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INTRODUCTION

) The visibility through the atmosphere is an important con-
4 sideration in the landing and take-off of airxcraft. Foul weather,

el
e b e LA b IR a0 20k Bt e W b e i,

! primarily fog and haze often cause the visibility to deteriorate
so that safe landings and take-offs are not feasible. To clocse
a major airport and divert incoming planes is a costly operation
3 and an inconvenience to the passengers. Furthermore, under

O TR TR Y SUS T R WP

marginal visibility conditions, the airport may not be closed,
but the safety of the whole operation is diminished. One way :
to overcome these difficulties is to employ Instrument Landing é
Systems (ILS) which will ultimately have the capability for :
fully automatic landings in zero visibility. However, such

systems are not yet operational, and for the time being semi-

: avtomatic ILS landings will have to be performed. Under such
conditions, the plane is brought down to 100 or 200 ft via in-
struments, and then under manual control to touchdown. The
visibility now plays an important role both in deciding whether
a landing is permitted and in preparing the pilot as to what to
expect. With this in mind, it is important to have reliable and
accurate visibility infosmation for safe and economic airport
operation.

The present visibility measuring system, the Runway Visual
Range, or RVR system is about 20 years old. It certainly is
safe and reliable within the scope for which it was intended.
As its name implies, it measures the visibility along a runway.
Unfortunately, this RVR is not always representative of the
visibility along the glide path of an approaching aircraft, and
it is this Slant Visibility which is required for successful
landings. The RVR visibility is of course important once the
aircraft is on the runway.
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The purpose of this report is to study the feasibility of
techniques which will be able to measure and monitor the slant

: visibility. The implementation of such techniques might lead to
) a system which would accurately report realistic visibility con- \
3 ditions on which more accurate landing decisions can be based.

In the next section of this report, we review the concepts
on which the present RVR system is based. In the third section

we discuss some of the possible definitions and concepts in-

é volved for Slant Visibility. 1In the fourth section, we discuss

what we consider to be the more fruitful approaches for measur-
ing Slant Visibility.

(radd

This is followed by a conclusion. Several
more detailed discussions relevant to topics in this report are
relegated to the appendix.
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REVIEW .

Almost everyone has experienced the reduction of visibilityx
in a dense fog, smog, or haze. This is caused by the scattering
of light by the small particles which constitute the fqg, smog
or haze. The information signal related to "seeing" may be
either the absense or presence of a light smgnal in a background. r
For an artificial light source, or an 1llum1nated object brighter
than its background, the light emitted or reflected gets' scat-
tered and less of it reaches the observer's 'eye. For very stropé,
scattering (dense fog) so much of the emitted.or‘ref;ected light
is lost that it is no longer possible to @istinguish a signaﬁ
above the background and the light source or ‘object is no longer
visible. For a dark object seen against a brighter_background,
the light scattered into the direction of the observer may' be
sufficiently intense to blend in with the light backgréund,
making it impossible to distinguish the dark object, which is
characterized by emitting less or no light compared to the back-
ground.

Visibility

One generally considers two different criteria in défining
visibility.

1. The first criterion is the threshold of brightness
contrast. An object is seen and recognized because it has a
different brightness or color from its surroundings. In 1924,
Koschmieder developed a theory which describes the contrast
reduction due to the atmosphere. Consider an object with in- ‘
 herent contrast C with respect to the sky behind it. 'If such |
an object is v1ewed from a distance R, Koschmleder's theory !
predicts an apparent contrast CQ at the dlstance R

= ~YR ' (1)
CR = Co e . ‘
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where vy is the atmospheric extinction coefficient. To go from
1
the contrast reduction-to a visibility concept requires. some

assumption about the human visual system.

Such matters will be
dis..

.sed in more detail in another section and an aprendix.
For the present purpose all we need to know is that the limiting

value of contrast e, for the'eye to be able to.distinguish an

object is usually taken to be e, = .05. Ifgwé consioer a black

object against the horizon sky, the intrinsic contrast Cd = -1,
Then,.if we take the distance in Equation 1 to be so large that
CR equals the limiting contrast threshald e, we have the

definition of the Meteorological Optical Range V

V= (1/y)1ln l/eo = 2.995/¥y

]

. (2)

The older definitions of meteorological range uses e, = .02, a

value which is not ir agreement with experiments.

If the "visibility" V is in miles, the extinction coeffi-
cient becomes (miles) ~. The contrast‘criperion'for visibility
is 'usually applicable during bright days. The value of e,
varies somewhat from observer to observer, and as we shall see

later, for av1at10n purposes the slightly more conszarvative

value of e, = .055 is used. This results in V = 2.900/y.
2. '

For some applications,’ the question is often at what
I

range can one see a light source, say at night, or in a heavy
fog. The limit of perception is determined by the illuminance

threshold of the eye, that 'is, if the illuminance at the eye
exceeds the threshold, the source is visible.

Accorxding to
Allard's law one finds

_ 1
Er = =5

T
1

e YR . (3)

where Eqp is the illuminance threshold and I the intensity of

the light. Again the exponential extinction enters, together

with the I/R2 effect of a point source. The threshold illu-

minance E , & property of the eye and background lighting con-
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ditions will be discussed later on. For general discussions,

the visibility or meteorological range from Koschmieder's theory,
Equation 2 is usually used. The definition shows the inverse
relationship between the visibility V and the extinction co-
efficient y, and for many purposes, this relationship is used,
even though the contrast criterion may not be applicable.

The discussion so far has lumped the various physical pro-
cesses which cause the extinction of light into one parameter,
the extinction coefficient y. In the visible part of the
electromagnetic spectrum, scattering is usually the dominant
mechanism which is responsible for the extinction coefficient,
absorption may be neglected. We must now discuss the signifi-
cance of this coefficient. Consider a single scattering center,
for example, a gas molecule, aerosol particle or water droplet.
Let us characterize the type and properties of the scatterer by
a set of parameters n. These parameters can be discrete and
continuous, to specify for example, a spherical water droplet
of a given radius. When light of wavelength A scatters from such
a center, the process is described by a differential scattering
cross-section %% (A,n,8,¢). This is the effective area pre-
sented by the scatterer for light which is scattered into a
solid angle element dQ, centered in the direction 6, and ¢ with
respect to a reference system determined by the incident light
beam and the geometrxry of the scatterer. For complicated
scatterers, there may be other angular dependences in g%-which
describe the orientation of the scatterer with respect to the
incident beam parameters. Since such effects are averaged out
if we consider random orientations of particles, we need not
consider them at this level of the discussion. Figure 1 shows
a typical geometry of a scattering act. The incident light,
linearly polarized as shown is scattered into direction 6,4¢.
The polarization of the scattered light depends upon the
scattering direction 6 and #.
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The actual scattering cross-section o(A,n) is the integral
over all solid angles of the differential scattering cross-
section. If there are N(n) randomly distributed scatterers of
type n per unit volume, they contribute N(n)o(XA,n) per unit

length to the attenuation of the light beam. The total extinc-

tion y(1A) is then obtained by summing over all scatterers

Yy(A) =X N(M)a(r,n) . (4)
n

The above summation is in general a sum over types of scatterers,

and an integral over their size distribution. In practice, it

is difficult to calculate or measure the density distribution

N(n) and cross-section o(A,n) separately. The total extinction

Y(A) is of course easily measured. To get some feeling for the
scattering mechanism and the magnitudes involved we present some
qualitative arguments. In an atmosphere consisting only of
atomic or molecular gases, the scattering mechanism involved is
Rayleigh scattering (A is much larger than the size of the
particles.) The cross-section is easily calculated. It has the
familiar A’4 dependence which is partially responsible for the
blueness of the sky. For a pure, dry atmosphere, one finds1
y(.5u) = 1.7 107> (meters) !, which according to Equation 2
results in a visibility of about 176 Km.

At the other extreme, we might consider the extinction in

a dense fog. The cross-section for scattering off a water drop-

let may be calculated from the Mie theory.2 Such calculations
are in general very difficult. However, if the particles are
large compared to the wavelength of the light scattered, the

vross-section is twice the geometric cross-sectional area. This

faccor of two, sometimes referred to as the "extinction paradox™

is due to diffraction effects. Hence, in a fog with a mean

droplet diameter of 8p and 100 particles per cubic cm.
y = 4 1072 cm‘l,giving a visibility of about 100 meters. The
two qualitative estimates above serve to demonstrate the orders

of magnitudes involved. Clearly, the atomic or molecular con-
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tributions to the extiuction coefficient are negligible under
ordinary circumstances.

As we have seen, all the complicated atmospheric scattering
processes and particle distributions are hidden in the one para-
meter y(A). For non monochrcmatic light, each wavelength has
a different extinction coefficient, and the net extinction re-
quires an integration over the spectral characteristic of the
source. We will return to some of the details behind the ex-
tinction coefficient in a later chapter, but for the moment, we
continue our review by considering the vasibility as presently
used and measured for aviation purposes.

Present RVR Systems

The present Runway Visual Range System was established at
Newark Airport, N.J., as an ESSA - Weather Bureau program in
1956. Runway Visual Range (RVR) is defined as follows: 374

In the United States, runway visual range is
an instrumentally derived value, based on
standard calibrations, that represents the
horizontal distance a pilot will see down the
rurnway from the approach end; it is based on
the sighting of either high intensity runway

lights or on the visual contrast of other tar-
gets, whichever yields greater visual range.

This definition, as any definition of visibility, contains three
essential elements:

1. The human eye which does the "seeing"

2. The target which is to be seen

3. The medium between the eye and the target.
At night, and under certain daytime corditions, the iiigh in-
tensity runway edge lights are the most dominant target. Under
these conditions, the question is simply how far away can one
of these l.ghts be seen. From Allard's law, the illuminance E

Bt athe ol L Fr b #¥ e (e dar et UL

y N
s e A cint S NGRS Srh e un ot

PRETIN

et

PRI FETET RV ANV RTINS




N

i Ao b U

(lumen/meter ) from a llght source of 1ntensmty I (candelas) at
distance R (meters), in a medium with extlnct;on coeff1C1ent
Y (meter) -1 is

e VR . :
E=1I _1;2_. . ‘ (5)

i \
If the value of E equals or exceeds thé illuminance threshold

E, of the eye, the light source is visible.’ ‘

T i N
To conform with the customary U.S.A. usage in the RVR sys-

tem, this basic criterion for visibility is rewritten in the
form !

(*5280)2

where v is the visual range (RVR) in ft, tb is the Etmospheric

transmission over a baseline of b ft, and ET 1s now in mile-

candles. The relationship between the egtinction coefficient Y
and the transmittance ty is simply '

X NG
where y is in (ft)-.l if b is in ft.

Under certain daytime conditions, the visibility of dark
objects contrasted against the sky yields a gr2ater visual range

than lights. RVR is now derived frow the'koschmleder theory, in

which cave Equation 6 is reolaced by
H i

e=()v/b o | (@
o tb : .

where e, is the eye's contrast threshold, all othex quentities
have the same meaning. '

1(6) |
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We will discuss some of the properties of the human visual
"dystem in connectlon w1th the threshold lllumlnance ET and con-

trast threshold e, in a later section. For the present purpose, '

+ it is sufficient to knowgthat Enq is a function of the background c
brightness against which the lights are seen, and that it can i i
vary over 6 orders of magnltude. The present RVR system singles
'out only two typical values: . ' '

AL Lo AL SARLAAY)

1000 mile-candles

Day Ej = e :
s Night Ep = 2 mile-candles , ‘ Lo 5

and takes the contrast threshold e, = .055, Similarly, we will ' :
i

return to a discussion of the llght sources and their intensity

I, but for the moment it suffices to know thet three intensity
steps are used in the computation:

]

‘
[

‘

High Intensity Runway Light Settings

i H . ) i

\ Step 5 I = 10,000 candelas : :

1 : ’ E
'Step 4 I = 2,000 candelas ' . E

. o Step 3 I = 400 candelas ;

A graph of the RVR ‘as a function of the atmespheric trans-~
' mittance tB is shown in Figure 2. The day and night curves,

from Allard's Law each for three l.ght settings, are indicated.
The dotted curve, marked "contrast!
theory.

