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SUMMARY

Visua l search for approaching aircraf t by ground observers is a part
of many system performance evaluations . As a result, several mathematical
models exist that quantify the observers ’ ability, usually in a probabilistic
fashion. Basic to all the models are certain fundamental measures such as

mean ’luminance of the aircraft silhouette as portrayed in aspect, background
• luminance against which it is presented, and angular size apparent to the

searching observer .

- 
. 

• - Presented in this report are the results of a study to test one

particular model for aircraft luminance. Specifically, the model is simply

to represent the aircraf t as a diff use (Lambertian) reflecting sphere . This
allows a sun angle dependence of sun lit and shadow regions that contribute
to total luminance to be included as a first approximation . This representa-

tion was combined with surround lum inance/atmospheric model to yield a total

model for comparison to available photographic data collected in a field test .

The surround luminance model includes the ground and sky as sphere illumi-

nators , as well as the direct solar component. The atmospherics account for
reduction of illumina tion according to solar slant path through the total
air mass and transport between the aircraf t and camera that yielded the data.
Although atmospherics were not regarded as very important in the field test ,

as much detail as possible was included in the analysis to assure it would
not be an issue .

The data for model comparison consisted of 16 mm imagery of a low-

al titude jet aircraf t collected wi th a camera system corrected to a photopic

• response. The imagery, which was co llected over all  azimuths , was suppor ted
by radar coordinates of the aircraf t such that required geometry would be
available. Also included in the imag ing were luminance control panels ,
the luminance values of which were measured simultaneously with film exposure ,

thereby providing absolute film calibration .

The imagery was analyzed with a scanning two-dimensional densitometer

with 16 levels approximately proportional to film transmission . Thus , for

111
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~, each frame analyzed , frame areas could be measured for each level , which ,

in conjunction with the calibration data, allowed mean aircraf t luminance
(apparent at the camera) to be computed .

The data/model comparison yielded significant departure of the data

from the model at certain solar phase angles. These data points all possessed

4 sun angle geometry together in the aircraft surface normal directions consis-
- tent with solar glint . Other than these data points, a trend of decreasing

I luminance with phase angle was observed , but weaker than model prediction .

-~~ 
-
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INTRODUCTION

The prediction of ranges at which aircraft can be detected visually

by ground and airborne observers is of perennial interest . To make such
predictions with any degree of confidence, information regarding the intrinsic
contrast of the aircraft against its background is required. Because of the

multiplicity of types of aircraf t, of backgroun d agains t wh ich they might
be viewed , of possible lighting distributions , and of the difficul ty of
measurement of variation in contrast of a target dur ing f l ight, very litt le
systematic reliable contrast data exists.

This report presents the results of a study to test the validity

or appropriateness of one particular mathematical model for aircraf t luminance.
Visual detection considerations (e.g., the role of resulting contrasts in

detectability) were of no concern in the study. Specifically, the approach
is one of comparing model pred iction to ava ilable data to reach a conclus ion
on model utility .

The model tested is the representation of an aircraf t as a diffuse
(Lambertian ) reflecting sphere for the purpose of computing mean aircraft
luminance over the silhouette. Although real aircraf t are neither diffuse
nor spherical , such a representation does allow some account of the variability
with sun angle of the contributions due to sunlit and shadowed regions with-

out undue model complexity. Calspan has in the past used such a model as an

indicator of contrast variability to assist in selection of contrast values

appropriate as inputs to a visual detection model. Others have also used such

a model , in particular , Nagel 1 proposes its use to represent “full form”
objects generally , and his paper contains considerable detail .

1. M.R. Nagel , “A Model for the Inherent Contrast Conditions in Full-Form
Objec ts ,” Deutsche Forschungs- urid Versuchsanstalt fGr Luft- und

Rauinfahrt , D-8031 Oberp faffenhofen , Germany.

1
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Two sets of data were considered for model comparison : (1) some
results from Project COMPASS GHOST in the form of ground-to-air photography
of low-altitude jet aircraft, and (2) imagery and support data collected

during a fl ight test by MICOM/USAADS within this study itself. An attempt

was made to analyze the COMPASS GHOST imagery, but this was abandoned due to
insufficient absolute film calibration.

Included in the sections that follow are a description of the

diffuse sphere model , a discussion of the f l i ght test, and a mathematical
accoun t of the effects of atmospherics also needed when the comparison is
made. Finally , the model/data comparison is made , and conclusions are
drawn.

2 H - 
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Section 2 -.

• DIFFUSE SPHERE MODEL

The details of the appl ication of a diff use ref lecting sphere for
predicting aircraft brightness are given in this section . The discussion is

limited to the local reflection process; viz., the relationship between flux
incident upon the sphere and the reflected flux. Other aspects necessary to

ready the model for comparison to field test data, such as brightness

propagation through the atmosphere, are included in later sections where
appropriate . Final ly , it is important to understand that the use of the

diffuse sphere here is not the same as saying that, from the viewpoint of

visual detectability, the aircraft is modeled as a sphere. It is used only

to establish average aircraft brightness with a first-order dependence on

sun angle; other detection parameters, such as aircraft size, can be obtained
• from more appropriate sources.

The average br ightness of a diffuse reflecting sphere, as it
depends on geometry assuming remote point illumination , has been computed

by Russell. 2 We can write:

B = 
2~t Ø  [ s i n ~~~÷~~r - o c~) c o s aj 1

where i~. = reflec tion (v isual albedo)
0 = sphere illuminance

a’ = illumination phase angle (apex at sphere)

Clearly, the mean br ightness of the sphere due to direct solar illuminance
is simply through interpretation of 0 and aas solar values.

In addi tion , however , we do not ignore the illumination of the
sphere by sky and ground , and an account of these contributions is also included .
Only ibr the purpose of this calculation do we assume the sky and ground to be

2. Russell , H.N., “On the Albedo of the Planets and Their Satellites ,”
Astrophys. J., 43, 3, pp. 179-196 , April 1916.

3
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uniform hemispherical illuminators with brightness B~~, and For horizon-

tal viewing, conservation and symmetry arguments yield target brightness values
- •  due to the sky ( B TSKY) and ground ~~~~7G pD :

Brs~ y 2 SKY
• (horizontal) (2)

A 3
4’

TG I ~~D 
m

For slant viewing, a dependence on target elevation (€) angle was found by

numerical integration of Equation (1), and a good f it is g iven by:

= 3
’~~~~~,z 

(r ± 0.616 Sin 
~) 

(slant ) ( +  G1~0) (3)

where the horizontal values (2 T NORIZ) come directly from Equation (2).

The final step to the determination of inherent target brightness is

to connect 3 ,~, and 3r c ,~~ 
tO 0e’ our selected common base. First, for the

sky , the Handbook of Geophysics 3 conveniently gives ground illumination

data broken down into direct solar(10) and sky only (I$Ey ) components as a

function of sun elevation . ~ce express these in a theoretical form as:

(4)
1s K y  ~

‘
~~~ S,c y J

and therefore ,

,8SxY - ~~~ 
( I~ )

- 
775 

~~~~~ J (5)

Using the data , numerical evaluation of Equation (5) yields that , for all

hut the very smallest sun elevations , this ratio is almost consta1it with a

value of 0.045. Thus: =
- 0 .O4 5 ç~~ (6)

3. United States Air Force , Handbook of Geophy sics , MacMil lan , 196 1.

4
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The ground is now taken to be a diffuse reflector with albedo ,~6. Both direct

sunlight and the sky contribute:

= 

~~ 
(8s~~y ÷ ~~~

The contribution to inherent target brightness by the diffuse sphere model

is now complete. -

-
S 

I
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Section 3
- • 1 FLIGHT TEST

On 25 February 1976, a flight test was conducted in a desert region
by MICOM/USAADS. The purpose of the test was, in part, to collect the

- - data necessary for registration of the diffuse sphere model .

3.1 TEST DESCRIPTION

The test was constructed as four missions , each of which involved

several passes of a low altitude jet fighter over a data collection site.
The passes covered a var iety of approach az imuths in order to prov ide variable
sun angle. Although the passes were close to radial , the natural offsets
were sufficiently large that useful data were obtained for aspects other

than head-on. Overall , the four missions contained 45 passes.

