggests
that one divide the numerator and denominator of the second term in the
denominator by H(Z4,d)T(Z,0), where H(Z4+,d) is the spectral irradiance

on an upward fazing, horizontal plate at the target altitude, d indicating
downweliing; and T-(Z,8) is the transmittance over the slant path of in-

terest. The equation now has the form

(57)

nN*;(z,e,¢)/H(z,d)Tr(z,e)]‘1

7 =
1(2,6,¢) [1 + Ny (Z,8,¢)/H(Z,d)

Ty

where all terms are spectral. The denuminator of the second term, as
Duntley points out is the "inherent directional spectral reflectance" of
the background (Ref 7:Appendix D). He designates thi; by pRo(Z4,0,4,8%,¢")
where 67,6’ refer to the zenith angle and outward normal to the reflecting
surface. Note that this value would be the same as the albedo for a dif-
fusely reflecting or Lambertian surface. Duntley calls the numerator of
the second term the "directional path reflectance." Thus the equation now

reduces to the much simpler appearing expression,

1.(2,0,¢) = {1 + [R;ﬁ(z,e,¢)/bR0(z+,e,¢)]}'1 (58)

39
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TN*(Z,6,)
R(Z,,0)T _(Z,8) (59)

* =
Rr(Z,6,¢)

Thus if one knows the directional reflectivity of the background, or a

range of values for it, then the contrast transmission is uniquely speci-
fied by the directional puth reflectance. The dependence may be illustrated
by the graph in Fig. 12 adapted from Duntley (Ref 7:Appendix D). Here, con-
trast transmission has been plotted as a function of directional path
reflectance fo} several values of background reflectance. Note that for a
given background directional reflectance, the contrast transmission decreases
rapidly with directional path reflectance although it is log-linear over a
reasonable range. But note also the relation of contrast transmission to
background reflectancz for a fixed directional path reflectance.

If one can determine the directional path reflectance, the problem of
contvast transmission may be more simply treated.

As an added point here it should be pointed out that the directional
background reflectancs is not in most cases a constant as for a diffuse
surface, nor is it purely specuiar like a mirror. It lies somewhere in
between. Data will be referenced that shows rather large variations in
directional reflectance of background or target m terials, thus showing a
strong variation of contrast transmission unless the directional path
reflectance varies at the same rate. This really asks whether the path
radiance N*¥(Z,6,¢) varies proportionately to the directional background
reflectance. Duntley makes the statement that the path radiance deperds
primarily upon the atmosphere and the position of the sun and only sec-
ondarily on the ground and thus the directional path reflectance is only
mildly affected by the background (Ref 7:Appendix D). This appears rea-

sonable, since the solar radiance is always much higher than reflected

G m—— o, P A AN

AW

vt K> 1oas, s

Rt

gkl




3JUL3da(49) punoubyoeg _.m.co.n_um.:c JUBABYUT O SAN|RA SULLDLSLA 404 “yY

‘33ue309]43Y Yed |BuOL3od4Lg uodp uorssLuwsuea] 3sedajzuo) jo souspuadag 21 °6id

¥O01lJIP4-33S ¥0 3FONPL33143Y HLidd

23 wm___: 0 . .0 ,-0 01
] .mwu -

LG 0

1

020

o
r
0r'a

NOISSIWSNHYL LSHYLINOI

ot-°
50°
10° = 'Y

T
08'0Q

(&) omn\*m + 1 - ou.
o 1
[ ]

40 NOILNI0S

-
08'0

GEP/PH/72-4

00’1t

41

AL Lt

e

e Ao

A DT ;

o L

P SR




GEP/PH/72-4

radiance from terrain, unless an extremely specular surface is encountered.
Thus it seems reasonable that the directional path reflectance is con-
trolled with regard to the grourd's effect by the overall scene albedo and
not the directinnal background reflectance. Thus the strong effect of
directioral background reflectance on contrast transmission can be seen

from Eq (58). This appvoach will be discussed in detail in Chapter III.

Numerical Calculation Methods

The sulution of Eq (13), the basic equation for contrast transmission
through the atwosphere,requires the knowledge of three basic parameters:
the path radiance N*(7,6,¢), the transmission T(Z,8), and the radiance from
the background eNo(Z,8,9). Duntley introduced the idea of the equilibrium
radiance and optical standard atmosphere to bypass the difficulty of mea-
suring these values at each point in space. When the horizon direction
did not exist or the skies were not clear, there was no choice but to
measure or do elaborate mathematical calculations. The purpose of this
section will be to briefly describe some of the methods of calculation
which are used to calculate path radiance, transmission, and radiance from
the background.

With the advent of the digital cumputer, it has become possible to
do the complex calculations indicated by Eq (6) or integral forms of that
equation. There are several models which exist. They have been designed
for differing purposes and contain differing amounts of additional capa-
bilities above the calculations of path radiance, atmospheric transmission,
and radiance from the target or background. Information and in many cases
the programs themselves for several of the models can be obtained from the

developing company, the Air Force Avionics Laboratory, Wright-Patterson AFB,

e e - e
¥
B, !
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Ohio, or from the Air Force Cambridge Research Laoboratcry, Hanscom AFB,%
Massachusetts.

The names of some of the existing programs are listed below; two of
the models and the method in which they were used will be discussed in
brief detail.

1. Photographic Reconnaissance Systems Analysis (PRESAC): Data
Cu.poration.

2. Evaluation of Opticai Haze on Atmospheric Contrast: Vidya Cor-
poration (Ref 14).

3. Contrast Transmission Data for Clear and Hazy Model Atmospheres:
Radiation Research Associates (Ref 8).

MARSAM Model: Honeywell Aeronautical Division.
Aerial Photographic Energy Model: Philco Ford Corporation (Ref 15).
University of Michigan Atmospheric Model (Ref 5).

~3 ()] o g
L] * . .

Penetration Survivability Assessment Model (PENSAM): Honeywell
Aeronautical Corporation.

8. Atmospheric Transmission Model: Air Weather Service (Ref 16).

Only the third and eighth models listed will be discussed, but infor-
mation on all the cbove may be found in the references.

Contrast Transmission for Clear and Hazy Model Atmospheres: Radia-

tion Research Associates. This model was used to calculate the optical

parameters required by Monte Carlo methods. The work was done for the

Optical Physics Laboratory, Air Force Cambridge Research Laboratory.
Calculations of contrast transmission are reported for two model

atmespheres, one with a surface meteorological range of 25 KM (clear),

and one with a surface meteorological range of 3 KM (hazy) (Ref 8) A

diffuse reflecting surface is assumed with albedos of .1, .3, .6, and .9.

Wavelengths between .35 um, and .95 um are used. Altitudes of .5 KM, 2 KM,

4 KM, 6 KM, 10 KM and 50 KM are reported. Twelve downlooking receiver angles
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and 7 solar altitudes are used. Azimuths averaged over 45° centeraed at

22.5°, 67.5%, 112.5°, and 157.5° are reported.

In addition, a plane isotropic sour 3 o.ne fop of the atmosphere

simulating an overcast is assumed and v. Jes of contrast transmission are

reported for the same gcometrical parameters as listed above.

Table IV briefly describes the models used for the atmospheres, for

comparison with the AWS model discussed later. The data has been taken

Y ovewwpsr2r 4o 2

from Ref 8.

MPVR ERAR TR ML

%
v o,

Atmospheric Contrast Transmission Calculations:
The same formulation as given atave in Eqs (8), (9), and (13) is used
to define contrast and contrast transmission. Path radiance N*(Z,8,¢) and

background radiance \No(Z,¢ $)T(Z,0), (called "ground reflectance" in Ref 8)

are calculated from the light scattered intensities, N(8,,A,albedo,Z,6,¢),

where the scattered radiance is the total amount of spectral radiance
arriving at Z in direction 6.¢. N(8,,),albedo,Z,6,¢) are calculated from
the Monte Carlo programs described in Ref 17. N* and N,T are calculated
from N as follows:

The scattered spectral irradiance H, incident on the background sur-
face is

/2
J. N(8;,},albedo,Z,,6,$) cos @ sin 6 dBd¢ (60)

2n
Hsieo,l,albedo,z,f) = f
]

4
] 0

The background reflected spectral radiance in the direction & that reaches

the receiver at altitude z is given by

bNO(SO,A,aIbedo,G}T(Z,G) =gHs(69,k,a!bedo,Z+) + exp [- Tex+(2=50 KM) sec 60]}

albedo
x (_T—) exp [- Tyt (2 [seC 6]] (61)

A St D SRS SRVt e u._.:d




PRIy F7 TR TSR NI QAT [ IR T RN I 7 8 BT LY T 5 A= o 0 N oy e o=

TEY FremT TR T VI ST BENSAE M M R Oy PRI,
»3 Sty ~p: s v e -

HETTATY

T8

e

L

3.

TR

135

g

P

IR,

-

[ETIPNIS: {o Sty

3t

2

g

Lt

(5

I BB PWT AN

i
&
¢
;
M
M (ST 33Y) (ST 33y)
{ ueultd1 |3 03 Bulpuandde W v < Y uewuaalz |3 o3 Buipaodde ‘wWy ¢ < y
M; A}LLLQLSEA @oR4dns wY ¢ aonpouad 03
‘ (01 39Y) suaydsouwye DazLewaon Inq (0T 18Y) a4sydsoune
pAEpURYS A€D|D Se 3Jwes ‘Wi ¥ > U DARPURYS JBB[D SB BWes ‘Wi ¢ > \
1 *b14 “g 38y 83§ Z 'bt4 ‘g Jay @ss uo;3ouUNny UoLINGLUISLp A3psuag
. coc 4 G} (euorzdodoud “‘pf ¢ < Y
G ¢
cog-? 03 euoijuodoud momug 03 leuotjaodoad ‘W ¢ > Yy uoL3ouny UoLINqLL3SEp 921§
wi T - €0° wrl 01 - €0° abued azL§
= = @ e = = = = - SUOLJRINDIRL BPW WOU = ~ - = ~ - - = suotjouny aselyq
493eM |eoJaayds J43102M |edtuasyds sa|ol3sed [osoudy
3oaba) 3006y uoridaosge 4ay3zo |1y
{
i aAoQe cte dwes aAoqe se 3uwes 2u3310134902 uopydaosqe atiozQ
i aJ42ydsouwye paepuels aJaydsouige paepuels
W 4810 403 (0T 49Y) URWUSY|J wWoud JdR3|D U404 (0T JBY) UewWUd} | Wou4 JUBLOL 44000 Uotlenualle ybra|Aey
; “m 1] jeded auejd gg 03 dp 19) 1eaed ouetd Qg 03 dn suaken
M~
= saaydsouny WY 62 aJaydsowly Wi € J933Wesed
~
a.
» & SUOL3RIN3LR) Ol4R) DJUOK SBIBLIOSSY YOARIS3Y UOLIBLPRY J04 SADIBWRARd DLJ3YGSOUy
M AT 378VL
i
£
5 R
W ; |

45




ERY

wn

R AT LA b SN

R A T

NI Sy iy D

T R ]

o

mmﬂ'w” A i v P 55w A 5

GEP/PH/72-4

where Tyt (L =50 1) i3 the optical depth of the total atmosphere, (aibedo/m)
is the background reflectance per unit solid angle and exp(~Texf(Z)lsecel)

is the transmiitance from the surface to altitude Z. Then
N*(6q,A,albedo,Z,8,0) = N(6y,A,2ibedo,Z,6,0) ~ pNo (60,1 ,21bed0,0)T(Z.8) (62)

For 2 plane isotropic source emitiing 1 photon/m® at an altitudz of EO KM,
the scattered intensities and pNoT were computed from the Monte Carlo data

for plane parailel source as follows:

/2
N,.-(X,albedo,Z,6) = 1- N(o,X,albedo,Z,6,8) sin 8, d6o (63)
1SO z 900
: (/2
pNo¢A,albedo,Z,6)T(Z,0) = 5-.’ pNo(A,albedo,Z,8)T(Z,8) sin 8o dby (64)
150 00=0
then
NTSO()\,HideO,Z,e) = NISO‘A,aIbedo,Z_,e) - bNO()\,albedo,Z,G)T(Z,BiJ‘SO (65)

Contrast transmission may be calculated from Eq (13}). Tables of contrast
transmission are listed in Ref &, Yols I, II, and III.