. is based on the Koschmieder

We note that for the day curves,,the Koschmiéder con-

trast curve integsects‘the Xllard's ﬂaw curves, so that in each
case the RVR value above the intersection: is to be taken from

] the contrast curve, giving thé.higper value.’

it L L £ duAnlit o Loz Ui

LUE 0 Castiut il

Another visibility definition closely related to RVR is

Runway- Visibility Value, RVV. This quantity is also based on

‘Allard’s and Koschmieder's Law, but the computation is based on
sighting a:dark object hdgainst the horizon' sky durlng daylight,

and a ‘light of intensity 25 candelas at night.> The actual . '

RVR instrumentation consists of a transmissometer to measure the

i
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atmospheric transmission, an indicator-recorder which indicates
and records the transmittance, and a signal-data converter to
compute the RVR value from the three inputs: the transmittance
tb' the light intensity setting, and the day or night ET value.
: The transmissometer is a dual ended device, consisting of a

3 light source projector which is directed to a photoelectric
detector separated from the projector by a baseline of 250 or
500 ft. The light intensity is attenuated passing through the
2 sampling path, and the light energy reaching the detector is

i converted into an electrical pulse train. The transmittance is
then linearly related to the pulse rate, 0-4000 pulses per
minute covering the transmittance from 0 - 100%.

ST TR T S Fe e

The recorder-
indicator converts the pulse rate irto analog voltage and values

are displayed in RVV (miles and fractions to about 10 miles) and
percentage transmitted. The signal data-converter, not always

part of the system, computcs RVR values which are displayed in
hundreds feet from 0 - 6000.

TOrTY ST ATt S P

The system uses a sampling peviod from 45 - 55 seconds, and
a few seconds for computation. Hence, the RVR value is roughly
a one minute avarage of the visibility along the baseline of the
transmissometer. The present RVR system has several limitations
which prevent it from giving a complete visibility picture.

3 First, it is constrained to measure the local visibility average

along its baseline. This does not give any indications of spa-

tial inhomogeneities in the visibility, unless of ccurse the

readings from several distributed transmissometers are correlated.

é Second, because of the approximately one minute required for a

reading, the system does not follow temporal changes in visibility

shorter than one minute averages. Finally, in computing the RVR

% values from Allard's Law, only two tireshold values for Ep as a
F used. Considering the 6 orders of magnitude spread of ET as a
¥,

function of the background brightness, it would seem reasonable
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that the question of more steps in ET' or possibly a continuous

scale be reexamined. We will discuss this point in the next
section.

Human Elements

The most difficult element to assess in the RVR system is
the human visual system. Its properties enter into visibility
considerations only through the two constants ET and e_, the
illuminance threshold and brightness-contrast respectively. This
appears deceptively simple. In reality, Eq and e, depend on

several factors, some of which are not readily assessed.

To begin with, ET and e, are related. As shown in
Middleton's Vision through the Atmosphere, onc can compute the
point source threshold illuminance Eq from the contract thres-
hold e. Because of this and the fact that poor visibility

RVR values are more likely to be derived from Allard's Law, we

will restrict ourselves to a discussion of the threshold illum-
inance ET‘

Appendix I is a summary of the relevant properties of the
human visual system necessary for the detection of point sources
from aircraft. Perhaps the most important factor is the de-
pendence of the illuminance threshold on the background luminance.

Figure 1 in Appendix I shows the variation of E, with the back-

T
ground luminance B. The spread in ET is about 6 orders of magni-

tude from the lowest night background to that of a bright day.
In view of this, it is surprising that only a typical day value

of 1000 mile candles and a night value of 2 mile candles are
considered sufficient.

To assess the effect of variation in ET on the reported RVR
values, we have plotted on Figure 3 RVR as a function of log ET
for transmittance ty from .1 to .9. The present day and nignt
En values are indicated. The calculation used Allard's Law for

a runway light setting LS-5 of 10,000 candelas. A 250 ft base-
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line is assumed for tye The transition from Allard's Law to
Koschmieder's Law is not shown on this plot, since it itself
would depend on Eq- Furthermore, since the variation of ET is
entirely due to the variation of the background luminance, the
contrast threshold in Koschmieder's Law would also vary with

background, although not much during daylight. The complete

TR F

AL

RVR vs background effect involves the empirical En and e vs
background luminance relation. We will investigate this problem
in a later report. Clearly, for tb values below .8, L&-5, and
the ET = 1000 mile candle value (Figure 2), we are in the

: Allard's Law regime. Figure 3 then shows that the RVR value for
tb = ,5 increases by about a factor of 2 (1675 ft to 3350 ft)
between the day and night ET value. This indicates that a
greater variety, or continuous monitoring of the background
luminance should be incorporated into the system. This also

seems to be the position of the International Civil Aviation
Organization.
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Since the threshold illuminance Eq (or e¢) is the only
characterization of the human factors element which enters the
visibility problem, it is important to realize that this one
number must include all characteristics of the observer re-
lated to the task of detecting a light source. The classic
g studies on Eq vs. B by H% R. Blackwell6 or H. A. Knoll, R.

3 Tousey and E. O. Hulburt' were performed under ideal laboratory
E conditions. The test subjects were expected to perform one
: task; to detect one light source utnder a controlled luminance

background. The resulting empirical velaztionship was well de-

fined, for a given background the statistical spread in E
only about + 1 dB.

was
T

Tor a pilot or co-pilot, during a landing, the situation °s

quite different. First of all, he is involved in other tasks

besides concentrating on detecting a runway or approach 1light,

15
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he is probably not as relaxed as a laboratory subject, and his
target is a pattern of lights. To assess these strictly human
factors is a difficult task. In a report An Analysis of Runway

Visual Rangea, 1966, an attempt to measure ET values under more ' ?
; realistic conditions was made. Observers on the back of a truck :
h on a runway were asked to count how many runway lights they Q
could detect. From Allard's Law, light settings and trans- %

missometer readings, one can then calculate *he ET values. From

; background luminance measurements one can cnen compare this 3
. . 3
study to the above mentioned laboratory studies. 3

The runway tests resulted in ET values with a spread of
about six orcders of magnitude, and surprisingly, a dependence on
the runway light setting. (Figure 2, Appendix I.) If the back-
ground luminance was not preperly included in reducing the data,
3 the six order of magnitude spread in ET may simply reflect the

R

DAL O et B

dependence of ET on the background luminance. On the other é
hand, if the atmospheric transmission tb was not precisely ) :
known during the moment when the observation was made, it too
A could lead to a large error “n ET'

A more realistic experiment on the threshold illuminance
] ET vs background luminance B was performed by the Blind Landing
{ Experimental Unit (BLEU), a part of the Royal Aircraft Establish-
ment. The experiment consisted of actual flights and iandings
in fog. The results did not agree with Blackwell's ET vs B
relationship (after adjustment for increased probability of
detection). The difference is less than an order of magnitude,
and may be explained by noting that a pilot's threshold is
probably somewhat higher than that of a laboratory subject be-
cause he has a shorter decision time available.9
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The effects of search time on the visibility from aircraft
has recently been reported by C. A. Douglas.lo
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From Figure 3 we see that for example a half brdgr pf'

. magnitude difference i.n E_, can result in a 500 ft difference in
RVR for t, = .7. This is out of a day value of 2700 ft or a |
night value of 5700 ft, and is significant if the desired re-
porting increment in these ranges is to be 500 ft. A distinc-
tion between the BLEU ard Blackwell data in the present RVR
system would be superflu.us since the variéble'background has a’
much larger effect. However, in a future system, where the back-
ground is properly included, the relevance of tﬁe BLEU or
Blackwell ET vs. B relationship should be considered.

PR TR T T O YT Y

Lighting Systems

The last element of the RVR system we wish to consider is
the light source which serves as the target in' the visibility

ERTTINTTTIT FOTTTy

calculations. The only characteristic of these lights which,
enters the calculation in Allard's Law is their luminous in-
tensity (candle power) in candelas. For RVR calculations the
high intensity runway lights (HIRL) are used, which may be
operated at ratings of 10,000, 2,000, and 400 candelas, cor-
] responding to HIRL Steps 5, 4, and 3 respectively.

Dy L YR AR

TITEFTTY

Since the candlepower is the only characti:ristic of thesé
- i
lights which enters into the RVR system, we briefly menticn what
factors might influence this quantity, and hence thé RVR. To

FRTOTELTE

o A A

begin with, even new lamps have a statistical spread in their
rated candlepower.

e Gl

3 When the lamps are installed, slight missalignment can '

cause a less effective candlepower ratinuy because the beam is
not nointed in the right direction and one is off to the side of

the beam profile. Dirt splashed on the lamps and deterioration
with age are further factors which reduce the intensity.

Since the present RVR system does not monitor the LIRL
lamps, the computation of RVR from Allard's Law is based on one
of these :tandard intensities. The correct RVR:value should of

H ‘ : 1
17
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course be based on the actual lamp ihten§ity. How much of an

effect & variation in the light intensity has on the RVR value .
is shown in'Figufe 4) Here we have plotted the runway visual

range in ft as’a function of the light intensity in candelas

: for typical atmospheric transmittances ty for day (dashed lines)

S' . and nlght (solid 11nes) thresholds. The calculation is based on

% : ' Allard's Law, the transmlssometer base for tb is taken as 250 ft

and the standard day and night E. threshold is used. The

circled numberg indicate the intensity (éandlepower) of the

RO TR TA T AR A Y

TR I

+three standard light settingsl We note in passing. that since
Allard's Law involves enly the ratio ET/&: where E; is the
,illuminance threshold and I the lamp intensity, effects due to
changes or errors in ET and I are simply related. We have.
treated them separately, and have plotted separate curves show-

= ., ing'the éffects on RVR because the ranges of the E, and I varia-

N TTRTTF vV

e By il L g

tions differ by several orders -of magnitude.

% : Two. of the'day curves, .t, = .Z and .5 end abruptly at low

1 : light intensities. This is because Allard'‘'s Law would not apply.
Further, we have not plotted a tb .9 day curve, again, we
would be in the Koschmieder ragime.

: !

'Figure 4 demonstrates the significant fact that RVR is not
a very sensitive function.of the light intensity. The same
f, conclusion can be obtained from differentiating Allard's Law,

i ¥ i S it b H il g o

Equation '(1), and expressing the derivative in the form

dI _ av 1/, \, .
£=F (z+b 1n tb) (9)

The expression in parenthesis ‘is always greater than 2, so that
the percentage error in RVR is at most one half the percentage
‘error in the llght 1nten51ty. Assuming, that the HIRL lamps are
kept clean, aligned, and not detériorated much below about '
80-90% of their rated output, they should not distort RVR values
RY more than a few percent. '
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The differential formulation in Equation (9) is of course
only valid for small dI/I' If large deviations in the lamp in-

tensity occur, the effect on the RVR values is easily read from
Figure 4.
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NEW CONCEPTS AND SYSTEMS

Concepts

The problem with the Runway Visual Range system described
in the previous chapter is that it is applicable only to visi-
bility along the runway. During uniform homogeneous visibility
conditions, one measurement would suffice to describe the whole
visibility picture. However, during inhomogeneous or rapidly
varying visibility conditions, the RVR along the runway may be
quite different from visibility conditions encountered by the
pilot during the final approach.

Since the decision to continue a landing requires visual
cues at some decision height, a measure of the visibility along
the glide path of the aircraft would be advantageous. The
measured visibility along a slant path would be an important
input in exercising strict ground control, the so-called
"tactical approach", or be useful advisory information to the
pilot, the "strategic" approach.

So rar, no equipment to measure the visibility along the
slant path is operational. There are at least three concepts
which apply to visibility along a slant path. The first defini-
tion is a natural extension of the RVR definition, that is the
atmospheric path sampled is to be along the slant glide path,
and the target lights are the approach lights. %The calculated
visibility is referred to as the slant visual range (SVR), and
it is the preferred Internation Civil Aviatioa Organization
(ICAO) definition. One difficulty with this definition is that
there is no unigue slant path to which it applies. The 3°
glide path is not the direction in which the pilot would look
for approach lignts, since the glide path intersects the runway
10C0 ft down from threshold. For our purposes, we interpret
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SVR in the broader sense, that is, the visibility along any
slant path.

To avoid this ambiguity, two other concepts relating to
slant visibility have been considered by the U.S. Department of
Transportaticn, Federal Aviation Administration.ll

1. Visual Guidance Segment (VGS) from 100 ft.

The length of a segment of approach lights
(expressed as a distance in hundreds of feet)
which a pilot will see at an altitude of 100
feet on the approach path without regard to

cockpit cutoff angle.
This definition is referred to as SVR in 11. To avoid con-
fusion with the ICAO meaning, or the broader concept of slant

visual range, the more descriptive title of VGS has been
recommended.

