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INTRODUCTION 

The continued study of image transmission problems through the atmos­

phere has made it possible to narrow down the large set of important 

physical factors involved in image transmission calculations to an irre­

ducible core of three factors. For any given subregion X °f tne atmos­

phere and any given object j in X , these three factors are: 

Knowledge of 

(l). The radiance distribution (N/C^j *) at each 

point JC of X • 

(2). The values oCC^) °f tne volume attenuation 

function at each point JC of /\ • 

(3). The inherent radiance distribution N) o C-^; * ) 

at each point C L of | , 

The basis of the selection of these three factors is given in the 

section on Fundamentals below. For the present, however, it is sufficient 

to point out that while increasingly greater detail in image transmn ssiori 
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computations can be obtained by including correspondingly greater numbers 

of factors in the calculations such as the polarization factors, optical 

turbulence factors, etc., these latter factors are clearly of a secondary 

importance in the overwhelming majority of visibility prediction problems 

encountered in practice. While such additional factors are indispensible 

in certain special contexts they are not as universally fundamental as 

unpolarized radiance distributions and volume attenuation values. Knowing 

only optical turbulence factors, for example, without knowing |\/ and o4 

will never yield a determinate solution to a visibility problem. Further, 

the extra expenditure in effort and time required to find the polarized 

components of a radiance distribution does not generally buy a corre­

spondingly greater amount of utilizable information about image trans­

mission phenomena. 

Thus, by deliberately restricting attention to the small but essential 

set of factors, a sound practical understanding of general image trans­

mission phenomena has been attained which otherwise would have been 

impossible had attention been directed at the outset to an intractably 

large array of physical factors. Fpr example, by means of existing air­

borne measuring and recording equipment, important and useful information 

on factor (l) in the atmosphere has been determined. Furthermore, by 

limiting the large number of inherent optical properties to the single 

factor in (2), it has been possible to develop a virtually complete theory 

2 
of i t s measurement under a l l p rac t i ca l conditions by means of special 

a ir-bo me measuring and recording equipment. 
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Despite these great inroads into the study of image transmission 

phenomena made possible by restricting attention to the above three-factor 

characterization, there remains essentially unsolved the important problem 

of how to measure factors (l) and (2) at all points in X from a fixed 

vantage point in A . The determination of factor (2) under such con­

ditions is by far the more difficult of the two problems. This note is 

devoted primarily to a study of the determination of factor (2) within 

this context. Specifically, what means will allow c<( •*) to be deter­

mined at each point CC aloft and yet allow the bulk of the measuring and 

recording equipment to remain on the ground? 

This problem is not a new one. There are several suggested solutions 

in the literature, but each contains some vitiating assumption which 

restricts its universality or usefulness. In particular, this problem 

preoccupied Middleton repeatedly throughout his book on vision through 

the atmosphere. In his words (p. 108), "... no method has yet been found 

for the determination of the ["volume attenuation function"] for a layer 

of air very far off the ground without going up there with rather formi­

dable instrumentation ..." And again, (p. 227), "Up to now there is no 

satisfactory solution to the problem of measuring from the ground the 

T volume attenuation function~\ of layers at any height..." At present, 

seven years later, a general satisfactory solution has not been found. 

We hope to accomplish two things in this note. The first is to 

suggest a possible solution of the problem of the determination from the 

ground of the c< -values of the atmosphere aloft. The principal value 
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of the suggestion lies in the fact that it incorporates no restrictive 

assumptions about the structures of either the light field or of the 

inherent optical properties of the atmosphere. In this sense the method 

goes beyond certain previous attempts to determine <y by means of.search­

lights, fixed base lines on the ground, etc., (see e.g., chapter nine of 

reference 3). 