A more recent model has also been developed by RRA for AFCRL using a
spherical shell atmosphere and a “"backward" Monte Carlo technique. The
authore “mnicate that the improved model is required for twilight scattering
studi sun is very low. The model is described in Refs 18 and 19.

AVS A. ..ric Model. The data summarized here for the Air Weather

Service model is taken from "Computer Simulation of Optical Contrast Reduc-
tion Caused by Atmospheric Haze" (Ref 16), or from the modified computer

program dated October 1971, obtained irom the Air Force Avionics Laboratory.
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o~ Assumptions:
a. Horizontally stratified atmosphere (25 layers) and composed of
atmospheric gases ard haze particies
b. Number density of molecules is given by N/N, = exp(-Z/8.430 KM)
c. Top of atmospherc is 84.3 KM
d. Ozone ahsorpticn occurs above the top of the atmosphere
e. Absorption of visible 1ight by other atmospheric molecules and

haze particles is neglected
By neglecting absorption in the atmosphere the extincticn coefficient at
any altitude is
Br(2) = Bp!2) + B(2) (66)
where T, R, and H refer to total, Rayleigh and haze scattering respectively,

and the scattering coefficient is

Fahlomtl e el o AR e R A S N S a0 R B bt ot

OT(B,,\,Z) = OR(B,A,Z) + GH(B,A,Z) (67)
where 8 is the scattering angle as discussed previously. For Rayleigh
scattering
_ f(B)Y _-Z/HR
OR(BN,2) = e (68)
where f(B) is independent of wavelength and is proportional to (1 + cos® B),
g is scaled such that in the 1imit of a Rayieiygh atniosphere the surface z
visibility is 506 KM. For haze 3
(B, (2)],.p, (B ,
-— A h A B
% = am (69) §

where pA(B) is the scattering phase function such that ;
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the same as the angular scattering phase function was discussed above in.
Chapter II, in =gs (1) through (6).

Four atmospheres are specified although they may be changed as required
in the program. The data for these atmospneres is presented in Table V.

The equations used in the development of the AWS model are given in
Ref 16. The problem which is sc¢lved is the transfer equation stated earlier
in Eq (6). We will describe here only the basis of the solution.

As noted in the 1list of assumptions, we have a one dimensioral problem
with the assumption of horizontally stratified atmosphere. Then Eq (6)
applies. Also k(Z) rzduces to B(Z) with the assumption of no absorption
in the atmosphere. We alsc have bcundaries at the surface of the earth
«ad at the top of the atmosphere at which we may apply boundary conditions
to solve our problem. The spectral irradiance at the "top" of the atmos-
phere is well defined and may be used as an input. The absorption due ¢o
nzone is also obtainable, sc this may be taken into accc...t above the atmos-
phere. The spectral irradiance reaching the surface of the earth is
composed o1 two portions: the direct solar spectral irradiance which has
reached the earth without scattering and the diffuse spectral irradiance
from the sky.

“he diffuse irradiance may be thought of as coming from single scat-
tering events (where the solar spectral radiarce is scattered once before
reaching the earth), and from multiple scaitering events (which are made
up of diffuse radiance which has been scattered).

The same ideas apply for any plane in the atmosphere but with spectral
irradiances arriving from both above and below.

The problem is then solved in pieces. The direct solar irradiance
reaching the earth is the solar irradiance after ozone absorption multi-

plied by the transmission from the top of t-~ atmosphere to the altitude

48
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o of interest and the cos 60. A diffuse surface is assumed at the earth
so that the reflected radiance of Q%%l-times the irradiance reaching the
earth from direct and diffuse irradiance is reflected into a small solid
angie. This spectral radiance times the transmittance From the surface
to the receiver is called the reflectance N (Z,6,4)T(Z,8) and reaches
the receiver at altitude Z. Also reaching the receiver are singly ard

multiply scattered radiances from the path from surface to the rece:ver,

A s g B = = ke St s BRSSO AAS

N*(Z,6,¢).

Y S OTREY LRI T Pt

The path radiance seen by the observer is made up of singly and mul-

0 627 /70 e PR WS e
& o gt AR

tiply scattered radiances. The singly scattered radiances may be easily

T
¥

handled using Eq (6) since we know the spectral jrradiance from the direct

VY
s

3 solar irradiance at any altitude along the path from the surface to the

i 3 observer.

The singly scattered radiance reaching the earth which contributes

to the image forming 1ight may also be handled from Eq (6).

P To determine the multiply scattered portions of the radiation reach-
§ ing the surface of the earth and reaching the observer, one uses Eq (5)

for an upward and downward stream of diffuse spectral irradiance. Thus

o O i
b skt e

two differential equations may be set up and solved simultaneously using

P
T

the boundary conditions to yield the diffuse spectral irradiances moving

upward and downward at any altitude. The procedure related above for

PTG

determining the singly scattered components is then vepeated for tne
multiply scattered components, using the diffuse irradiances.

The program computes three basic parameters: the path radiance
NX(Z,0,4); the air-transmittance 7(Z,8) from the surface of the earth to

the observer; and the inkerent spectral radiance N,(Z,,6,¢) irom a surface

4

of unit reflectivity in the directiorn >f ihe observer. Tnese three parameters
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. may be used in Eq (13) by modifying the third to coincide with the true’
directional reflectance of the background. They may also be used to cal-

culate the directional path reflectance R¥(Z,0,¢), since the downwelling

irradiance is just equal to the spectral radiance from a unity reflectivity

surface times .

veasurements: Ground and Flight

Two methods exist to estimate by measurement the effects of atmos-

XITTR R TS T W S T TS IO T TR COr TR Ty 3 2
. RSN NI
N & T e el ML LR D
IR S d ¥ TR 3

pheres on contrast. The first and direct way is to measure the inherent
contrast either spectral or non-spectral in a given direction and then

the apparent contrast as a function of range along that path of sight.

The ratio of apparent to inherent contrast gives the atmospheric contrast
transmission. The second, an indirect way, is to measure the parameters
to solve the derived Eqs (13) or (58). Both methoc - are feasible but
involve different problems. For example, in the direct method, one must
he able to measure the apparent ccntrast between reasonable distances and
also be able to describe the weather and measure the visibility conditions
so that these measurements may be related to other similar weather and

terrain conditions. The prob® . with the measurement then is to maintain

accuracy in the cortrast measurement over a wide range, implying some
type of zoom opticai system to maintain the same field of view. Assuming
.hat this could be done, an extremely large number of measurements would
be required to describe all the possible approach angles and sun angles
and sky conditions.

Contrast data measured photographically at 200 feet and 3000 feet is
presented in Chapter VI of ihis report. A flight test program to measure
apparent contrast as a function of range from the target under several

weather conditions is reported in Ref 21. Two vidicons were used: the .
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current Maverick vidicon with peak response in the visible at .55 um anq
a silicon vidicon with peak response in the near IR at .75 um. Data was
reduced from the video recordings of the individual TV lines. Data is
presented as apparert contrast versus range and an exponential curve is
fitted to the data. The inherent contrast and the extinction ccefficient
are the free parameters for the fitting process. The report should pro-
vide a useful reference in future attempts to reduce contrast from the
video recordings.

The indirect approach is the one presently being followed by the
Visibility Laboratory, Scripps Institute of Oceanography in their work
for Air Force Cambridge Research Laboratories.

With the concept of the path function from Eq (20) and the path
vadidance from Eq (7), Duntley points out that one might experimentally
determine the path radiance N*(Z,6,4) by summing up the products of the
path function over an incremental path Ar along the path and the trans-
mittance of the path from that incremental path to the sensor (Ref 7:
Appendix A).

Then,

m
N¥(Z,8,¢) = ZN*‘Zi'e"”Tr (Z,0)Ar (70)
i
i=1

where N, (Z,6,¢) is the path function and Tr (2,8) is the beam transmittance
along path r,, the distance from incremental path Ar to the sensor at Z.

Nx(Z,6,9) is given by

Ne(Z,8,) = N (Z;,8,0)8(Z)) (71)

where Nq(Zi,6,¢) is the equilibrium radiance for altitude Z; and B(Z]) is

the total scattering coeffic.ent.
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Nq is given by

_ -—1-— . <Y
Nq(z,e,¢) = I Jg'N(ZI,B',¢')p(Z,Q',Q)dﬂ' (72)

where N(Z,6',¢') is the apparent radiance of the sky or ground for direc-
tion 6/, ¢' and p(z,8,%') is the angular scattering phase function for
direction & fcr radiation entering indirection Q' at altitude Z‘.

A1 the quantities here are spectrally dependent. To determine the
path radiance then for a path of sight, one must know, either experimen-
tally o1 analytically, the radiance of the sky and ground in all directions
from each incremental path along the path of sight. One must also know
or measure the proportional directional scattering coefficient, and the
transmission for each incremental path along the path of sighs.

The measurement techniques used to determine the parameters to solve
Eqs (70), (71, and (72) are described in Ref 7. The measurement 2ircraft
fiies straight and level profiles at several altitudes and then makes ver-
tical ascents and descents. During this time, radiometers with several
Tilters are scanning the sky and ground to measure the apparent radiance
N(Z,67,4") of Eq (72).

Simultaneousiy, a nephet-meter, mcunted cn the end of the wing, is
measuring beam transmittance over an incremental path for Eq (70). If
feasible a ground station is positioned along the track cf flight to measure
the same parameters on the ground. The data is then interpolated or extra-

polated to proddce data at required intermediate intervals. The scattering
functions used in the cases reported here for Eq (72) are measured data
from Barteneva (Ref 7:Appendix E). The path radiance may then be calcu-

lated from Eqs {70), (71) and (72). The spectral irradiance at the surface

may be calculated from

MU s 152 a T b ¥

B bl RrE AN X o

hmds A e N D Sty

A idine A N

YAV




ok e BN LR o7 e Sl Ty

waes 67

sy

4

>
3
f
3

Ky
2
>
3

?

S R T A A ] x%v’f&xl?aA-‘T,»'g,.lv;""h}'hu,.‘\(\,lgy R AIE M4 e S SN O M 0y

b T e e o v e
GEP/PH/72-4
t hzoa = L Nt 6')cos 8! dQ’ (73)
U .t-’ 2‘" ? 2

‘he inherent directional background reflectance may then be determined
from

JNo(Z.,8,%)

H(Zf,d)/n (74)

bRo(Z,8,0) =

Air-transmittance is obtained by summing over the incremental paths.

Then contrast transmission may be determined from either £q (13) or
(58).

We note the significant advantage that the indirect method is inde-

pendent of any particular target.
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TII. Approach Chosen

Several approaches were discussed in the previous chapter. An
approach is¢ now chosen for solving the problem. It is clear that the
measurement approach is highly desirabie but very time and rescurce
consuming and anplication to other conditions very difficult., Thus
the model approach is chosen here. The model chosen is that in which
the directional path reflectance R* is the key parameter rather than the
sky-ground ratio. The latter still provides a useful analytic tool pro-
vided the more realistic optica’l stancdard atmosphere and sky-ground raties
presented in Chapter II are used. The advartage of the directional path
reflectance concept is that it aliow:z decoupling of the atmosphere from
the directional backgrcund reflectance. The sky-ground ratio explicitly
does not. The directional path reflectance R¥ provides 2 singie parameter
to describe the effect of the atmospnere, sun, scene albedo combination.
The sky-ground ratio concept could ke adjusted to consider the individual
parts, the equilibrium radiance and the background refiected radiance, in
which the same decoupling occurs, bdat then the formulation is more complex
since the transmittance must still be considered.