2. Approach Light Contact Height (2LCH)

The height at which a pilot will see and should
continue to see a minimum of five light bars of
approach lights at 100-foot spacings, if extended
to touchdown. (This assumes the approach lights
are extended indefinitely at the same spacing and
intensity.) A standard cockpit cutoff angle of

15 degrees shall apply.
Both of the above definitions zre simply a variation of a

general SVR, that is, different aspects of the geometry in-
volved are emphasized.

To perform the calculations necessary to relate the defini-
tions of VGS and ALCH to atmospheric visibility conditions, we
need some characteristics of the approach lights which serve as
the point source targets. The FAA specificatic-nsll define the
Approach Light System (ALS) as follows:

ALS lamps - The system is to be designed with the
Q20/PAR 56 approach light system (ALS) lamps which are
rated at 300 watts and have the following beam dimen-
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sions. The hofizoqtal spread angle of 30 degrees is
15 degrees from either side of the vertical plane
containing the beam axis. '

The vertical spread'angie of 11 aegiees is
5-1/2 degrees above and below the ho:iiontal'plane
containing the beam axis. The average igteQSity=with—l,
in the beam region as described above fcor the highest

three light setting steps, is as follows:

Light setting 5 18,000 candelas

Light setting 4 ' 3,600 candelas
Light setting 3 _ 720 canhelaq

We can now relate VG5 and, ALCH definitions éq the appropriate
slant visibility. Figure 5 shown the deometry involved: to
calculate VGS. The distance SVR is the visibility along the
slant path, equal to the most distant approach: light visible:
according tc Allard's: Law. The closest light visible differs
for the two definitions. 1In VGS no regard is given to cockpit
cutoff angle, so the closest visible light is considered to be
vertically below the plane. At 100 ft altitude on a 3° élidé
slope, the aircraft is just aboutldireétly above the beginning
of the approach light system, which extends 1,000 ft away %rom
the runway threshold. For ALCH, the closestzlight visible is
where the 15° cockpit cutdoff line, of sight Vo intersects the '’

light pattern as shown on Figure 5.

The distance SVR is determined from Allard's Law in:the
same way as for RVR, However, the lamp intensities I are '
different, and the atmospheric'transmittance ty is to be
measured along the slant path, with L as the reference distance.
Unless we have perfectly homogeneous bcnditigns, the tb values
cannot be taken from a dual ended ground based transmissometer,
but a separate device must actually'bdmple the visibility along
a slant path. How this may be accomplished will be discussed
in the next sections. :
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From Figure 5 one easily derives the\relationéhip

- (SVR)? = (vGs)2 + (100)2 ‘ (20)

- . : 1 ' .
= . which together with Allard's Law for the visibility SVR deter-
mines VGS. The results of this calculaticn for the threée ALS

E 11ght intensities and the typical day and nlght illuminance

: threshold of 1,000 ‘and 2 mile ‘candles respectively are plotted
on Figure 6. To compare these results with the RVR calculations,
X . we have based the atmospheric transmlttances on a 250 ft

5
e A A LT 1t I 5002 b Sabe M k2 ViR 2I0l MK A B

reference path. ,

A 51m11ar calculation yields the ALCH value. 'The closest
\ visible light is determined by the 1S°.cbckpit catoff angle.
Ffom the geometry shown on Figure 5 we have
1

PURPIE WIS S VY

W TAVeN

b

' . (SVR)2 ='(ALCH)? + (500 + ALCH cot 15°)°2 (11)

L ok Yodueh

which togethef with Allaxd"s Law for SVR gives ALCH. The results
of this calculation for the three ALS intensitfies and, the day

and night illuminance threshold are shown:on Figure 7. " Again,
the atmospheric transmittance tb is relative to a 250 ft refer- ,
ence path.

Comparing the definitions for VGS and ALCH; we note that
VéS does not involve the cockpit cutoff angle, but .ALCH does.
This means that the VGS'value is not the actual visual segment
which can be seen, since it includes the segmeﬁt below the
cockpit cutoff. For a- cutoff angle of 15°, this segment is
160/tan 15° = 373 ft. In other words, 'for a plane with a 15° .
ccckpit cutoff, a VGS of 350 ft implies that no appreoach lights
are visible. To assess the differerce between. a cockpit cutoff

and the stréight vertical downward view, we have plotted:VPS for’
both cases for a day a..d night case with approach light settlng
3. This is shown in Figure 8.: The difference is of course
always 373 ft the cockpit cutoff case giving a smaller VGS.
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Figure 5. Geometry of the Visual Guidance Segment (VGS)
(a) and Approach Light Contact Height (SVR)
(b) Vvisibility Definitions. (The Distance is the i
Actual Alland's Law Visibility Along a Slant Path)
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Since the cocpit cutoff angle and the angle of attack of
var.ous aircraft differ, the actual ALCH value and the actual
visual guidance segment seen would always depend on the aircraft.
In view of this, it might be advisable to report a VGS value
(independent of cockpit cutoff) and have a correction factor for
each aircraft. Such a correction is not as easily applied to
the ALCH definition. Except for the cockpit cutoff effect, it
is not obvious which definition is more suitable from a opera-
tional point of view. Since the actual visibility measurement

SVR is the same in both cases, the difference reduces simply
to the geometry.

Systems

At the present time there is no operational equipment to
measure visibility along the slant path. Any detailed discus-
sion of a system at this point would be premature. However, it
is important to realize what some of the building blocks of a
Slant Visual Range system are. Basically, we consider the sys-
tem to consist of three essential elements:

1. Sensors, to perform the necessary measurements
2. A computer, to evaluate the measurements and calculate
appropriate quantities

3. Displays which present the required information.

The most crucial component of this system is the sensor
which measures the atmospheric transmittance along the glide
path. Clearly, dual ended devices, like a transmissometer with
several hundred feet separation are not suitable for this pur-
pose. Locating any device at some altitude in the vicinity of
the glide slope would interfere with aircraft operation. This
leaves the possibility of an indirect measurement of atmospheric
transmittance or a direct measurement from ground to approaching
aircraft. This second technique may be envisioned in several
configurations. The intensity of a ‘ight source on the aircraft
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is measured on the ground, or vice versa, the intensity of an
approach light is measured from the aircraft. Television, or
other optical imaging devices could be employed. However, any
such system can furnish visibility information only at the in-
stant when the aircraft is in some appropriate range, which
depends on the visibility. In reduced visibility conditions, it
will in general be too late to make either tactical .r strategic
use of the information. For this reason, we will concentrate cn
indirect measurements of visibility. The technique in this case
is based on the fact that the particles in the atmosphere reduce
the visibility by scattering light out of the line of sight.

The more light scattered, the pooror the visibility. By measur-
ing this scattered light, one gets some measure of the visibility.
The theory and measurement techniques of this phenomenon are the
subject of the next Chapter. From a systems point of view, all
one requires is a sensor to measure atmospheric transmittance.

Because of the threshold illuminance's dependence on the
background luminance, it is advisable to have a sensor to measure
the background. This information is then included in the
visibility calculation. As we mentioned in the RVR system re-
view, replacing the background by just the two typical day or
night values is probably the largest source of error. This
correction should be of top priority in any future system. The
measurements from the background luminance sensor and the
atmospheric transmittance sensor are then fed into a special
purpose computer, the visibility (for a given definition) is
calculated and transmitted to displays at locations where this
information is needed. A block diagram of the basic elements is

shown on Figure 9. We have included the present RVR measurements
for completeness.
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.~ -SOME REMOTE SENSING TECHNIQUES'

Back Scatter Theory and the LIDAR Equation

In a previous section we discussed ‘the me€aning of visibil-
ity and its relation to atmospheri¢ extinction of light. We
will now concentrate on the basic principles invoived in the re-
mote senéing of the visibility. The difference between the con-
ventional transmissometer and a remote:sensing instrument is that
the transmissometer is a.dual ended device,,restricted to measvre~
ménts between éhe two "ends". A true rémote sensor should be
single anded. For this purpose we envision a'transmitter-
receiver combination which can perform measure@enté in remote

regions not restri¢ted to the transmitter-receiver location.
| ' . ‘
The most promising technique along this line is to employ

similar principles as tsed in conventional radar. An optical

_radar or LIDAR (light detection and ranging) emits light sig-

nals, and obtains information about atmospheric conditions-at-
a-distance from the backscattered return signal. We will now
derive and discuss the basic Lidar equation as it is applicable
to‘visibility medsurements. Consider a transmitter sending a
light signal at wavelength A along a direction R. Let the beam
spread of the radiation be BT' where the subsciipt T refers to
the transmitter. Let Py (t) be the power at A emitted by the
transmitter at time E, then the flux density IA at a point R
from‘the transmitter (neglecting ,atmospheric effects) is
‘P, (R-ct) 2
i I, = ——————5 Watts/m o (12)
n(RBT/é) - ,

For non-monochromatic light sources,  we must integrate
eguation 12 over the spectral contént of the source and both I
and Px’are éonsiﬁered'spectral densities.. We have assumed a
unit index of refraction for the propagation effect in (12). This

A
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is sufficient for visible light in the atmosphere. ‘The shape of

the signal PA (t) will be specified later, when we consider both
pulses and modulated C.W.

In the atmosphere, the pulse does not propagate as indicated
in (12) but would be attenuated. As we already discussed, in
the visible part of the spectrum, :the atmosphere acts predomin-
ately as a scatterer, and we may neglect absorption. As before,
let us assume that the scattering constituent of type n has a
total scattering cross-section for light of wavelength A of
oc(A,n). Let the local density of such scatterers at point r ke

N(n,r). Then the extinction coefficient is also dependent on
position

Y, (r) =X N(n,r)o(A,n) (13)
n

and the intensity of light which reaches a point R from the
transmitter becomes

R
P, (R-ct) - f dry,(r)
——-—-—-/—-—2-6 o} . (14)
w(ReT/b)
The exponential decay accounts for the scattering out of the
beam all along the path fromr = 0 to r = R.

IX(R,t) =

For a completely homogeneous distribution of scatterers,

the density N and hence Yy do not depend on position, and the
integral in the exponent of (14) reduces to yR.

The region of atmosphere through which the transmitted

ligyht propagates is a cone with an apex angle BT at the trans-

mitter. Consider a volume element consisting of a slice of

thickness dR of this cone. The particles in this volume scatter

light according tc the differential scattering cross-section

do/dQ2. The light scattered into a solid angle element dQ at

angles 9, ¢ is proportional to the scatter coefficient 8

33

oy

it atia it 1

PR TR N TE TR PONUTE T R AT YR L IE G

YRR

Sita

PCFITPRER LS |

. FE A U A Y NP PR
[ T P S P




vl b it o kel e AT A

il

B (2:0,0) =% &2 (,nIN(n,x) (15)

where the summation over n has the same meaning as in Equation
(4) , and the density of scatterers of type n depends on the
position. The general problem of how the scattered light further
scatters is a complicated multiple scattering problem. Such
questions are considered in detail in treatices on radiative
transfer12 in stellar and planetary atmospheres. For this re-
port, we will restrict ourselves to the single scattering pro-
blem, realizing that in bad visibility (dense fog, etc.) the
multiple scattering effects should be considered. Next we con-
sider a receiver located at or near the transmitter. Let the
receiver have a field of view characterized by a cone with apex
angle eR. Under the assumption of single scattering, the re-
ceiver detects a backscattered signal from the transmitter only
if the fields of view of the receiver and transmitter overlap.
(This fact may be used to study the importance of multirle
scattering.) This overlap is characterized by a common area
AC(R) of the two intersecting cones as shown in Figure 10. The

area is a distance Rl from the transmitter, and R2 from the
receiver.

Rl and R2 may be equal, if the receiver is very clcse to

the transmitter (a coaxial or bistatic configuration, for ex-
ample) but this is not necessary.

