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INTRODUCTION

Early and reliable detection of forest fires is the keystone of efficient
fire control, It means the discovery of fives while they are small and
results in lower suppression costs and darages.  Private, State, and
Federal fire-protection agencies throughout the country, recognizing
this fact, have spent considerable time and effort planning loskout
systems which will give the best coverage for the investment 1n towers,
living quarters, roads, teails, and telephone lines.  This worl has been
reported by Abell and Beeman,® Show and Kotok (27),° Show et al.
(28), and others.

Detection time standards, which are arbitrary discovery time goals,
vary from day to day and scason to scason, When the fire occurrence
rate or fuel fammability is high, action must be faster and surer if
fire losses are to be hield down.  Visual range * also Auctnabes from day
to day or moath to month and is a factor controlling the number of
lookout men needed on duty to attain a given detection time standard,
For cxample, Jemison (19) found that the smoke from a Y%-nere fire
could be seen at noon on the Cumberland National Forest in Kentucky
an average of 8.0 miles in September, but only 4.4 miles inr November.
Since, in this particlar forest, the ¥-nere fire is considered the maxi-
mum allowable size on discovery for average burning conditions,
lookout points during November need to be opernted not more than
8.8 miles apart, but the points manned could be 16.0 miles from each
other during September. In September, only about one-fourth as
many lookout stations as are needed in November would have to be
operated to cover an area.  This spacing would ordinarily be modified
by topographic conditions,

Studics were started in 1932 % to answer two questions:

1. How far can an object of small angular diameter, such as a
standard-sized smoke colutun, be seen through a hazy atmosphere?

2, How ecan visibility distanee be measured by methods useful to
the fire control ageney?

A Tundamentai approach lins been followed throughout the investi-
gation in order to establisk the basis upon which the answers to many
practical detection problems rest.  Incidental to the main study a
number of useful devices have been developed, including an eye test
for selecting keen-eyed observers, a haze-cutting filter, and goggles for

T Abell, C. A, and Beeman, R M. Planning a lookeut system. U. 8. Forest
Service, Appalnchian Forest Expt. Sta., 44 pp. 1937, [Pracessed.]

3 Ttalic numbers in parentheses refer to Literature Cited, p. 43.

1 The “visual range’” of an object is the distance at which it is barely visible.
The term ig slightly more general than “visibility distanee,” used by the Forest
Service, which is the distance at which a smoke column of specified size and den- .
sity ean Lo seen and recognized as n smoke by the nnaided eye.  These terms, as
well as cortain others, are defined in more detail Iater.

5 These studies were begun by R, 1. MeArdle at the Pacific Northwest Forest
and Range Experiment Station, Portiand, Oreg., and were later continued &t that
station and at the Seutheastern Forest Experiment Station hy the senior author,
Other forest experiment station workers have nlso heen engaged in various phases
of visibility rescarcl, but the discussion here concerns chiefiy the work at the two
experiment stations mentioned above.
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lookout men. In additien, several principles useful in fire detcetion
have been evolved.

Tt was apparent throughout the investigations that although the
visual range of a small body of smoke {or any other objeet of small
angular diameter} was determined $o o large extent by the scattering
and absorption of light by the lower atmesphere, the nature of vision
itself was cqually important., It is nob possible Lo derive the basic
expression for the visual range of & small ebject unless the relation
between visual acuity ® aund such factors as brightness, object-back-
ground contrast, and structure of the object is known.

VISIBELITY AND THE EFFECT OF HAZE UPON IT
Tue EYE A5 AN OpriCaL INSTRUMENT

An understanding of some of the mechanisms of vision is basic to
any discussion of the fundmmentals of visibility. When light from o
distant objeet eunters the eye, it is focused by the oplical system of
the cye so as to form an image of lhe object on the retina {fig. 1).

]

Figere L-- Diagram showing the optieal system of the eye! C, conaen; D, iris’
diaphragm; L, crystalline lens) P,, posterior nodal poind; R, reting,

The relina corresponds {0 o photographic §lm, and, like & film, it has
n charactenistic grain,  The retinal grain consists of closely packed
individual light-sensitive reeepters which are eonnected by nerve fibers
to the visual center of the brain.

Unlike a photegraphice filtn, the retina is not equally sensitive over
its entire surface.  1f the eye is adapted to daylight eonditions, eritieal
vision is confined to a very small central area of the retina, known as
the foven, whicl is legs than 1.5 degrees in angular diameter. The
sensitivity of the outer retina decreases rapidly with increasing dis-
tances from this central highly sensitive avea. This variation in the
sensitivity of the retina has an important effect on the ability of an
observer to detect simoke and also on his methods of ebservation.

% “Visual acuity” is defined as the reciprocal of some arbitrary anguiar dimen-
sion (usunliy the angular diameter in nminuies) of an object when i} can just be
resolved or identified.
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There is more to seeing than a study of the visual mechanisms would
indicate, and an efficient observer must possess certain qualities in
addition to good eyesight. Successful seeing may be regarded as the
integration of many different phases of visual experience.  Differences
in the illumination, color, and shape between different parts of the
retinal image are meaningless until they are interpreted by vhe ob-
server.  Iis ability to make subtle distinctions whan these differences
are small will therefore depend not only on the quality of his cyesight
but alse on his intelligence and on his judgment built up from previous
experience. A keen-eved but untrained observer might find it diffieult
to distinguish a small smoke from dust or 4 small pateh of cloud. An
experienced observer with evesight of the same guality would be less
likely to have this difficuliy and might even be able to give additional
information from the meager details of the retinal image; for cxample,
he might be able to judge the type of fuel in which the fire was burning,

Tlazs Axp Am-LicnT

The term " haze’” may be defined as the luminous veil which obscures
distant. objects and makes themn difficult to see.  This veil is caused
by the seatiering, vefraction, and rellection of light by the innumera-
ble particles suspended, in the atmosphere between the observer’s eye
and the distant object at which he is looking, However, the coneept
of haze-as o luminous veil is not as simple as it might at hrst appear.
The wveil is actually three-dimensional, and its presence is a joint
phenomenon between the existence of a light source {or sources), parti-
cles in the atmwsphere, and their ability to change the direction of some
of the light coming through the atmosphere. Haze defived in this
manner ¢oes not have quite the snme meaning as it has in certain
oiher meteorologien] uses, hut this definition seems more compaltible
with the ordinary use of the word and with its relation to forest fire
detoetion.

The atmosphere is never a perfeetly transparent medium even where
the nir is exceptionally clear,  Usually it contains n suspension of small
purticles of many kinds, such as smoke, dust, spores of fungi, pollen,
and bacterin, which absorb and seatter light.  Ewven the molecules of
the pure gases comprising the atmosphere contribute to the seattering
of light, In cortain rogions near the seacoast, the air may contain salt
particles which are left when droplets of ocenn spray evaporate,

Probably most haze is enused by smoke. In the eastern United
States, industrial smoke and smoke from dwellings seem to be the main
sources, and hazy conditions in any given region are determined to a
large extent by the populnation density.

According to the definition given here, haze would not exist on a
completely dark night even though the atmosphere was loaded with
scattering puarticles. At night, particles interfere with fire detection
beeause they reduce the apparent brightness of the flames, which an
observer sces as though he were looking through a neutral filter,
Nighttime detection of fires is much less important, however, than day-
time deteetion.  In the eastern United Stales, for example, 94 percent
of 10,131 fires in 194243 started during daylight hours (7:31 a. m. to
to 7:30 p. ), and it is conservatively estimated that about 80 percent
of all fires are discovered during daylight.  In northern California, 86
pereent of all fires during the period 1921 to 1930 originnted between
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6:31 a. m. and 8:30 p. nu (7). A detailed discussion of visibility of
fires at night is not attempted in this paper, although nighttime
detection may constitute an importani problem regionally.

“Haze brightness' is a quantilative phofometric term and can be
expressed in any of the common brightness units,

The term “haze particle” may denote an individual particle sus-
pended in the atmosphere which is capable of changing the direction
of a light ray. TFog or cloud particles could perhaps be called haze
particles, but it is probably hest to consider them as separate, and to
reserve the term “haze pacticle” for the smalier and more permanent
particles,

“Air-light”” may be defined as the huninous flux which is emitted by
haze,  Air-light bears the same relation to hnze as skylight does to sky.
It is not, possible to make a clear-cut distinction between sky and hazoe
or between skylight and airlight,  Sky becomes haze or skylight be-
comes air-light when an observer is looking in a more or less horizontal
direction, -

The air-tight is the vesult of resonance seattering, dilfraction, veflee-
tien, and reitaetion of sunbight, skylight, carthlight, and a repetition
of the same srocess for the airlight itself.  The last phenomenon is
Lknown as multiple seattering, and the inclusive term “‘scattering’’ is
generally nsee to describe the resultant effect of all of the processes
which ean change the direction in which fighs is traveling.