The resulting test data useful to this study were of three types :

(1) Photographic imagery of aircraft and luminance calibration panels
(2) Radar coordinates of aircraft
(3) Camera operator ’s log

The prime data, the photograph ic imagery, wa s collected on Plus X fi lm w ith
a Calspan-owned system consisting of a Cine-Kodak Special II 16 mm camera

with a Century Tele-Athenar 500 mm lens. A Tiffen #11 filter was used to

secure a photopic sensitivity. The frame rate (for this test) was set at

one per second , and tracking was facilitated by a Redfield 3X-9X zoom
riflescope boresighted with the camera. On each pass , photographic recording

was initiated as soon as the aircraft was acquired by the camera crew.

Usually,  the recording ended near crossover , but occas ional ly , outbound
frames were collected .

In addition to the photography, radar coordinates vs time-of-day
were provided during each pass at a rate of one per second . Although the
camera and radar data rates were the same , they were not actually synchronized .
The precision of the radar data was more than suffic ient for the needs of the
present study.

6 
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Thi ’ camera log contained the detailed flow of the test. Included

were camera calibrat ion data , definitions of missions and passes , and comments
on the passes where approp iate such as camera start and stop times and
estimated number of frames collected .

3.2 PHOTOMETRIC CALIBRATION

Special emphasis was p laced on calibration of the camera sys tem to
assure that absolut e luminance values could be obtained from the film. Prior

to the test , a series of exposures was taken over the gamut of exposure times
and stops available on the camera. In support of these exposures , source
luminance measurements were taken with a Pritchard model 1970 photometer.
The resulting f ilm dens ities could now be related to source luminance ,
exposure time , and f/number. This relationship , together with a criterion
that sky brightness yields film densities in the range of 1.0-1.5, became a

- • 
rule of thumb for exposure time and f/number setting. Accordingly, at the
time of the test , sky brightness measurements near the horizon indicated
1/70-second exposure at f/22. These settings were used throughout the test .

The calibration discussed above was used only for camera setup .

The absolute connection between film density and source luminance was obtained

by photographing two “field step wedges” located a short distance away from
the camera. One wedge faced south and the other north to obtain increased

brightness dynamic range according to sun angle. Each wed ge coiisisted of
eight sheets of mat te paper of differing shades of gray. The sheets , arranged
in a 2 x 4 array , had approximate reflectivities of 1.00, 0.70, 0.48, 0.35,

0.24, 0.13, 0.07, and 0.03. Both wedges were photographed at times of
opportunity (between missions) in conjunction with remote luminance measure-

ments with the Pritchard photometer of each of the eight steps. These measure-

inents directly provided absolute film calibration , and it is noted that knowledge

of reflectivity, such as the values quoted above, is unnecessary .

I
7  
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Section 4

DATA ANALYS iS

4.1 INTRODUCTION
‘ 

With the exception of the details of this diffuse sphere model
— (Section 2), all data reduction and analytic procedures are described in this

section. This includes reduction of the photographic data (together with
merger of appropriate extracts from the radar data) and registration of the
diffuse sphere model.

Inherent in the model registration is an account of atmospheric
effects. The diffuse sphere model treats only the intrinsic brightness of

the aircraft, whereas the photographic data represent apparent brightness
according to camera position . Along the path between the two , both atmospheric
attenuation and inscattering of light occur, and , to make the connection , a
description of these effects is included. Since the purpose of the investi-

gat ion is a test of the diffuse sphere model , as much detail as possible was
included on atmospherics to eliminate it as an issue. Accordingly, some of the
following subsections become rather involved with atmospherics , but the reader -

should not conclude from this that atmospheric effects are correspondingly

important . Actually, visibility during the test was excellent , and the photo—

graphic ranges were short. Although atmospherics did affec t lum inance values ,

it was not a major factor.

4.2 ANGULAR DATA

Both the diffuse sphere and the atmospheric models require certain
angular data as inputs. As a matter of convenience , for each data point in the
radar record , aircraft azimuth and elevation, sun azimuth and elevation, and
solar phase angle (angle between the sun and camera with apex at the aircraft)
were computed and made available as a data-set . Later in the analysis , extracts

from these data are merged with the photographic data.

8
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4.3 DENSITOMETRY

The first step in the analysis of the film data is the reduction of
the photographic images of aircraft and sky to suitable numerical form. To

accomplish this, use was made of a two-dimensional scanning densitometer

manufactured by Spatial Data Systems. This instrument consists of a closed-

circuit television system with the abil ity to prov ide values proportional

to total areas within the scanned field that lie within predetermined brightness

values. Thus, by providing the TV sensor with a light tab le and appropriate
optics , individual 16 mm frames were scanned and the image dichotomized into

a sequence of numbers representing areas within the frame corresponding to

neighboring density increments of the film.

The brightest level, the darkest level , and the number of steps
between are degrees-of-freedom of the densitometer , and their selection
entailed examination of the film data in advance of the final measurements.

It was therefore determined that one of the frames containing a brighter
(south-facing) image of the eight-step f ield wedge was satisfactory for
calibration, and a procedure for “locking on” the wedge with the brightest

S and darkest levels was established.

By trial , it was found that 16 bands or density increments between
the two limits could be included for measurement without undue hardship. In

regard to the increments, two comments are appropr iate. First, the densitometer
allows the selection of the scaling of these increments to be linear (approxim-

ately) with either fi lm density, which varies as the log of film transmission ,
or transmission itself. Since our interest will be in averaging over scene

luminance , which relates closely to f ilm transmiss ion, the latter mode was
employed . Secondly , a valuable adjunct to the densitometer is a monitor which

displays the scanned image , with the sequence of transmission increments
appearing as individual false colors. This is especially useful for identi-

fication of areas within the aircraft silhouette that fall within the same

brightness increment as the sky (or terrain) present in the frame. In these

cases , since the regions involved external to the aircraft image consume large
areas of the frame , the area measures for those increments are contaminated
beyond use. In all cases where this occurred , visual es timates were made of the

9
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percent of silhouette area for each increment involved. The incorporation of
- - these estimates into the analysis wil l  be discussed lat er .

The calibration was completed by meshing the photometer-measured
luminance values for the eight-step wedge and the 16 increments to be used for
data reduction.* The results of this yielded a luminance schedule for the

increments as follows :

Increment Luminance (ft-L) Increment Luminance (ft-L)

1 50 9 1600

2 180 10 1890
• 3 270 11 2190

4 370 12 2550

5 500 13 2980

6 700 14 3730

7 990 15 4500

8 1280 16 5260

The luminance values represent the centers of the increments.

For each pass containing usable imagery, one of the frames near
crossover was selected as number one in an ad-hoc frame-numbering sequence , with

frame number increasing with success ive earl ier frames , i.e., backward on the
film strip. Since the imagery was usually of the aircraf t while inbound,
increasing numbers meant greater range and correspondingly smaller image size .

• Successive frames were analyzed in increasing number until either camera

acquisition was reached , or resolution became a problem . The results of this

analysis were punched on IBM cards to be available as data for the next data

reduction stage. Each frame analyzed was represented by one card containing

pass number , frame number , area measures (or % areas) for the 16 increments ,
increment number for the sky near the aircraft , and the increment number for
terrain if present in the frame. A printout of these data is given in Appendix A.

*For calibration only, 32 increments were actually used to obta in increased
luminance resolution .

10



4.4 MEAN AIRCRAFT LUMINANCE

The diffuse sphere model described in Section 2 predicts average -

luminance of the spherical silhouette. Since we have no specific interest

in the luminance structure, the mean of the data can be computed now. Although

• the data represent aircraft luminance apparent to the film and the model

represents intrinsic luminance of the aircraft, corrections for atmospherics
and camera flare (anticipated here) can be treated independently. That is,

• the triad of operations:

(1) computation of silhouette mean luminance

(2) correction for atmospherics
(3) correction for flare

are all processes obeying the principle of linear superposition and can be
freely transposed.