The second goal of this note is of a more general nature and is 

reached in the section on Fundamentals. In that section we briefly present 

the justification of the choice of the factors (l), (2), (3) above, and 

go on to inquire what further information can be derived from knowledge 

of (l) and (2). The answer to this inquiry uncovers the fundamental 

importance of the radiance distribution NJ in modem studies of image 

transmission phenomena: Not only does knowledge of KJ permit the exe­

cution of immediate visibility computations in the usual ways but it may 

be considered as the fundamental datum of all pertinent knowledge about 

the inherent and apparent optical properties of an optical medium: 

From knowledge of radiance distributions alone it is possible in principle 

to obtain complete solutions to image transmission problems. The actual 

experimental realization of this principle must await the development of 

novel measuring and recording techniques. This will not present insuper­

able difficulties. More importantly, it must await understanding by the 

experimenters themselves and their consequent willingness to utilize it. 
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THEORETICAL BASIS OF THE PROPOSED GROUND-BASED METHOD 

Volume Attenuation Function and Beam Transmittancc 

We begin with a review of the relation between the volume attenuation 

function oC and the beam transmittance function ~j~y. . 

If a path of sight of length ^ lies in a region X o f constant 

index of refraction and constant volume attenuation function, then the 

relation between oC and "T^ is: 

-*=• e 

If a path of sight of length f" lies in a region X o f constant 

index of refraction (an assumption which is, for all practical purposes, 

valid in any subregion of the atmosphere) but in which o*~ may possibly 

vary markedly from point to point along the path, then 

(2) 

where p can be measured from either of the endpoints of the path. 

To point up the fact that ~JZ in (2) generally depends on the 

location of the endpoints of the path, we write (2) as: 

h 

T>Cx>S)= e x p { - [ o < C : > c + h ' f ) o l H ' } 4 (3) 
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In Equation (3) the symbol ZX. denotes the location vector of the 

observation point (and is therefore an ordered triple of real numbers 

OC = C.Xi)
jcij^ci) ) , and J denotes the unit direction vector which deter­

mines the orientation of the path at X (Figure l). The length j~* is 

now measured along the path from DC . Thus the path in question is 

uniquely determined by the triple (X)J, ̂ ) • Suppose photons start out 

along (CX, SjH) at its far endpoint ,S=-x-+h5 , travel in the direction 

h « — J , and eventually end up at X . These incoming photons are 

usually detected by a radiance tube at OC with its axis directed along J 

The quantity Tyi*) !f) gives the fraction of the photons transmitted from 

11 to X along (pC, f} p) . 

A basic property of Tyi-XjS) » which follows immediately from (3) 

is its reciprocity property which states that: 

T T U i ? ) = T ( j » 7 ) ) 
(u) 

where 

u~x + tS j rj= - 5. (5) 

Thus the beam transmittance of the path [Xjfj P) through a region 

of constant index of refraction—but over which oC may be arbitrary— 

equals the beam transmittance of the path (ji,1!/ Hj , and the common value 

for each path depends jointly only on 3C and H (or equivalently, on 

either (^,fjK) or t'-\)t]) h') ). Hence the beam transmittance function 
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may be said to be symmetrical with respect to X and H , and may be 

written as "]"(jc;̂ ) = Ti^i*) to point up this fact. However, we will 

retain the customary notation defined in (3), since it is more natural for 

our present purposes. 

We now discuss a property of ]\. C^-j % ) which depends in an unsym-

metric way on the endpoints X and H , and which, in fact, holds the key 

to the present method of the determination of d. . Suppose the expression 

(3) is differentiated with respect to \" , holding the observation point 

X and direction vector J fixed. We then obtain the formula: 

drug's) -r (6) 

—J7- = -T>C*,S)Mf). 

Thus by letting (ar, fi p) grow in the direction J" , holding JQ 

fixed, formula (6) shows that the negative logarithmic derivative of Ti-

is precisely the value o((4) at the moving endpoint of the path: 

•jt Inf iUjS)- «(£). (7) 

Herein lies the heart of the proposed method: Suppose that, by some 

muans, J . ex., $) can be measured for a path (pc, f} p) whose observation 

point -X is fixed on the ground and whose length H changes in a known 

manner in the arbitrary but fixed direction JT . Then the rate of change 

of — mTi-^x;f) is precisely the desired value c^M) of oL at the 
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instantaneous location M = X + h 5" of the moving endpoint of the 

path (cc} S , P) . 