So with the calculation of the directionai path reflectance either
from airborne measured data as described by Duntley et al. (Ref 7) or
from a numerical mode! 1ike the RRA Montc Carlo or AWS models, one can
use this single parameter to investigate the ease or difficulty of con-
trast transmission for any azimuth or dive angle. One can construct
surfaces of constant directional path reflectance in space and from

their shape determine the best and worst directions for contrast transmission
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for that atmosphere, solar zenith, and surface albedo. It must be stressed
that the contrast transmission is still not uniquely determined since “he
directional background reflectance must be used. The decoupling mentioned
above aids greatly in simplifying the problem of determnining the atmospheric
effects. Some of these effects can be seen “rom Figs. 13 through 18. Figure
13 plots the directional path reflectance versus azimuth from the sun for

a clear atmosphere (23 KM) but with two solar zenith angles. A wavelength
of .55 um and an albedc of .06 have been used. Note the strounger effect

of azimuth from the sun as the solar zenith angle increases. The dat2

has been calculated from the AWS program. Nute also the increase in direc-
tional path reflectance as the zenith angie of the sun increases, implying
better seeing conditions in general for the higher sun. In addition, the
effect of azimuth appears strong for only @ limited azimuth range, while
there is a rather broad area in which the effect is not too great. Now
going to Fig. 14, the contours of constant directional path reflectance

have been plotted versus altitude and horizontal range for a sun angie of

L R R R T

42° a~d an albedo of .06. Figure 15 shows the same type of plot except
the solar zenith has been increased to 78°. Both plots are presented [
for an azimuth ¢f 90“ from the sun. Note in yeneral the increased slant

range as the dive angle increases. This improvement is due to an increase

¥ RIS

Eg i
E L in transmission with dive angle and a decrease in path radiance. Again '
;i 3 the data has been generated from the AWS program. The contours differ as
3 F the azimuth is changed as noied from Fig. 13.

g Importance of Directional Background Reflectance

g Once the directional path reflectance is known, one must have the

% -~ angular dependance of the directional background refliectance to determine

% v the contrast transmission. Many times, since this is not known, a diffuse

%
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surface will be agsumed, in which case the directiona? background reflec~
tance is just the scene albedo used to calculate the directional path
reflectance. 1In the latter case, the three figures (13, 14, and 15) de-
scribe exactly the shapes of the contours of constant ntrast trans-
mission. In that case £q (58) or Fig. 12 may be used to convert the
contours of constant directional path reflectance to ones of constant
contrast transmission. Similarly, the “igures may be rescaled in terms
of contrast transmission. This is shown in Figs. 14 and 15. But if the
directional background reflectance is not a constant, then the shapes

of the curves above are changed. From the discussion in Chapter II, we
saw the strong effect of directional background raflectance. Here we
raference data collected by Duntley and others for AFCRL during flight
tests which shows the directional background reflectance variation with
1ook angle and azimuth from the sun for a particular type of terrain
(Ref 22:795). The data was taken using a photopic filter so that it is
an integrated reflectance. It must be first noted that this data is
based on an average reflected energy from a large area of not necessarily
uniform terrain and that the value which should be used in Eq (58) is
the directional reflectance of the background in the immediate vicinity
of the target. But the variation shown should be representative of
terrain of that type. The data is presented in Figs. 16 and 17. It was
taken with solar zenith angle of 42° and the albedo was .06. If thic
data is then used instead of assuming a constant value of directic
background reflectance, it can be applied through Eq {5€) or Fig. 12

to gererate the contours of constant contrast transmission shown in Fig.
18. Here we assume that the R* data is representative of the photopic

or visible region. Note the pronounced change in shape between Fig. 14

60

ﬂ&ﬁmi“ Vi ) 3

SN R Toras Ror uw



T

-~ -
oy

FrpR v o

P

v0° 20’

11y

i

oGE1

!

[ ] L]
o o
QO
N 0O
-4

h [
O @©

@ o7 = 6

Q1 ‘614 se aweg 3J4nosg
*s9|buy y2Luaz 49AL3D
-9y 934yl 403 Yjnuizy
40 uoL3oung e se ejeq
049 paunsesy /1 61y

61

¥ T Sudf il TN P e —t T == -
, 006 -HE3 e HReosHECaEHe s Rl ey \
- -1 .nuﬂ‘uw\ 1|.uU EEE e mE s ety
. g S Bkind MY PR Sl e b e B S 2 L WA s T g -
. g ot WO R 5 aBiEEE=s cafBRE SN
4 ol T gt o o o e =e ZAX i 7 i
: lxw_.\,_. - v\\\,n,,.\m\\‘ =e Eooy N8 ¢ 5 081 ¢
PR TS R - \A.\. =\ \\;\\,\\.n @ \;.. f ~, -t v o =
3 = A5 .r.\_.‘ \ w/\;\.\,'_\\ - ” \ﬂ,,\\.u\\. AN \\...\\H o 4
: B s R e e N/ b Ik @ o06 =¢
= . Ly R S A O \\\\ i 0o =¢
A m N2 -~ \\V\\W.\\.\\.w\\m\..u 5 \N\\ 7 \.\\\ ._m“,__ °© o =
; SE5EsEse s A\Nw\\\% \ TN "90* = opaqly "(§6/:2Z 39y) "padeds
< . KNI A\\\\,. 2 \\.M,\\\\Q\«\ X ,,\,\,.m. i KluMo4tun €S9audl auld |lewS 43AQ uajel eieq
ol . e S 9 \\w\\\&\,\v.\\. h \F\ 1 T *SyjnwLzy 334y) 403j 3jbuy YjLusz JBALIIBY JO
= g X 0% oy \%\\S\. L D : uot3oung e se ejeg 999 psunsesy a1 ‘64
o Y S5 TR x\:\\\\b\\\ i
~.
oo A 0051
(45

379NV HLIN3IZ ¥3AI303Y

32 iy

1 eletln

p i ens D
RIS w7 SEivats Attt Hr,
5 Paat




i d 3, O Sl

GEP/PA/72-4

ard Fig. 18. Other data measured by Duntley indicatec the same typne of -
strong deperdence with look angle and azimuth (see Table VI). The impor-
vance of knowing th2 directional background reflectance is clearly illus-
trated, particulariy for low cive angles. Several sources of this data

are available. The sources listed here are primarily those done by Duntley
and others for AFCRL. The University of Michigan, Target Signature Anal-
ysis Center has ccupiled a data bank for NASA which contains directional
background reflectance data for many background materials. In Table VI

tie target or background material, the sun angles and the sky conditions

are listed along with the reference where the data appears.
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IV. Comparison of Calculations Between Models
and Comparison to Fiight Data

In this chapter, a comparison will be made between the Air Weather
Service Model and the Monte Carlo mndel of Radiation Research Associates.
Also after it has been shown that the AWS model predicts results with
reasonable agreement to the Monte Carlo model, comparison will be made to
flight dava collected during Project Haven View.

The more direct calculational approaches 1ike the AWS model and the
Univers.ty of Michigan model possess superiority over the Monte Carlo
nethod in making rapid calcuiations on the computer. A rough estimate has
indicated thai the WS program runs 360 cases in the time the Monte Carlo
calculacions program runs 1 case. Here a case is defined as a particular
visibility, solar zenith, albedo, wavelength, altitude, azimuth and re-
ceiver zenith angle position. This can be very important if one is
attempting to describe a complex situation and trying to optimize a situa-
tion for best seeing conditions. One could easily inciuie the 1.3t program
as a subroutine in an overall program, while the Monte Carlo calculation
method would almost be out of the question.

T 2 questics then arises as to how the results of the faster AWS pro-
gram can compare to the results predicted by the more exact, and by its
nature more time consuming, Monte Carlo method. The RRA Monte Carlo data

for the calculations are from Contrast Transmission Data for a Clear and

Hazy Model Atmospnere (Ref 8), already described. The AMS data has been

run ‘rom the cowputer program as deccribed in "Computer Simulation of Cp-
tical Contract Reduction Caused by Atmospheric Aerosol," (Ref 16) previously

cited. Since the computer program vias not available for the Monte Carlo
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calculations, and the AWS program was, the AWS data was gererated toc match

R as closely as possible the conditions already generated by the Monte Carlo
method and then the comparison was made. The comparison could not be exact
without some extensive although not difficult modifications to the AWS pro-
gram. These were not done. Table VII indicates the value of each parameter
used in the Monte Carlo calculations and the comparable parameter used in
the AWS program.

Rs noted from TableVII the major differences occur in the altitudes
and azimuths used for the calculations although some other differences
exist in the scattering phase functions as may be detected from the dis-
cussion in Chapter "Y. The Monte Carlo method because of its statistical

nature requires intervals over which the photons are collected, while the

AWS method ailows for calculations at discrete points. Also, the AWS model
requires inputs in whole KFT sc the altitude match was not exact. The
largest error in altitude match is for the lnw altitude case in which the
AWS data point is 20% higher in altitude. Averaging over azimuth can also
have a strong effect. As can be seen from Fig. 13, already discussed, the
djrectiona] path reflectance and thus the contrast transmission can vary
sharply in the region between an azimuth of 0° and about 45° and also near
180° depending on solar altitude. Thu-  =2raging over the interval 0°- 45°
and 135° - 180° and calling these the mid-value of angle for comparison may

lead to error.

In comparing tne two mo.»is, the following formula was used to deter-

mine percentage difference:

. _ onte Cario value - AWS value
% difference = Monte Carlo vaiue x 100% (75)

This holds for comparison of air-transmittar , contrast ..ensmissiun or
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TABLE VII

AR e, i ik Ly wunn i A

SOVNVER By ARy B

it na
J N N R o)

Parameters Used for Monte Carlo - AWS Comparison

Parameter Monte Carlo Air Wcather Service
Visibility 3 KM 3 KM
25 KM 25 KM
Aerosol extinction modified to be
similar to Monte Carlo from Ref 8
for both visibilities
Wavelength .55 um .55 um
Albedo .1 .1
.9 .9
Solar zenith 0° 0°
30° 39°

Azimuth

Altitude

Receiver angies

70°(25 KM Vis)
75°( 3 KM Vis)

22.5°$0-45°)
67.5°145-90°)
112.5°(90-135°)
157.5°(135-180°)

.5 KM

QOO MN
cooo
2222

10.

170.633°
164.267°
157.667°
148.217°
138.583°
130.550°
123.€67°
116.750°
110.383°
104.483°

2 KFT(.61 KM)

7 KFT(2.13 KM)
13 KFT{3.96 KM)
20 KFT(6.10 KM)
33 KFT(10.05 KM)

171°
164°
158°
148°
138°
130°
123°
1i6°
110°
104°

A1l receiver angles are
actually the center of

a small interval in the
Monte Carlo calculation;
see ReT 8 for exact inter-

val
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computed sky-ground ratios. Thus a negative percentage implies that the
AWS model calculates too high, and a positive percentage implies that the
AW3 calculates too Tow (here we make the assumption that the " Inte Carlo

method is more accurate).

25 KM Case

% Let u. first compare the air-transmittance calculation. Here the
aerosol profiles used are very similar as seen from the previous discussions.
Both are drawn from the same scurce, Elterman (Refs 10 and 13). tne AWS

data was adjusted to produce a surface visibility of 25 KM used on the RRA

PRI ) Shimse o
v

? model.
Comparison of the contrast transmissicn data is illustrated in Figs.