An express ion for the mean, accounting for estimated percentages in the
absence of measured areas , is now derived. The mean luminance (

~) is written:

~~ a I 3~ (8)
.13 = ~~

A

where:
K

i-f (9)

The summations are , of course , over the N non-zero increments of the data in

Appendix A. For our purpose here, let the f irst M components of the summations

be the measured areas , and the components M+l to N, estimated percentages .
Equation (8) is now expressed :

~~ =~~~(~~‘ ai &i ÷ i  aJ B.i
)  

(10)
I I J M+f

11
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or:

N

a = 
~~ ~~~~~ 

+ 

~~~~~ ~~~~

• 

~~~~~

. 

(11)
‘-1 .s M +l

where -fj is an area fraction . Similarily, Equation (9) becomes:

N

= A = Ea~ -
~~ A E  l~J (12)

(‘1

— Eliminating A between Equations (11) and (12) yields :

a = - 

~~ 
. 

~di Bi (13)
J M+I

1=1

which is the final expression to be used.

Before leaving the concept of incorporating estimated percentages ,
• 

a comment is in order regarding the stability of B on errors in estimation.

We note that for a small ‘~nknown a., the estimate f. has high relative error .
However , since the contribution to B is correspondingly small , no instability
occurs. On the other hand , as a~ and f. become large, the relative error of

becomes smal l .  Althoug h absolut e errors in f~ (when a~ is large) cause
large relative errors in the contributions of the measured a1’s, they are
themselves sma ll , and again, no instability occurs. On one frame (pass 27,

frame 12), it was necessary to estimate all non-zero increments, but the

resulting mean luminance was nonetheless acceptable.

At this point , some emending of the film data was necessary. Due
to low offset values, high angular rates were possible near crossover, thereby
indicating a high time resolution requirement for camera/radar data synchro-
nization . Since it was indicated in the camera log that camera times near the
end of the passe s we re of questionable accuracy , they were not employed.

Instead , the film was previewed to locate crossover , a matter of visual aspect
of the aircraft engine exhaust port . Since the frame nearest crossover became

12
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the key to synchronization with the radar data , all  passes that did not contain
crossover imagery were deleted from further analysis .  In addition , anomolous
low luminance values were noted from the densitometry of passes 36 through 42,
and these were deleted as wel l .

The surviving data were analyzed according to Equation (13) , and,
as a matter of general interest , apparent contrast (C) of the aircraf t according
to:

C -— 

t3~ (14)

was computed as well .  B is selected from the schedule in section 4.3 according

to the sky brightness increment number. By means of identifying the crossover

frame within the frame scale for each pass , the radar and camera data were
synchronized . This allowed B and the associated geometry parameters necessary

for model registration to be merged. The merged data were punched on IBM cards ,
with one card again representing one frame , as follow s :

• (1) Pass number

( 2 )  Frame number
(3) Number identifying radar data point

(4) Slant range (meters)

(5) Aircraft elevation angle (degrees)
(6) Solar elevation ang le (degrees)
(7) Solar phase angl e (de grees)
(8) Sky luminance (ft-L)
(9) ~~, mean apparent aircraft luminance (ft—L)

A printed list of this data set is included in Appendix B. The printed version

includes the resulting apparent contrast values as well.

In anticipation that solar phase angle is the dominant independent
variable of the diffuse sphere model , the mean illuminance data were simply

plotted against phase angle. The result is shown in Figure 1, and three
observations are made:

13
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(1) At angles less than 90°, the decreasing luminance

with increasing angle is consistent with the model ,
• al though the slope is less than anticipated .

(2) At angles greater than 90°, the increasing luminance

with increasing angle is in direct opposition to the
• model since the model luminance is nonotonic in phase

angle.

• (3) In the mid-range of phase angle , three data points lie
significantly above the main trend .

In regard to (3), it was suspected that solar glints were responsible. Glint

is loosely defined here as those singularly intense specular reflections from

surfaces that are close to being either flat or conical. (It is noted that

the skin of the aircraft is unpainted metal and specular reflections can be

expected.) The three frames involved (pass 3, frame 2 and pass 23, frames 4
and 5) did indeed contain significant glint and were not included in the model

reg istration. However, the occurrence of these glints will not be ignored in

the f inal evaluation of the model .

The departure indicated in (2) has major significance. If it does

• not represent a failure on the part of the diffuse sphere model , it must be

due to a mechanism that causes aircraft luminance apparent at th~ film t~
differ from inherent aircraft luminance in a fashion consistent with the data ,

and two candidates can be identified :

(1) Camera flare from direct solar i rradiance

• (2) Strong forward scattering by the atmosphere

(i.e., Mie scattering by haze)

Thus , it is critical to the resolution of the question of the departure at
large phase angles that both these mechanisms be accounted for at the time of
model registration , and this forms the subject of the following section .

15
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4. 5 APPARENT / INTRINSIC LUMINANCE CONNECTION

We now address the connection between apparent and intrinsic aircraft

luminances in terms of camera flare and atmospherics that have been identified

as accountable mechanisms prior to model registration.

For flare, the camera system underwent laboratory measurements to

determine film plane irradiance as a function of phase angle. Scaling to the

flight test illumination levels was accomplished through the luminance value
• measured for one of the steps in the field calibration wedge and, accounting

for sun ang le , an equivalent laboratory simulation . The measurements show

flare can be neglected for angles less than 165°. For angles increasing above

165°, flare increases very rapidly, reaching 580 ft-L at 172°. The accuracy

of the laboratory data, both in angle and source collimation , precluded attempts

to provide a phase-angle-dependent flare correction . Accordingly, deletion of

data at these high angles (passes 44 and 45) from model registration eliminated

• camera flare as a factor.

The remainder of the discussion here presents a mathematical system

for handling the optical effects of the atmosphere. Although the system may

appear rel atively involved , it does not necessarily mean that atmospherics are

important . It only means the descriptive tool s were readi ly available , and

to identify and sift out those that would be unimportant seemed pointl ess. As

a matter of hindsight , atmospherics did not turn out to be the prime factor

in model registration .

The atmosphere has two distinct optical effects beyond the illumina—
• tion scheme discussed in Section 2. First , propagation of luminance follows a

transport equation involving atmospheric parameters for points along the path

between the aircraft and camera , and , second , the low-altitude illuminance 0
[wh ich appears in Equation (1) as well as below] is reduced according to solar

elevation angle through the total air mass above the earth .*

*The reader not specif ically interes ted in det~ is of atmospheric effects can
proceed to the last sent ence before section 4.6 , and continue.

16
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• 
The propagation will be handled here by a standard form of the

-
~~ transport equation known as Koschmieder ’s Equation :*

5 = B~c~~~÷ ~~~~(,_ e T) (15)

where : = inherent luminance of aircraft

8 = aircraft luminance apparent at the camera

= optical thickness of aircraft/camera path

30., = atmospheric “equilibrium” luminance

The conditions of validity are that, over the path in question , both the solar

irradiance and the shape of the scattering coefficient (phase function) are

stationary . Since the aircraft elevation is low (usually a few hundred meters)

and atmospherics is not expected to be a major factor, variability of atmos-

• pheric properties over the path wi l l  not be addressed .

In Equation (15), the optical thickness is simply:

1’ ~~~~ (16)

where : /9 = attenuation coefficient (m )

R = aircraft/ camera slant ran ge (m)

with ,~ in turn given by the definition of meteorological range (V):

(17)
V

The terminology used here and in the equations that follow are standard .
For further details , the equation is derived from a more generai form in
Appendix C , which includes de f in i t ions  and v a l i d i t y  cond i t ions .  Beyond this ,
any number of texts can be found. Middleton is especially lucid.

17 
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• The equilibrium luminance,15.,~, is given by the spherical integral :

/~~~~
= ~~~~~~~~~ (18)

where : = phase function at path point

• = spherical lum inance function surrounding path poin t

and the integration is over 4i~ steradians about the point . To obtain the

phase function, we recognize two independent physical scattering mechanisms :

scattering by atmospheric density fluctuations on a molecular scale (Rayleigh

scattering) and scattering by water haze (Mie scattering). The form for

Rayleigh scattering (kR) is well-known
4:

~ (, 2 )  (19)

where 
~ 

is the scattering angle. (For the direct sunlight component , 
~~
- is

simply 27’ - a, the phase angle.) The phase function is very much different for
Mie scattering (kM~

. Data given by Deirmendjian5 can be expre ssed by a
simple model:

kM = 100.73 
- 2.97+ 0.68~~ (20)

with j expressed in radians. A plot of kM vs7 in degrees is given in

Figure 2 , and very strong scattering in the forward direction is evident.