H the suspeaded partieles are very small compared with the wave
length ef light, seatiering is ol the resonance type. In resonance
sealiering, the light scatiered at rvight angles to the original beam is
completely planc-polarized and has only half the intensity of the un-
polarized light seattered in cither the forward or backward direction.
For intermedinte directions the seattered light is partially planc-
polarized, Knowledge of this phenomenon of polarization led to the
development of the haze-penetrating filter, described later.

I the particles are large compared with the wave length of light,
such as the parlicles in fog or mist, scattering wili be due mostly to
reflection and refraction by the individual particles and only a negli-
gible amount of the scattered light will be plane-polarized.  Since the
dinmeters of the particles are distributed over a considerable range, all
types of seattering usually exist simultancously.  The following tabu-
lation, medified from a dingram given by Davidson (75), shows the
range of dinmeters of different kinds of particles:

Dinmeter

Suspensotd {microns)
TS OV 0.001 Lo 0.3
Smokss {avernur) 25
Permavient atmosphorie impuarities. .o oo.. 0.001 to 1.0
Tinst enusing lung damape 0.5 to 6.0
Bueteria - . 1.0 to 1&
It BPOTPS o e oo e mmmmm e m e m e m = 10 to 30
Pollens eausing hay fever 20 to 70
Fog or cloud 5 to &0
Misloooo . oo - 30 {o }00

Smoke partielea are dyopleats of nearly transparent substance of
low vapor pressure, formed by the condensation of the unburned gase-
ous fractions of fusis such as wood, conl, and oil.  Incompicte combus-
fion often causes tie precipitation of earbon particles and, to a small
extend, ash particles, which are nearly opaque. If such pariicles are
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present. in any great number, scattering will be accompanied by true
absorption, and the haze will have a darker appearanee than when the
scattoring processes only arc present.

The appearance of distant objects scen through thin smoke or
through a hazy atmosphere is much different from that of similar
objects seon nearby. In the tmmediate landseape, color and bright-
ness condrasts are high,  Shadows are decp and clearly defined, and
tho deepest shadows oceasionally have n bliish hue of marked satura-
tiori. In the distant landscape, color and brightness contrasts are
greatly redueed, and the distant scenes have a much softer appearance
than those nearby. Most colors undergo a change of hwe, and with
the exception of the whites and grays, the saturation of the colors is
greatly deereased.  The reds and browns take on o purplish hue, the
greens appear bluish green, but bluish hues change little.  The con-
- trast between the deepest shadows and the brighter parts of the scene
is small.  The bluish veil of haze takes on considerable brightness, but
its color is less saturated than that of the nciarby deep shadows. The
apparent color of distant colored objects is discussed in considerable
detail by Middieton (24).

The brightness of a distant object is decrensed by the seattering and
absorption of light by the intervening atmosphere, bub is inereased by
the air-light from the haze between the observer and the objeet.  The
apparent brightness of the object may be computed by means of the
Koschmieder cquation which is discussed in the Appendix. A detailed
derivittion of this equation as applied to smoke column brightness is
given by Bruce (8). :

Although the color changes eaused by varying the distance from an
objeck are very noticeable, their effect on the visual range is negligible
c{nnpm-ud with that of the corresponding brightness and contrast
changes.

.

TaEe Visvar Rance oF SMaLL OBJECTS
DEFINITIONS

The *visual range” of a given object may be defined as the maxi-
mum distance at which the object can just b2 seen by an observer
witlh normal vision. For compljcx objects the various parts of which
are to be resolved,” the visual range is the maximum distance at which
resolulion is just possible.

The term “visibility distance is used to denote the maximum dis-
lance at which a small smoke can be seen and recognized as a smoke.
To simplify conversion from one unit to the other, it is arbitrarily
pssumed that the visibility distance of a smoke column is 70 percent of
ils visual range.  Such an assumption is necessary, as will be brought
out later, in order Lo provide a practical safety factor in detection.

The word “visibility” is overworked and oflen vague. Much of
the meaning of the word could be retained and vagueness avoided by
introducing a more specific concept, the visibility angle. This term
woulkd Le defined as the angular distance between the direction of
vision (binocular) and the direction of the object when it can just be
detected.  For example, an observer might be able to see an object

T A complex object may be defined as one having two or more parts, which must
be resolved or scon as separate.
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plainly by looking directly at it. If the object were moved to one
gido {his direction of vision being unchanged, and the distance of the
object kept constant), it,would finally reach a position where it would
be barely visible. The visibility angle would be measured in degrees
and for any given object its numerical value would depend on the
angular dimensions of the object, the contrast between tho object and
its bnckgrmmd, the background brightness, and the quality of the
observer’s eyesight. Tllustrative test objects and their visibility angles
when viewed in daylight by an observer with normal eyesight are
listed in the accompanying tabulation.

Approrimntenngidar Visiblilty
" s dimensions angle
Test object: . . (milnules)  (deprees)
Telephone pole (85 feel disiant) viewed against a back.
ground of green trees 34 x 700 40
Groy sutomobile {200 feet distanl) viewed against o
metiled background of green vegetation and light seil. 100 x 240
Dandetion blossom on green luwn 4x8
Large, light-colored billboard agninst background of
green vegelbation 480 x 30
Tenee post viewed against g 15 x 80
Biack spot on yellow paper . 2x2
The werd “vision typed on yelluw paper. (5 feet distant);
just wigible. o _____________ mmmmmmmm s - 8 x 48
The word *'vision”? typed on yetlow paper (3 feet distant);
just veadableo o .. dmmm———mn S x48

The visibility angles for black disks ol different angular diameters,
viewed ngninst & white background in daylight, can be rendily doter-
mined from the curve in figure 3, discussed later, the ordinates of
which are plotted in terms of the reciprocal of the angular diameters
of the disks. L '

The concept of a visibility angle has a number of drawbacks, but
would be directly applicable to many of the problems in which the
position of the object is unknown and o process of searching or seanning
18 involved, as in delection of forest fires.  1ts application to scanning
problems willrequire information on the relation between visual acuity,
object-background brightness contrasi, and background brightness
for diffevent zones of the outer retina. Suck information is not
available at the present time, hence the visibility problems discussed
in this paper nccessarily apply to foveal vision.
 Of a number of objects, all of which are located at the same distance
from the observer, those with the largest visibility angles will usually
have the greatest visunl range if the objects are moved away from the
observer, Owing to complex contrast relatious, this is not always
trize and there is no simple direct relation between visibility angle and
visual range.

DETERMINATION OF THE VISUAL RANGE

The answer to the question, “Flow far can an cbject of small angu-
lar diaineter be scen through a hazy atmosphere?”’ depends on the
solution of two problems:

1. The determination of the cffect of atmospheric haze on the con-
trast between 2 distant object and its background.

2. The development of a general theory of visual acuity, and in
particular the determination of the function relating visual acuity to

v
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the brightness contrast between a given test objeet and its background.