The power scattered into the receiver at time t from the

common volume element AC(Rl) de is
de(t) = BA(R, GR' ¢R) dQRAc(Rl)de
Ry R, (16)
-f drYk(r) -/ dry)\(r)
P, (ct-R,~R,)
% A 1 72 e o e o

2
n(RlBT/?)
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where B(Rl,eR,¢R) is the scatter coefficient at R1 for scatter-
ing into the direction 0, ¢ of the receiver, dQR is a solid
angle element of the receiver collecting area subtented at Rl’
the expression in the brackett is the intensity reaching Ryy and
the final exponential accounts for the attenuation from the
scattering volume to the receiver at Rz. Note that Rz(Rl) is a
function of Rl’ and that the signal at time t at the receiver is
delayed by (R1+R2)/C with respect to the time when the signal
Px(t) left the transmitter. The total power received is obtained
by integrating (16) over all R,, and the total solid angle sub-

-1’
tended by the collecting area of the receiver

Py (E) -_-[ dR, / e B8, (R, 0,8 ) Py (Ct-Ry-R,) .
o Q

R

(17)
R R

2 1
- / dry, (r)+f dry, ()
A (Ry)

x =St e (6] o

n(RleT/é)

We have purposely been very general in our notation, so that
we can analyze separately varinus assumptions which simplify the
theory. Before going into those details, we note that the vis-
ibility is contained only in the extinction coefficient in the
two exponents. To extract this information from the total re-
turn signal Pk(t) is no mean task. Some possible ways of
accomplishing this will be discussed further on.

As it stands, Equation (17) is rather complicated. We will
now investigate various simplifying assumptions with particular
care to understand under what conditions they are valid. The
simplifications may be grouped under three categories, receiver-

transmitter geometry effects, outgoing signal considerations, ard
atmospheric model considerations.
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1. RECEIVER-TRANSMITTER GEOMETRY

!
ver-
For Slant Visual Range measurements, we
may for example envision the twe systews shown in Figure 11,

Equation (17) makes no assumption regardihg the recei
transmitter location.

We assume that for both systems the reéeive} and trarsmitter
field of view apex arngles are sinall, (qilli rads} ‘and that the
receiver collecting area A, is small, so ?hat the integral over'’
the solid angle subtended by the receiver reduces simply to

i Bg I 3
a6 = = <<.2m ; ‘ (18)
Q Ry _ :

Rec.

The angles eR and éR become the anglies petween R2 and the inci-

dent beam coordinate system. For g small separation 4, the’

system shown in Figure 11 is a bhackscatter system. Fotr relative-
ly large separations between thHe receiver and transmitter in
Figure 11, the system is a right angle scattex sy;tem. _The
backscatter system measures’the extinction over the same path
twice, once for the ouggoing signal and once for the return.

The right angle scatter system measures the extinction along two

separate paths, Rl and RZ' :Howéver, for a 3° glide slope, :

Rl >> RZ' so that the extinction is .measured predominately over

the path of inteucrest, Rl' To get a complete picture of tic .

visibility with the right angle .scattering system, either the
receiver must scan thrcugh the transmitter beam or several

receivers m-'st be spaced alqng the ground.

this complicates the
system.

1or our present purposes ‘we restrict ourselves to the’

backscatter system. The zcattering function then becomes in-

dependent of the azimuthal angle ¢, and &;

R T T resulting in the
notation '

B, (Ryrep=7) - By (RyY . - {19)

Equation 17 for a backscatter system becomes
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dR A_(K)
] oo P,(t) = A “/P x
2 A R 2.2
3 ﬂ(RGT/é) R
R

(20)

R BT TP P TV Y

A . -2 yx(r) dr
: :

, o . _
% gy (Rle P, (ct-2R)

eabalanbd SEUEY Pk

The detailed nature of AC(R) depends critically on the receiver-

transmitter field of view geometry. We single out one particu-

lar example, where the receiver and transmitter have equal

fields of view separated by a distance d. That is the case
3 : shown in Figure 1lla.

T
il 3 ok S b atl bh ol

The two cones have ejual apex angles, and
their axes are parallel, but separated by a distance d. The
common area AC(R) now becomes (Figure 12).

e
0 R < R,

L0 o P Lo

bl
LS

A (R) =<4 2(R tan 9/2)2 cos-1 EQ - 2% -
c - € R R

2 Jo

-=== R > Ro (21)

il 06 g i B 1Y

L 7 (R tan 6/2)2 --—~ as R + @

X A

where Ro = d/2 cot 8/2

O TOra T

We note that AC(R) removes the apparent l/R4 singularity in (20).

In general, this singularity is unphysical. Its origin lies in

the solid angle argument, Equation (18), and the beam spread
argument, Equation (12.
near R = 0.

Chk RS

Neither of these two equations is valid
Equation (12) is limited by diffraction effocts,
and Equation (18) by a maximum solid angle.

Nevertheless, even
though Equation (20) is not singular at R = 0, we will find that

. . i
the strongest return signal comes from regions of space near the E

transmitter. Basically, there is a competition between the in-

creasing common area Ac(R) and the l/R4 and exponeritial decrease.

In general, the receiver-transmitter geometry contained in
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r=Rtan 072
AC(R)

Q. d
*
R
6
d —» *

Ac R)= 2 (a r2—r2cosqsina)

Figure 12. Common area for Equal Field of View Case

40

4
3
3
g
3
3
H
F




3= phois TNy e e
= g e g e T T TamL Loy DL T AR BT T T T T o S R T T P N O azy B o YA T ¥ e s Vit ay o g oy T d e BT AP s RS F 3
LTEETT I Toos TLIITTIARD RRTL ISR T SRR T sl £ AT

LD AR AL T b p R

=T

Equation (17) causes no particular problem, and can be worked
§ o, out for a specific system.

2. OUTGOING SIGNAL - SHORT FULSE

. Further simplifications result if we restrict the outgoing
light signal to a short pulse. Let us assume an outgoing rec-
1 tangular ->ulse shape.

Salrtat Hiven

i lowatob L i e wal

O
Py el <7/,

PA(t) = (22)
0 lt] > 7/,

TN [T TR

T

where T is the full pulse width. If one substitutes this into
Equation 20 for the backscattered return signal, the integral

] collapses.to the range |ci - 2R| < CT/2. If CT is smaller than
] any characteristic distance over which the integral in (20) (not
‘ including Px(t) changes appreciably, the pulse PA(t) behaves
pretty much like a delta function, and the integral becomes

TR RT IRL T DV LT LR TN SRPOTET IS TS WY AL IVR S

aas wia

o 5
4 A (R)P ;
P, (t) =a, &L S 2 x %
: Tf RO R ;
T :,

2)

: (23)
: R

f -2 f Y, (r) ar

1 (e}

: BA(R) e

where R = ct/2 to indicate that the return at time t after the
pulse left the transmitter originated from the region at R = ct/z.

We are still assuming a monochromatic light source, so the pulse
length must include many optical cycles. Clearly, there is no
problem to have short pulses compared to the scale of length
over which atmospheric inhomogeneties occur, and yet, include
many optical wavelengths. Pulsed laser are particularly suited
for this purpose, as we will discuss in a later section.

If longer pulses, or C.W. signals are used, no particular
simplification of Equation (20) results, and each case has to be
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worked out separately. One such example using a modulated C.W.
signal is discussed in detail in a later section. Again we
remark, that for non-monochromatic light sources, the received
power PA(t) is a spectral density, and all relevant quantities
have to be integrated over the spectral characteristics of the
source.

3. ATMOSPHERIC CONDITIONS

Finally we turn to some simplifications which result from
assumptions about the atmospheric conditions. Suppose the
atmospheric conditions are homogeneous, that is, the density
N{(n) of scatterers is independent of position. The short
pulse lidar equation, (23) reduces to

[o}
oT PArR:(R) Py 2y,R

P, (t) = &— B, e (24)
A 2 2.2 ")
TT(RGT/Z) R

again, R = ct/2. The shape of the return signal is now com-
pletely specified, and the visibility can be extracted from the

exponential tail. This is in general not possible from “quation
(23).

The most serious problem in the whole backscatter (or
sidescatter) theoxry comes from the fact that the atmospheric
parameters enter the equations both in the B and y. The visi-
bilily is determined only from the total extinction coefficient
Y, but the magnitude orf the return signal is directly propor-
tional to f. One might expect that y and B are related, since
they are manifestations of the same physical process. This is
basically correct, but the relationship is in general not very
useful. From their definitions, we have

8, =Zg—§“'“’| N (n) (25)
=2 ]

and
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Ya =Zn: o(A,n)N(n) . (26)

Only for the simplest scattering laws can one relate (25) and
(26). For example, for an isotropic scatterer,

L= (27)
for all angles, and hence
Y

Similarly, for Rayleigh scattering 13 of unpolarized light,
the ratio of the total cross-section to the backward scatter
cross-section is 8n/3, giving

8, = 2"A/81  (Rayleigh) (29)

The more relevant example would be Mie scattering, but in this
case no simple relationship like (28) or (29) results. The
ratio of do/dQ|m to ¢ depends on the droplet radius, and hence
B/y depends strongly on the distribution of the radii of the
scatterers. Some examples along these lines have been calcu-
lated by Twomey and Howell,14 who found a strong dependence on
the size distribution. Further, for realistic atmospheric con-
ditions, the variety of scatterers which occur, (snow, rain,
haze, fog, industrial pollutants, etc.) is so large, that it
would be practically impossible to compute the scattering cross-
secticns and distribution of parameters necessary to evaluate
either Y, or BA' However, some empirical relationships between

Y and 6 have been found by Curcio and Knestrickls from experi-

mental data, and by Twomey and Howell14 from model calculations.
In both cases, non-monochromatic light was used, so that a
spectral average for BA and Yy, is involved. The general form

of such a relationship in our notation is
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B = K;v (30)

where K1 and K2 are constants. The crucial constant K2 is

typically 1.5. Since in general, there is no theoretical justi-

fication of a relationship like (30), it is advisable to con-

centrate on signal processing techniques which can extract vy
from the backscattered signal without any reference to B.

A final point should be mentioned. Therec has been some
discussion about the relative merits of using white light vs.
monochromatic light for the backscatter technique.15 Since Mie
scattering contains only the parameter (A/a), where a is the
particle size, an integration over the spectral characteristic
of the light source has a similar effect as the integration
over particle sizes. This averaging further smoothes out irre-
gularities in Bk and Yy and is advantageous, especially for
empirical relationships. This was the conclusion of Twomey
and Howell.14 Unfortunately, white light sources have other

disadvantages which make monochromatic sources (lasers) more
attractive for backscatter work, since short pulses are readily

available.
Signal Processing

In this section we briefly indicate how the visibility can
be extracted from the return pulses of a pulsed lidar. To be-
gin with, let us restrict ourselves to homogeneous atmospheric
conditions, so that Equation (24) is applicable. The shape of
the return signal, as seen on our oscilloscope for example, is

completely determined by replacing all R by ct/2 cn the right
of Equation 24, so that

Ac(t) -cht
P)} (t) = CBX -—t’-z——- e {31)

where all constants have been lumped together into C. Aas dis-
cussed in the last section, there is no sinqularity,
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Ac(t)/t4 + 0 as t + 0. To show how the return signal Pk(t) P
depends on the visibility, we plot Equation (31), or Px(t‘ as a
function of t and R = ct/2 for various values of the visibility.
Since PA(t) is proportional to BA' we have to assume 'a particular
model of B vs Yy to be able to compare returns from different
visibilities. For simplicity, we take the case of isotropic
scattering, Equation (21). For the receiver-transmitter geo-
metry we take the biaxial system described previously, so that
the results leading to A_(R), Equation (21), 'are applicable.

The computations were performed with the following parameters:

d

¢ = 10 mili radians,

50 cm.

leading to the closest return distance Ro = 50 mgters, sr 17 .
a microsecond from the time the outgoing pulse left. The

are shown on Figure 13, where the relative amplitudes of .
under five different visibility conditions are plotted as a
furction of the range of the return and the time of the returﬁ.
These curves show the following characteristics. The return
signal begins at Ro = 50 m where the receiverttransmitter
fields of view begin to overlap. This overlap increases and
competes with the l/R4 and exponential e-YR decrease Jf the
signal, resulting in a maximum, after which the 1/4 e YR
dominates. The relative amplitudes, particularly the maxima,
have an interesting dependence on the visibility. Since

PA(t) ~ BA ~ 1/V, the amplitudes of the lower visibility retufné
are expected to be higher. However, for low visibility, the
exponential decay is faster, so that we again have two competing
effects. The maxima of the return signals increase as the
visibility decreases from 2 km to .5 km, but then decrease.as

we go to .2 km and .1 km visibility. The location of the range
from which maximum return originates (or the:time .of the peak)’
also increases with visibility, but at a very slow rate. These
results would indicate how to extract the visibility from the
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return signals. However, the results mentioned so far depend
very strongly on the example ccnsidered, both from the y ws 8
model point of view and the receiver-transmitter geometry. This
complicates matters considerably. Brown16 has shown that the E
width of the return pulse may be a better criterion, however, it 3

too is not free from the above objections.