This is precisely the effect described earlier as being important that it

not be overlooked as a possible explanation for the trend of the data at high

solar phas e ang les .

4. S. Chandrasekhar , Radiative Transfer, Dover Press (1960)

5. D. De irmendj ian , Electromagnetic Scattering on Spherical Polydispersion s,
Elsevier Publishing Co. (1969).
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With the individual scattering mechanism described , the resultant
4

phase function k required by Equation (18) is given by the weighted super-

position of the components:

~ Z -.-~~~~~ k
= “R R ~~~~ fri (21)

where ,3R and~~~, are the individual Rayleigh and Mie scattering coefficients
which satisfy:

(22)

The Rayleigh scattering coeffic ient,fl,, is a constant, and we wi l l  give its

value below along with other constants. The Mie coefficient, which is
proportional to haze concentration, is a variable, and its value is found
from Equation (22) in conjunction with Equation (17).

We now turn our attention to the completion of the spherical inte-

gration of Equation (18) . Through a p iecewise breakdown of the integrand and
a few approximations , a simple algebraic expression for~~.,~ can be obtained .

First , the surround luminance , B SUR, can be written as the sum of direct
sunlight B0 and a residual diffuse part BDIF~

BSUR = B 0 + BDJF (23)

5 
and Equation (18) becomes :

~6 kB 0 dL1 # ~ ~~~~~~~~~~ (24)

Since B~ to the solar disc , which has a subtense on ly 1/2° in

diameter , k is constant and assumes a value (k0) according to the solar phase
angle. We can now write:

(25)

5- - • -
~~~~~~~
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where $~ is the direct solar irradiance. In regard to the diffuse part of
- ;  Equation (24) , a further expansion is obtained through the separate scattering

A• mechanisms . Elimination of k between Equation (21) and the diffuse term
yields :

= ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (26)

Now, since kM(?~) sin7 is concentrated at small?- as well as kM(~), the main
contribution to the f irst  integral in Equation (26) is from BDIF in the
vicinity of = 0. We therefore make the approximation that BDIF is a
constant equal to the sky brightness , Bs~ 

extracted from the film. Thus:

(27)

The final integral, the diffuse term of Equation (26), possesses an
integrand whose dependence on is very weak . Ignoring the ground as a con-

tributor , BDIF is replaced with a representativ e mean val ue for the sky and ,
for this purpose , the value B SKY [Equation (6), Section 2] is used. Therefore,

we have:

~ /~ 8k,,,,. d = 

~f 
3sx y (2 8)

and the integration to yield B.,5is complete. Collecting all the pieces ,

Equation (18) is f inal ly  written :

= [~
ç ~ o .o22s ( ~~/ ~) ] o~~÷ ,~~~; (29)

What now remains , to complete the connection between apparent and

intrinsic aircraft luminance , is a procedure for generating 
~~~ 

and the
specification of some left-over constants. The parameter Ø0, used both here
and in Section 2 , is direct solar illuminancu (perpendicular to sun direction)

21
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at ground level. As the elevation angle of the sun is reduced , Ø0 decreases
j  -

~~
. due to an increased pa th thro ugh the atmosphere according to :

S ‘•
~~ ~i,Ø0 — Ø 00 e (30)

where Ø~~ = solar illuininance outside atmosphere

t~ = vertical optical thickness of air mass

= sola r eleva tion angle

From an atmospheric model by Elterman 6 , r 4can be found :

-
• 

t~~= O. f47 + 
5COO C~~~- .8,) 

(31)

The para meter~~, is the Mie scattering coefficient at an altitude of 5000 meters ,
a pivot point in this  model.  The value for A5~ 

as well as the value for,4~
needed in earlier equations , are given by I.lterman as:

-6 -1= 5.02 x 10 meters

ç ( 32)
= 1.162 -‘ 10~ meters

The connection between IIT arent and i n t r i n s i c  a i rcraf t  luminance
is now complete to within the t~~ parameters , V (meteorological  range) and
(a number for solar illuminance).

4. 6 MODEL REGISTRATION

The atmosphere descri pt ion , together wit h the d if f u s e  sphere model
of Section 2 , form the total  model for regis t ra t ion on the data.  Overall ,
four parameters remain unspecif ied :

6. L. Elterman , “liv, Visible , and IR Attenua tion f o r  Al titudes to SO KM , 1968”,
AF Cambrid ge Research Labora tories , AFCRL-68-0153 (April 1968).
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(1)  jt , aircraft reflectance (albedo)

• (2) 
~~~ 

, ground reflectance (albcdo )
• (3) ~~~~ solar illuminance external to atmosphere

(4 )  V , meterological range (meters)

R ef l e c tance values f o r  a variety of  terra ins are given by Gorden and Church 7 .

From these , a value of 0 .22 (“Dirt - flat desert road freshly bulldozed”) was

assigned to ,t ~~~~. The remaining three parameters were varied in initial

• attempts to effect a model/data fit.

The cri ter ion f o r  reg istration was to minimize the total square
error in apparent aircraf t luminance by means of a gl obal search in the space

of the adjustable parameters. Such a search over tne space offl ,Ø~0, and V

did not converge to a reasonable solution . Apparently, the Mie scattering

mechan ism, al thoug h hav ing a pr ope r p hase ang le dependence as noted earl ier,

was too weak at normal meteorolog ical ranges; and , to compensate , the

reg istration increased A,, thereby driving V to an extremely small value.

For proper registration, it became necessary to specify both V and ,&

and to leave Ø00 as the only variabl e . A val ue of 40 km was selected to be as

low as the writer was will ing to use in light of the observation that visibility
during the test was “very high. ” Should atmospherics remain an issue, further

consideration would be given to V as required .

The surface of the aircraft was primarily (but not entirely) unpainted

metal , and a value of 0.7 was chosen for j
~~~

. This is moderately less than the

visual albedo for aluminum . The importance of the reflectance value , again , is