Tho first of these two problems has been discussed in considerable
detail in other publications (3, 7, 8, 18, 24}, two of which (3, 24) also
give some discussion of the second problem.  The theory of visual
acuity and its relation to contrast has been investigated by Byram
(12, 18). Tho results of recent comprehensive investigations of the
sceond problem, including studies of the effect of background bright-
ness, have been published by Blackwell (2).  The solution of problems
concerning the visual range of small objects is o process of combining
the two problems just mentioned. In general this is a complex pro-
cedure and a deseription of the mathematical methods for doing this
is bevond the seope of this paper,  However, a discussion of the mathe-
matical theory of the visual range is given in the Appendix.,

The visual range of small bodies of smoke ean under cortain condi-
tions be expressed as a fumction of a single variable representing the
clonrness of the atmosphere,  The clearness of the atmosphere can be
expressed in terms of the maximum distanee at which a large black
object, such as a distant mountain ridge covered with dark vegetn-
tion, can be seen. This unit is sometimes referred to s the meteoro-
logiceal visual range, or dark ridge visual range.  For many purposes
a smaller unit approximately one-fourth, as large as the dack ridge
visual range is more convenient.  This smaller unit ean be measured
with instruments to be desceribed later, and is designated as the haze-
meter reading,  Another unit, the mean frece photon path, is nearly
cqunl Lo the haze-meter rerding; this unit and its physical meaning
are discussed in the Appendix,

The visual range of a smoke body can be expressed in terms of a
single varinble only whon it is viewed agninst & dark background or
agninst the horizon sky, and only when the scattering function of the
particles composing the smoke body is identical to that of the particles
suspended in the atmosphere (see Appendix, p. 50). Under such
conditions the brightness of the smoke would be dircetly proportional
to the brichiness of the horizon sky in the same direction from the
observer ag the smoke.  This should be true regardless of the position
of the sun or other sources of Hight,

This condition is seldom realized, but on hazy days the approxima-
tien may be fairly good. It should be best when the haze particles
are similar to those compoesing the smoke body, This often oceurs in
the Wostern States when the prevailing haze is caused by forest five
smoke, The approximation is never good when the atmosphere is
clear.  Another source of error is the intrinsic brightness of land-
scape backgrounds, but this error can be partially compensated for
by taking haze-meter readings against backgrounds which have about
the snme intrinsic brightness as the backgounds against which the
smokes are observed, |

The points plotted in figure 2 show the results of a large numnber of
observations on the visual range of small test smoke columns of approx-
imately constant size, viewed against dark backgrounds, The data
are plotted as a funetion of the haze-meter reading in miles taken ab
the time the smoke was observed,  The smoke columns were furnished
by borning specially prepared candles (sce figure 8 and pages 19 and
20 for deseription), .

Curve 2l is theoretieal and is a plot of equation 11 in the Appendix
which expresses the visual range of a test object in the form of a very
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long thin band or rectangle.  This curve gives the best fit to the data,

although the smokes tended to have the form of slender inverted cones
yather than long reetangles,  Tlowever, the wider parts of the cones
were not as br ltrllt as Lhie narrow parts, and the tolal tuminous flux given
off per unit lenlrth should be constant.  This is probably why eurve A
ageees closely with the ploited points, Curve Bis also theor etical and
is a plot of cquation 13 in the Appendix. I the smokes had been in
the [orm of globular puils with approximately circular cross sections,

18 T | ; T

A
c

)

VISUAL RANGE (MILES)
@ o

0 1 . 1 ! 1 ] 1
2 4 6 8 10 12 14
HAZE-METER READING [MILES)

Fiooiy 2.~ Measurements of the visual ranee of & siall standard smoke column
ploited as a function of the haze-meter reading, Curve - is the theoretical
curve fora long, (hin reetanguine Lost, objecet: encve B Lhe theoretical curve for
o clisk rtest ul)p‘(‘l and gurve i< the thearetieal eurve for alarge bright abject
viewed apninst a (iurkluu‘k"mnmi or a large black objecl against the horizon
sky. The dots represent actund observations of Llest smokes and apply to curve
Aenly,

< {1 B L
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the data shiould havo followed 8 curve of this typs. Curve Cis theo-
retical and represents the visual range of a large object equal in bright-
ness to that of the Liovizon sky and viewed agninst a dark background.
It is nssumed that the angular diameter of the object is suflicienily
large that its size is not a [actor affecting its visual range. Curve O
also ropresents the visual range of a large black object viewed agninst
the horizon sky.

The scatter of the points In figure 2 around curve A probably has
threo differont sources.  One {actor causing scatbor is the variability of
the test sinokes which were not always of uniform brightness and shape,
Wind and vertical air tempernturve gradients affected their appearance.
Also, tho edges of the smokes were somewhad Dlurred, thus making it
difficult to assign definite valnes te their angular dinmeters,  Another
factor is the random varintion associated with visunl threshold deter-
minntions. The thivd fnetor is probably the varintion in the position
of the sun, as no attempt was made to control this variable,

I the smoke particles and the haze prrticles had the same seatter-
ing function, the position of the sun should have no effoct. Howevor,
Bruce (4) shiows definitely thai the smoke-horizon brightness ratio in-
ereases somowhat with decrensing angular distances {rom the sun, at .
least for the artificial smekes used in tests of this kind, Tt i3 probable
thab this is niso true for actunl smokes [rom forest fives with the pos-
sible exceplion of thin blue smekes, which are semotimes given off by
fires burning in very dry nonresinous fucls.

The incrense in the smoke-horizon brichtness ratio with decreasing
angular dislanees {rom the sun is one reason why smokes can be seen
farther when tho observer is facing a low sun, than when he is looking
in the other divection. On hight T)ackgt'ounds, such as dried grass or
light-colored seils, an even meore important factor contributing to good
sinoke column visibilily toward the sun is the large decrease in the
intrinsic baekground-hovizon brightness ratio {sce Appendix) whiech
oecurs ab small angular distances {vom the sun.

The effeet of the angular position of the sun on smoke visibility has
been known for a number of years, but has net been understood and
aceepbed by many five control specinlists.  In 1933, when investigating
the cffcet of the background-horizon brighiness ratio on smoke visibil-
ity, the senior author noticed thnt smoke visibility was best toward
the sun. The same point has been emphasized i 2 number of papers
(4, §, 8). The visual rangd of ordinary landscape objects such as
houses, trees, and landmarks, however, is much less toward the sun
than away from it.

Shalicuberger and Little (26) give an equation for the visual range
of conieal smokes (viewed on dark backgrounds) which rests upon
entirely different assumptions than those upon which curve A in figure
2 was based. They assumed that & smoke at the limit of its visual
range had an angular dismeter of 1 minute {at lonst for that part of the
smoke recognizable as a smoke), and that the brightness contrast
between the sinoke and its background was constant (about 3.2 per-
cent),  Neither of these assumptions can be justified on the basis of
retinal tmage structure (12}, slthough their equation gives a relation
between the visual range of a “conical” smoke aud the visual range of
a black ridge which closely resembles curve 4 in figure 2.  Smoke
columns at the limit of thetr visunl range may have angular dinmeters
which may be only a fraction of a minute, or they may be several




4

SOME PRINCIPLES OF VISIBILITY 11

minutes. Similarly, the contrast between the smokes and their back-
erounds may vary from some large value (seldom greater than 40 or 50
pereent) down o perhaps only 2 percent.

LIMITATIONS OF ‘THE VISUAL RANGE THEORY IN ACTUAL 'RACTICE

From the reasonably good agreement betwoeen theory and the experi-
mental dutn in figure 2, ono might conclude that the determination of
the visual range of o stall object would be o simple mubter if the atmos-
phierie variable is known,  Unfortunately, this is netso.  In obtaining
the duls for figure 2, the observers knew just where to loolk for the test
smokes, wnd the cleets of extrancous details were minimized by using
uniform baekgrounds,

In making visual acuity measuremonts, it is almost necessary that
the observer know where to look for the Lest objecet so that its image
will fall on the fovea, the centrul sensitive part of the vetina,
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Fiaure 3.~The visual acuity for a black disk on a white background when the
image falls on the ouler reting; visual neuity is plotied us a function of Llie angu-
lar distance of the image from the cenier of the fovea.  Noie that the abscissa is
& logarithunic scale.
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Figure 3 shows the results of visual acuity measured for a black disk
when the image falls at diflcvent anvulsr distanees from the center of
the foven. Visual acuity is defined ns the reeiproeal of the angular
diameter of the disk in minutes when it is jnsé visible.  The sensitivity
of {he outer retina drops off so rapidly that the angular distance of the
imnge {rom the eentral foven must be plotted on a logarithmic seale
in order to show the brend of Lthe curve. I the region of critical vision
i arbitearily defined as that aren about the foves for which any part
of the aren ean yield visual acuity values {(for the disk test objeet)
at lenst one-hall as great as are possible for the contral foves, then
figurce 3 shows that this vegion is about 1.5 degrees in angular dinmeter.

Thoe data in figure 3 were oblained {for binocular vision in tace hori-
zontal plane, but if ik is assumed that the rate of deeroase of retinal
sensitiviby is approximately the same in all directions, then critical
vision is conlined (o & cone 1.5 degrees in angular diameter,  In ovder
to zee a small abjeet which is near {he limit of its visual range, the
direction of the observer’s vision would have to pass within 45 mimttes
of the dircetion of the objeet. Tt is thus apparent why o small objeet
such ns a smoke, even on a uniform background, is very difficult to
detect unless the diveclion of an observer’s gaze is within a snell
angular distanes of the smoke.