19 through 28. Figure 19 shows the sun at 0° solar zenith (directly overhead).

ey AT

Contrast transmissions are piotted for both models as a function of altitude

for three receiver zenith angles. The RRA data averaged over azimuth is

plotted since there is large statistical variation with azimuth which

shculd not be present. The results for the two steeper angles show that

E , the AWS model is more optimistic than the RRA model and the percentage
difference increases with altitude. At the shallow lock angle. the agree-

! ment is good although the AWS data tends to be more optimistic. For an
albedo of .9, all other conditions being the same, the data is plotted in
Fig. 20. For ail receiver angles, the AWS mod:1 is more optimistic; again

{
% the difference increasing with altitude. For a relatively high sun, solar

zenith angle of 30° and an albedo of .1, contrast transmission for the

two models is plotted for an azimuth of 113° in Fig. 21. Here the agree-
ment is much better for the two shallow look angles but poor for the steep
angle. Thiz large difference appears to be due to the statistical varia-

tion in the Monte Cario method rather than physical reasons since comparison

i
i
g
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E
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3 I T Fig. 19. Comparison o~ Calculetion of Contrast Transmission by the AK3
d an¢ RRA Monte Carlo Methods. The Wavelength is .55 um, Solar :
! Zenith Angle is 0°,Albedo is .1. The Surface Visibility is 25 KM.
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Comparison of Calculation of Contrast Transmission by the AWS
and RRA Monte Carlo Methods. The Wavelength is .55 um, Solar
Zenith Angle is 0°,Albedo is .9. The Surface Visibility is 25 KM.
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for louk angles of 1634° and 158° shows a wmaximum of 11% error under these
same conditions. The general trend continues to show an i.crease in dif;
ference with altitude with AWS predicting stightly higher values. In
Fig. 22 the effect of azimuth is examined. Here for an altitude of 2 KM
and for two look angles, contrast transmission is plotted against azimuth
for & solar zenith of 30° and an albedo of .1. The Monte Carlo data is
presented in bar graph fashion due to the averaging over a 45° azimuth in

their presentation. The agreement in shape is reasonable. The 12% dif-

ference for the look angle of 131° and azimuth of 23° arpears to be accounted

fcr'by the statistical nature of the Monte Carlo program, since this con-

figuration is near tha minimum of the scattering lobe for primary scattering,

and path radiance should be a minimum assiming singie scattering. Figure 23
presents the same conditions as in Fig. Z1 but for an albedo of .9. Here
the AWS model is again optimistic,and in comparison to the .1 albedo the
difference between the two models is greater for the higher albedo. This

is probably due to the increased upwelling radiation making multiple scat-

tering more 1ikely. The Monte Carle method should handle multipie scattering

more accurately than the AWS model. The Monte Carlo data for the look angle
of 171° seems unrealistically low, particularly since it is well below the
131° data. Data at 164° and 158° show a maximum of 10% difference from the
AWS data. Figure 24 presents similar conditions to Fig. 22 but with an
albedo of .9. The AWS data is still optimistic, more so than for the albedo
of .1 and probably due to increased multiple scattering mentioned abcve.
The insensitivity of the AMS d.%a to azimuth compared to the Monte Carlo
data may be also duz to the Monte Carlo superiority in accounting for mul-
tipie scattering events. Figure 25 shows the case of solar zenith angle

70° and albr .1. The agreement for all arales is reasonably good with
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and RRA Monte Carlo Methods.
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the AWS model again predicting mere optimistically as the altitude increases.
Figure 26 shows the variation with azimuth. The agreement here is also quite
good, although the Monte Carlo point for look angle of 131® is probably toc
high. Figures 27 and 28 present the same information for an albedo of .9.
Previous tre' is are repeated with AWS more optimis*ic and increasing slightly
with altitude. The significant increase in percentage difference is not as
notable here as it was in the comparison of albedo for the solar zenith of
30°.

One can then conclude that the predictions of contrast transmission
by the AWS model are comparable to those of the more time consuming and
statistically variable Monte Carlo method for the tlear visibility case
compared here. This includes angles down *o0 scolar zeniths of 70° and look
anales down to 104°. The AWS model tends to be more optimistic than the
Monte Carlo method and the percentage difference increases with altitude.
An increase in percentage difference with albedo was also noted for the

high sun anglec, but not for the low angles.

3 KM case

Due to the difference in aerosol profiles used by the RRA Monte Carlo
method and the AWS model, the AWS model aerosol extinction profile was changed
so that it reflected exactly the values used in the RRA model, up to and in-
cluding 3 KM altitude. As noted previously, both models use the same data
atove that altitude.

Similar sun geometries and albedos are compared for the 3 KM case.
The results are shown in Figs. 29 through 36.

Figures 29 and 30 show the case for solar zenith angle of 0o and
albedos of .1 and .9 respectively for three receiver look angles. Note the

good agreement for the low albedo but the large difference for the high
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albedo case. For the low albedo the AWS model is more pessimistic than.
the RRA Monte Carlo data, while for the high albedg the reverse is true.
Figures 31 and 32 show the cases for solar zenith of 30° at an azimuth of
113%, and the low and high albedos. Again the agreement is quite good for
the low albedo case with the Monte Carlo generally slightly higher although
the data does crcss for the look angle of 171°. For the high albedo case
the AWS data predicts significantly higher results than the Monte Carlo
data. The azimuth dependence is shown in Figs. 33 and 34. Here the

data is plotted for an altitude of 2 KM. The agreement in shape is rea-
sonable, but note the relative insensitivity to azimuth of the AWS data.
This insensitivity was also noted in the 25 XM data. Figures 35 and 36
show the case of low sun, a solar zenith angle of 75°, at 113° azimuth,

for the two albedos. Note that the same trend occurs as for the higher
suns but now the agreement is better for the high albedo while for the

Tow albedo the AWS data is significantly lower than the Monte Carlo data.
Figures 37 and 38 show the azimuth variation for this sun angle. Again

the AWS data is quite insensitive to azimuth change. This difference seems
to be significant since in comparison to the 25 KM da:a in Figs 26 and 28
somewhat more change might be expected.

Thus one may conclude here that for the 3 KM case, for the high sun
cases with low albedo, the AWS data agrees well with the Monte Carlo data
with a trend to be slightly pessimistic. For the high albedo case; the
AWS data predicts sianificantly higher results than the RRA model. For
the low sun case the AWS data is significantly low for the low albedo case
but agrees well for the high albedo case where it tends to be slightly more

optimistic. The AWS data also appears to be much Tess sensitive to azimuth

in the low visibility case than does the Monte Carlo data. So if one iy to
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use the AWS data for the low visibility case, more care is needed in hand-

1ing the results.

Table VIII shows the overall performance of the AWS model compared

to the RRA Monte Carlo data for the two visual ranges. Here the percentage
of cases in which the AWS model predicted higher values of contrast trans-

mission are shown as functions of sun zenith angle and albedo. This table

TABLE VIII

Percentage of Cases Where AWS Predicts Higher than RRA !
4 Solar Zenith Angle ]
s ¢ Vicihits :
/isibility Albedo 0° 300 700 gé
[ 25 KN 1 83 77% 79% .
.9 90% 96% 89% i
4 L
5 3 KM 1 283 21% 17% )
% .9 93% 100% 86% §
| ’
; tends to support the general trends noted in the previous figures. For ;

the clear case, the AWS data is more optimistic than the RRA Monte Carlo

data. For the Tow visibility case, AWS is more pessimistic for the low

el LS

albedo and more optimistic for the high albedo case.

Table IX shows the percentage by which the AWS data predicts higher

or lower than the Monte Carlo data. From Eq (75) a negative percentage

3000 hust! 242 Y 2 M b

indicates that the AWS data is predicting higher values of contrast trans-

———

mission than the Monte Carlo data, and a positive percentage indicates AWS

predicting lower. Also shown in parentheses is the standard deviation of

TTYW IR B EL SN

the data set.

N From Table IX it can be seen that the AWS model for the clear case i

ot

B 92
y
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e TABLE IX

Percentage Difference Between AWS and Monte Carlo
Predictions of Contrast Transmission

Visihility Albedo Solar Zenith Angle
0° 30° 70°

3
£
"
g
3
3
3
-1
bl
¥
5
i
i
"
3
H
i

P A R TR G MRV SYRTE T

25 KM .1 -14% (17%) -11% (14%) -18% (21%)
-16% (12%) -17% (11%) -16% (12%)

D e it = T L
(Vo)

3 KM 1 11% (25%) 19% (21%) 30% (40%)
9 -80% (38%) -70% (34%) -28% (37%)

L

is uniformly predicting higher than the RRA data, and that the results are

reasonably comparable for the six cases. If one felt that the Monte Carlo

PR STy
Tdol¥ LAY 2 _PAES i I,

data were more accurate, he might use the AWS data because of its ease and

.- quickness, and then scale the result according to the above ;able. A
reasonable average might be -15%, so that one would divide the AWS predic-
tions by 115% to get a number comparable to the RRA prediction.

From the inconsistency of the 3 KM results, the results of the simpli-

B T T T g

fying assumptions of the AWS model with regard to the number of scattering

events possible bi:comes apparent. But it should aisc be pointed out that
the results of the AWS model are probably still useful, and they can be

corrected from the above table to yield results in agreement with the Monte

atere T e

3 Carlo data. %
% In an attempt to determine the effect of the error introduced by
3
i

using different input altitudes for the AWS and Monte Carlo data, the low

altitude point was eliminated and the statistics recomputed. For the 25 KM
‘-~ case the percentage difference became more negative by 3 - 4%, but the

standard deviation decreased by 1 - 3%. For the 3 KM case, the percentage
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decreased 8 - 9% and standard deviation decreased 2 - 5% for the low
albedo case. The percentage decreased 11 ~ 17% with standard deviation
decreasing 4 -~ 18% for the high aibedo case. :
No attempt is made here to analyze why all the variation occurs, but
much is probably due to the Monte Carlo data, since in the case of the
solar zenith of 0°, the AWS program computes the same contrast transmission,
independent of azimuth, while the Monte Carlo data does not. Thus the
standard deviations which are present at zenith angle of 0° in the tables
above are due in large part to the statistical nature of the Monte Carlo I
data. This statistical variation might be expected to carry over to the :

other solar zeniths as well,

Comparison to Flight Data

Calculations of contrast transmission based on the AWS model are

248 " Yeaiena

4 N compared to data collected in flight during Project Haven View (Ref 9).
E The flight measurement techniques were previously described in Chapter II.

The processed data included R*{Z,0,¢), T(Z,8), and bRo(ZJr,e,q)). The data

SIEPUY IR P LY ST

% was presented for a narrow blue and a narrow red filter, and the photopic,

B and S-20 response. Here, only the photopic data is used. With R¥, and ;

bRo’ Eq (58) may be used to calculate TC(Z,6,¢). The general weather

P T )

conditions and solar zenith angle are shown in Table II in Chapter II.

o

The AWS data was calculated for a wavelength of .55 ym. The assump-

4
F 0 i 3. PN e

tion that this is representative of the photopic region is made. Several
visibility models were used to try to match the results of the model and
flight data. The AWS model with a surface visibility of 15 KM gave the
best fit in the three flights compared here.

se The percentage difference between the flight data and the AWS calcu-

lation of contrast transmission is presented in Table X for three flights. :

i
N N mii - _‘wjf

- 94




S R N R A D R T S T R R B R B R W S AT e ™™ S B R S R AR LR R T R S TR SRR AR S TR TV W ST OIS
7
AR D o
T o A A kD0 0 m  AwAE o » .

GEP/PH/72-4

P

- The standard deviation of the data is also reported in parentheses. Each
entry is averaged over five altitudes and seven receiver zenith angles of

93°, 95¢, 97°, 100°, 120°, 150°, and 180°. Slant ranges greater than 15 KM

were ignored in the calculations.

TABLE X

Percentage Difference Between Flight and AWS
Calculation of Contrast Transmission

B O A R L T e 2 e

(se212g2; I1) Q° 90°AZimUth Fromlggg Averaged
c-142 -21% (26%) -2.4% (14%) -6% (23.5%) -10% (23%)
c-139 -6.5% (16%) -3.8% (17%) -.5% (16%) -3.6% (16%)
) c-137 J#-IO% (23%) -6% (24%) -.5% (23%) -5% (16%)

One may note first that the comparison is reasonable between the two

sets of data. The azimuth of 0° is the largest difference, indicating

A pesve

that the AWS model may not be handling the multiple scattering well enough.
Of course the comparison should not be carried toc far, since the flight
data was taken under skies which had varying amounts of clouds which the

AWS model does not take into account. Also there is a rather wide disparity
between the repcrted visibility at the time of the flight and the visibility
used in the model (15 KM).