We now turn to a discussion of a possible means of determining 

Beam Transmittance arid Radiance Ratios 

Suppose there are two parallel paths C^jjS'. H > tx*-i 5", h) of 

common length h in X such as those depicted in Figure 2. Then the 

radiances at the endpoints of each path are generally representable as 

(see (Al) in the section on Fundamentals, below): 

N£»i,n= " "T^ j ) NftyJ) + N*c*.,JT) 9 (8) 

* 
N^i.S) = *M*«,*> W > , 5 ) * - / V ^ 5 ) , 

(9) 

where 

^;= *";-*-*- f , ^ ' ^ z . do) 

* From the definitions of ~"[^ and [N/,/" it is easy to show that in 

all real media with continuous <X. on (3C)§, p) * O ̂ r h < oo (a 

valid general assumption for the real atmosphere, for example) the functions 

TJ- ( * y % ) a*1"* N/y- £ * ; §" ) a r e continuous. Therefore, in any real medium 

it is possible to choose JTj and X-z sufficiently close together so that 

for a given common pair ( S") Hy the pairs of values ~T^(^t>S) . "~fi.(cct.l 5 ) 



SIO Ref: 59-19 - 9 -

and Ny. t-^t|Sl - NJj-C**; 5 ) are within any preassigned neighborhood, 

however small. Thus i t i s always possible to choose JC. and JCj_ 

suff ic ient ly close so tha t , as far as any instrumental accuracy i s con­

cerned, 

(a) Tf. CXi&^TyLxttS) = T-C*<l) where 3C = ( * i + * V ) / z . 

(b) Nf (JC05)~ ^ft^ZjS)- N * ^ S J where X = ( * , + ^ j / Z -

It then follows from (8) and (9) that, under conditions (a) and (b), 

AIM,. 6*, J) ~ TyCx,S)ANo(y,T)T ( 1 1 ) 

where 

AMh(x,5) = K / 6 * / , S ) - N ^ , * ) , (12) 

A/vfoCjjJ) s . N/C^ijf) - M(3*,5). (13) 

Therefore, we can use (ll) to estimate ~Jl (X) 5) if we know 

AWcC*, 5") and A ^ ^ , I ) : 

T, (*> S ) « 
(14) 

It is important to point out that while M * ( * j £ ) and "77 /. §") 

are necessarily continuous mathematical functions on Y , (so that con­

ditions (a) and (b) universally hold) we cannot assert the same about the 
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function M / • £) . However, it is this very fact—namely the possi­

bility of the discontinuity of fvj ( c f J ) —which allows relatively large 

differences A ^ h and A No to be obtained—and used to advantage 

in (14)—whenever ||JC(— -Xz H is made small. 

Volume Attenuation Function and Radiance Ratios 

Combining (7) and (14), we have, under the assumptions (a) and (b) 

above, 

- A 1 
- A N o ( b ) f ) . =* ^'V 

where 

M = X + h j 

(15) 

We now consider some ways in which (15) can be realized in actual 

experimental procedures. 
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EXPERIMENTAL PROCEDURES 

Two-Source Method 

For the f i r s t procedure to be considered, suppose \\J(^\ Jf ) and 

CS/ (.*i 2 , J J are independent of ^\, and f̂2 , and are of known and 

different magnitudes. In ac tual pract ice they may be obtained by using 

two bright steady l igh t sources of known spectral cha rac t e r i s t i c s , and 

which are attached to some moving probe in X > such as a rocket. They 

may be held apart at some small fixed distance \\y\- ^ z 8 •=a H ^i — Xi.\i 

on the body of the probe. Suppose that the probe moves along the path 

of variable length defined by (x}%) , ZL—^C^X^)JZ , and has a 

speed VGz) at time •£; . Hence at any time h. the fixed point DC 

and the probe define a path (^iS; !"-(£)) in )( , where 

h( t ) =• \ ir(-fc') dh . A radiance recorder at X. p lo ts at every ins t an t 
'o 