related to the importance of the atmospherics. An error in reflectance

will in part be compensated for by 
~~~ 

during registration since intrinsic

airc raf t luminance is propor tiona l to the p rodu ct ,‘tØ~~. The compensation is

not comple te becaus e Ø~~ affects apparent luminance through inscattering,
whereasft does not. Thus , if inscattered lig ht between the aircraft and camera

7, J.I. Gorden and P.V. Church , “Directional Luminous Reflectances of Objects
and Backgrounds f o r  a Modera te ly  Hi gh Sun ,” Contained in S.Q. Duntley et al.,
“Visibility,” University of California Scripps Institute of Oceanography. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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is not important , neither is aircraft reflectance. We shall treatjt in the

same fashion as V , in that further consideration of its value will be given
if necessary . -

Model reg istra tion was completed through adj ustment of  the lone
• parameter Ø~,. The comple ted model was then exercised us ing as input all

necessary data corresponding to each measured apparent luminance value , to

yield predicted apparent luminances on a one-for-one basis. The resulting

da ta/ model luminance pai rs are p lotted in (a )  and (b)  of  F igure 3 agains t
• solar phase angle. (The division into two plots wa s only to facil itate

presentation of the large number of poin ts;  no d istinction between the missions
is intended.) From these plots , the fol lowing observations are made:

(1) In the range of 0-90°, the tr end of  decreas ing luminance
with phase angle is present in the data but is weaker

than the model predictions.

• (2) At angles greater than 90°, significant departures

occur between the data and the model. Since forward

sca ttering by haze was not significant, the depar tures
are considered real , in that they ar e presen t in the
intrinsic luminance as well as the apparent luminance.

(3) The overall departure of the model from the data is much

greater than deviations within the model at any given

phase angle. Since these deviations contain atmospheric
effects  along the slant path between the ai rcraf t and

• camera , atmospherics can be regarded as unimportant . Thus,

the selection of values for meteorolog ical range and

aircraft reflectance need not be redressed .

(4) In regard to deviations within the model , two model poin ts

lie below 2000 ft-L at small phase angles on (b) of Figure 3.

These two poin ts occurred on p ass 35 with a solar eleva t ion
ang le of  only 19°, and sign if ican t downward correct ion in
aircraft illuminance resulted from attenuation by the total

air mass.

24
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4.7  ThE GLINT HYPOTHESIS

This section concludes with the suggestion that glint is l ikely

responsible for the principal model/data departure . Although inconclusive ,
the question of whether or not the geometry is correct for glints to occur

can be answered approximately. To do this , a suff ic ient  first  order descrip-

tion of the aircraft is as follows :

(1) Wings — horizontal f lats

( 2 )  Tail — vertical and horizon tal f l a ts
(3) Fuselage — cylinder

Although the wings are an unlikely source of  gl int, all surf aces  as represen ted
above hav e surface normals at 90° to the forward axis of the aircraft. Since

specular reflections occur when the solar p hase angle is bis ected by the
surf ace  normal , the da ta we hav e can be put to a test . Thus , for all the
data , the angle between the phase angle bisector and the forward direction of
the aircraf t was computed and p lo tted aga inst phase ang le its e lf  (F ig ure 4 ) .
The encircled points are those in Fi gure 3 having the la rge depar tures f rom model
prediction. They primarily fall in the range of 100-110° af t of  the f orward

-• direc tion , with some at 120°. Thus, there is an excellent agreement between

the p hase angle bisec tor and normals to aircraf t surf aces  tha t we would expec t
to be responsible for gl int . This is regarded as strong evidence that the

primary departure between the data and the model is due to glint .
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Section 5
- 5  CONCLUSIONS

The prime result of this study was the registration of a diffusely

r ef l ec ting sphere model for predicting aircraft luminance on field test
data, and the resulting comparison was shown in Figure 3. The question of

whether or not the model is valid or appropriate requires a highly qualified
answer . It depends on the accuracy required in application , the nature of
the use of the results, and the availability or appropriateness of alter-
nate models.

For example , the model should probably not be used when sun angle
is a critical issue . On the other hand , applications that only require a
measure of variabil ity due to sun angle may find the model useful . The

• answer as to whether or not the model is appropriate must come from the user.

Probably the greatest limitation of the model is the availability

of significantly better models not much more complex. The crude geometrical
representation of the aircraft given in Sec tion 4.7 , or something ak in to it, 

- 
-

could be the basis of a different model resulting in a much better fit to

the field data. The fact that the aircraft used in the test was neither

diffuse nor a sphere is not a fault of the model , since its use was strictly

empirical . However, by including a little attention to the actual surface

shape , and the reflective properties , improvements probably will occur . It

is noted that optical reflection signatures for d i f fuse  and specular flats,