The scattering coefficient data measured in-flight shows that the

o . 2L

22 and 26 KM) but that a" strong inversion was present in all flights at
about 1.5 KM, causing the extinction coefficient to be nearly constant up
to that altitude. The exponential decrcase in aerosol extinction coeffi-

cient up to 4 KM in the AWS model would not approximate the true profile

S e e e — pran v
P Lhchirae VRN - anmcr
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closely. The choice of a lTower surface visibility in the AWS model caused
the air-transmittance to match better so that the above reasonable com-
parison could be achieved.

The mismatch between atmospheric profiles here points out the need for
continued flight testing to measure actual atmospheres so that adequate
atmospheric models can be constructed for particular areas and particular
weather patterns. The AWS program and most other atmospheric simulation
programs contain the flexibility to enter any atmospheric extinction coef-
ficient profile if it can be estimated. If not, the best model must be

used.
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ww V. Calculated Directional Path Reflectance

and Contrast Transmission

M
¢
3
1
i
At e 8N X Kkt S A5 ;@1Mﬁ

In this chapter of the report, calculations are made for various

LEVAN TR TS

combinations of conditions of sun position and geometry at A = .55 um,

The AWS model is used to generate spectral directional path reflectance
R*¥(Z,8,¢) for each combination of solar zenith angle, geometry, and al- 3
bedo. This data is then displayed in two forms. Directional path €
reflectance is plotted against azimuth for a constant altitude, so that i

the effect of the azimuth of the path of sight with respect to the sun 4

may be determined. Then contours of constant directional path reflec-

tauce are plotted as a function of altitude and horizontal range. This

presentation allows the effects of receiver zenith angle (or dive anale)
to be determined. . :

The contours of constant R* are determined by generating a table of P 3
values of R*(Z,8,¢) for 10 values of altitude between 1 and 10 KFT; for :%

10 values of & between 95° and 180°; and for 9 values of ¢ between 0° and

180°. Then © and ¢ are held constant, and Z is determined such that R¥* |

oo 3Lt hirnedt 20 2 SEWILLs

has one of several fixed values. The interpolation is done using the

log, ,R* and log,,Z to improve the accuracy, and a straight line interpo-

lation routine is used. Then slant range is calculated from Range (R* = ;

FaCu A P el fomns Facer

constant) = Z|sec 6. This computed range is plotted against receiver zenith

angle ~rd the vélues of slant range for constant R* are connected with straight

PUTORLEY

Tines.

Contours of constant contrast transmission are generated from the

FLN SR o

R¥(Z,0,¢) data in a similar way. Equation (58), repeated here, is used to

-

A
Al

determine TC(Z,0,¢) where the bRo(zf,e,cb) data is taken from measured data
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in tne photopic region for the same solar zenith angle and albedo.

-1
1.(2,0,0) = {1 +[R*(Z,0,0)/,R (Z,,0,0)]}

The assumption is made that the R* calculated at .55 um is represen-
tative of a non-spectral R¥ for the entire photopic region. Then the
contrast transmission is representative of the photopic region. The same
interpolation method as for R* above is used to determine the contours of
constant contrast transmission.

With presentations of this type it appears that a good start may be
made into predicting lock-on ranges or detection ranges for sensor systems.
The presentations should also be quite useful for predicting the areas of
azimuth and dive angle where the effects of non-image formirg light will
be at a minimum; thus the seeing conditions should be the best for what-
ever sensor system is being used.

The data presented here from the AWS model calculations is computed
for the same solar zenith and albedo as for flight data previously re-
portea by Duntley in Ref 7, Appendices C and L. The R0 (Z4,6,4) is taken
from earlier publications. As noted in Chapter III of this report, other
background surfaces have also been measured under similar conditions and

their directional reflectances may be used. Table X1 shows the values of

the parameters for which data is presented. The figures are self-explanatory.

The AWS model or other mathematical model easily generates them for any situ-
ation of interest and allows parameters such as visibility, solar zenith

angle and albedo to be varied to determine their effects on contrast

transmission.
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hd TABLE XI

Parameters for AUWS Calculations

Solar Zenith - c apss
Angle Albedo Altitudes Visibility Reference for bRo data

42° .06 1-10 KFT 23 KM (Ref 26:559), also see
Chap. III, Figs. 16
and 17

F ! 78° 06 1-10 KFT 23 KM (Ref 23:804)
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% E W VI. Inherent Contrast and Spectral Considerations

b

%, % In this chapter some techniques for measuring the contrast between

? g‘ target a... background will be discussed. Measurements made at iright-

% % Patterson AFB using a telephotometer and a teleradiometer will be

i % presented. Measurements by photographic means will also be chown. The
? é' photographic technique proved to be quite convenient and gave comparable
{ ? results to the telephotometer. The photographic technique was recommended
? § for use in the recent adverse weather tests of the Maverick missile in

k g Europe and provided much useful data on the inherent contrast of military
f i vehicles. Some sample data is presented. Attempts to measure sky-ground
; ? ratio by the technique suggested by Duntley using a telephotometer, and
%j . photographic means are presented and compared with data computed from

3 contrasts measured at the target and at a slant range of 3000 feet.

‘% Telephotometer Measurements

% ? A Gamma Scientific photometer-monochromator with telescopic attach-
vé ment was used. The photometer has a photopic response. An aperture of

3 ; 6 minutes of arc was used for all measurements. The distance from the

2 ] target and background was approximately 200 feet. The area subtended

i% 1 with the measuremeat aperture was approximately .35 feet., A 2-1/2 ton

Army olive-drab truck was measured during seven separate time periods
between 19 and 27 October 1971. The time periods corresponded to prelimi-
nary adverse weather flight tests being conducted by the Maverick Missile

System Program Office. The position of the target and the photometer is

N and with the photometer mounted on a platform 28 feet in the air (Fig. 53b)

114

shown in Fig. 53. Measurements were conducted both from the ground (Fig. 53a)
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{

to approximate an 8° look-down ancle, the approximate dive angle of the

wF aircraft.

i
The refiected radiance in foot-lamberts was read from the hackgroynd

TR TR R

near the truck, and from two areas of the truck: the canvas cover, and the

Lo

cab. Scans of different areas of the truck indicated that it was very

uniform in reflectad rediance, so this procedure was thought to be repre-

sentative. The background was green grass, about & inches high and usualily

WA S SRR Y

wet with dew. Contrast was calculated by averaging the canvas and cab

reading as the target signal and using Eq (38).

The results of the measurements are shown in Table XiI. The several

GG

sets of contrast measurements during a particular time period are averaged

and data measured photographically is also presented.

Photographic Measurements

Photographs of the target-background scene were takern during the same

time periods as the telephotometer measurements. A Honeywell Pentax camera

£e vk stk

with an f/1+4 50-mm fccal length, Takumar lens was used. Plus X film was

used with a Kodak Wratten 102 filter. The Wratten 102 filter is used to

correct the response of the film to a phctopic or near photopic response.

The camera was tccated on the ground as shown in Fig. 53a. The film

data was reduced in the following way: Prior to film development, a stan-

dard neutral density step wedge was exposed on the film end as a check on

the development process and for calibraticn purposes. The step-wedge has

T DAL

twenty-one density steps. The film is then developed to a gamma of approxi-

mately 1. and the neutral density step wedge scanned with a densitometer
to provide a D-log E curve, where D is the density, and log £ is the relative ;

log of the exposure. A sample curve is shown in Fig. 54. Although one can

L e L e e s 7 4

2
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>

ar actually determine absolute log E from the source used for the calibration

s
b=

exposure, this is not necassary for the computation of contrast. 1f one 3

wants the absolute radiance or luminance of the target or background, the

absolute iog E must e used. An authoritative treatment of the photographic i
process is given by Mees (Ref 27:Chaps. 5, 19, 20).

The negative of the target-background scene is measured to yield the
density of the target and background. The truck image size was about 5 .

The aperture on the Macbeth densitometer was .5 mm. As with the photometer,

an area of the canvas and an area of the cab of the truck were measured.
1s0 an area of the background near the truck was measured. The D-log E

curve was then used to convert the neutral density to relative log expo-

e e s B I 4R VR e S35, WY YT, FRTY) AT O O A AT 1R

sure values. After taking anti-logs to yieid relative exposure, the canvas
ard cab readings froem the truck were averaged and contrast computed, using
Eq (9).

_ Aver: :d values of inherent contrast are presented in Table XII with

T \LTRL T URTLWEY

™
it stas AR s falies

ez,

the telephotometer readings for comparison. In addition, the sun position

Sfad

and sky conditions under which the measurements were taken are 1isted. The

&

e Ay R X g

su osition data was computed from a subprogram of the Aerial Photographic

Energy Model (Ref 15). The visibility is the estimated visibility in the

direction of measurement. The number of data points averaged is also shown.

Kadiometric Measurements

RO LA w Y RS S I PR bt s

POTOET TpT e

The Gamma Scientific photometer had a monochromator attachment which

allowed measurement over discrete wavelength intervals of width approximately

o

20 K. Measurements were made from the platform as shown in Fig. 53b 'of the

el gy T

truck an' the background. The wavelength intervals covered were from .45 um

to .75 un. The canvas and cab ware measured with the same aperture used for the

telephatometer measurements. The results Tor one set of measurements are

et AP o P 3 RARAL AL BB T 2 RN by aZiiara D a2t
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shown in Fig. 55.' The reflected spectral radiances are presented in arbi-
trary units since no calibrated source of knowr radiance was available.
However, for contrast measurements only relative values are required.

The data has been corrected for the response of the S-20 phototube which
was used in the system based on manufacturer-suppiied data. The contrast
can then be computed from Eq (9) where the relative target and background

reflected radiances are computed as follows:

A=.75um
No(Z,,8,9) = f N (Z,,1,0,4)S{A)dA {76)
A=.45um

where NO(Z+,6,¢) is the inherent relative reflected radiance in the range
45 - .751nn;N°(Z*,A,6,¢) is the spectral reflected radiance as a function i
of wavelength A; and S(A) is the response of the system "seeing" the radia-
tion as a function of wavelength, A.

If the relative response of the eye is used for S(A), then the inte-

gration carried out, the result is the relative reflected radiance available
to the eye. The photopic contrast can then be computed. This was done
using Simpson's Rule integration and data for three sets of measurements.
The results are shown in Table XII for comparison with the photometer
and photographic data. Figure 56 shows the relative radiances available
in the photopic region. The response function for the eye was taken from
Brown (Ref 28:223j.

It can be noted from Table XII that all contrasts were negative indi-
cating that in all cases the backgrcund was brighter than the target.
This is as anticipated since grass is normally expected to have a reflec-

tance of 10 to 15%, and olive-drab canvas or paint about 5 to 10%. The

agreement in the photometric measurements between the ground and platform

measurements is good, indicating that the inherent contrast does not change
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&;' sharply with small angular changes. Thus contrast taken from the ground

il 2t Pae e

may be used reasonably for low dive angles as long as pronounced shadowing

is not occuring. Comparison between the photometer and photographic data

PRI

shows the latter to be lower but comparable to the photometer data, sup-

porting the idea that photographs may be reasonably used in the field g

P

environment to yield inherent contrast. The technique used here was

rather simple since only two density readings were made on the target and

one on the background. This is justified if the target and background
are relatively uniform as was the case here. However, more complex tar-

gets or backgrounds should be carefully evaluated using a microdensitometer

FTe

to determine whether the simple technique used above or a microdensitometer

R PIRT]

should be used. Figure 57 shows two scans made by a Joyce-Loebel micro-
densitometer from one of the frames.- An aperture .. 25 uym by 615 um was

.- used. The large density change between target and grass background can b

R R e A e e e i e T

be clearly seen. But note also the relatively smooth dénsity readings

from the canvas near the top of the truck (Figure 57a), but the more

irregular readings near the bottom (Figure 57b).