It is for these rensons that visibility distance is defined as 70 percent
ol the visual range.  Buch asalfety factor is necessary in geod detection
practice beesuse simokes may occur ab random over much of an observ-
er's lerritory, and he never knows exactly where to look tor them.

Motion is also an imporiant factor in the identifieation of smokes,
The difference between-the sensitivity of the fovea and the sensitivity
of the outer relina for detecting motion is much less than the corre-
sponding difference for perception acuity or resolving power acuiby.
It is even sometimes stated thiat the sensitivity of the outer retina for
detecting motion is greater than that of the foven, and that an observer
is more likely to see an object move if he does not look directly at it.
This belief probably is incorrect (at least for small objoets viewed in
daylight) and seems to be based on the assumption that the sensitivity
of the retina to molion is closely related to its sensitivity to flicker.
At high brightness levels, eritical flicker frequeney is greater for the
outer retina than for the fovea (31).

PRACTICAL MEASUREMENTS OF VISIBILITY DISTANCE

Visibility distance, visual range, and visibility angle are three quan-
tities assoecinted with the seeing of small smoke bodies. The fst
two ate elosely related, sinee the visibility distancoe of sinoke is defined
Liere as equal to 7O pervcent of its visual range.  The visual range is 8
very useful quantity in experitnenial worlk because measurements made
ab the threshold of vision are thie most veliable. However, for actual
practice the smaller quantity, visibility distance, is mere suitable
bt-:mla.use it gives a cortain safety [ector by increasing the visibility
angle.

As stated earlier, the efficient placement of forest fire detection
forees requires current knowledge of fluctuations in visibility distance.
MMore lookout men are needed as the atmosphere becomes hany, fower
when it is clear. Butb experience showed long ago that personal esti-
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mutes of visibility distance were far tpo erratic to be dependahie,
Binee the visibility distance of simoke columns is closely rvelated to the
atmospherie atlenuation coeflicient, it is cssential that means be
available to measure or estimate this quantity,

The degree of avcuracy demanded in the measurement or estimation
of visibility distonce vacies with values at stale and rate of spread of
fire. Whare fives would cause great damage to a valuable resouree,
Inrere errors in determining visibility distanee could not be tolerated
beenuse an inadequate deteetion system might be the direet cause of
exeessive damages.  In fuel types and under flammability conditions
conducive to rapid spread of five, large vrrors in visibility distance
world lilkewise be costly,

Retiable standnrds of avenracy in measuring visibility distance can
best be determined after establishment of over-ull fire protection stand-
ards [or o given region.  Onee these stundards, ineluding a speed-of-
detertion objective, havo been set up, the significance of pecurate
visibility distance determination ean be judged.  In parts ol castern

Inited States, o 15-ninuto creteetion ttme standard is recognized,
which may or may not be the most desicuble.  Bub on this basis it is
belioved thet for ilis region visibility distance should be measured
within 410 percent because, in the high-rate-of-spread fuel types
commonly found there, such an error is significant, * A 10-percent error
in visibility distance would mean, conservatively, » 35-percent inerease
in size of smoke or in size of fire at discovery:  (Tn eastern fuel types,
general observations indicate that the size of a smoke is directly pro-
portional to the diameter of the fice.) Increases in the size of smolke
necessary to compensate for an ervor of estimate in visibility distance
can be determined from a family of eurves which show the effect of
cither size or magnification on the visual range.  Effeet of size of smoke
and magnifieation on the visuat range ia discussed in more detail in the
scetion “Periscopes, binoculars, teleseopes, and filters,” and in tho
Appendix.

The significant point to keep in mind is thiat relatively small errors
in visibility distance determination are associated with largo changes
in size of five on discovery at thoso distances.  If rates of spread arve
known, it is possible to approximate the cffect of an ervor in visibility
distance on size of fire at disvovery, assuming a detection network set
up te operate over the measured visibility distances,

Yisiciuity METERS

The best method of estimating the visual range of small objects is
by the use of telephotometers which are instruments designed to
mensure the apparent brightness of a small distant part of the land-
scape or horizon sky.  Aliddleton (24) gives a comprehensive summary
and discussion of the several different types of tclephotometers and
empirieal visibility meters, The photometric fields of the telepho-
tometers usually consist of two parts and are of the balanee or null
method type; that is one part of the ficld can be made to appear
brighter or darker than the other part of the ficld and =& balance is
obtained when both parts appear equally bright,
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THE BYRAM HAZE-METER

During the cowrse of this study a number of visibiliby instruments
were constructed and tried.  Some of them are shown in ligure 4, Most

F-388352
Fiaure 4.—TBarly models of visibilitr instruments developed in the course of the
visibiliby studies. dlost of Lhe instruments are telepliotometers,

of the instruments shown here are tclephotometers. The standard
model, called the Byram haze-meter (fig. 5) has been described by

F-380347

Froure 5.—The Byram haze-meter, designed for use in mountainous eountry.
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Byram (7} and McArdle (20) and is designed for use in mountainous
country..

The iustrument, voughly L-shaped, is aboub 9 inches long with the
oyepieee ab the small end. Looking through the slit in the eycpicee,
an observer sees a small coloved bar superimposed on the field of vision.
This bar is 60 porcent as bright as the horizon sky. When the ob-
server burns the knob in the upper part of the wnstrument slowly, re-
fleetions of topography arc brought into view, ridge by vidge. When &
ridge is reflected thet is 60 percent as bright as the horizon sky, the
bar anc that ridge appear equally bright and the bar, in effect, disap-
pears.  Tuc observer then notes the ridge and seales off its distance
{rom the ebscrvation poiné on o map. Visibility distance mey be
determined by veferring the vidgo distance to the tabulation on page
21, prepared from curve 4, figure 2. Construclisn debails of the
Byram haze-meter are given in the Appendix.

There may be certein topographic situations in which the Byram
haze-meter eannot be used satisfnetorily, such as stations where there
are not several suceessive ridges Lo serve as targets,  Sometimes, alse,
the bar in the meter will not exaeily match cither of two adjacent
ridges, one being too far from, the other teo close to the obscrver.
Undler such cireumslances, the observer should be instruected to iuter-
polric visibility distance based on o point somewhere botween ihe
twe ridges.  This can be done aecuentely with practice.  Probably a
better procedure, however, is to select lookout points topographically
adapted to tho taking of haze-neter readings, since considerable selee-
tien is usually possible. The same applies to other visibility meters,
o ll)c discussed lager, which also have limitations imposed by topog-
raphy.

%ojirne workers have criticized the Byram haze-meter beeause it has -
& blue filier in the optical system. Aecording to Shallenberger and
Little (26) the wsc of a blue filier in g telephotometer introduces an
crror into estimates of visibility distance if the objects are to be viewed
without a filter, as is true of forest Are smokes.  Such an error would
ordinarily be very smail. It eun be shown that a baze-meter reading
for blue light is directly propo-tional to the reading for red light, re-
gardless of the values of the respective readings, provided the sclec-
tivity of the haze particles remamns constant. The sclectivity of the
particles of & haze cpuséd by forest fire smoke is probably almost inde-
pendent of their density; hence only a negligible error is introduced if
the haze-meter reading is determined for blue lighs.  Tables or graphs
will then show visibility distance without filters as & function of haze-
meter readings obtained with a blue filier, Such tables should always
be used with the Byram haze-meter.

Two instances have been called ko the atiention of the writers in
which the blue filter faded in use.  Fading $o 50 percent of its original
intensity would causc crrors of 0.2 to 0.3 mile at a 4-mile visibility
distanec or about 8 percent.  This is an appreciable ervor, but it can
be avoeided by keeping the instrument encased in the wooden box
supplied for that purpose. '

Telephotometoers do not requive a blue sky at the horizon fer accurate
operation, as has sometimes been asserted. On e cloudless day, the
herizon seen from most Ivokout poinés in the mountaing is white or
nearly so. 'The horizon would appear blue only where the lockeut
point was lower than adjacent topography so that the line of sight




16 TECHENICAL BULLETIN 054, U, §, DEPY. OF AGRICULTURE

to the horizon would slant upwards o an spprecinble degree.  Such a
lookount point would not be suitable for haze-meter readings with any
type of mstrument.