cones , and cyl inders , and compound surfaces such as spheres are known , and
a replacement for - the diffuse ref lect ing spher e seem s very close at hand . 
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Appendix A
DENS ITOMETRY DATA

Included here are the raw data for aircraft brightness resulting

f rom the dens itometery analysis of  the f l i g ht test imag ery .  The f irs t two
columns contain the pass number and camera f r ame number , respec tively ( P / F ) .
The next 16 columns contain the actual areas of  the a ircra f t image (arb itrary
units) that fal l  within each of  the 16 br ightness incre ments employed in the
dichotomy . For those increments that could not be measured due to contamination

from regions external to the aircraft silhouette , percentage estimates of total

silhouette area were made and labeled negative for identification . The last

two columns are the bri ghtness bin numbers for the sky (S) and typical terrain

(T) when present in the frame .

The meaning and use of all data in the following table are discussed

in detail in the main text.
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TABLE A-i. RAW DATA FROM DENSITOMETER ANALYSIS

LUMINANCE INCREMENT AREAS (ARBITRARY UNITS)

• P F 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 S T

1 3 .1 .3 12
1 7 .1  . 2  12
1 6 .02 .03 .02 .03  . 1  . 3  12
1 5 .2  .6 12
1 4 .1 .3 .5  .3  12
1 3 .05  .05 .3  .5 .9 1.5 11
1 2 . 5 .° 1.2  l .~~ 3.4 I_i
2 5 .2 1. 1  — 5 .  13
2 4 .2 1.3-10. 13

- • 2 3 . 1  .3 1 . 2 - 1 5 .  13
2 1 . 3  . 3  .6 1 . 8  — 5 . — l O .  1 4
3 6 .1 .. —3. —20.  — 2 .  14
3 5 • 1 .2 .: —5. — is .  —,.  13
3 4 .2  .3 .2 .3  .3  .4 .5 — 3 .  — 5 .— i S .  13
3 3 .4 .5  .5 1.3 —3.  — 5 . — i S .  13
3 2 .1 .4 • a 1. 6— 1 0 .  -10.  ~~~• g 7 . 2  1?
4 7 .02 .J 3  .02 .03  .3  .3 12
4 6 .03 .03 .03  .2 .4 .4 12
4 5 .03  .03 .C 3  .2 •6  .5  .5 13
4 4 .03 .03 .03 .S .7 .7 13
4 3 .02 .03 .02 .03 .4 1 .3  1 .4  1 . 1  1. 1  13
4 2 2 . 2  2 . 9  3 . 4  2 . 3  1 . 9  3 .1  13

• 5 7 . 1  .5 12
5 6 .6 12
5 5 . 1  .1  .6 12
5 4 . 2  .6 — 5 .  12
5 3 .1 . 1  .3 .9 12
5 2 .1 .3  .8  2 . 5 — 2 0 .  12
5 1 .~. 1 . 3 — 2 0 .  13
6 6 .1  .2 . -10. — I S .  14

• 6 5 .04 .04 .04 .04 .04 • 1  . 2 - 1 0 . — iS.  14
6 4 • 1 .3 .‘ ~1O. -~15.  14
6 3 .03 .03 .03  .2  .4 .5 .~ ~i5. — 1 0 .  13 —

6 2 .3 .6 .6 1 . 1— 1 0 .  ~35 12
8 3 .1 .1 .1  . 3  .6 1.8 — 5 . — l O .  13
8 1. .1 .3 .3  .4 1 . 4 — 1 0 .  - 10. — l O .  13
9 8 . 1  .3  .3 12
9 7 - .1 .5  .6 12

• 9 6 .1 .6 .8 1. 4 12
9 5 .1 .8 .9 1.1 12
9 4 .4 1 . 2  1 . 2  .9 1. ’ 13
9 3 1 .1  1 .6  1 . 8  1 . 5  13
9 1 .4 1 . 3  2 . 3  2 . 4 2 . 3  2 .~ 13

10 6 • 1 • 1 .2 .! ~3O. 13
10 5 .1  .1 .~~ -40. 13
10 4 .2  .2 . -40. 13
10 3 .1 .2  . 3  .é 1 . 5  — 2 .  — 3. 14
11 4 .4  .3 13
1% 3 . 1  .5  .4 13
11 2 .1 .7  .6 13
11 1 .2 .9  .8 13
13 11 . 3  .3 12
13 10 .1 .. .‘. 12
13 ° .2  .5  .6 13 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~•_ •~~~~~~~~~ i
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TABLE A- i . (Cont.) RAW DATA FROM DENSITOMETER ANALYSIS

LUMINANCE INCREMENT AREAS (ARBITRARY UNITS)

P F 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 $ T

13 7 .7 1.0 13
13 6 .2 .5 1.3 1.2 11
15 b .1 .3 .8  .6 12
15 5 .03 .03 .03 .7 1.2 1.1 1 . 0  12
15 4 .7 1.? 1.2 1.3 13
17 6 .1 .8 1.2 .8 11
17 5 .6 1.2 1.1 1.1 10
17 4 1.2 1.3 1.7 1.7 2.4 12
17 3 .~~ 2 . 0  2 . 2  2 . 4  2 . 5  2 . 5  12
18 9 .03 .03 .03 .1 .2 .3 12
18 8 .05 .05 .05 .05 .1 .3 .6 12
18 7 

- .02 .02 .02 .02 .02 .2 .4 .6  2 .0  12
18 6 .3 1 .6  1 . 3  1 . 7  10
13 5 .1 .1 .1 .2 1.5 2.6 2.8 4.3 11
19 3 .01 .01 .01 .01 13
19 7 .03 .03 .03 .1 .1 12
19 6 .03  .03  .03  .1 .7 12
19 5 .03 .03 .03 .2  .3 12
19 4 .2 .1 .1 .3 .5 2.1 —5. 13
19 3 .1 .5 .~~ .7 14
19 1 .2 .1 .1 .4 1 .2  1.2 1.6 1.3 12
22 9 .1 .2 13
22 8 .2 .‘ 13
22 7 .3 .3 13
22 6 .5 .~ 13
22 5 .1 .8 .~ 13
22 3 1.0 1.1 1.’ 13
23 5 .2-15. —35. 14
23 4 • 1 . 2 — 1 0 .  -2 0. — 3 0 .  12
23 3 .3 .3  .4 — i . —1 0. - 1 0. —i S. 12
24 7 .03 .03 .03 .2 .2 12
24 6 .03 .03 .03 .3 .4 12
24 5 .2 .4 .7 12
24 4 .5 .9 1.1 12
24 3 .6 1.4 1.9 1.9 12
24 2 .5 1.2 2.5 2.7 2.5 3.1 13
25 8 .1—15. 13
25 7 .1 .2— 15 . 13
25 6 .02 •02 .02 .02 .02 .2 .5—15 . 12
25 5 .02 .03 .02 .,3 .2 .6 1.0—10. 12
25 4 - .3 .8  1. c  1 .6 — 1 0 .  12
26 9 .1 .3—25 . -15 . 12
26 6 .~ .S .3  2 . 5  — 8 . -1 0. — 1 0 .  12
26 5 .3 .8 .8 .9 —3 . —5 . —5 .—15. 12
26 4 .4 .7 1 .1 — 5 .  — 5 . -15. — 5. 9 .6  5.0 11
27 12 — 5 .  -30.— iS . 12 10
27 11 .1 .4 . 3 12
27 10 .1 .3 .4 . 3  12 —

27 9 .1 .2 .s .4 12
27 8 .1 •

r 
•~ •5 12

27 7 .1 .1 .7 .9 .5 12
27 6 .1 .1 .4 .9 1.2 .9 12
27 5 .1 .1 .3 1.7 1.7 1.3 1.6 11
27 4 1 .4  1 .5  7 . 1  2 . 4  1 .7  12

_ _  -~~~~--~~~~~~ -•--- -  -~~~~~-—----— --- 
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TABLE A-i. (Cont) RAW DATA FROM DENSITOMETER ANALYSIS

LUMINANCE INCREMENT AREAS (ARBITRARY UNITS )
P F 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 S T

27 2 .1 1.4 3.0 4.0 4.6 3.6 3.3 4.2 14
23 3 .6 1.0 14
28 7 .2 1.0 •d 14
28 6 .2 1.3  -10. — 5 .  14
28 5 .1 1.1 2 . 1  —5.  — 5 .  14
28 ~ .4 1 .5  1 . 9 — 2 5. — 1. 1 3

- 
- 

28 3 .4 1.7  2 . 3 — 2 0 .  13
28 2 2 . 0  2 . 6 — 1 5 .  13
28 1 .2 2.7 3 . 3  2 . 3  13
28 —2 • 1.4 2 . 5  2 . 5  12
23 —3 .2 1 .6  2 . 9  4 . 3  12
23 —4 .1 .2 1.5 1.8 3.1 12
29 7 .1—30. —5.— 45. 13
29 6 . 1—10.  — 5 .  -40. 13
29 5 .1 •6 —5 .—15 .—3u. 13
29 2 .3 .~~— 1 5 .  - 35.  13
30 14 .2 .3 14
30 13 .1 .2 .3 14
30 12 .3 .3 14j - 30 11 .2 .3 .5 14
30 10 .1 .5 .4 •6 14
30 9 .2  . 9 .5 .7 14
30 3 .1 .7 1.2 .5 .7 14
30 7 .1 .3 .9 1.7 .7 .~ 13
31 7 .1  .4 . 8 - 1 5 . — i C .  14
31 6 .3 1.0 1.( —5.—i S . 13
31 5 .1 .1 .1 . 3 . 8  1 .3  1.4 -10. — i S .  13

• 31 4 .1 • 6 1 . 0  1.3 1 .5 - 10 . — 15 .  13