PR e s

Figures 58 and 59 show microdensitometer maps of a 2-1/2 ton truck
and a Chapparal weapons carrier. They were generated by computer from
negatives using the same camera and film as above. These were taken in
Germany during the recent adverse wnather tests of the Maverick missile.
Only the targzt vehicle and the surface background are displayed, the

relative density values being indicated by the darkness or lightness of

e A e, ™ 0 ok NP T AL L E L T At AT L LB LD 10 B0 AN VI O i

the areas. Note the uniformity of the truck with certain darker sha-

T O R T A P B A LA IR S IR, 0 7

dows near the wheels, while the Chapparal weapons carrier is much less

.~ distinct and blends with the background. Note also that this is a "positive"

while the densities shown in Figs. 57a and 57b are "negatives." To get
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meaningful inherent contrasts on the Chaparral it might be necessary to
< go to the microdensitometer technique. Inherent contrasts achieved in
Europe during the Maverick tests will be reported in a Flight Test report

to be published by the Maverick System Program Office.

Spectral Considerations

XS M PRI

Throughout the report, the fact that the radiometric and atmospheric
quantities are spectral in nature has been mentioned, b  “hing has been

done further than to assume that a wavelength of .55 ur ‘esentative

S S s S

of the photopic region and state that this is the area ¢ .ern, For

an electro-optical sensor, this is not always the case. If, for example,

the measured spectral radiancesfrom the truck and background presented in

WMLV g3 LM g A

Fig. 55 are integrated over wavelength using the spectral response of the

vidicon, Fig. 61 results. The response function for the vidicon was taken

I S

from a Hughes technical report with the vidicon corrected by a yellow haze

N R ol

filter. The response function of the vidicon is shown in Fig. 60. From 3

P

Fig. 61 it can be seen that the vidicon sees more contrast in the red end

of the spectrum, having sensitivity into the near IR. e inherent con-

AR Mt ke A2

trast was computed for the three data sets {rom Table WII where radiometric
measurements were available. The integration was carried out from .45 um
to .75 ym using the measured data, and the data at the end points was then

extrapolated to .4 um and .8 um as shown in Fig. 55. The integration was 3

ther carried out from .4 ym to .8 ym. The resuits are presented in Tahle g
XIII. Note from the table that more contrast exists for the vidicon than ﬁ

for the eye and that integration to longer wavelengths is helpful for im-

s oy
N B A T T T A T AN TR AN T TN ST AW, T oWt s

proving the contrast available. From the response curve for the vidicon,
integration to about .85 ym would be justified and would probably show that

T even more inherent contrast is available to the vidicon than to the eye

127




s yiiRt et s i
Jox “&m”ﬁ%"m - o
E GEP/PH/72-4
.:

- v

L

100

LETA LR et L I LA

) S e

o 1eed vaT e LN e

o~
e
]

U
s

g

o

‘n’. X
G 4

g x 6C |-

i Y

50

‘ 8
%,
A

-

NORMALIZED SPECTRAL RESPONSE

Y, Tid e B BT T AR Sy

VIDICON

-VIGICON WITH YELLOW
HAZE FILTER

‘.5“ LS 40 B
¢ 30
g;
E 5 20
1! %

§

; 10 |-

4

« 0

3 0.4

0.5

Fig. 60.

0.6 0.7 0.8
WAVELENGTH, MICRONS

Relative Spectral Response of Maverick Vidicon
And With Yellow Haze Filter

T O Y T A Ty gt IR e SR S T B




St

4 Y i 5 B ity
AN AP T 2y

E

By

.59
i
E-

N B v N
Saaldils 3 pZLL R B

o B A i

I VPR PR

T e e

Ll

W

s

Rt

R e

3 T T e S el =
TR TR TR e T b

- ™ T, ; e sl = 4 E g = .
et B i S Dt s g g o Ve R i il

lﬁEP/PH172—4

(ARBITRARY UNITS)

RADIANCE

200. 00
A

o

=

.40 J.48 0.586 0.64 0.72 0.80
o

v

L. i A A |
o
= MEASUP=D SPECTRAL RADIANCE CORRESTED
S FOR VIDICON RESPONSE; 2-1/2 TON TRUCK
« 26 OCT 71; 1130-1200; OVERCAST TO BROKEN
g 8o = 55° - 53° o CANVAS
E ¢ = 95° - 85° » CAB
2 9 = 98° O GREEN GRASS
o
o
o
U -
(84

-

150, 00
3.

[
o
o
O~
[«
o
o
[77)
~
O
o g**:&%
D""—%" g T 1 1 Y
0.40 0.48 0.586 0.64 0.72 0.80

WAVELENGTH (MICRONS)

Fig. 61. Measured Spectral Radiarce for Truck Against Grass
Background. Data Corrected for Vidicon Response.

daey e s R by

P e N —
[T 2%

S

oo il

{g
:
i

RN

e TV NPTy

s i oA,

Ly

A KA S AV AL

F st ot S o 2o AN 24

e

2,

3 £ VPR LY PRI

h e,

2

:
i
o
H
1
£
i
3
2
§
1
|
|




4, oW1 b i il Ry S VS S e s s,
P S Y e e R T T Ty mom e T e gy e e -ty e
ey B e s FERR AR AN S T o R P TR, I e o R T A T ST T T

GEP/PH/72-6

R TABLE XITI

Inherent Contrast Available tn the Eye and to a Vidicon

Date Inherent Contrast
Time (EDT) Photopic Response Vidicon With Filter
4575y .4-.8 ym .85-.75 um  .4-.8 um

26 Oct 71
1130-1200 -.66 -. 56 -.68 -.70

26 Oct 71
14£5-1530 -.66 -.86 -.69 -.1N

27 Oct 71 :
1020-10590 -.89 -.89 -.90 -.91

for this target background situation. In :his situation an advantage exists

for this vidicon over the eye with regard to inherent contrast available.

The atmospheric contrast transmission is also more favorable for the
'% longer visible wavelengths. The RRA Monte Carlo data for an isotropic
source with ailedo of .1, receiver at .5 KM, and a receiver zenith angle
of 98° is given in Table XIV. This data would ind°cate a higher apparent
by contrast available at the sensor for the vidicon than for the eye, due to
increased contrast transmission. Thus in any carefu. analysis in which

piedictions of sensor performance ara to be made, the spectral considera-

tions should be taken into account. Then the apparent contrast should be

determined from

_’,*‘: . Cr(z,e,¢) = f TC(X)Z'61¢‘)CO()\'Z-r'e’{b)dx (77)
A A of
. sensor
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<z TABLE XIV
Spectral Contrast Transmission From Monte Carlo Data

% Wavelength Contrast Transmission
3
: .45 yum .263
; ) .55 um .306 |
1 ; .65 um .328 f
: .75 um .308 f
.85 um .353 ’

and the required apparent contrast of the system should be specified in f

terms of the response f the system.

Apparent Contrast Measurements

During the periods while measurements were made at Wright-Patterson

AFB, a camera with a 1000 mm focal length, f/12 lens was positioned approxi-

mately 3000 feet from the truck. The cemera was located along the same

azinuth as the photometer and inherent contrast camera. It was on a small

XA sk B0 O 2 LN AT

hi1l giving a look-down angle of .8°. The camera also used Kodak Plus-X
film and a Wratten 102 filter. Photos of the truck-background scene were
taken simultaneously with those taken at close-range and the film processed 'é

and analyzed in the same way to yield contrast. Thus the apparent contrast

at this position was determined. The contrast transmission could then be _ ‘

calculated from the ratio. The results are shown in Table XV. From the

AL F i I, AT

estimated visibility and the measured contrast transmission tlie sky-ground
ratio was calculated using Eq (43). These values are shown also in Table XV. §
In an attempt to determine whether the sky-ground ratio could be measured

in the way irdicated by Duntley, photometer measurements of the sky and
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<r the ground were taken in the appropriate direction. In this case as can
be seen from Eqs (37) and (38), the situation reduces to the case where
the sky should be measured in the same direction as the sensors are
looking at the truck. The averaged sky-ground ratios by this technique
are shown in Table XV with the number of samples averaged. Here as in
all cases the "ground" value is the reflected radiance from the direc-
tion of the target along the inclined path to the sensor. Similar }

measurements were made from the inherent contrast photos of sky and :

P AR

ground in the direction of the target. The averaged values are shown in

Table XV.

From this tarle it can be seen that the measured contrast trans-
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ratio except in the case where the sky is clear. Thus the results indi- §

cate that when there is an overcast or broken sky condition, the sky-ground

N
LA,

ratio cannot be measured directiy. With the clear sky conditidn, signifi-

cant haze was present, causing the sky-ground ratio values to differ from

what could be mcasured by the technique suggested by Duntley. Two values
are shown for the values of sky-ground ratio computed from inherent and
apparent contrast due to the uncertai.ty in the estimated visibility. The
larger value is based on studies which show that the meteorologist typi-
cally estimates about 75% of the true meteorological range. True meteoro-
logical range is defined as that range where a large black object is just

visible against the horizon sky. The apparent contrast threshold of the

eye is assumed to be .02.
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VII. Conclusions and Recommendations

As a result of the study several conclusions may be drawn:

1. The prediction of contrast transmission by using the sky-ground

ratio and optical standard atmosphere must be modified to take
inte account the more realistic values of sky-ground ratio and
atmospheric air-transmittance given in Chapter II.

3 2. The directional path reflectance R¥, proposed more recently by

7 ‘ Duntley, is a much better single parameter for use in evaluating
the condition of the atmosphere for seeing. It is representative
of the solar zenith,viewing angle, atmosphere and general scene

E & albedo. R¥* may be used to evaluate the best azimuths and dive

angles for any particular task. The value may be obtained

AR P

from flight measurements or from model calculations in which
assumptions are made.
g 3. Comparison of the RRA Monte Carlo model and the AWS model for

the prediction of contrast transmission showed that the AWS model

o e AR

A predicted higher contrast transmission for the 25 KM case by 15%.

For the 3 KM case, the AWS data predicted lower contrast trans-

3 : mission for the low albedo case but mugh higher contrast trans-

b mission tor the high albedo case. This inconsistency is probably
explained by the fact that the AWS model accounts for only first
and second order scattering, while the atmospheric optical path
becomes very long for low sun angles and low visibilities. The
Monte Carlo data takes into account higher order scattering.

The AWS model or other models of its type are optimized for fast

running on the computer. They provide a valuable tool for

134
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< generating the needed data for making predictions of atmospheric
effects on contrast transmission.

4. The inherent directional background reflectance was shown to be
very important in the prediction of contrast transmission. A
general tendency observed in measured data for the directional
reflectance to increase at the lower dive angles tends to par-
tially compensate for a decrease in air-transmittance. There is
also generally an increase near the specular and anti-solar angles.
Thus the contours of constant contrast transmission may be signi-

ficantly modified when compared to those resulting from the

SR

assumption of a purely Lambertian surface.

w

Techniques vere investigated for the measurement of contrast. %

The photographic technique was found to be comparable to the

photometer technique. Simple densitometer techniques proved
adequate for relatively uniform target and background scenes.

This photo technique provides a very simple method of making in-

herent or apparent contrast measurements during flight tests.
6. Attempts to measure the sky-ground ratio by the technique
suggested by Duntley in 1948 proved to be a failure when the
skies were broken to overcast. The agreement was closer when
the skies were clear although moderate haze was present. This

confirmed Duntley's observation that the equilibrium radiance was

equal *o the radiance along the horizon only in the case of
clear skies.
It is recommended that several actions be taken to improve predictive
techniques and to validate the models through testing:

-

r 1. The AWS model and the RRA Monte Carlo model should be compared to
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other of the existing mathematical models and to flight data

PRSI

to validate the models and determine their limitations. A data

set has been requested from the University of Michigan. This

e e ARG

will allow comparison under the same conditions as described

in Chapter IV. %
2. A desirable outcome of this research would be to generate a
closed form analytic model which predicts contrast transmission %
based on the geophysical and weather parameters. The computer :

models, particularly the fast models, provide a good opportunity

to generate large amounts of data under varying parameters for 3
use in multiple regression analysis. Thus the effects and mag- %
nitudes of the effects of different parameters can be investigated
and perhaps an analytic model evolved.