A further objection arises if we consider non-homogeneous
atmospheric conditions. The above model is not applicable, and

the return pulses could be distorted from the ones shown on
Figure 13.

Ll SN

A technique to circumvent some of these difficulties was
developed by T. H. Collis17 and his group at the Stanford
Research Institute., Their basic idea consists of eliminating
the known time dependence of the return signal, the l/t4 and

Ac(t) effect and analyzino the left over range corrected signal

R

-2/ Y)\(r) A

o E
BA(R) e E

This technique still requires some ascumptions about BA(R),
but looks more promising. In particular, it may have the
possibility of obtaining a local value cof the visibility, or
Y, (R).

s i bt

It appears that more analytical and experimental work on.
the backscatter technique has to be performed before a reliable
interpretation of the results is obtained. Because the variety
of atmospheric phenomena is so large and complex, it may be

WPV TIRIY TRYVI S ILPR SECAUE IR S EALY

N ek i

necessary to use other meteorological data in conjunction with
the backscattered signal to obtain a measure of the visibility.
This requires that further backscatter experimentation be care-
fully correlated with other prevailing meteorological data.
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Possible Pulsed LIDAR Systems

3
1

In this section we discuss some systems which might be
suitable for carrying out the measurements discussed in the
previous sections. By systems, in this context, we mean simply
a transmitter of sufficient pocwer and receiver-detector of
3 sufficient gain to detect the backscattered signal. Eye-safety
considerations will be discussed in the next section.

WIS Y

S LA Lt

To carry out the calculations implied &bove, we must esti-
mate the magnitude of the return signals. The considerations of
the previous section, which led to the relative backscatter
signals will again be applied, but we must now include all the
parameters which appear in Equation (24) to get an estimate of
the magnitudes involved. As we mentioned in the last section,

A A

it is not yet clear what characteristics of the return pulse

3 are best suited for computing the visibility. However, it iz
clear that the overall pulse slope is involved. With this in
mind, the requirecss.t that the peak of the pulse can be detected
with a signal-to-noise ratio of about 20 within an appropriate
bandwidth seems a reasonable criterion for estimation purposes.
From Figure 13 we note that the maxima of the return pulses
occurs at about 75 meters. (Note that this is only true for

the particular lidar configuration.) The peak return power is
then obtained by substituting R,

et PR e 0T, S Rk g

AN ) o e i Sl
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= 75 m into Equation (24).

ax :
CT e-zykRmax (o) é
max H
. 2
The ratio Ac (Rmax)/(Rmax 8/2)"°m = .1 was computed from

Equation (23). For the example we are investigating, the smallest
return signal occurs for the 100 meter visibility case. From

the visibility-y relation, Equation (2), and the B-y relation,
Equation (28), one finds

_ o
Pl(tpeak) = ,02 AR T PA watts, (33)
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where AR is the collecting area (mz) of the receiver, T the

pulse length and Pg the power of the outgoing pulse. We note
the important result that PA is proportional to TPi or the total
cnergy of the cutgoing pulse.

The dominant scurce of noise which has to be considered
for a visivility measuring device is duec to backgrcund radiance.
The receiver might be looking at a bkright cloud or fog with a

o
spectral radiance of N(A) watts per cm2 X A x steradian.

The
total background power received is
A 0,2 .
Pp = N(X)ARAAn(ﬁ) ’ (34)

where the only new quantity introduced is the snectral width of

the pre-detection optical filter, AA. This background power is

not the noise, since it could be subtracted from the sigaal.
The noise arises from the fluctuations produced by the ! ack-
ground in the typircal detector, and as such, competes with the
fluctuations produced by the signal itself.

Such considerations then depend on the type of detector

used. A graph showing the diffuse component of the typical

background radiance at sea level is shown in Pratt's18 book.

The radiance from sunlit clouds or fog is about an order of
magnitude larger. We now apply these considerations to some
typical pulsed systemws.

1. RUBY LASER - PHOTO-MULTIPLIER DETECTOR.

The ruby laser operates at a wave length ll = 69433 and
the ena2rgy per pulse, TP? can easily be as much as 1 joule. The
pulse length should be shorter than typical distances over which

the integrand is the iidar equation (20) changes.

Roughly, this
reguires c7 < V., .
- is

For a 100 meter Uis' this requires T < 300
nanoseconds which is no problem.

For the detector we specify a S~20 photomultiplier with a
cathode sensitivity n of about 20 mA/Watt and a gain g of 8 x 106

-
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The signal current from such a device is:

ISig = gnPAl (35)

and the noise current is

_ i} X
I o iee =9 ‘[ZeAfn(PB+P)\]) (36)

where e is the charge of the electron, and Af the post detection
bandwidth required tc resolve the return pulse. At this point
we must be careful not to confuse the outgoing and return pulse
width. The outgoing signal pulse must be short, in particular,
it was assumed to be a § function with a given energy TPg. The
return pulse width is determined by the visibility and configura-
tion of the lidar, and is independent of the width of the out-
going short pulse. For this reason, Af should not be taken
inversely propagational to T. Judging from the return pulses
shown in Figure 13, the pulse width of the narxowest return

(.1 km Vis) is about 30 meters. liance, we take

Af = i“ ~ 100 MHz (37)
ret

The current signal to noise ratio becomes

_ )\
Isig/Inoise = nPAl/‘/;eAfn(PB +P>\l) (38)

and is signal o» background noise limited depending whether Pkl
or Pél predcainates in the denominator.

For the spectral radiance at the ruby laser wavelength we
take lOuW/cmzA. This is about 20 times the diffuse clear sky
background in Prattlg, which should ccrrect for the increase
due to sunlit clouds or fog. For our 10 mil. rad. system, with
aAéA = 20 A ogtical filter, the background power becomes

P =2 x 10 Ap watts, where A

collecting optics.

R is the area (mz) of the
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Substituting these results in to Equation’

500 Tp°® NEN
Tsig: .MV 'R

)
noise

(38); we find

A karlnd Y

. (39a)
‘/.oz TP 42 x 1207
1 : '

s LA TA LR RIATA

2, NEODYMIUM LASER - PHOTOMULTIPLIER

A tvpical neodymium glass laser lases at Az = ltOGh,'which
is best suited for a S-1 photoﬁultiplier_deéectof.

analysis as for the ruby syst:m applies.:

The same

The photomultiplier
characteristics are a cathode sensitivity of about .4mA/¥ 'and '
a gain of 109 ' ' '

i

The spectral radiance from tie backgrohnd at the neodymium
wave length is about a factor of 20 lower than fébr ruby, so that
the signal to noise current ratio becomes~'

- B o
Isi _ '70 T PA\,AR

T
noise | Nd. ‘/.02 T P9+ x 1073

R P 1, [ L B R ta

. (39b)

This estimate assumes that there is no significant change in the
extinction and backscatter coefficient as we go from }

= 6043
to 10630 A. . ,
3. GALLIUM ARSENIDE LASER - PHOTOMULTIPLIER.

The gallium arsenide lasernlases at about A, = 8600 A.

3
GaAs photomultipliers with a cathode sensitivity of 30mA/Watt in

this spectral range are available.

The spectral radiance :from the background in the 8600 A
region is about a factor of 5 lowexr than for ruby.

The signal
to noise current ratio now becomes
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beam area of about sz.

B e

. ' 6
Igs _ 600 T PA3‘IAR
I_ . . (39¢)
noise | GaAs : 3 s .
‘[02 T:Py +4 x 10
3

Again we have assumed that the backscatter signal does not differ
- £from that df the ruby case.

To compare the three systems discussed:above, we plot the

results of Eéuations (39a -~ 39cj. Since the relevant variables

in these equatlons are the total energy E = TPA per pulse emitted

by the trahsmltter and the area normalized 51gna1 to noise ratio,

we .plot 1519/ nozse\’ R =,P vs E. The general form of Equa—
tions (39a - 39b) then becomes

0 = abE

' | (40)
i . ‘/bE+c ' '
where a, 5, c are readily identified from (39a ~ 39c).

These
results are shown in Figure 14. ' -
The graph sho&s that for the System parameters chosen,

GaAs seem$ the most suitable, followed by Ruby, and then Nd.
Since eye safety aspects play an important role in operating any
laser system in a non-rest;icted environment, we have indicated
along the top of the graph'an abcissa listing the cross sectional

area of the outgoing beam which makes the particular energy pex

pulse eye safe. Since we are dealing with short pulses (<1usec.)

we find from Appendix 1I that the medium conservatlve estimate

requires an intensity of less than 10 =7 joules/cm per pulse.

" Hence, for higher pulse energies, the area must be scaled up.

, Reading the graph is simple. For example, suppose a signal
tc:noise (I /I

sig noise) ratio of 20 is required for Squal pro-
cessing a pulsed ruby return. If we ‘plan to. use a collector
area of 200 cm2 (about 6" dlaneter , P =20/V.02 = 140 m -1

need about 5 x 1073

- joules per pulse, which requires an eye safe

With the 10m rad. beam divergence; the
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Figure 14.

53




- - o e T e, 1 b2 T ) P ool CITETICSTTES TR T ey
e et - TR T T TG AT e = N g LG E AR R IYArY S s
T T Pt et _‘ TR ety

beam would be eye safe at distances of about 500m from the trans-
mitter, unless the outgoing beam is optically expanded to 5m2 at . 3
the transmitter. For GaAs we would require about a factor of 2
less energy, for Nd a factor of 10 more for the same system. The
analysis presented in this section is not be to considered com-

plete. We have analyzed a particular system ccnfiguration for
three different transmitter-receiver combinations and compared

i them on an equal energy per pulse basis. The other factor which
enters the analysis is the pulse rate capability of the system.
The larger the number of pulses per second, the better the

JUSCTL P PRITTT S IDRURIS LS o

b e A R

statistics which can be achieved for a given type of signal
processing. A ruby laser can be pulsed at least a few times per ]
sec. without possible damage to the rod. Nd/Yag and GaAs on the 3
other hand can be operated at pulse rates of 10-100 pps. and 103 §

or so pps. respectively. The energy per pulse is then primarily
determined from eye safety considerations, and the pulse rate is
determined from the signal processing requirements.

Modulated C.W. System

Consider a typical HeNe laser (6328A) followed by an

electro-optic modulator. The intensity of the light after the
modulator is

— . 2
Iout = Iin sin“7é (41)

where w§ is the retardation induced by the modulator. Let

v
Vi/2

6 = a + % sin wt (42)
where a is a constant retardation, obtained by either a dc¢ bias
voltage on the modulator or an optical retardation, V and w are
the voltage and frequency of the modulation signal and V1/2 is
the 1/2 wave voltage characteristic of the modulator crystal.
The outgoing intensity may be expanded in the form
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+ 2 Z . (LV—) cos 2nwt] (43)

\Y
n=1 1/2

o0

+ sin 2a 22 3,041 [om)sin (2n+1) wt
n=0 1/2

which specifies the harmonics in the intensity in terms of

ordinary Bessel functions. Usually, one requires that the

modulator produces only the first harmonic and hence a bias of
o % is used.

The voltage V then determines th= moduliation
depth and harmonic distortion, (3rd and higher odd harmonics).

For our purposes, we leave the choice of a and V open,

since we may want to take advantage of the harmonics furnished

by the crystal. To simplify the discussion, we express the nth
harmonic of the light intensity emerging from the modulator in
the form

sin nwt n

odd

out n (44)
cos nwt n even

where the amplitude I is readily identified from (43). The in-
stantaneous harmonic intensity in space, c:nfined to the cone

defined by the laser-modulator beam divergence is then

sin nw(t - g) n = odd
n _
out ~ In (45)

cos nw(t - g) n = even

I

where R is measured along the axis of the cone; F = 0 is the
apex at the laser-modulator transmitter system. The actual beam
profile is not important for the following discussion. The

index of refraction of the atmosphere is unity for our purpcses.
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Consider a detector located near or at the transmitter.
The field of view of the detector and the cone of the trans-
mittea signal overlap, hence there is backscattering into the
detector. The total backscattered power received is derived by
going through the same arguments as required for the derivaticn

of the pulsed lidar equation. We restrict ourselves to a
homogeneous atmosphere.