31 3 .5 1.1  1. 4 - 1 5 . — 1 5 .  13
31 1 .4 1.5 2.0 2.5 5.6-20. 13
32 5 .2 . 1. 0 1 .8  1.4 13
32 4 . 1 .2  1 .7  2 . 3 — 1 2 .  12
33 9 .2  .3  .2 13
33 8 .2 .3 .3 13
33 7 .2 .7 .3 .3 13
33 6 .2 .7 .5 .5 —5. 13
33 5 .1 .3 1.0 1.0 1.8 14
33 4 .1 1.1 1.8 1.2 1.5 14
33 3 5 

1. 0 1.4 1.1 1.~ 14
33 1 1 .2  3 . 6  3 . 8  3 .1  3.7 4.1 14
35 3 .2 .3 1.2 1.0 1.7 — 5 . —2 0. --2 0. — 1 0. 11
35 2 .3 1 .2  1 .2  .9 1.6 2.~ 3 . 7  — 5 . — i 0. —2 0. -10.  10
36 9 .9 10 5
36 a .8 0. .1 .2 10 5
36 7 1.0 .1 .1 .1 —5.—i0 .—13 . 10 8
36 6 .9 .1 .1 .1 .2 .2 .2 • 1 .3  10
36 5 .9 .1 .2 .3 .3 .3 .4 8
36 4 1.1 .2 .2 .3 .3 .4 . 4 — 1 0 .  - 15 .  9
36 3 1.9 .5 .5 .5 .7 .9 .8—10. -10. 10
36 2 2.6 .7 1.3 1.9 1.7 1.7 2.0 4.9 25. 10
37 8 .8 .1 0. 0. 0. 0. .1—10. 10. 10 8
37 7 .9 0. 0. 0. 0. .1 .3 . .4 10
37 6 .9 .1 0. .2 .2 .5 .5 .i .7 10
37 5 .9 .07 .07 .07 .2 .6 .6 .8 .9 10

34 -
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TABLE A-i. (Cont.) RAW DATA FROM DENSITOMETER ANALYSIS

LUMINANCE INCREMENT AREAS (ARBITRARY UNITS)
-
~~ P F 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 S T

37 4 1.1 0. 0. .1 .3 1.0 1.1 1.2 1.4 IC
37 3 1.5 .2 0. .1 .4 1.7 2.2 2.4 2.2 10
39 .2 .6 .1—25 . -2 0. 9 7
3~ 3 .1 .3 .6 .~~ 2 . 1 - 2 5.
40 q •7 0. 0. .2 -2 5 .  5
40 7 .8 0. .1 .3 .5 —5 . 9 6
40 6 .8 0. 0. 0. .3 .6—20.  Q 7
40 5 .9 0. 0. 0. .2 .7 .9 .8 10
40 4 1.1 .2 .2 •6 1.0 1.5 1.3 .9 10
40 3 .8 0. 0. .8 1.8 2.2 1.3 2.3 10
41 7 1.1 .3 .3 .3 .3 .3 .4 8
41 6 1.0 .1 .1 .3 .2 .2 .3 .5

fr~ 41 5 1.0 .3 .3 .4 .3 .4 .6 1.1 10
41 4 .8 .1 .3 .4 .5 .5  .8 10
41 3 .7 .4 .3 .3 .3 .3 .4 .~ 10
41 2 1.1 .5 .5 .8 .5 .5 1.4 1.4 10
42 10 .1 .‘.—20. 9 8
42 9 .1 .2 •2 .3 .3 . .5 ° 8
42 8 .1 .1 .1 .2 .2 .3  .4 .7 10 10
42 7 1.0 .1 .1 .2 .3 ... .4 .~ 10
42 6 1.2 .3 .4 .6 .6 .6 .6 iC)
42 5 1.2 .3 .4 .7 .6 .7 .8 1.( 11
42 4 1.2 .2 .1 .6 1.0 1.2 1.0 1.~ 1.~ 11
42 3 1.4 .2 .6 .6 1.7 2.5 2.1 3.3 10
43 8 .1 .1 .1 .2 .2 .3 .5—1 0.—15 . -10. —5. 12

- - 43 6 .2 .1 .2 .2 .3 .4 —5.—1O .— i 0. -20. 11
44 7 .1 0. .2 15
44 6 .2 .1 .2 15
44 5 .4 .3 .2 .8 15
44 4 .7 .5 .5 1.3 16
44 3 .9 1.0 1.0 .7 1.1 16
45 9 .4 .9 .6 .4 .5 15
45 9 - - .2 .3 .5 16
45 7 .1 .3 .6 .6 2.2 15
45 6 .5 1.8 .7 .8 15
45 5 .8 1.5 1.7 .8 1.2 16
45 4 .1 1.5 1.5 1.1 1.8 16

I 
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• - Appendix B

• DATA SET FOR MOD EL REGISTRAT ION

This appendix presents the merged data set upon which model
regis tra tion was ef f e c ted . In addi tion to integers usef u l f o r  identif i c a tion ,

- the list includes all geometric and luminance values individually required
- of both the diffuse sphere model and the atmospherics . The contrast values

were not employed in the registration but are included here since they have
general interest .

~: I-
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TABLE B-i. DATA A RRAY FOR MODEL REGISTRATION

/ 1  / /
/ / I / / / /

/ 1~~~/ /,  / 1 1 /  1 / S
1 9 154 1563. 4. 25. 60. 2550. 2115. —0.17
1 7 155 1423. 5. 25. 60. 2550 . 1793. —0.30
1 6 iSb 1176 . 6. 25.  59. 2 5 50 .  1632 . — 0.3 6
1 5 157 941. 3. 25. 5-3 . 2550. 1817. —0.79
1 4 15 3 lOs . 10. 25. 56. 2 5 5 0 .  1644 . -0.36

• 1 3 159 481.  16. 25.  55. 2190 .  1598 .  —0.27
1 2 163 283.  27. 25. 55.  2190.  1556 .  —0.29
2 5 265 1363.  . 26.  62. 2980.  2 5 1 9 .  —0.1 5
2 4 26b u s?. 5. 26. 4 3 •  298 0. 2 5 5 0 .  -0 .14
2 3 267 994 . o. 26. 42. 2930. 2522. —0.15
2 1 269 770. 8. 26.  34. 3730 .  2491 .  —0.33
3 6 402 1272 .  6. 2o.  125 .  3730 .  2 7 48 .  - -0 .26
- 

5 403 1025.  7. 26.  124 .  2 9 8 0 .  2 6 7 3 .  — 0 . 1 0
3 • 404 782 . 9. 26.  1 2 3 .  293 0 .  2 3 13 .  —0 . 2 2
3 3 405 541 .  14. 26.  121 .  2980 .  7661 .  —0. 11
3 2 405 3 19.  24.  2o. 114. 2 550. 3559. 0.40

• 4 7 4~~4 1433 .  5. 27. ~0. 2 5 5 0 .  1916 .  —0.25
4 6 435 1 2 03 .  6. 27 .  ~4.  255 0. 1873 .  —0.27
4 5 436 976.  7. 2 7 .  89. 298 0 .  17 7 9 .  —0. 4(1-
4 4 487 767 . t O .  2 7 .  ~5.  29~~0. 1 8— 5 . — 0 . 3 3
4 3 483 59 1 .  13 .  27 .  1 1 2 .  2 9 8 0 .  16 0 6.  —0. 4o

• 4 2 489 4 8 5 .  16. 27 .  136. 2980 .  1 4..9. —0.51
5 7 555 1623.  3. 27 .  49. 2 5 5 0 .  2140 .  —0.16
5 8 56s 1422 .  4. 2 7 .  45.  2 550 .  2 1~~0. --0.14
5 5 5s7 1 2 3 5 .  5. 2 7 .  4 1.  25 80. 2~~79.  . 19
5 4 561 1079.  5 .  2 7 .  37.  2 55 0 .  2 1 3 7 .  —0. 16
5 3 569 9 53 .  6. 2 7 .  34. 2 5 5 0 .  2 0 1 9 .  — 0 . 2 1

i 9 0 1 .  7. 2 7 .  36.  2 5 5 0 .  2 1 5 2 . — 0 . 1 6
5 1 571 90 5 .  7. 2 7 .  ~.3.  2 9 - 3 0 .  1 3Q5. —0.3 6
6 6 617  150 5 .  4. 2 3 .  127 .  7 3 0 .  ~~~~~ —0.30
6 5 6 1 8  13 5 4 .  5.  2-i . 127 .  3 7 3 0 .  2 3 3 9 .  —0. 3 7
6 ~ 619 110 5. o. 2 3 .  1 2 7 .  3 73 0 .  7 60 7 .  —0.30
6 3 620 3 5 7 .  ~~. 2 3 .  126. 2 9 3 0 .  2 4 2 5 . — 0 . 1 9  5

6 2 621 6 1 1 .  11.  2 .  126 .  2 5 5 0 .  2 3 3 2 .  —0.09
3 3 824  1 2 14 . 4. 2 9 .  ~ 7. 2 - ~SO.  2 4 6 5 .  — 0 . 1 7
b 1 926 1092 .  4. 2 ) . ~ 3 .  7 9 30.  2 2 6 1 .  —0 . 2 4
9 8 900 2 02 3 .  3.  2 3 .  b4. 2 5 5 0 .  1 97 7 .  — 0 . 2 2
9 7 901 1510 .  . 2~~. -~~. 2 5 5 0 .  1 7 1 9 .  — 0 . 3 3
9 6 902 1608.  4. 2- i . 72.  2 5 5 0 .  i~~~4.  —(‘ .2 3
9 5 903 1425.  5. ‘~~~. j q . 2 5 5 0 .  j ’l ( 13 .  —0 .25
9 4 904 1286. 6. 2 9 . so. 2 9 c0 .  2 ( 1 56 .  —0 .31
9 3 908 114 2 .  6. 2~~. 96. 2 960 .  1 7 75 .  — 0 . 4 0
9 1 907 1057.  7. 2~~. 1 1 9 .  2 Q 8 0 .  1 9’.?. —0.3 5

11 ‘. 139’. 96 1. 7. 3 1. 50. 29 3 1 .  ~ j 19. —0. 32
11 ~ 1095 933 . 8.  30. ‘.3. 2 9 ° 0 .  1-~9 1 .  —C.3’.

• i i  2 10~~6 771.  9. 3-0 . 39 . 2980 .  1 9 98 .  — 0 . 3 3
11 1 1097 7 M 5 .  S.  2~~ . 41 .  2 9 - 0 .  1q 9 6 .  —0 .33
15 s 1492 13 95 .  o. 3’. . 94. 2 5 - 0 . 1 5 ~~” . — 0. 40
15 “ 1493 1205 .  7. 34 . ~~9 . 550 . 1-.—9 . —0. ’.3
15 ~ i~~94 1 33 5 . 9. 34 .  ‘~7. 2 9 40 .  15 3 1 .  — 0 .60