; f 3. Models are only as good as the correct predictions they make.

; They must be checked against measured data. There is a clear !
lack of reliable meteorological and optical data during almost
all flight tests of electro-optical systems. This is largely
A because the requirements of the atmospheric physicists and the

system program engineers do not overlap. The atmospheric data

&2 v Ry A f e

is usually an afterthought, with test engineers accepting the

iy ai

standard meteorological information available. It is only

through close planning at high levels that the two requirements

<3
3
E

cen be overlapped. This requires that flight tests be planned

far enough in advance that the atmospheric aspects may be con-

-l T —
DA 2.
S

sidered and integrated into the program. ’ ]

-~

4. Many of the effects important to atmospheric contrast transmission

o
i

et
- &

can be studied without the particular electro-optical sensor being
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present. For example, the decoupling of the target from the

&4

atmospheric contrast transmission implies that inherent contrasts
may be measured for typical military targets against typical back-
grounds without the particular aircraft and sensor flying around.

This means that much more data can be achieved on inherent con-

trast under a wide variety of conditions, and at an enormously
decreased price. Measurements like these wouid also nrovide in-

herent directional background reflectances which are important

o 3 o EXoAbatls Sl R e Ehe o LS it bl
) P
SR IR M R R S S PSR G SR AT S

3 to contrast transmission. This requires that continued emphasis
f be given to applied research programs, so that the answers will
é be available for future systems in the concept stades and not ?
% later in the testing phase. é
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<« Appendix A
Definitions of Contrast
Three definitions for spectral contrast are examined here along with _
related expressions for spectral contrast transmission. A1l are based on f
the equation relating the spectral radiance at an altitude Z, along a %
slant path with receiver zenith angle 6 and azimuth from the sun ¢ to the é
spectral radiance leaving the source in that direction. £
E
N(Z,8,0) = N (Z,,8,0)T(Z,0) + N¥(Z,8,0) (A.1) !
Universal Contrast :
The definition of universal contrast was given in Chapter II, Eqs F
(8) and (9), and for universal contrast transmission in Eqs(13) and (58).
Using Eq (10), s
C.(2,8,4) = C4(Z,6,8)7_(Z,0,0) (A.2) :
using Eqs (8) and (13) %
§
C o) = N (Z,,8,8) = N (2,8,

r ? bNo(Z+’9’¢) ;
. bNo(ZT’e’¢) (A-3)
bNo(ZT’e'¢) + N*(Z,8,¢)/7(Z,0) 3
c 760 < NG (Z,,0,0) = (N (Z,,6,4) (A-4) ;
r{2:8,0 N, (Z,,6,8) + N%(Z,6,4)/T(Z,8) ;

SV /YO AT )

dividing each term in the numerator and denomirator by H(ZT,d)/n, the
spectral irradiance on an upward facing horizontal surface at the target

altitude, and recognizing that from Eq (58) these quantities are bRo(Z+,9,¢%
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ar +Ro(z*,e,cb) amd R¥(Z,0,4), the directional spectral refleciances of back-
<+ R
ground, target, and path respectively, then
R,(Z,6,¢) - R, (Z,0,)
I S A b ors2Ve 3
Crl2:8.0) = R 75,47 + RA(Z,6,8) (A-5)
i
Thus a useful relation between apparent spectral contrast and R¥, : i
pRo and (R is obtained. i
Contrast Modulation g
Inherent spectral contrast modulation is defined as 3
Ny (Z,6,) N,(Z,8,¢) : 3
e ='f'° :’d)"'bo :r¢ (A.S) §
O tNo(Z,6,8) + N(Z,8,8) i
;
Develoring an expression for spectral cortrast modulation at altitude §
Z, receiver zenith angle 6 and azimuth ¢, w2 get é
N V)
N, (Z,8,6)T(Z,6) - N (Z,08,6)T(Z,8) 3
C_(2,0,¢) = L b2 - (A.7) ¢
P 1_N‘)(Z_i_,e $)T(Z,06,¢) + bNo(Z+79’¢) + 2N*(Z,06,¢) vx
3
dividing by T(Z,®)
¢
- MNo(Z4,8,0) - (N (Z,,6,4) - (r.8) ;
e N (Z,8,8) + N (Z,,6,6) + 2N%(Z,8,$)/T(Z,8) ;
2
A
then ;
. 1 '/:
T (Zae:¢) = (A.9) ?
n fNo(Z,r,a,(b) + bNo(zf,e,q)) + 2N*(Z7,6,¢)/7(Z,0) %
Mo (Z,,68,0) + | N (Z,,8,6) ' ;
g
dividing each term in the denominator by H(Z,d)/m we get :
] é
z
X
3
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rcm<z,e,¢) = R (7 0.0) (A.10)
[TRo(ZT’e’¢) + bR()(Z+,(5,qb):|/2
then
T_(Z,8,¢) = L (A.11)
c ey 1 + R%(Z,0,4)/R(Z,,8,) ’
m o T
:: ' where §;<z+,9,¢) is ti.e average spectral directional reflectance of the
3 ? target and background.
i 4 Then
E | C. (2,8,0) = T, (2,8,0)C, (Z,,6,0) (A.12)
5 m m
|
1 i 4Ro(Z,,6,0) = R (Z,,8,4) (3.13)
3 = * — .
; . ro 1+ R¥(Z,8,0) /R (Z,,8,0)
- Contrast Ratio
3 Spectral contrast ratio is defined as the ratio of target spectral
; radiance to background spectral radiance.
i Than
A N, (Z,,8,9)
. B 1- 0 1-’ ’
B c. (Z,,8,0) = ——=——r {(A.14)
| o, -t oN (Z1,8,9)
- _: R
: and
N (Z,.,8,)T(Z,8) + N*¥(Z,0,d)
1. 0 1—’ b4 ’ »Vo
C_ (Z,6,0) = (A.15)
rCQ bNo(Z*,G,d))T(Z,G) + N*(Z,6,¢)
“t dividing by T(z,8) and chen by H{Z,d)/m,
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B 1
R, (Z,,8,6) + R¥(Z,8.¢)
Cr (24.8,0) = Tl $) F R¥(Z,0,9)
cq bRo (24285 9,
and .
1+ RYZ,0,¢)/.R (Z,8,4)
T (Z,0,4) =
¢ (%8 T+ R¥(Z,8,0)/.R (2,6,9)
CR bo

We note that useful relaticns have been developed between three

e R R TG DT S TP ot s QBT v ey #PRBARY, 'bﬁhl}‘,-:im‘Fyai&r@xﬂ@ﬁifvfiﬁ?ﬂ(&&'ﬁiﬁﬁﬁﬁéﬁwﬁiﬂaﬁ;.,«iﬁ?’i‘%ii&yfﬁﬁﬁrﬁ;»'né&fﬂ

(A.16)

(A.17)

‘efinitions of contrast and the directional path reflectance R*(Z,6,4),

and the 1nherent spectral directional reflectances of target and back-

ground. From the flight measurement point of view, the universal contrast

definition is the most useful,since we see that only in this definition is

the spectral contrast transmission independent of the target.
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Computation of Scattering Angle
, To compute angle B between two line. in space,
‘
cos §'= cos a, cos o, + cos B1 cos 62 + cos Y, cos v, (B.l)
1
where i
. i
) X, ) d sin 60 cos ¢° 5
cos @) = o = g Z ¥
0o ;§
cos a = sin 9, cos ¢, SUN ‘ *j
. W
E. y2 d sin 6, sin ¢, B“z 3
: cos By =7°* d e 5
. T 7Y 1
: cos B, = sin 8, sin ¢, ___‘E’_\__\_J// 1 §
k: N ¥
3 z d cos 8, X 3
e cos y, = 7}-= ——g— = cos 8, ¢ ¥
;
£ i3
i
; then ¥
b cos ®, = sin 8, cos ¢, (8.2) {3
N 1 ¥
9 cos B, = sin 8, sin ¢, (B.3) ;
g . cos Y, = cos 6, (B.4) i3
=3 {
? For an observer at receiver zenith angle 6 and azimuth ¢,
E Y, = 180 - 6 ;
x :
g X, d, sin(180 - 8) cos ¢ :
k. cos a, = — = — :
3 2 d2 d2 z
cos o, = sin(180 - 0) cos ¢ :%
= 3
i
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Y, d, sin(180 -~ 8) sin ¢ r4
cos B, = — = —=

d, d, OBSERVER
X cos B, = sin(180 - 6) sin ¢
2 y
cos v, = _dz_ - gzcos(ld80 - 8)
£ cos y, = cos(180 - 8)
4 then
EE sos @, = sin(180 - 8) cos ¢ (B.5)
cos B, = sin(180 - 6) sin ¢ {B.6)
| cos Y, = cos(180 - 8) ' (B.7)
| then
1 cos B = sin 8, cos ¢, sin(180 - 8) cos ¢
| + sin 6, sin ¢, sin(180 - ) sin ¢
ek + cos 8, cos(180 - ) (B.8)
E | but

sin(180 - a) = sin a
cos(180 - a) = - cos @

S0

cos g_= sin 60 cos ¢, sin 0 cos ¢ + sin 60 sin b, sin 8 sin ¢ - cos 90 cos O

(B.9)

If the sun is in the yz plane, @, = $0° B, = 90 - v, = 90 - 6,; ¢, = 90°,

E§ S0

3 N cos B = sin 6, sin € sin ¢ - cos 6, ccs (8.10)
I ~ —_ —
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in terms of angles from the sun in the yz plane

-

6= -90° = - (90 - ¢)

—

then

cos B = - sin 8, sin © cos ¢ - cos 8, cos 6 (B.11)

The scattering angle 8 is 180° - 8, so

cos B = ~-cos B =+ sin B, sin B cos ¢ + cos B, cos B

cos B = cos 6, cos 8 + sin 8, sin 8 cos ¢ (B.12)
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Appendix C

Calculated Sky-Ground Ratios
From RRA Monte Carlo Data

This appendix presents sky-ground ratios calculated from the RRA
Monte Carlo data. The sky-ground ratio is calculated from Eq (43) by
solving for K in terms of T, and the air-transmittance T'Qexp(-ooﬁ).
Both the contrast transmission and the air-transmittance are known from
Ref 8. Due to the variations of K with altitude, all values for a parti-
cuiar receiver zenith angle have been averaged over the altitudes for
which data was computed (.5 KM to 10 ¥M). For a solar zenith angle of
G5 only the azimuth averaged values of K are presented, since for this
solar zenith, any variation with azimuth is meaningless and due to the
statistical variation of the Monte Carlo method.

Values of sky-ground ratio for slant paths in excess of 12 KM for
the 3 KM surface visibility case and 50 KM for the 25 KM surface visibi-
11., case have been excluded from the altitude averaging This is done
because an increase in ervor in the calculation of air-transmittance for
long slant paths causes a sharp increase in the computed K value. The
exclusion is justified by the rather academic usefulness of values at
slant ranges yreater than 12 or 50 KM for the particular visibilities

quoted.