Let
AC(R) 0, R=20
ReT 7 = £(z) » (46)
TI’——Z—' l, R+ =

The zero at R = 0 is to be sufficiently strong to remove the
unphysical singularity in the backscatter equation; the field of

view of the detector completely overlaps the outgoing laser beam
at a certain distance.

We now substitute our modulated outgoing signal into the
backscatter equation. Using the Fourier decomposition (45) in
Equation (20) we obtain the nth harmonic in the backscattered
signal power at the detector.

- sin nw(t - %5) = odd
e -2YR
P (t) = ARf dRBE (R) = P x (47)
0 R 2R
cos nw(t - ETJ n = even

where we changed to total power Pn rather than intensity In‘
This signal may be written in the form

A (w)sin nwt - B (w) cos nwt
n n

Pn(t) = ARPn (48)

Ah(w)cos nwt + Bn(w) sin nwt
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where o )

- - ‘Yz
: . A (w) = B/ dz f(z) % cos 2n 22
. n z fo]

0

and

; B (w) = B dz £(z) £ S sin 2n 22 (50) :
3 n ? [o]

0

As far as the detector is concerned, the signal becomes

sin (nwt - ¢n)
P (+ =ap JA2+BZ (51)
n R n n n
cos (nwt - ¢n)

e L S AT A L a1 VAL

where the phase

-1 Bn
¢n = tan A (52)
n

Welins e ST Lutban

is relative to the power leaving the modulator at time t.

The visibility information, or y, is now contained in the %
phase and amplitude of the return signal. Since Bn/An is in- é
dependent of B, a phase measurement is not subject to any B 3
vs y model. The quantitY'VAz + Bﬁ may be called the normalized
backscatter power (watts received/watts transmitted x receiver :
area) at the nth multiple of the fundamental modulation fre- i
quency. This power is proportional to B; however, the ratio of
two backscattered signals at different modulation frequencies is
again independent of B. To estimate the magnitudes of o, and

An + Bn and their dependence on the modulation wavelength and

visibility, we have to use some model to be able to perform the
integrations (49) and (50).

PRI

To simulate the receiver/transmitter geometry effect
described by f(2z) we use f£(z) = (tanh « z)3 in the integration.
With « = .1 meter‘-1 the overlap between the lasesr beam and
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receiver field of view is 90% after about 20 meters. To esti-
mate the magnitude of An and B . we use 8 = y/4m corresponding
to isotropic scattering. Ve wish to emphasize again that this
assumption is only necessary to estimate the strength of the
return signal. The visibility, or y, can be determined from
ratios independent of B.

Figure (15) shows a plot of the magnitudes of '/Ai + Bf m"2
as a function of the modulation wavelength for visibilities of
100, 200, 500, and 1000 meters. Figure (16) shows a plot of the
relative phase ¢1 as a function of the visibility for modulation
wavelengths of 50, 75, 100, 300 and 1000 miters. In both graphs
we have used the definition (2) to relate visibility to the extinc-
tion coefficient. We note that both the backscattered power and
phase show a marked dependence on the visibility. What is the
best way of extracting the visibility or y, keeping in mind that
we do not want to make use of the magnitude ofVA2 + B2 because
of the B problem? Several methods come to mind. We note from
Figure 15 that the slope of the backscattered power vs modulation
wavelength has a strong dependence on the visibility. In the
linear region between A = 25m and 50m, a slope measurement is
easily performed by taking the ratio of two return signals at
different modulation wavelength. As we discussed in the be-
ginning of this section, the modulator, if properly biased and
driven, furnishes us with various harmonics. This may be used
to advantage, for example we could get equal power output at 25
and 50m to perform the above slope measurement. Similarly, by
performing phase measurements, the visibility is easily deter-
mined. For example, to cover the visibility range 0 to 200
meters (important for CAT III Aircraft Landing) the 75m modula-
tion wavelength of our example system would give very good
resolution. One might again work at more than one wavelength
or make use of the discontinuity in the phase.
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The best way of extracting visibility information from the
return signal will have to be determined from some experimenta-
tion. However, all the electronic signal processing will be in
the megacycle range. The modulation frequency can be very sharp,
which implies a narrow post-optical-detector bandwidth can be

used. This is advantageous from the signal-to-noise point of
view.

To get a feeling for the magnitudes of the quantities in-
volved, we put a few numbers into our estimate for the power in
the return signal. Form (51) we need ARPn An + Bi which we
estimate (for n = 1) as follows.

1. For the collecting area A, of the detector we take

2 R
AR ¥ 100em™,

2. The transmitted modulated power is estimated fxom (43).
We are interested in the fundamental Pl' Let the
modulator be biased at 45° retardation and operated
with a driving voltage (p-p) of about 1/2 of half wave
voltage at a modulation wavelength of 100 meters,

(3 MHz). Pl is then about one half of the output of
the C.w. .aser. (

3. From th in Figure 15, the normalized backscatter :
power”VAi + Bi at 100m modgéaféon wavelength and 500m !
visibility is about 2 x 10 m

The backscattered intensity for a l0OmW HeNe laser, modulated at
3 MHz is then about 10-9W. For a typical S-20 photomultiplier

with a cathode sensitivity of n = 30mA/W and a gain g of about

3 x 106, we get a signal current of about .2 mA at 3 MHz.

The dominant source of noise such a system would encounter
s due to background radiance. The receiver might be looking at
A bright cloud or fog bank. To be pessimistic, we take a spec-
tral radiance of 50uW/cm2, i, St. Rad. For a 1l mrad. field of

view and 20 3 optical filter, this results in lO-QW/cm2 back~-

FrT ALY
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ground power density. The noise current produced by this back-
ground into our PMT is

Inoise =49 VZeAfPBn

T ere PB is the total background power collected, e the elec-
tronic charge and Af the post-detection bandwidth. For the
system parameters chosen above, and a Af of 100 cycles, the
background noise current becomes about 3.6uA, The dark current
is much smaller. We conclude that there should be no signal-to-
noise difficulties.

From the eye. safety discussion in Appendix II, we note that
to make a 10mW C.W. beam eye safec, we have to expand the beam
until its intensity is 10*5 watts/cm2 or less. Starting with a
1 mm radius beam at 10m¥W, we need to expand the outgoing beam
by about a factor of 30 to 3 ¢m radius.
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CONCLUSION

To conclude this report we summarize the specific points
wnich deserve further attention.

1. The question whether two threshold illuminance Eq
values suffice for all background brightness conditions should
be reexamined. To chose more ET steps is the recommendation of
ICAO, but to continuously monitor the background luminance and
derive the appropriate Eq values would not involve a more
significant complication. Such a recommendation does not only
apply to the present RVR system, but should be seriously con-
sidered in any future system. From the large spread of possible
background luminances, it is precisely the unusual background

luminance condition which deserves the most attention.

2. The question as to what E_ value to "se for a given

T
background luminance deserves further evaluation. The merits of

the BLEU data compared to that of Blackwell, or others, should
be assessed.

3. The effects of multiple light sources as visual cues
deserves further attention. Allard's Law visibility calculations
are presently based on the characteristics of a given target
light. 1In reality, such a light is always part of a more com-
plex pattern, for example, the five lamps on one approach light
bar. This leads to questions of sumrction on the retina, veil-
ing luminance. and other physiological effects.

4. The definitions relating to concepts of slant visibil-
ity deserve further attentiorn. The Slant Visual Range (SVR)
refering to visibility along the glide path seems inappropriate
hecause the pilot does not look along the glide path for his
visual cues. The glide path intersects the runway 1000 ft from
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threshold. To see the approach lights, the line of sight has

to be below the glide path. The Visual Guidance Segme.t (VGS)
and Approcach Light Contact Height (ALCH) definitions are pro-
blematic since they do not refer to the true cockpit cutoff
angle of the particular aircraft. As such, they could be very
misleading. On the other nand, a definition should be universal,

and not involve any reference to a particular aircraft geometry.

5. With regard to a future visibility measuring system,
the following considerations apply.

At this point more experimental field work is required to
verify the ingredients of the analysis. This is particularly
true for the atmospheric model considerations, the y-2 questicn
under various atmospheric conditions, and the problem of in- :
homogeneities. A complete and reliable theory of the signal %
processing which can account for the variety of atmospheric
conditions must be developed, and the background radiance under
the most unfavorable conditions should be studied and measured.

Only after these preliminary aspects are completed, can a
meaningful systems analysis and optimization bte performed and
tested. The results of a successful test program then lead to
specifications of a working visibility measuring system.
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INT “ODUCTION

A. aircraft intending to land approach airports under ground
control, ground personnel transmit an estimate of visual range to
] the aircrews. This is an estimate of the range at which a crewman
: may expect to see a certain landmark or landmarks essential to the
landing process. One method of calculating visual range combines
4 a chosen value of the visual threshold with measurement of the
atmospheric transmissivity in a relationship known as Allard's Law
to predict the range at which an approach or runway light of -
given intensity will just exceed ar observer's threshold. One such %
estimate, called Runway Visual Range, uses two values of threshold
illuminance, 1000-mile candles for daylight and two-mile candles

T AT

for nighttime. Data collected from aircrew reports(l) and from an
experiment using stationary observers on the ground 2 show great
variability in the indicated threshold illuminance with the range
of values typically in excess of five or six log units for both the
day and night conditions. The following is an attempt to describe
properties of the human visual system and their interactions with
the visual enviromment which are relevant to both chocsing values
of the visual threshold to be used in predicting sighting ranges,

3 and evaluating a possible source of the variability.
FACTURS AFFECTING DETECTION OF DISTANT STEADY POINT SOURCES
I1luminance at the Eye and Background Luminance

The principal factors governing the detectior of distant steady
point sources whose position is known within small angular limits

1 are: the illuminance, E, at the observer's eye and the background

luminance, Bo , of the immediate surround of the source of interest.
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E is a function of three factors: the intensity, I, of the

source in the direction of the observer; the distance, r, between

E
source and observer; and the transmittance, T, of the atmosphere

«ver the distance, r. For a homogeneous atmosphere, T may be

calculated from the transmissivity, t, and the illuminance is given :
by Allard's Law: Er = Itr/r2 .

B

TR

0 is a function of the directional reflectances cf the area
.-t interest and the intensities and positions of the sources which

3 tlluminate it. Analytic treatment of B

0 for varying surfaces
illuminated by complex natural and/or artificial sources is impos-

] sible over the gamut of possible conditions. However, some

reasonable bounds can be readily chosen for the case of natural

i
illumination on the basis of existing measurements. It is convenient E

for discussion to designate three categories of illumination, even
though the boundaries between them are necessarily somewhat

arbitrary. These are: day, night and the periods of transition

The bounds chosen here for day are 10 ft-L and 8,000
f1-L, the former representing a low-to-medium reflectance surface

. an overcast day, and the latter fresh snow on a clear day.

between them.

Night is here taken to span the range from 0.000001 ft-L to 0.01 ft-L,

the former representing ecrth on a moonless night and the latter
snow in full moonlight.

PRI TITY

The range from 0.01 ft-L to 10 ft-L, then,
1> the transition regioa.

With these boundaries as guides. one can use existing exper-

1tmental data to estimate the ranges of threshold illuminance, E

j
for the three categories of illumination. The data of Blackwe11(3)

3 are most frequently used for this purpose. His data for a target

subtending 0.595 minutes of angle are recomputed tc yield the total
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Et (instead of the threshold increment), and a correction factor is
applied to compensate for the fact that the reported values are

for a 50% probability of detection.

In the present case, however, the estimates will be based on
the data of Knoll, Tousey and Hulburt(é). The latter were chosen
because the experimental conditions more closely resemble field
conditions: binocular vision, natural pupil, non-constrained
fixation and instructions to adjust the stimulus inteasity "until
it is just visible all the time." Actually, the choice is of little
consequence since these data agree very closely with those of
Blackwell if the latter are adjusted to take account of the 50%

criterion.1

The enpirical relationship found by Knoll et al is shown in
Figure 1. From this cne may determine that Et for the lowest
night background is -2.2 log mile candles and for the brightest
day ba¢ ..ground, 3.8 log mile candles; a spread of 6 log units.
Not all of this range is applicable to detection of approach or

runway lights from an aircraft on final landing approach.