1 3 1322 1340. 6. 35. 58. 2550. 1961. —0.27
18 S 1823 1 14 1.  7. 3 s .  73 .  2~’ O .  1.~’5. — 0 . 7 9
18 7 1q24 957. 3. 3 ’~. 79. 2 5 5 0 .  1 - ~~ 0.  —0. 2 3
13 o 1325  795 .  10. 3 5 . 99. 1s~~0- . 14 8 1 . — 0 . 3 3
18 S 1526 672 . 12 .  3 5 .  1 02 .  2 1 9 0 .  I s ) ) .  -0 . 3 1
22 9 236-3 72 3 1 .  2.  3~~. . 1.  2 9 ° 0. 2 4 3 0 .  — 0 . 1 3
22 ~ 236 1 2001. 3. 3~~. 1. 29 90 .  2 - . 3 0 .  —0.1 9
22 7 2362 1791. 3. 3~~. 43. 2 9s0 .  2 3 70 .  —u. 2 0

37
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TABLE B-i. (Cont.) DATA ARRAY FOR MODEL REGISTRATION

H / 1 1/
/ /

5,f j  I , 4’ ‘~
.p 4, A. 4’4, .‘ ‘- 4,

~
, S ~ 4’ “ c~’I $~~ ‘~ I S

4’ ~~. ~~. ~. ~~
. 4. ... p

47 5 / /  4 ’ ,
22 6 2363 1567. 3. 33. 44. 2930. 2370. —0.20
22 5 2364 1369. 4. 38. 47. 2930. 2314. —0.22
22 3 2366 1053. 5. 33. 58. 2980. 2248. —0.25
23 5 2467 1207. 6. 38. 62. 3730. 3027. —0.19
23 4 2459 1015. 7. 3 9 .  77. 2550.  2806 . 0 .10
23 3 2469 95 3 .  9. 3 3 .  59. 2550. 2171 . .15
27 12 2327 7797. 3. ‘.0. 72. 2550. 1627. —0.36
27 11 2829 2559. 3. 40. 74. 2550. 1~ 69. .35
27 10 2929 2323. 3. 43 . 75. 25 60 . 1536 . —0.40
27 -7 2 s3 0 2 ) 8 9 . 3. 40. 77. 2550. 15 93. —0.38
27 3 2831 1862 . ... 40.  SC.  2 5 5 0 .  1 5 5 5 .  — 0 . 3 9
27 7 2932 1540. 4. 40. 33. 2550. 1500. —0 .61
27 6 2033  1429.  5. 40~ ~ 8.  2 5 5 0 .  1460 . —0.42
27 5 2934 1235. 5. 4-3. 9— . 2190. 1i 62. —0.38
27 ‘. 2835 1066. 7. 40. 101. 2550. 1640. .36
27 2 2937 960 .  9. 40.  124. 3730. 17u3 . —0.54
23 3 2893 21s6. 2. 40. 135. 3730. 2819 . —0.24
28 7 2304 19 7 3 .  3. 40. 1 3 2 .  3 7 3 0 .  2 6 3 6 .  —0 .2 8
23 6 2895 18 19.  3. 40. 12-7 . ~730. 2 o l l .  —‘0.30
26 5 2896 1583. 4. 40. 125. 3730. 251.4. —0.33
28 4 2397 157 8.  4 . 40. 119 . 2983). 21’.4. —0.28
29 3 2898 1507.  5. 4u. 113. 2980. 2126. —0 .29
28 2 2399 1479. 9 . 40. 106. 2980. 2133. —0.2P
28 1 2900 1495.  5. 40. 99 . 20 o0. 1 8 a 5 .  —0.37
4 8 —? 2902 1651.  5. 40.  85 .  2 550 .  1 6 4 3 .  —0. 3o
28 —3 2903 1780. 5. 40. 79. 2550. 1980. —0.22
28 —4 2904 1-73.. . 4. 40 . 74. 2550 .  163 1 .  —0 . 36
30 1’. 3093 3229 . 1. 40. 42. 3730. 2406. —0.3 6
‘0 13 3004 2 Q 82 .  2.  40. ‘.2. 3 7 30 .  2 3 2 0 .  —0. 38
30 12 3095 2 13 7 . 2.  4u . ‘.2. 3730. 2370. —0.38
30 11 3096 2 ’.93. • 40.  43.  3 7 2 0 .  2 2 1 0 .  —0.38
3C 10 3097 22 4 6.  2 .  40.  43 .  3 7 3 0 .  21’.-. . — 0 . 4 1
.0 9 3099 2 0 1 2 .  3. 40 .  4 3 .  3 7 3 0 .  2 1 3 1 . —0 . 43
30 3 099 173 1. 3. 4 (1. 4’.. 3 7 3 0 .  19’i9. —0.46
30 7 3100 1564.  3.  4th 46. 2 9 40 .  1Q 49 . —0 .35
32 5 3 3 2 8  1308.  4. 41 .  44. 2 9 8 0 .  1 7- 7 6 .  —0 .40
32 4 332-7 1134 . ‘.. 41. ‘.6. 2550. 1995. — 0 . 2 2
33 9 3403 2 3 2 1 .  3.  41.  122. 2920. 1193. —0.36
33 3 3404 2036 .  3. 41 .  124. 2 9 8 0 .  19 30 .  — 0 .3 6
33 7 2405 1353. 4. 41. 127. 2980. 17 3 3 .  -0.42

s ,406 1642 . 4 . 41. 131. 2930. 1335. —0 .33
33 5 3407 1443. 5. -.1. 135. 3730. 2144. —0.43
33 .. 3..09 1271. 5. 41. 140. 3730. 2060.  —0. 45
33 3 3409 1131. 6. 41. 1..4. 3730. 2087. —0.44
33 1 3411 1017. 7. ‘.1. 1 -.2. 3730. 2201 . —0.41
35 .~ 36 19 5 53 .  5. 1 -i. ‘.9. 2190 .  1 56 2 .  — 0. 20
35 2 3623 417 .  7 .  I Q . 3 1 .  1~39 0. 1 7 23 .  —0. 09
44 7 44-l I 163 2 .  6. I s .  1 6 7 . -.5110. 3 3 3 7 .  — 0.26
44 b 4482 1333 . 7. 16. 170. -.500. 3109 . —0.31
44 6 4483 1335. 9. 15 . 171 . 4600. 3 (171. —0.32
44 4 44 94 943 . 12.  1’~. 1 71. 5 260 .  3049 . —0 . 4 2
44 3 4495 803 . 18. 15. 170. 5250. 2’.~~7. —0. 49
45 9 4503 1°CC. 4 . 1.. . 169. 4500. 2312 . —0.42 —

45 6 4569 1698. 5. 14. 169. 52s0. 326Q . —0.38
‘.5 7 4570 1484. 6. 14. Ibo.  —.5 00.  3 2 5 5 .  - 0 .25
‘.5 5 4571 1260. 7. 14. 164. ..500. 2~~30. —0.37 -
45 5 4572 1092 . 7. 1g.. 1 69.’ “260. 2 ’ S .  —0.49
‘.5 4 4~. 73 916. 11.  14. 152.  5260 .  2~~’2. — ( . 4 6

38

—--------

~ 

- - -- 5-- - .- - —5- - - - ------ - — - - —~~~~~~~~-- -  



- -

I-

Appendix C

KOSCHMIEDER’S EQUATION

Koschmieder”s equation is derived here from a more general form of

the transport equation . The reason for including a derivation is that the

assumptions necessary for validity and the expression for “equil ibrium luminance”

for the atmosphere both occur naturally.

Ignoring polarization , the propagation of brightness (luminance) in

an absorbing and incoherent scattering atmosphere is in accord with the well-

known expression (e .g . ,  Middleton 8) :

3 = (80 *f s (x ’) e  cix’
,
)e  (C-l)

Here , B~, is inherent brightness at ~ = 0, and 8 is apparent brightness at a

distance X. 5(z) is a veiling brightness source term given by:

a 
S (C-2)

where is the surround brightness for a given point on the path , and 1k is the

volume scattering coefficient . The parameter Z~ (optical thickness) is defined
as follows :

~(~) (C-3)

where A is the attenuation coefficient. Finall y, one further term, the
A

scattering phase function, i~ , is defined :

(C-4)

8. W.E.K. Middleton , “Vision Through the Atmosphere,” University of Toronto
Press , 1968. 
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Since both the volume scattering coefficient and the attenuation coefficient
are directly proportional to atmospheric concentration, k depends on the
physical nature of the scattering medium, but not on concentration.

The approximation that leads to Koschmieder’s equation is to take
both k and i3~ as independent of path position. With manipulation , Equation
(C-l) becomes:

• .8 = B0 e~~~
”
~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ (C-5)

For an infinitely thick path ( t-.-o~) ,  the “equilibrium brightness”,5~~, can
be defined,

(C-6)

and , therefore:

B = + 
~~~~ 

(~ - (C-7)

a popular form of Koschmieder ’s equation.

~~~~~~~~
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