£ the determinable quantity A Li) ~ In [.A W>- (-X, f ) 1 • Then, in 

accordance with (15), we have 

(16) 

The left-hand side of (16) is the directly computable quantity 

associated with the directly observable radiances (v/(x(j|" \ and , • .* . 

NC*1-)^) and the known speed Iflh) . The result of the operation at 

time 4. yields ^(x-t-kt) J") •= csi(i) the value of °L at time t_ —or 

equivalently, the value of oi, at the instantaneous position of the probe, 

file:////y/
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Periodic-Source Method 

For the second procedure suppose there i s a single continually 

blinking source of radiant flux on the probe. More precise ly , l e t n 

source on the probe have a periodic radiance J \ | ( t ) for a l l " ( ; ? 0 

such that the fundamental cycle of period "J" i s defined by (\J ({•) ~ |\/ 

for O ^ - t ^ - t ) and bJCi)-N^. for -t i < i : ^ T , Then during any 

one cycle the range of inherent radiance values i s of magnitude 

AHo ~ \Nx~Ni\ , and the corresponding range of apparent radiances 

observed at DC i s of magnitude ANy 

We now assume that the period of the radiance cycle i s suff ic ient ly 

small so that over any period (i:, i "•*!") we have essen t ia l ly V(.-t ) 

for the speed of the probe, and that the der ivat ive of Alii may be 

approximated by a f i n i t e incremental quotient : 

-1 
Tit) T" 

(17) 

If the fundamental cycle takes place over a sufficiently small 

period | then it might be more convenient to evaluate ©^(X-H Kfc)$"} 

by means of quantities /\(tJ which do not belong to adjacent cycles, 

but rather which are n cycles apart: 

I M + r\T)~ Ad) ^ / ^ N 
M) 

n 

(18) 



SIO Ref: 59-19 - 13 -

Discussion of the Preceding Methods 

The arguments for and against the above procedures take extremely 

simple forms and are mutually independent. The argument for them observes 

that they are based on exact theore t ica l r e su l t s and thereby have the 

highest degree of po ten t ia l accuracy; no v i t i a t i n g assumptions are made 

about the nature of the ex is t ing l ight f ie ld in X • ®n the other hand, 

the methods wi l l require a high degree of instrumental accuracy and 

dependability, much higher than present-day instrumental procedures. 

Whether the procedures wi l l ac tual ly be real ized depends in the l a s t 

analysis on possibly unforseen and urgent needs for c>̂  -determinations 

by ground-based methods. An accurate and theore t i ca l ly sound method 

then stands ready for such contingencies. 

S t i l l Further Methods 

Suppose that the probe can carry a radiance tube and also some t e l e ­

metering equipment for sending the radiance d i s t r ibu t ion data to the ground 

where i t i s recorded and tabulated. Suppose further tha t the probe contains 

a source of known inherent radiance , |\/fe . (If the probe were a rocket 

t h i s source could possibly be provided by the exhaust flame of the rocket 

i t s e l f . ) 

Now returning to Equation (15) we in te rp re t Alvj. and ^JvJo 

as follows. F i r s t 

ANw - , ^ - ^ f , 
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i s , as before, measurable d i rec t ly from the ground, but now ( | \ / j . 