Clouds on the horizon scen [rown the usual mountain lookeus
station change but little the brightness of e white hovizon. For
example, on an avernge day when the haze-meter reading is 8
miles, clouds ot & 16-mile distant horizon would eause an error of 22
percend in the reading.  Vor a 24-nile horizon the ervor would be 8.5
perecnt, and for a 32-mile hovizon 2.5 pereent.  Clouds on a 40-mile
horizon would be invisible., It is good practice, therefore, to chooso
lookoub points with distant horizons to minimize this sonrce of error,
On riny days when white clouds lie on top of nearby mountain peaks,
the crror in Byram haze-meter readings weuld be appreciable, although
visibility distance measurements are not requived with a high degree
of necuvacy when fuels are wet,

The dark ridge system of cstimating visibility distance deseribed
later has the same type and magnitude of crror if used under econditions
when clouds lic on the horizon, In the northern Rocky Mountnin
region, however, Shinlleaberger and Litile (26}, recommend a method
of fading one ridge against a more distand ridge, which eliminates the
cvror due to clowlds.  This method is standard practice in that region.

THE PLAINS HAZE-METER

Aa instrament similar to the Byram meler, ealied the Plains haze-
meter (fig. 6), was developed by Byram (9) for use in flat or relling
country.  Although designed primarily for the Coastal Plain, it bas
worked satisfacterily in mountain topogmphy such as the seuthern

A T T e et e e s e

F-388342
Pevrs 6.—The Plaius haze-metor, nsed for measuging visibilivy distance in Nlat or
rolling country,
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Appalachians, Ttis wn])h't mechanionlly than the Byram meter, but
is based on the snme principls, .

The Plains haze-meter resembles the Byram haze-meter in appear-
anee, but it hns no moving purts. W hen the instrument is direeted
townrd n selocted targel, 13 numbered slils may be seen in frong of an
optical wedge of smoked ulnss.  Those opposile the thick part of the
wedge appeir lo be the drkest. Sueeessively, the ohsmvm SO~
tniposes slits on {he target ontil one disappears, that is, is found to be
of the snme brightness as the target. \txllllll[\' distance is based on
slit number and tavget distanee,  The shaded side of clumps of trees
or other netural lill"‘r‘t‘n may be used by the observer.  These may be
al any distanee up {0 4 or 5 miles.

Lrrors in visunl range assoctnted wich using the Plaing haze-meter
on cloudy days are msltrmlmml because Lhe horizon seen [rom a {ook-
out point in flat or rolling counlry is abways distant, and the horizon
sley appenrs white even on eloudldss days.  The presence of clouds on
such 0 distanl horizon does nol change its brigtiness materially.

The Plains hze-moter should not be used in the mountains, unless
Largels not more thian 2 degrees below the horizon nre available, IT
used in the mounining, oveors in readings obinined on a clondy day are
of the same mnirmtmlo as those oblained with the Ryram haze-teeter,
Greater detail on the optical design and directions for using the meter
are given w Lhe Appendix,

The Plains haze-neter, as well as the Byrant meter, is photometei-
eally aceurate within about 6 pereent. Tn the hands of a competent
lookout man their ervor should not exceed == 10 or 12 percent.

THE NRM VISIEILITY METER

Shallenberger and Little (26) have developed an instrument called
the NEAI (01 Northern Rocky \Ioun{mu} visihility meter (fig. 7).

Frarrs 7.—"The NTL visibility meler used in Rocky Aountain farests,
TTERO4T AN. e
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It is based on the air-licht theory, but is not a balance type telepho-
tometer such as the Byram and Plains haza-meters. A small angle
prismis placed over one of the objectives of a binocular to forma double
tmnge of the border between n distant black ridge and its background
(which may be another ridge or the horizon sky). By moving the
prism across the objectrve, light from ono side of the border in oune
image is added to both sides of the border in the other tmage. By
assuming that a constant contrast differential exists when this border
disappears, it is possible to compute the brightness ratio between
e ridge and its buckground and hence obtain the attenuation coef-
ficient.

Tt the black ridge is nenr the limit of its visual range, about 50 or 60
miles on a fairly clear day, the aceurney of this instrumeni exceeds
that of any balance type telephotometer, including the Byram and
Plains haze-meters, although in this situation an instrument is haedly
necessary for measuring the attenvation coefficient. 1 the ridge is
well within the visusl range and tocated at a distance corresponding
to the visibility distance of a small smoke, the error in the NRAL meter
may be 440 percent, 5 or 6 times grealer than the error associnted
with any of the balance type telephetometers.

Errors in using the NRM meter on cloudy days would be about the
same as with the Byram meter, but observers ave insiructed not to
use the former device on cloudy days.  Estimates of visual range under
such conditions are made by using a ridge rather than the horizon
sky as a reference. ,

A vertical gradient of haze density, which usually exists in moun-
{lainous country and is commonly marked in the morning, introduces
nn error in visibility distances obtained by the NRM, the Byram, and
Plains haze-meters.  Visibility distances recorded are too large under
such conditions. '

There are likely to be fewer cases with the NRM meter than with
the others where topography is not woll adapted to their use. Selee-
tion of observation points should entirely eliminate diflicultics asso-
cinted with topography.

THE MILLER VISIRILITY METER

A visibility meter, invented by Miller has not been seen or tested
by the writers, but from the available deseription it scems to be based
on questionable principles. The observer using this device focuses
one eve on a phologeaphic print mounted behind ary optical wedge,
and the other eve on a distant target or section of the landscape.
The measurement of visibility distance is based on matching the
brightness of the photograph and the target. Since each of an
obscerver's eyes adapts independently, it is difficult to understand how
serious orrors can be avoided in matching the brightness of objects
seen with separate eyes.

EMPIRICAL INSTRUMENTS FOH MEASURING VISIBILITY

A number of empirieal instruments have been devised for measuring
the visibility of objects. These instruments usuzily employ one or
both of the following principles:

$ Stanley Miller, the inventor, was cmployed by the United Stetes Forest

Borvice, Missouls, Mont., at the time this instrument was doveloped. 1t was
pateuted July 22, 1941, Uniled States Patent Office No, 2250333,
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1. Neulral filters or wedges decrease the brighlness of the object
and its baekgrovmul until the object fades from view, The veading of
the wedge or number of filters required is a measure of the object’s
visibility,

2. Light is added to bolh the object and ils background until the
object fades from view. The amount of added light is a measure of
visibilily.

The Bennetl-Casella meter (1) eniploys botl principles and hins been
tested in this country. It is not suitable for measurement of visibility
dislance.

These instruments may be useful for comparing the visibility of
nearby objeets, but seem to be of little value in predieling how Tar Lhe
objects can e seen through o hazy atmosphere.  Visibility instru-
ments of the empivienl type are discussed 1o considerable detail by
Middleton (24).

TEST SMOKE CANDLE

The smoke candle, or smoke pot as it is sometimes cnlled, was
developed in ronjunction with the haze-melers to sorve as the standard
for their calibration. In studying the visibility of smull smokes it is

Froune 8.—A smoke cndle used as the standard for calibrating haze-meters,
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important to have thenounilorm i eolor, size, # nd densily, somelhing
thai cannot be achieved wilk fires kindled from ordinar v fuel.

The smoke candle has been used as a standard with full realization
of its variability, largely caused by air currents. [ does nol always
have suflicient heal to make its smoke rise in & column.  However, it
produces, a sinndard volume of smoke of unvarying color. Naturai
simokes are much wore varisble in color, appearing thin blue or black
in dry Tuels anc heavy and while by wel faels. .

The smoke eandle was developed by MeArdle (21, in cooperalion
with o Areworks manufnelurer, to simulate the smoke prodluced by
fire covering 200 square feet of Dm!frhn-hi or ponderosa pine dull, on
® hot sunumer day, or about 150 square {eel of burniag, dry, hardwood
toaf litter. Sueh a stmoke column ean be seen in very clear weather
nhoui 15 miles by van -exed lookout men.  The sinoke eandle {fig. S)
isubout 1k imlwq in dinmeler and 7 inches long, and burns lrom 4 to &
minuies, e ting w Uhick, bluish-white smoke.  The smoke generadly
bebaves nbeut s illustrated in figure 9. Smoke candles are Tuseful in

F-273596

gt as 0.- -The smoke {rem a single smoke eandle appenes similar to,Lhat {from an
netual fire.

checking the alertness of lookout inen and may be used in dry weather

with comparative safety, when actual fires would be too risky.