Here we digress to describe briefly the dual nature of the
human visual process. It consists of a photopic system and a
scotopic system, mediated in part by two functionally different
types of receptors in the retina: the cones and rods. The names

of these receptors arose from anatomical differences, but should

1This statement is in disagreement with Middleton(s)

> pp- 97_98-
Middleton recomputed the Blackwell results to total Et but
neglected to do so for the Knoll et al data,which led to his

conclusion that they did not agree at higher values of Bo.

A-5
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not be takan too literally, since the "cones" which are tightly,

it

packed in the region where the visual axis of the eye meets the

Nadab h e

: retina are really more rod-shaped than are the "rods". The
photopic system (cones) is dominant at higher levels of luminance,
and is associated with the perception of color and with mazimum
visual acuity. The scotopic system (rods) dominates at light

levels below those to which the cones can respond, and is associated.

with lack of color vision and relatively poor acuity.

The retinal distribution of the two types of receptors differs.
The maximum density of ccaes occurs in a small area -- approximately :
1/2° in diameter -- about the visual axis called the fovea, with the
density decreasing rapidly out to about 20° off-axis and th;reafter

remaining stable at a low level. There are few if any rods in the

s CANEEALL AN Lty e o

fovea; their density increases rapidly out to about 20°, then declipes
again toward the periphery of the retina. From 0 to 5° eccentricity
visual acuity is proportional to the density of cones. Beyond this
region acuity is progressively poorer than would be predicted by cone
counts. This suggests that there is a functional area whose cone
receptors have a constant ratio (perhaps 1:1) of reprgsentation in

the data-processing department, and that more peripheral rzceptors
increasingly share "party lines".

sl o b

The separation of the two systems by light level may be

seen in Figure 1 where the limb to the right of the inflection at
-3.0 log ft-L represents photopic function, and that to the left,
scotopic. This Figure also shows that the 1.0 log unit rise in
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. threshold illuminance between backgrounds of -6. O and —3 0 log ft-L
A is within the scotopic svstem.2 !

o mad R At ds i

The position taken here is that the detection of the ligﬁts of

3 * interest is a photopic:foveal task'3 Since the minimum photopic

threshold, —1 2 log mi—c, is associated with a Bo of -3.0 log ft-L, ;
lower values of B0 will not result in lower values of E for the ;
task of interest This adjustment 'in the minimum E value decreases

. the total expected range of E from 6.0 to 5.0 log units.

FETET PRI T

PRIy

Raqges'of values of BO and their associated E% values are shown

in Table I. The Et values in Figure 1 and this Table are based

upon observations under laboratory conditions by train~d subjects;
3 '

therefore it is of interest to compare them with data gathered
under ifield conditions. l

:
J . .

e VIRSTY

2Most'comparisdns of the lower thresholds of the photopic and
scotopic systems state that the latter is 2.5 to 3 log units lower,
whereas the difference shown in Figure 1 is only 1.0 log unit. The

Madairie e Yol g

E " discrepancy arises from the fact ‘that the usual visual threshold

- test stimulus has considerable angular extent, typically two degrees 1
or more. The maghitude of areal suﬁmatioa in the scotopic system is
much greater than in the photopic system. When the stimulus is a
point sour*;, areal summation cannot occur {(except over the A1ry

_ disc) and the fhreshold difference is smaller.

. 3It may be argued that point sources, such as étars, can be detected

2 Yl B0 e

at low levels using extra-foveal vision when they cannot be seen
with the fovea. However, in the landing-approachb situation a

particular group <" lights must be perce{ved as a pattern in order

AN I

to discriminate them from other possible sources in the area. The

1limited acuity and unstable fixation of dark-adapted extra-foveal
vision would make such a discrimination very difficult if not

Ch il T

impossible.
: : {5
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TABLE 1

Background Luminances and Corresponding Threshold Illuminances
for Point Sources Under Three Categories of Illumination

DAY TRANSITION NIGHT
B, max. 8,000 (2.9) 10 (1.0) 0.01 (-2.0)
ft-L (log ft-L) min. 10 (1.0) | 0.01 (-2.0) | 0.000001 (-6.0)
E, max. 6,500 (3.8) 8 (0.9) 0.1 (-1.0)
mi-c (log mi-c) min. 8 (0.9) ] 0.1 (-1.0) | 0.06 (-1.2)

Lefkowitz and Schlatter(z) report an experiment carried out

at the National Aviation Facilities Experimental Center (NAFEC) at

Atlantic City. Observers on a platform about eight feet above the

center of a runway reported the most distant runway light they

could see., Transmissivity measurements and background luminances

were recorded at the time of each observation. Threshold illuminance

for each observation was calculated by Allard's Law. Observations

were carried out over the period from September 1, 1965 to May 15, 1966
and were limited to conditions of t <.80 during the day and t <.50

# night with t measured over a 500 ft. baseline. Thirty observers

participated for varying numbers of observations, totaling 990 in

daylight and 1511 at night. The demarcation between day and

night was chosen to be at B0 = 2 ft-L.
Data from Figure 20 of Lefkowitz and Schlatter are shown here

in Figure 2. The night thresholds range from -2.6 to 4.2 log mi-c

with a median of -0.1. Day thresholds range from -0.6 to 4.5

1'75
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log mi-c with 2 median of 2.0. Reported values of B0 fell

between 0.002 and 2.0 ft-L for night observations and between

55 and 910 ft-L for day. From these we may determine the limiting
values of Et predicted 'y the Knoll et al experiment. These are
approximately -1.1 and 0.3 log mi-c for night and 1.6 and 2.7 for
day, and are shown in Figure 2 as the end points of the horizontal
bars. As may be seen, the midpoints of these rarnges agree quite
well with the medians of the NAFEC observations and the ends

enclouse 56 and 48 percent of the night and day data respectively.

The aspect of che field data which corresponds poorly with
the laboratory results is that of the ranges: 6.6 versus 1.4
log units for night and 5.1 versus 1.1 log units for day. It can
be argued th~t Et valucs measured in the field which exceeded
the upper “imit of the laboratory values arose from the numerous
factors #hich might have been present to degrade performance from
optimum. However, this argument cannot cope with the 32% of the
day cases in which the reported Et was less thar laboratory
threshold for the lowest BO’ 55 ft-L. The lowest day Et value
is 2.0 log units below the iaboratory value corresponding to BO =
55 ft-L. No known properties of the visual system could account
for this result. Because of the correspondence of midpoints, it is
tempting to speculaie that the distributions of the field data arose
from a combinatiou of the threshold characteristics of the visual
system and some source of random variation which is normally dis-
tributed with a mean 2qual to =ero. At any rate, one must conzl e
that the known variation of Et as z functior of Bo does not accow:-
for the variance of the distribution of calculated Et based upon

the cbnervations collected by Lefkowitz and Schlat ..r.
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The entries in Table I ar< based on measurements of the range

: of B0 due to natural illumiuation. Artificial sources at or near

an airport would have little effect in daytime but could significantly

raise BO at night.

it okl i T W

The range of total illuminance at night at
, farge civil alrports was found by Rose(6) to be from 0.002 to 0.05
? ft-c. Assuming a reflectance of 0.5, Bo would range from 0.001 *o

0.025 ft-L and Et from 0.06 to 0.16 mi-c. These daia strongly
reinforce the position taken earlier that the task of interest
] is strictly limited to the photopic visual system.

aircraft may also contribute to BO' Examples are specular reflection

of the cockpit luminance from the windshield, and backscat:er if

The observer's

landing lights are used during fog or precipitation.

Ak ok

Other Factors
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In addition to the factors of illuminance at the eye and :

background luminance discussed above, there are other aspects of

the stimulus situvation which have potential for affecting detection
threshol ds.

il g l1e sk A

These may, for convenience, be di. ded into spatial

effects and temporal effects, though any given situation may
partake of both classes.

In the previous discussion it has been
tacitly assumed rhat the target of interest appeared on backgrounds

which were of counsiderable angular extent and were relatively

stable over time. We will now examine some

tuaticns in which
these conditions do not hold.

Spatial Effec.s

Spatial <ffects way be characterized as interactions occurrirg

when there are spatial inhomogeneities in the distribution of
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luminances in the visual ficld. These effects arise from &itferences

between the distributiqns of luminance in the visual field and of

AT ATy &

illuminances on the retina as a result of scattering in the ocular

TR

3 media, and from interactions which take place in the visual system
i after energy is absorbed. The former condition will.be discussed ) E
] later along with other aspects of "glare". . : E

Spatial interaction f the second type in the visual field

is a very complex topic and, because of the multitude of stimuius
patterns which can exist, 'is still incompletely described despite

the existence of much experimental data. No practical strategy

3 for selecting Et values and predicting sighting ranges at airports
: could hope to cope with the possible variations arising from local

Fortunately,
these interactions are less marked, énd.span less angular separation,

for foveal then for extra-foveal stimuli..

terrain, ground cover, sun angle, time of vear, etc.

l 1
A straightforward question can bLe asked concerning the effect

of an adjaceat boundary upon the threshold of ‘a foveal stimulus. ' : :
While Knoll et al collected thei- principal data with the test 3

o 6t adt it LS ol i

b 2l W kAl

stimulus centered on a circular background subtending 12°, they ;

also investigated the effect of detreasing the background to 0.8°
1 (leaving the rest of the field dark), and.of moving the test point

about cn a large background to within 0.4° of the boundary. No

differences in the Et s Bo relationship were found from the case

of the large, centered surround, indicating that any boundary

W TTIPPITPRER ST 1 ALV IV

3 effect in the fovea does not spread far. However, these data are
2

1 limited to the condition where the threshold stimulus occi-3s in

i the lightsr portion of the ficld.
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Aﬁ experimevt by Fiorentini and di Francia, rebofted by
n

Brown and Mueller''’, sheds further light on the question. These
experimentets employed adjacent light and dark fields having a
luminance ratio of 80:1 with a narrow, 0.067° gradiéent between.
Threshold for a small test patch was measured as it was translated
across the boundary. The threshold was highest where the gradient
met the lighter field - approximately twice:as large as when the
background was the lighter field. Of particular importance was
their finding that the boundary effect was sharply peaked, with the
threshold dropping to baseline level within 0.08° to either side

of the .point of maximum effect. In summary, we can say that Lhe
presence of boundaries in ‘the vicinity of a target ot interest should
not present a problem in predicting sighting range; an "edgef effect
éccuts only if the target is almost precisely at the boundary,

and then the effect is smsll conpatea to other sources of variance

present in a field situvation.
' ]
The other class of spatial effects consists principally of

conditions in which there are one or more sources in the visual
field whose luminance is greatc: thén the background against which
ihe target of interest must be discriminated. Such conditions are
usually discussed in connection with glare, but it should be
recognized that elevation of tne threshold for a weak target.is not
limited to cases where there ére concepttated sources of high
intensity. Any source whicl, has higher luminance than the immediate
surround of the ta.get may produce an effective %ncrease Ia the
luminance of the background and hence in the taréet thresholid.

Part of this ‘ncrease in Bé has been shown to be due to scattering
by the cornmea 21d cther ocular media, but there appears to bé an

additional 1nh1b1tbty effect whose origin is speculative. At any
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rate, the elfective background luainance Bé for which an

appropriate E_must be selected is equal to B, + B. B is a

|
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function of 0, the angular separation of the source from the target,

and E, the illuminance it produces at the observer's eye. LeGrand(8)

wats vmas L g Aoaliad

! gr.es an empirically determined relationship:

B = 10E6~2

o T RETNTE

L. £ a) s rEmswe

vhere E is in lumens per unit area, B is in candelas per unit avza

_ and 0 is in degrees. Effects due to multiple sources can be summ d

to give the *otal 86 .

Usi

r ARG bzt b e s

:his relationship, one can approach the question of the
i effect of the luminance of cockpit instruments on the detection of

3 . external point sources. In Figure 3 the fou: quadrilaterals with

é heavy outlines represent the angular extents and positions of the

windshields of a DC-9 aircraft as seen from the captain's seat,

as given by reference (9). The + symbol on the captain's front

: windshield indicates his line of view parallel to the axis of the

aircraft. The concentric circles about the + indicate 20° angular

1 increments in the visual field. The shaded areas above and below

the three rightmost windshields represent estimates of the visual

areas containing instruments. For purposes of analysis these

instrument areas have been divided, as indicated, into 20 sub-areas

and the visual effect of each sub-area assigned to the angular

™

pesition of the center of that sub -:a. If the effective luminances,

Bs , of the sub-areas are assumed to
3

view may be calculated by:

be equal, B at the line of
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where w is the subtense of sub-areas in steradians, 6 the ngular
separation of their centers from the line of view, and B and Bs

can be any convenient units of luminance so long as they are the

same. Carrying out the summation and multiplying by 10 gives the

weighting factor 0.0079 for the example depicted in Figure 3.