i s the apparent radiance of the known source on the probe, and x fs/^ 

i s the apparent radiance of the immediate background of the probe. Second,' 

where ih/o i s the radiance of the background of the probe as seen from 

the probe. This information i s contained in the telemetered radiance 

d i s t r ibu t ion data. Combining these differences according to (15), we can 

estimate oL once again at the variable point CZTf-hiT . Therefore, 

radiance d i s t r ibu t ion data can be continuously collected by such a probe 

and be sent back to the recording equipment, while simultaneous observations 

of the probe from the ground wi l l yield values of oC 

Active and Passive Probes 

The two-source and periodic-source methods above are examples of the 

use of passive probes. These, by def in i t ion , simply move through X an<^ 

act as radiance markers whose apparent radiances are observed from the 

ground and are there recorded and used in running calculat ions such as 

those summarized by Equations (16) - (18) . The probe discussed in the 

paragraph above i s an example of an active probe: i t ca r r ies with i t 

equipment to 3ense and telemeter radiance d i s t r ibu t ion data in i t s immediate 

environment. I t need not carry recording and tabulat ing equipment. One 

of the main r e su l t s in the next section shows' that a single active probe 

of the | s / -d is t r ibut ion type can, in p r inc ip le , supply a l l data necessary 
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for the complete determination of the inherent and apparent optical 

properties of the region X which i t probes. 

FUNDAMENTALS 

Why NJ , c < and N/ 0 are Sufficient for Practical Visibility Calculations 

We will show that knowledge of /\/ , oc and fc/0 as defined in 

factors (1), (2) and (3) of the Introduction is sufficient to solve, in 

principle, all practical problems requiring the apparent radiance and 

apparent contrast of an object in )^ . 

In Figure 1, as before, let X be an observation point and J" the 

direction of observation at X , and l i t (JC^T) PJ denote the path, 

determined by X and J o f length p (measured from -X" ) . If 

N(3jS ) i s the field radiance at H in the direction J , then the 

general solution of the integrodifferential equation for 1̂  along 

(jCj S"j h) states that 

N(x>S) = 17u>nN(«j>J) •+- N?(x,f) ; (A1) 

where 
r 

(-2) 

and where 

N^C^'S) « fc rca r ' j f : / ' ) N/far/F'j d£L(S') } 
0.3) 
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and, f i n a l l y , where 

3c'=. DZ+ t'S , O ^ p'=£ P . 

In o t h e r words, (Al) s t a t e s t h a t t he observed rad iance HC*t 5 ) 

may be w r i t t e n q u i t e g e n e r a l l y as the sum of t h e t r a n s m i t t e d radiance 

~Ty (.-*,£) N t ' j . f J and the path radiance N/ Y (*, ? ) ( t h e space l i g h t ) 

a s s o c i a t e d wi th (X, f, P) . Equation (Al) ho lds r e g a r d l e s s of t h e 

s t r u c t u r e s of oi , (T , and |\/ along £ * , 5"J P ) • 

I t fo l lows from (Al) t h a t i f NCxj • ) i s known a t a l l p o i n t s oc 

of X along wi th £/> (and t h e r e f o r e ~J~, i s known by means of Equation 

( 3 ) ) we can f ind the path radiance f\j* CX, f ) fo r any pa th C^J f} h ) 

in X : 

N ? C * , * ) = NC*,* ) - T f rx j5) Nlj,!) . (A2) 

Now suppose t h e r e i s an ob jec t a t <4. which has an i n h e r e n t rad iance 

N O ^ J J ) in t h e d i r e c t i o n J , and suppose t h a t i t does not app rec i ab ly 

p e r t u r b the n a t u r a l rad iance d i s t r i b u t i o n s along (_X, S", p ) '. Then from 

(Al) wi th t h e genera l va lue NCi)5\ replaced by NJoCj^f) , we have, 

by means of (A2): 

N/htM) ~ [ N o t y f ) - N(i,S)]lt.(x.f) + N(*,T) ; (A3) 

where f\]^ (Xj S ) is the apparent radiance of the object as seen from oc 

in the direction J . In this way (V^.(.*JO is completely determined 
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knowing fac tors ( l ) , (2) and (3) of the Introduction. 