Mevhons For Bstoovrine Viswsiney Distance Wernout e Use of
INSTRUMENTS

The visual range of smll objects can be estimaled from obscrvations

of the visual eange of a large black objeel, such as 2 dark mountain

ridge, viewed against the hm izon sky. .c\llhourrh not as gecurate as

mstlume*:{nl methods, the black target method has been used for a
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pumber of years by various investigators. In 1938 Gisborne outlined
in unpabtished coreespondence to forest supervisors in Idaho and
Montana & system by which they conld use dark ridge visual range in
plree of baze-meter veadings, e points oud that this method should
be usel only when a good distribution of ridges is availible around
the lookout point or w Tien the observer lmppnns to hwve a given ridgo
just visible against the horizon sky.

At present it is customnry to express the visihility distanee of o
smoke as the distanee al whick the smajl stamdard-sized smoke ean
be seen and reeognized as o smoke; this distance is about 15 miles on
a comparatively clear day,  The visual range of the smwolke would be
aboul 24 miles nnd the correspoiding dark |1<¥'f(‘ visual range would be
about 75 miles,  Thteetion pm'rivms e different regions, however,
call for other sizes of smoke as staadard,  Forinsfance, o the soxthern
Appalachinns, the smoke produced by a teaere five is considered ns the
Lisis of veference in determining visibility distance?  Sce page 58
in Appendix for {able of visibility distance.

The use of 8 standard-sized smoke is convenient in establishing a
visihility senle, but ik has several disadvaniages.  The smokes is-
covered by lookout men are distributed over » constderable range in
both size and distance from the lookout siation, and a [ire has no
standard size ol the time of its discovery.  Therelove, there might be
some advantage in establishing a visibility seale which would apply
fo smokes of all sizes, The present vonecpt of a siandard smoke
would be eeplaesd by the concept of » population of smokes varying
bolh i siwe and distance frem the observer,

The simplest Lype of visibility seale would be one wilh visibilily
distance exprossed tn the form of an index independent of the size and
shape of the smoke,  The index eould be expressed as a funcetion cither
of the dark ridge visual range or the hage-meter reading if instruments
are used,  Visibility tliatun('(' can be expressed as an index nearly
independont of smoke size. Tt is impossible, however, to make the
index independent of the simoke stinpe,  Thus, a smoke column re-
quires a different index scaie than a globular smoke body with a
eircular seetion aren,  The accompanying tabulation shows the vist-
bility distance index for both simoke columns and smoke pufls for
difierent vatues of the dark ridge visual range.

’Iﬂbll.’fy Hstanee indez

s . . T Emoke T Smoke
Disek ridge visurl rauge (miles): cofitins  phlfs

The visibility distanee index is arbitrarily assumed to be 100 when
‘the dark ridge visual vange is 160 miles; any other dark ridge visoal
' range conld bave been seleeted for the 100 poing on the index scale.

? Jomison, (. M. Relation of Byram haze meter readingg lo safe visihilily
distance of smoke front an eighthonere fire, U, 8. Forest Sorvice, Appalachian
Farest lixpt, Bta, Teeh, Nole 28, 2 pp., 1938, [Processed.}




29 TRCHINICAL BULLETPIN 044, U, 8, DEPT, OF AGRICTLTURE

On exceptionally elear days, the dark ridee visual range ean exeeed 160
miles in which case the index cun exeeed 100, but this enuses no dis-
erepancy in the senle,

To use the visibility distanee index seale, the observer estimates the
dark ridge visual range amd notes the corresponding index.  For
example, if the dark sidge visual range is 30 miles, the visibility index
is 62 ior smoke eolumns aud 70 for smoke pulls.  These two visibility
distanec indices can be readily converted to visibility distances
miles for any desired sizes of smoke, 1 Lhe smokes were of such o size
that they could e seen 20 miles when the visibility distance indices
were 100, then the simoke column ean be seen 62100 of 20 miles or 12.4
miles when the index is 62, Similariy, the siacke pufl can be seen
70/100 of 20 miles or 14 miles when the index (for smoke pulfls) is 70.
"The dark tidge visunl range would be 56 miles in both instanees,  To
vonverl visibility distanee indices to miles, i is nrcessary only {o selech
a hypotbetieal smoke which ean be seen at some desived distance when
the index is 100, Multiplying that distance by the appropriate index
and dividing by 100 gives the visibility distance in miles,

As previousty pointed out, the most likely souree of ervor in a visi-
bility seale not requiring the use of instruments would be in estimating
the value of Lthe dark mdge visual range when the ridges are toe few,
are poorly spaced, or both. This probably could be overcome to a
considerable extent Ly the use of haze sithoucties similar to those
shown in figures 10 and 11, Each lookout man could be furnished a
series of aboutl 10 of these sithouctics for his lookout siation, each pre-
pared for & different visual range of a dark ridge. e could then
choose at any given time the silhouelte which most nearly resembled
the view from hig station.  In the use of the silhoueltics, the loskout

F-43%627

Fiacre 10.—A haze sithouettie for a dark landseape for which the haze-meter
reading is 6 miles.  Starting with the first dark gray ridge, the distances to the
different ridges are 1, 2, 4, 8, and 16 miles respectively. .
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man would have 1o note the distances of the ridges marked on the
silhoueltes and observe how their contrast with the horizon sky and
with other ridges compared with that of ridges at similar distances in
his landseape,

"The use of haze silhoucttes for estimating visibility without iustru-
mends shows considerable promise, but more work will be required to
determine how successful they will be in netusl practice.

The haze silboucttes shown in figures 10 and 11 were prepared from
mixtures of black and white pigments. The brightness of the pig-
menls (relative Lo a white (Hanium dioxide standard) was computed
from the air-light cquation (3, 7,24 for & theoretically bisck lnndseape.
Similar silhoueties could be prepared for n landseape with any given
intrinsic brightness,

F-430628

Figeue 11,~This silhouel te is the same us the one shown in figure 10, except thnt
the haze-meter reading is 2 miles.

APPLICATION OF FINDINGS TO OFHER FIRE DETECTION
PROBLEMS

Lack of transparency of the atmosphere is one of the most important
fnctors in forest fire detection, but many other problems are involved
which must be considered in the design and officient operation of a
lookout systein,  The visibility studies have contributed to the solu-
tion of the following practical fire detection problems:

1. Methods of scarching for forest fire smokes.

2. The quality of an observer’s vision as relaled to smoke deteetion.

3. The use of special filters to penctrate haze.

4. The use of telescopes and binoculars to inerease the observer's
seting power,

5. Prevention of fatigue and eyestrain,

6. Optical consideralions in the design of Lthe lookout hiouse.
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MeETisons oF Searciine ror Foresr Fiur SMOKES

Searching a landscape for forest fire smokes has been widely dis-
cussed, bul little Tias been wrilten on the subject.  Show ¢ al. (28)
discuss n systematic method of seruning o lnndsenpe by eheeking on
the visibility of sclected Jandmarks,  The operation ususlly requires
5 minutes, followed by 10 minules of rest.  These writers point out
that “Ca quick running olance moving from near oljeets to distant ones,
if it eovers the ground systematienlly, represents not only the minimum
ol gyestrain but (he most effeetive way to deteet smoke.”  While the
present studies were not planned to yickl answers to the many ques-
tions regnrding how hest 1o Jook [or smoke, some of the prineiples
developed apply to the problem.  No field study has been made by
the authors to Lest the methods suggoesied.,

1t has been pointed oot that smekes highly vigible altract the cye
ol the observer: (hat i, they are readily seen even though the observer
may nel be fooking direetly nt them. I an observer does not know
where Lo look for a smeke, and iF Us position ean be anywhoere /b ran-
dom in some given area in his ficld of view, then the probable time
required for um to [ind it by seanning the area will be determined by
the visibility angle of the smoke.  The planet Venus can sonietimes he
seen in browd daylight, but is seldom noticed bencuse its visibility
angle is vory small,  For a similar reason o lookout man may not soe n
small smoke which is well within the visual range beeause he has a
Inrge area {o waleh and does nol know where asmoke is likely to occur.
The size of the smoke may therelore have to inerense considerably be-
fore its visibility angle is high enough for bim to see it “out of the corner
of his eye.”  In the discussion of figure 3, it was shown that the sensi-
Livil v of thie puler retina draps oli so rapidly that eritical vision is con-
fined to n cone of ahoul 1.5 degrees anguiar dismeter.  An observer
would have to ook within 45 minutes (one-haif of 1.5 degrees) of
stunll smoke near the limit of ils visual range in order Lo see it,

These points suggest (hat the most ellcetive coverage of a landseupe
from a Iopkout station would be acconiplishied if an observer seanned
the terrain in pic-shaped wedges, giving most attention to the extrem-
itics of his Lerritory.  Bven though he were looking al more distant
sections liv would be able to see smokes close to him readily beenuse
ol Ltheir high visibility angle.