. _— .
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= TABLE C-1 g
g Computed Sky-Ground Ratios from RRA Monte Carlo :
Data for 3 KM Visibility ;
A1l entries have been averaged over altitude. Values for slant ranges j
greater than 12 KM have been ignored. 3
Receiver "
& Zenith Albedo 3
¥ Angle
% 8 1 3 .6 9 ;
i 3
i Wavelers, .. 171 3.4 1.9 1.5 1.4 ;
L k= e52 um 164 3.6 2.0 1.6 1.4 3
{ Overcast 167 3.5 2.0 1.6 1.4 -
i 148 3.9 2.1 1.6 1.5
£ 138 4.5 2.3 1.7 1.5 f
130 5.1 2.5 1.8 1.6 ‘
123 6.6 2.9 2.0 1.7
116 6.3 3.0 2.1 1.7 {
] 110 11. 4.0 2.5 2.0 J
1 104 11. 4.4 2.7 2.1 f
1 98 3.4 1.5 .96 79 '
5 93 3.2 1.3 77 61 ;
4 Wavelength 171 3.9 2.3 1.9 1.8 _
A A= .65 um 164 4.75 2.6 2.1 1.9 ;
) Overcast 157 4.5 2.5 2.0 1.8 i
: 148 5.1 2.7 2.1 1.9 :
138 4.8 3.1 2.3 2.1 §
7 130 7.0 3.5 2.5 2.2 ]
i 123 9.0 4.1 3.0 2.5 ;
g 116 11. 5.0 3.0 2.9 §
i 110 13.0 6.3 4.1 3.3 i
3 104 20. 8.0 5.0 3.7 ;
; 98 5.7 2.4 1.6 1.3 g
iy 93 11.4 4.4 2.7 2.1 !
| §
3 %
¥ 149 §
1 B ggﬁ
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" & y
E b e TABLE C-1I
Lk Computed Sky-Ground Ratios from RRA Monte Cario
4 % Data for 25 KM Visibility
3 % A1l entries have been averaged over altitude. Values for slant ranges
f £ greater than 50 KM have been ignored.
- Receiver ]
. © Zenith Albedo ]
Y Angle b
B 6 1 3 .6 9 :
2 Wavalength 171 2.6 1.4 1.1 1.0
E A= .55 um 164 2.5 1.3 1.0 .90
| Overcast 157 2.7 1.4 1.0 .92
{ 148 1.8 1.3 1.0 .90
g 138 2.9 1.4 1.0 .85
¢ 130 3.5 1.6 1.2 .0
E 123 3.8 1.7 1.2 1.0
£ 1 116 3.9 1.7 1.1 .96
E 110 4.3 1.8 1.2 .94
E 104 4.9 1.9 1.2 .96 ;
E 98 5.1 1.9 1.1 7 Z
E 93 5.1 2.0 1.3 1.0 ;
E Wavelength 171 2.3 1.2 .93 .83 f
E A= .65 um 164 2.4 1.3 1.0 .93
» Overcast 157 2.0 1.0 .76 .70 %
3 % 148 2.7 1.4 1.0 .91 ;
£ 138 3.0 1.4 1.0 .92 ¥
n 130 3.3 1.6 1.2 1.1 %
E 123 3.6 1.7 1.2 1.0 3
? ] 116 4.0 i.7 1.1 .95 j
E E 110 4.3 1.8 1.1 .92
| 104 5.7 2.3 1.4 1.1 ;
i 98 6.1 2.4 1.3 .97 ;
M - 93 7.4 2.9 1.8 1.4 ;
E: 3
? 1
150 ;

T Mmmusa»u&aﬁ




AT
TR

5l >

COTINIy g e oy

. >

Wy

S X

e a . dadar .

GEP/PH/72-4

TABLE C-III

Computed Sky-Ground Ratios from RRA Monte Carlo
Data for 3 KM Visibility

A1l entries have been averaged over altitude. Values for slant ranges
greater than 12 KM have been ignored.

Wavelength A = .55 um;  Solar Zenith Angle 6, = 0°

Receiver Zenith Angle

5 Azimuth Averaged

Albedo = .1 171 2.8
164 2.7
157 3.0
148 2.7.
138 2.8
130 2.5
123 7.3
116 2.9
110 3.9
104 3.9
98 1.9
93 1.6
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TABLE C-IV

e Computed Sky-Ground Ratios from RRA Monte Carlo
Data for 25 KM Visibility

A1l entries have been averaged over altitude. VYalues for slant ranges

greater than 50 KM have been ignored.
Wavelength A = .55 um; Solar Zenith Angle 6, = 0°
Receiver Zgnith Angle Azimuth Averaged
Albedo = .1 171 2.6
164 2.3
157 1.6 .
148 2.2 :
138 R §
130 1.8 :
123 1.6 4
116 1.5 :
110 1.7 3
104 1.3 :
98 1.4
93 1.8
Albedo = .9 171 .94
164 .86 :
157 .56 ;
148 .88 §
138 .75 ;
130 .98 4
123 .70 i
116 .67 :
116 .76 :
104 .50 ]
93 .62 3
03 .81 3
3
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ar TABLE C-V

Computed Sky-Ground Ratios from RRA Monte Carlo
Data for 3 KM Visibility

Rty

. e ten sy il g 90 S

A11 entries have been averaged over altitude. Values for slant ranges
greater than 12 KM have been ignored.

Wavelength A = .55 um; Solar Zenith Angle 6o = 30°

RS A AT LY A

!
[ gl

I
: Angle
: 6 22.5°  67.5° 112.5°  157.5° | Average
o Albedo = .1 | 171 2.5 2.2 3.7 2.5 2.7 i
1 164 2.5 2.8 2.6 2.8 2.7 3
157 2.8 3.0 2.7 3.2 3.0 g
148 3.0 2.6 2.6 3.1 2.8 ;
138 2.6 2.5 3.0 2.9 2.8 :
i b 130 3.7 2.8 3.5 3.8 3.4 ;
: 123 4.1 3.4 3.6 3.7 3.8 3
? 116 4.5 3.9 3.1 3.3 3.7 ]
1 110 4.9 4.1 4.0 4.1 4.3 f
4 104 4.8 4.7 3.6 4.5 4.4 |
3 58 2.9 1.6 1.1 1.6 1.8
1 93 2.4 2.1 1.1 1.1 1.7
32 Albedo = .9 | 171 1.4 1.3 1.5 1.2 1.4 j
i 164 1.3 1.4 1.2 1.3 1.3 |
1 157 1.3 1.4 1.3 1.4 1.4 i
3 148 1.4 1.4 1.3 1.3 1.4
B 138 1.3 .2 1.4 1.4 1.3
130 1.5 1.4 1.5 1.4 1.5
- 123 1.6 1.4 1.5 1.6 1.6
R 116 1.5 1.6 1.3 1.4 1.4
110 1.4 1.5 1.6 1.4 1.5 i
104 1.1 1.7 1.5 1.5 1.5
: 98 70 .64 55 74 66 ;
o 93 48 .31 28 27 33 }
. 153




RIS ToeTe (v a Ba | em

DI - A BTN S e BT G TR s s o TR SN B TRHITE 1ok W RO E b F I T s 11 ool r S i s
Skt oA O b T. By e £l foe R -
-y
k.

3 § GEP/PH/72-4 z T
2

g N TABLE C-VI : j,
A r Computed Sky-Ground Ratios from RRA Monte Carlo
: ;é Data for 25 KM Visibility
4 i A1l entries have been averaged over altitude. Values for slant ranges j

: greater than 50 KM have been ignored.

Wavelength A = .55 um;  Solar Zenith Angle 6, = 30°

f Receiver Azinuth ;

. Angle 3
% 9 22.5° 67.5° 112.5° 157.5° | Average ’g
: Albedo = .1 | 171 2.6 2.1 3.5 1.6 2.4

~ 164 1.8 2.4 1.8 1.1 1.7
- 157 1.8 1.2 1.4 1.8 1.6
;- 148 1.7 1.4 1.9 2.0 1.8 s
¢ 138 1.5 1.9 1.7 1.7 1.7 ?
- 130 2.0 1.7 1.7 1.8 1.8 ;
: 123 2.2 1.6 2.1 2.4 2.0 :
- 116 1.6 1.7 1.6 1.9 1.7 ;
E 110 1.9 1.8 2.2 1.9 2.0 4
: 104 1.4 1.6 1.5 1.9 1.6
B 98 1.7 2.1 2.3 1.3 1.9 ;
. 03 3.4 1.9 1.6 1.4 1.7 §
—
4 Albedo = .9 n 1. .6 1.56 .57 1.0 3
164 1.7 1.6 .63 .41 1.0 :
- 157 .98 .93 .69 .65 .81 ]
3 3 148 .78 .66 .80 .79 .75 g
x 138 .80 .92 .61 .65 .75 ]
= 130 1.0 .78 .68 .54 .75 ?
£ | 123 1.26 .85 .88 .88 .97 ‘
E | 116 .77 .88 .58 .72 .73
, 110 .82 .59 77 7 74
‘ 104 71 .60 .61 .53 .61 3
6 98 .55 .63 .54 .51 .56 §

AR 93 .88 77 .63 .84 .78 |

4 < »

B g
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TABLE C-VII

. Computed Sky-Ground Ratios from RRA Monte Carlo
Data for 3 KM Visibility

A1l entries have bezn averaged over altitude. Values for slant ranges
greater than 12 KM have been ignored.

Wavelength A = .55 um;  Solar Zenith Angle 6, = 75°

Rggﬁztﬁr Azimuth
Angle
8 22.5° 67.5°  1i2.5°  157.5° | Average
Albedo = .1 171 5.2 4.9 4.9 5.9 5.2
164 6.4 4.8 5.7 4.8 5.4
157 4.3 5.4 5.3 4.6 4.9
148 €.7 5.8 4.7 5.9 5.8
138 9.1 6.9 5.9 7.6 7.4
130 12.7 8.4 5.4 6.5 19.0
123 10.7 7.8 8.9 12.0 25.0
116 10.0 9.8 9.9 13.0 44.0
s - 110 16.0 10.6 13.5 21.0 51.0
104 16.4 12.9 17.0 23.0 10.0
98 4.63 2.4 4.14 5.8 13.0
g3 13.0 4.2 2.9 3.3 5.9
Albedo = .9 171 1.4 1.3 1.4 1.9 1.5
164 1.5 1.6 1.6 1.4 1.5
187 1.5 1.6 1.5 1.3 1.5
148 1.7 1.5 1.4 1.5 1.5
g 138 2.1 1.7 1.5 1.8 1.8
%g‘ 130 2.2 1.8 1.6 1.7 1.8
VE 123 3.1 2.2 1.9 1.9 2.2
c 116 3.2 2.0 2.1 2.2 2.2
110 4.9 2.3 2.0 2.2 2.9
104 5.3 2.7 2.2 2.2 2.2
98 1.3 1.0 .75 .89 1.0
93 1.5 88 .5 1.2 1.0
155
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TABLE C-YIII 4
aw Computed Sky-Ground Ratios from RRA Monte Carlo ]
Data for 25 KM Visibility !
: A1l entries have been averaged over altitude. Values for slant ranges ?
greater than 50 KM have been ignored. :
% Wavelength A = .55 um; Solar Zenith Angle 6, = 70° é
Receiver Azimuth §
1 Angle §
: 8 22.5° 67.5°  112.5°  157.5° | Average %
: § Albede = .1 [ 171 2.3 4.8 3.7 1.8 3.1 ?
& 164 2.5 2.2 4.4 2.8 2.8 Z
5 157 2.9 4.0 3.3 4.3 3.6 :
; 148 3.2 2.9 3.9 3.6 3.4 3
= 138 3.3 3.8 2.8 3.8 3.4
- 130 5.8 3.6 3.9 4.1 4.4 :
; 123 6.0 3.9 4.1 3.8 4.5 5
| 116 8.8 5.3 3.8 5.4 5.8 ?
? 110 9.8 4.2 4.4 5.6 6.0 k
104 11.5 5.5 3.4 5.4 6.5
98 17.0 4.6 3.3 4.8 7.4 ;
93 15.0 5.3 7.4 3.6 7.9 ?
§ Albedo = .9 | 171 .37 1.51 1.52 .74 1.0 ]
; 164 .16 1.2 1.1 .98 .70 é
: 157 .50 . 1.2 1.2 1
: 148 .90 73 1.4 .93 ) 3
: 138 89 1.1 77 .86 .90 .
¢ 130 1.5 .89 1 .99 1.1 ;§
i 123 1.2 .78 1.1 .83 .98 3
i 116 1.5 1.04 .88 1 1.1 ;
] 110 1.4 92 1.2 1.0 1.1
: 104 1.7 .92 .82 1.0 1.1
1 98 2.0 86 .74 .81 1.1 ;
b 03 2.0 .89 1.2 .81 1.2 :
P |
g 3
[
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