The associated apparent contrast i s , of course, 

t a i L - w l T t ( M ) , <*> 

or 

(A5) 

in its usual general form. 

How N and c>i Can Help Determine Other Inherent Optical Properties 

Besides being of use in obtaining estimates of the apparent radiance 

of distant objects, the radiance distributions /S/ (X ) - ) and c< can 

be used to find the values of the volume absorption function CL and the 

values of the volume scattering function 0~" at each point of X » 

Specifically, we can, in principle, determine the value O(_3t:) 

from knowledge of t\l(X) * ) alone using the divergence method.^ For, by 

examining the following divergence relation for radiant flux in a scattering-

absorbing medium: 

V- Hex) = -acx) h(x) 
VU--

and recalling that 
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and that 

|nc*) = f U(*>S)dSL.Cf) 

are d i r ec t ly obtainable from N(-*j» J } w e m e r e i y perform the following 

operation: 

ac*) ^'H ( J° (A6) 

hex) 
to obtain QCJC) 

To find the volume scattering function value (T"(Xj f: J'J at JX 

for the two directions J" and J , we observe first that from (A2) we 

may operationally define H ^ (0£, J ) as the following limit of ob­

servable quantities: 

M , c ^ ) = W Nfcx'"] 

which, in view of (A2), may be written: 

V <-^-, S / (A?) 
r->° ~ 

r 

Usually, there is a length K> ~> ° with the property that, for 

all h-^- Ho the quotient in (A8) is essentially constant and equal to 

the limiting value on the left of (A8): 

Nfta.n -Tt0L*>s) NC2>r) (A9) 
hJt(*,S)~ • 
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Therefore, with the aid of (A3), CT" may be defined as the solution 

of the integral equation: 

[w(a,D-Tl.0U1f)M(3,f)]-
 h° ^trcxiftS^hlCx.S'ldA'j (AIO) 

which depends explicitly only on the known radiance distributions 

|\| (.•*>" ) and C*- . Practical solution procedures for (AIO) have been 

considered in detail. 

Why hJCXf ') Can be the Fundamental Datum 

By reviewing all that has been said so far, we arrive at a most 

interesting conclusion, which perhaps has more philosophical than practical 

utility: By a complete and accurate determination of only NCX, *) jn 

A it is possible, in principle, to determine all currently known inherent 

optical properties of X (e.g.. QA.ia.JQ~' ) and to solve all the im­

portant current image transmission problems ( N̂ h > C ^ ) in A . Thus, 

from the present point of view of image transmission phenomena, the perti­

nent visibility computations for object V in an optical medium A are 

determinate once we know: 

(I) N 6 * J " ) at each X of X . 

(II) NoLji') at each H of Y . 

The conditions (I) and (II) can of course be generalized to the 

polarized case. 
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The proof of this principle is obtained by accumulating the 

appropriate statements of the present paper, namely the general in­

terpretation of (15), along with (A3), (A!*), (A6) and (A10). 

How a Fundamental Empirical Methodology can be Eventually Attained 

From what has been developed above, we .iiay conclude that—in the 

final analysis—the most fundamental empirical operation that can be 

performed in an optical medium X is the empirical determination of 

the radiance distribution N/(*,-) at each point X of X • ^ e 

correspondingly fundamental mode of solution of image transmission 

problems in real optical media then devolves on a methodology which 

embodies the following ordered sequence of procedures: 

(A) Methodical and continual measurement, recording and 

tabulation of NC-Xj •) by means of telemetering 

probes or mobile laboratories in X • 

(B) Determination and tabulation of all inherant and 

apparent optical properties of X from the (\l(0Cj-) 

data by means of ground-based specially programmed 

automatic computors. 

(C) Computation and tabulation of apparent radiances t\J ,-

and apparent contrasts Cf of given objects in 

by means of the specially programmed automatic com­

putors, using the stored tabulations of step (B). 
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