A observer's terrilory vould be divided into wedges.  The wedges
could be zoued and o schedule of searching time set up for each zone,
greater {ime being allowed per unit ares of each more distant zone.

Sntokes are diflicult Lo see when their backgrounds arve not of uniform
brightuess,  Bruce {4} has made extensive observations of the visual
vange of small smoke solumns viewed agninst several different types
of hackarounds, and has also isolaied the ellect of the angular position
of the sun on the visual range of the test smokes, e found that
mottled backgrouds, which nre conunon in parts of California, had a
pronounced cffect in reducing the visual range of smokes when the
anwular distance bebween the sun and smoke was Inrge (greater than 70
degreest.

His {ests on light-yellow grass backgrouunds showed o similar
deerense at Inrge angular distances, but they also showed a marked
deerense for angles less than 35 degrees. This is an exceplion to the
rule of good visibility townrd the sun, and Bruce attributes the
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decrease to the shadows and high lights which produce & peeutine
mottling effect for an observer facing a low suin.  Probably this nhe-
nonenon would not oceur on light backgrounds, which are wood diffuse
reflectors, but might exist to some extent in bardwood forests duving
the leafless period; the glossy imrdwood leaves on the forest floor would
be favorable for the formation of high Hghis.

According to Bruee, it s evident that background factors alfeciing
contrast would necessarily modify any senrching sehedule, 11 parts
of a lookout man’s lerritory were light-colored, such as reens of dry
genss, more time should be allotied for searehing (hem.  Whoere back-
grounds are motiled, as n dry wrassy aren covered by patehes of ever-
green Lrees, resolution of smoke is difficult, and more searching tine
would be needed,

It has been previously wantioned that dry fuels give off durker or
tesser amonnts of sruoke when burning thau do wet fuels.  The hlue
thin stmekes, having less conteast with theie bnekgrounds, aee loss visi-
ble and harder to see,  Consequentiy, wmose searehiug fime shonld be
allowed o aveas known to have dey “smokeless” fuels such as dry
geaszy hillsides or south slopes,

No evidence is available from these studies o show how large the
zones of search should be or how frequently they should be sernned,
The importanee of systematic looking Tor smoke should net be mini-
ntized, for i is likely that eavefud, thorosugh seavehing outranls in
importance featnres given considerably morve emphasis here,  Study is
needed to compare effectiveness of different methods of searehing for
sinkes,

The advances in (lying in recont yeavs make the airplane a potential
Lool which may lrter have an important place in the detoetion systent,
The use of planes in detection work will present a number of problems
m searehing teehuiques which ave not ussocinted with sintionney detece
tions, Soine of these problems are discussed by Morris (25),

Fve Tesr vor Lopkour Mex

Manning a fire deteetion network with mwen having keen eyesight
has two importunt advantnges: (1) They epver n greater visual eanga
than men with poor eyesight, ail thus fewer lookout stations are
needed s and (2)size of smoke within Lthe visual muge is smaller on dis-
rovery beeanse these men are able (o sight # more guickly,

The seniar author developed an cye test for lookout observers and
determined the advantages associnted with it (/0).®  The device is
now in use Lhronghout the TPorest Serviee and has boen tested exten-
sively, The original Forest Seeviee eye test was developed by MeArdle
and Byram (22) in connection with other experiments. s use was
timiled to speeific lighting conditions and, as the authors pointed out,
was not in final form for use by those who wished to sate lookout men
in terms of distance that each could see a small smoke.  T'he hitest
exve test gives ratings proportional {o the distanee ot whieh lookout
moen can see small smokes (allowing for n haze correction), gives ratings
independent of light intensity, nod is sufficiently simple for field use.

.10 Byram, G ML An oye-test for lookout men, U7, 8, Forest Service, Appala-
ehiun Yorest 1xpt, Sia, Toch. Note 57, 19 Pir, s, 1944, {Processed.)
77820438~
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The design of a vision test, liko the design of any tool, depends on
tho uses for which it is infended.  The test deseribed heve is designed
to measure the ability of an observer to see small, individual objects
on backgrounds that are fairly uniform in brightness, 1F an observer
were required Lo resolve minute dotails, then o resolving-power test,
such as a sevics of parallel lines on a uniform background, or even the
usual tebter-type chart, would perhaps be moro suitable,

The eye test (fig. 12) consists of measuring Lhiow far an individual can
sce o binck spob ¥s inch in diameter on a whito background 7 inches
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Figvrs 12—The exp-tesl pattern for testing ability of observers Lo see smoke

calumns,

square. The eye-test pattern, made from glossy white photographic
paper by means of a master negative (see Appendix for deseription),
is cemented to a stiff, inflexible backing. A ¥e-inch black dot is located
on n dingonal half way between a central ¥-inch spot and one of the
four dingonal corner strips. These strips and the central spot are for
reference purposes only, enabling the observer to know where to look
for the spot target,

To take the tost, an observer walks away from the cye-test board .
until the He-inch spot beecomes faint. The eye-test board is then
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whirled by thoe examiner and stopped so that the small spot is up or
down, or o the vight or left. Fac ebserver indicates the position of
the spot and, if correct, ho steps back about 5 feet, where the proceduro
is repeated.  Suecessive changes in position are made until the observer
has renched the maxitum distance at which he ean identify the posi-
tion of the spot sensistently.  ¥rom this distanco (his rating in {eet),
his ability to see smoke columns is deteemined,

Iigruro 13 shows the effeet of brighiness on the visual range of threo
dificrent types of eye-test targets. The brightaess of the white com-
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Figuan 18.—The visual range of three different tnrget-bDackground combinations
plotied against the brightsoss of their white components. Curve A, black on
white; curve B, white on: black; eurve ¢, white on gray.

ponent of the tavget is oxpressed in candles per square foot. Curve A
is plotied from observations made with the new eye-test board under
various light intensities, Only at low brightness lovels ave the ratings
seriously affected.  For this reason the tests should always be given
out of doors, where even on rather dark, cloudy days the brighéness is
high enough (abeut 75 candles por square foot for a white surface)
to give reliable ratings. On the other hand, the target should noé be
in dircet sunlight (about 800 eandles per square foot for a white sur-

face) or ratings will be slightly lowered.
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Curve B shows the relation between light intensity and the visual
range of a ¥e-inch white spot on a black background which had a re-
flection Tnctor of about 6 pereent,  The visual range of the white spot
is considesnbly affected by light infensity. Curve C s a similar curve
for n white spot on a light gray background. This type of target
would also be suitable for & lookout eye-test, bub it is difficult to com-
struch so that the white and gray components will always have the
same brightness ratio.

There ase a number of reasons why the eyo test described here is
superior o the Snellen or other types of “letter” chaets for testing abil-
iy to see small, individual objects.  There is a definite limit to the
distance at which a man can sce letters of & given size, and still recog-
nize them as letters, no matter how keen his eyesight,  There is no def-
inite physical limit to the visual range of the black spot on the eye-test
target or the visual range of a small smoke. Conscquently, letter-
type charts may fail to identify especially keen-eyed observers; such
identification is highly desirable in selecting fire detection men,

It can be shown thet the eye test should give ratings directly pro-
portional o Lhe distauce that observers ean see small smokes.  This
was vevilied by laboratory experiments on smokelike targets. Field
lesls were made also on actual smokes with men of known but dif-
forent eye-test ratings.  While this was a less satisfactory method,
it showed that the men who were rated poor on the test could not
sce smokes s far as the men who rated average. Similarly, ob-
servers who rated average could not sec smokes as far as men who.
rated good. .

The relation between the cye-test rating and actual visibility dis-
tanees, for different haze-meter veadings, is given in table 1. Tt might
appear from this table that the visual range of a small smoke s not
direetly proportional to the eye-test ratings. This apparent discrep-
ancy 18 due to a haze corveeiion; men with high ratings will have to
lonk through more haze than men with low ratings and this tends to
decrease their superior visual range.