Data from Dchrn(lo) provide a basis for estimating B, .

Dohrn measured the luminances of pointers and numerals of

1.Struments at night in seven types of military aircraft. H.ghest

luminances were found in a C-124, the type among those measured

most likely to reszible multi-engined commercial aircraft. The

brightest portion of the brightest instrument averaged over
several measurements was fourd to be 0.37 ft-L at normal intensity

setting for night flying in the C-124. Bearing in mind that this

was the highest luminance measured and that the light area of most
instruments represents only a relatively small proportion of their
total area, 0.37 ft-L may be used in conjunction with the

weighting factor obtained to provide a very-worst-case estimate of
B = 0.0030 ft-L.

Taking BO equal to 0.001 ft-L, the lowest level which affects
the foveal Et and for which Et = 0.06 mi~c, B

0o =58y * B = 0.004 ft-L
and Et increases to 0.08 mi-c. This would result in a decrease of
182 in the sighting range considering only the inverse-square

component of Allard's Law. Whether a decrease of this magnitude

is significant, in view of the large variance found in reported

sightings, is problematical. As By inc.eases, the effect of a B
of 0.0030 is quickly nullified. A more realistic estimate of the

effect of instrument lighting may be made by considering the fz-t

that most instruments have small lighted areas on large dark
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grovn \ds. If we estimate conservatively that the lighted portion
is 10% of the total, the average luminance of the areas in question

becomes 0.037 ft-L, B is 0.0003 ft-L, and the effect on 86 and Et
is negligible.

It should be borne in mind that the above conclusions regarding
; the effect of instrument lights are limited to foveal targets. ;
For the task of detecting a relatively large target against a very ;
Jark background using extra-foveal vision the effect of a B of 0.003
or even 0.0003 ft-L could be substantial.

There may also be other sources in the environment more

commonly thought of as glaring. Examples are the sun and moon at

low zenith angles, and the sun reflected from standing water or

e
axsonitudadiad

é from the windshield. The appropriate B can be computed for any

] specified set of conditions. For instance, on a very clear day the
sun at a 70° zenith angle produces 8,500 ft-c on a surface normal

to the direction of the sun. The resulting B for a target of interest
at an angle of 25° from the sun is about 400 ft-L. However, it is

EYX W

NOETPRRrY LU Ty

not readily apparent how provision for such conditions can be
included in a procedure for estimating sighting range without
producing intolerable complication.

e R I ) bt 3 48
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Temporal Effects
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The relationship of temporal visual effects to the design and ;
3 control of cockpit lighting has long been the subject of intense

3 interest. Most effort has been concentrated on preserving maximum
dark-adaptation at night, usually by controllii.: ihe intensity and
spectral povw:r distribution of the cockpit illuminant.
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The relationship describing the change in sensitivity of the
.sual system as a function of time in the dark is usually presented
as shown by the solid curve in Figure 4. The initial recovery is
rapid, becoming progressively slower, followed by a rather abrupt
transition to more rapid recovery which again becomes progressively
slower. The early limb of the curve is associated with the photopic

system and the second limb with the scotopic system. If the pre-
adapting luminance is reduced, the recovery is as shown by the dashed

curve in Figure 4. Here the photopic segment is not apparent and

scotopic recovery starts earlier, but slows, eventually becoring
indistinguishable from recovery after exposure to the higher
luminance. If the test stimulus is confined to a rod-free area of
the fovea, only the photopic recovery is measured, and the threshold

would remain at about three log units in the examples shown.

In the aircraft situation being considered, recovery from
adaptation to high luminances normally presents no problem, since
the natural transition from daylight to night is very much slower
than the photopic changes of sensitivity. The condition . ° chief
concern is therefore the transition from viewing the illuminated
cockpit to attempting to detect dim externmal lights. As stated
earlier, there has been consic cable applied research concerned
with cockpit lighting and dark-adaptation, but attention has been
almost entirely confined to the scotopic system. Further, there
is a dearth of more general laboratory studies on photopic thresholds
following exposure to low- and medium~level luminances. the effects
are too small to have excited much interest, and so brief as to be

difficult to measure. However, there are data which appear to
provide satisfactory answers.

Baker, Debons and Horris(ll) have shown that 1if an observer

scans an adapting field composed of a large number of small light
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areas in an otherwise dark field, the adapting effect is given by ;

the product of the luminance of the light areas and the proportion

et

of the area of view they occupy. This finding, together with Duhrn's
measurements, provide estimates of the adapting effect of an aircraft
instrument panel. As before, if one assumes the entire instrument

panel tc be illuminated to the highest level found by Dohmn for the

T T S R

brightest part of the brightest instrument, one gets 0.37 ft-L as
a very worst case and 0.037 ft-L as a more probable figure, based

on the estimate that 10Z or less of the panel is actually illuminated.

Johannsen, McBride and Wulfeck(lz) measureé the time course of 3
the foveal threshold following ten minutes expoéure to a 1.0,ft-L
field and found no measurable elevation as compared to the fully dark-
adapted threshold. These data are somevhat limited, since the
experimental method precluded measureuwents sooner than about’ four \
seconds after the adapting field was removed. Baker(13) provides - ‘
data on the behavior of the foveal threshold during and immediately
following the cessation of an adapting field. Baker's lowest .
adapting field was reported to give a retinal illuminance of 57
2 trolands. From the data of Reeves(l4), relating pupil size to
luminance, the corresponding luminance with a natural pupil can be
computed as approximately 0.9 ft-L. The threshold data for this
luminance are shown in Figure 5, which shows that about 6 db of
sepsitivity is recovered in the first 0.4 seconds after cessati&n of
the adapting light and a further 1 db during the next 1.6 seconds.

3 Noting that there is about a 2.5 db decrease in sensitivity at the
3

ingtant the adapting field is turned off, one may speculate that the
rapid recovery in the first 0.4 seconds results from a combination

of the dying away of the burst of neural "off-pulses" with the 3.5 db
increase in retinal illumination resulting from pupil dilation.
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It is unfortunate that the measurements did not excend a few
seconds beyond 2.0 seconds, but ‘the iohannéen et al result cited
above, combined with these data, indicate that any effect of an
adéptinngield_of 1.0 ft-L effective luminance, or less, after the
first half second of removal is smali. Nor is the brief inftial
effect of concern, Qecéuse an aircrewman shifting attentic. from
cockpit to outside wbuld have to make a visual accommodation change
of about two diopters to bring a point source into focus — a
process which itself requires more than one-half second(ls).
Therefore it is concluded that the light-adaﬁtatibn iqduced by
normal cockpit lighting wili not adversely affect the threshold

illuminances for point sources viewed foveally.

fhere may be sourées of light-adaptation in the cockpit other
than instruments. One that comes readily to mind ‘is a light—coloréd
checklist read under a small spotlight. Depending on the luminance
level, this could adversely foect detection performance for up to
two minutes afterward. Another experiment by Johahnsen, KcBride
and Wulfeck(ls) ihdicates that if the adaptiug luminanée in fe-L
does not exceed 1.0 or if the product of luminance and duration in
seconds does not exceed 160, the effect ou the foveal threshold
will be negligible. -At any rate, it is cleur that the management
of this and other such bright objects should be a matter of cockpit
discipline and not a basis for altering sighting range predictions

made from the ground. Lightning flashes are another occasional

source of transient light adaptation not readily amenable to

prediciion.

| The use of red illuminants in céckpits has long been popular
and is 8:i1} the subject of nuch,discussion(17). Any benefit in
preserving or facilitating dark-adaptatica by restticting {1luminants
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to longer wavelengths arises solely from the relatively lower

sensitivity of the scotopic system to long-wavelength energy as

compared to the photopic system. To the extent that the C.I.E.

luminosity function and the assumptions underlying the photometric
system based upon it are vslid, any and all spectral power dis-
tributions of equal luminance will have equal effect on the state

of adaptatiou of the photopic system. Therefore discussion of the

merits and demerits of red lighting is not germane here.

Temporal effects also occur when an observer who is adapted
to a low level of luminance is abruptly shifted to a higher level
as might occur when an aircrew member who has been working "inside

the cockpit' begins to search for a light source against a brightly

sunlit background. Baker(ls) investigated the case of observers

first adapted to full darkness and then required to detect a threshold

target against a luminous field. A substantial sensitivity decrement

was found iumediately following the introduction of the test condition.
He was unable to obtain stable data during the first few seconds,
so the magnitude of the decrease is uncertain; but it is clear that

the loss increased as the luminance of the condivioning fi_14

increased. 1Initial recovery was rapid but became slower, and from

one to iwo minutes delay, depending on the luminance of the field,
occurred before maximum sensitivity was achieved. Unlike Baker's
subjects, of course, an aircrewman would not be adapted to full

darkness and the effect would be less severe. But the exact amount

of loss 1is uncertain, since no data were found on the effect of

shifting from an intermediate to a higher level. Some shaky
extrapolation from the Baker results leads to the estimate tha: the
decrease in sensitivity from the eventual steady-state level should

not exceed 2 db ten seconds after shifting to the brighter background.
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E SUMMARY

The properties of the human visual system have been examined with
respect to the prediction of sighting ranges from aircraft to point

sources of illumination whose direction is known. It was concluded

LHEd e L e G

that the task of interest is limited to the foveal photopic visual
system. Available data indicate that the threshold illuminance at

the eye can vary over a five log unit range (0.06 to 6,500 mi-c)

o STPTTY T

2s a function of the background luminance produced by natural
illumination. The sources of artificial illumination typically
associated with airports raise the background luminance at night

and an increase in the minimum threshold to as high as C.16 n. -c

toack e R 7 il paradp gy

may result. Data gathered in a field study at NAFEC using st:oiicorary

observers on the grourd show a far greater variability ia the
3 computed threshold than can be accounted for by che range of back-

ground luminances which were measured. The sourc2 ~f this variability

; was not identified.

Spatial effects within the visu=zl field such as contours, or

IR PRI

e v: "ling luminance produced by cockpit instruments, were shown

: we of little or no consequence. Stro-~g glare sources, such as

G bbby

the sun's disc or its reflection from windshield or . +.nding water,
are probably too unpredictable in time and space for practical

inclusion of their effects in a prediction algorithm.

2t bl T

: Temporal effects can occur during shift from a darker to a ;

E lighter field or vice versa. Scanning instrumen. panels should not

)

adversely affect the detection of external point-source targets of
interest at night. Viewing brightly lit objects of high reflectance
in the cockpit, on the other hand, could do so, and such objects

should be eliminated by equipment de . ,n and operationas rules. :

34
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Shifting gaze from the darker cockpit to a brightly daylit:

ey e ke e A

B e

exterior will cause some loss of sensitivity. The magnitude of ¢

loss is uncertain Because of lack of experimental data, but

he

recovery shéuld be ‘virtually complete after a few:seconds.
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EYE SAFETY REQUIREMENTS

It is clear that any system involving optical lasers which
is operated in open installations can be a severe eye hazard.
This fact must be taken into consideration when laser systems
are proposed for visibility measurements, or other purposes, at
airports. Fortunately, the intensities required for our purposes
are not crucial, and one can always reduce the intensity by in-
creasing the cross section of the outgoing beam while keeping
4 the total power or energy constant.

An excellent review, Ocular Hazards from Lasers and Other
Optical Sources by A. M. Clarke* appeared recently. This paper
pointed out that there is no particular consensus as to what
the permissable exposure values are. The Table on the following
page summarizes the results of three different guidelines dis-

cussed by Clarke. We apply the guidelines set by the U.S.
Surgeon General's Report.*¥

*A., M. Clarke, CRC Critical Reviews in Eavironmental Control,
Nov. 1970, pg. 306.

3 **Department of the Army and Department of the Navy, TB-MED
279/NAVMED P-5052-35 Control of Hazards to Health from Laser
Radiation, Washington, D.C. Feb. 1969.
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APPENDIX C

Literature Search on "Might Vision, Dark Adaption, and ILow

Visibility Perception®.

covering 1962 to Septembher 22, 1970

NACA Scientifi: and Technical Information Facility
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