Panue 1.—Visibility distance of small smokes for various eye-test ratings
for different haze-meter readings

Haze-meter readings

Fiye-test rating {[eetd T
8 ] 12 14 16

Miles y Mifes | Afiles Afiles | Afiles
' 10,0 . . 14, 14.
] . 13. 15.
.2 . . 13. 14,
i X . 12, 13.
.2 . il 12,
6 10. 11

L el
O LI N OO D

Trom these datn it is apparent that differences in cyesight, nlt-ljou_gh
small in comparison with some factars affecting visibility, are signifi-
cant. Tt will be remembered (see page 13) that a 10-percent error in
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visibility distance, comparable to a 10-percent reduaction due to poor
eyesight, would mean & 35-percent inerease in the size of a fire on
discovery in (he high-rate-of-spread fuels in the eastern United States,
Eyesight affects visibility distance more on clear days than on hazy
days, nlthough the percentage dilference belween avernge and keen
vision is about the same, approximately 10 pereent.  The eyo-test
raling nud the relative smoke-seeing ability for different qualities of
eyesight are given as {ollows:
Reludive ok visthiliiy
Iyesighl quality: Ege-test rating {feet) rutfag {milen
Lxeepfional G4 or wmore LD or ware
Geod. ... . . . 58-03 0.5
Avernge L. Ll . Ao - 1.0
Fafl . e n - - 4414 0.5
. 43 o dess 0.0 ar less

Individuals have heen Tound to have eye-test ratings as high as 80
feet and as low as 20 leet. This range would result in o difference of
about 3 miles in visibility distance (or about 20 pereent) due to eye-
sight nlone for normal haze conditions. The varialions between
typical groups ol workers are:

' LAverage eye-
Ien texdeid fext roding

oM (rmtier) {feef)

IRewular Forest Serviee porcanngl

CCC enroblees. ... . .

Coltege sliudents

Enlisted men, U 85 Ariy

WA relief warkers

T

=3
L]

HE L E=

e
AR e pn

00 | de D

Weighted averaue. .o oo i el Bl

Recent tests with 110 Army men emphasized the fact that quickness
to see o target is closely associnted with keenness of eyesight, Men
who rated high on the eye lest were able to identify the spot faster
when it was within the visual range than others with less keen vision.

Tests of this same group showed that cormpetition increases ability -
o perecive small objeets.  This feature was reported by Hayes and
Byram (£7) and was mentioned by Show et al. (28). Somg individuals
have been able to increase their score 15 to 20 percent under the stimu-
lus of competition.  Experience and practice also seemn to improve the
ability to perecive small objects. A group of 13 expericneed artillery
observers averaged 20-percent keener vision, when tested, than the
group of 110 men as a whole,

The frequeney distribution cuive of eye-test ratings approaches the
normal curve as shown in figure 14, If the normal law is valid for high
retings of the eye test, one man in about 1,500 should be able to sce
the He-inch spot congistently at 90 feet or more.  Because of the large
fluctuations in visual thresholds," however, a man who rates 75.0r 80
feet may oceasionally get a glimapse of the spot at 90 feet, although he
eannot see it Lhat far ordinarily,

i Ryram, G M. Visyai (hreshoids and the quantum nature of light, [Unpnb-
lished manuseript.] U. 8. Forest Scrvice, Southeastern Porest Expt. Sta,
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Frauur 14.—requency distribution of eyu-test eatings for 110 men compared
with the normal curve.

Contained in the Appendix are specificntions for the syc-test targes,
specificetions for its master negative, and condensed instruetions for
using the eye test.

The vision test deseribed here and the letter-type charts are inade-
quate in one important respect.  They measure the visual acuity only
. for the central fovea, but give no information aboui visual acuity for
the ouber retinal zones, which are also important in deteeting small
objects when their location is not known.

Haze-PeneETRATING FILTER

Probably from the very beginning of forest fire detection aetivitics,
men have wished for some device that would enable fhem to see
through haze. A great deal of thought and cflort has gone into the
development of haze-cutting or haze-penetrating filkers. Tests show
that ordinary colored flters have little or no value for smoke detection
except to reduee glare or intense brightuess that may interfore with the
comfort of the ebserver,

Tests made by the senior auther showed that & neutral polarizing
screen, or one eoinbined with a red filter, penctrates haze much farther
than colored Blters used alone (71). The use of this screen is limited
to dircetions approximately at right angles te the sun’s rays and fo
sunny days, but, even so, it has considerable practieal velue,

The haze-cutter, as the deviee is called, is based on the principle that
the air-lizht is partially planc-polavized in dircctions at right angles to
the sun,  (See discussion of scatlering of light, p. 5.) Therelore, &
polarizing screen, oricnted Lo exclude polarized light, will reduce the




SOME PRINCIPLES OF VISIBILETY

-
o

o
[=]

PERCENT OF POLARIZATION OF 8iR-LIGHT
(4]
L«]

A ~Red light
& - Biue ught

-
[#]

12
2]

Y I i ' ! I
2 L] & 8 10 2 18
HAZE~METER READING {MILES}

&

Tigvae 15 —1ercent of poinrvization of air-light in direetions at right angles to
the divection of Lhe sun, plotled agalust haze-meter readings, Oun hazy days,
the fongor wave lenglhs {red—Iline A) are more strougly polarized than the
shorler wave lengths (blue—line B).

apparent intensity of air-light and increase the contrast between a
smoke and its baeckground.  Figure 15 shows the pereent of polariza-
tion of hinze in selation to visibility conditions.  On hazy days the air-
lighl is less strongly pelarized than on clear drys.  This facth tends to
reduee the practieal utility of the device for fire detection,

Best results with the polarizing sereen are obtained on white smokes
beeause these give ofl unpolarized light., It is of little value for
smokes, the light from which is polarized to about the same degree as
the wir-light.  The light from sowe thin blue smokes is almost com-
pletely plane-polarized, and the visual range of such smokes can be
wmerensed somewhat by using the haze-cutter in reverse (orionting it
to Lransmit polarized light).

Visibility distance is mereased from 20 to 50 percent ab right angles
te the sun with the haze-cutter, depending ou atmespherie clearness.
Approximately 4 miles is grined on days when the limit at which small
while smokes enn Do scen is 10 miles.  Figure 16 shows this relation
between visibility distance with and without the fiiter, for thin bluc
sinokies and white ones, Figure 17 indieates that the added aren that
can be covered with a haze-cutter {or assumed conditions amounts to
50 pereent, The curves in both figures 16 and 17 arc theoretical and
were not determined by field tests.

An cxperimental model of the haze-cutter cousisted of a sheet of

larizing film mounted betweon two cirenlar pieces of plate glass 4
mches in diameter,  This glass was fastened in the center of o dark
metal shield to exelude stray light. Some models had a red filter
mounted with the polarizing film between the glass.

In 1941, some preliminary field tests of the device were made at 12
localitics in California, Ovegon, Idaho, and Montana, Of the 12 ob-
servers, 6 thought that the instrument had vahic as a fire detoction sid,
1 thought it had ne value, and 5 were noncommitial,
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Fraves 16.—Curve o1 is the visibility distance of a simall white smoke viewed
through the hnze-cubter; B the visibility of a thin blue smoke viewed through
the have-cutior reversed or eriented to transmit polarized afr-lighl.  Values on
both iculrvos arc plotéed against the visual range of the smokes as geen with the

un/IGed oye.

In 1942, n more extensive field trial was made in 7 States the results
of which are shown in table 2. Of 14 observers, 10 recommeaded con-
tinted use of the haze-cutter, 3 thought it had no value, and 1 was
noncommittal. Of the 176 fives reported in table 2, 85 (or 48 percent)
could be secn betler with the haze-cutter than with the unaided eye.
This may be higher than the true proportion because a tendency was
noticed on the report forms to faver the haze-cuticer.
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NORTH

BCALE IN MILES
3

SOUTH

Frovar 17, Curves eomputed for § . me, Augrast 21, tafitude 35°, showing visi-
Dility distance of 4 spndl white smoke,  The circle is for smoke viewed with
unaided eye: the cliipse, for smoke viewed through haze-cutter.  Eong radii are
perpendicular Lo the direetion of the sin, The ellipse expands until it becomes
abmost eireular at noen, and then resumes its elliptica! form during the u.ftcrnoon
The short axis always points toward the sun,

Of the 176 smokes listed in the table, 13 were first discovered with
the haze-cutlier.  While records are not complete, some of this number
were seen through the hase-cutter but not at all with the unaided eye.
Othiers were discovered 5 to 10 minutes sooner than the cye alone per-
mitted.  Such savings in discovery time are significant and of prac-
tieel value in fast-burning fuel types.

It is significant to note that many observers have stressed the value
of the luuo-t‘uttm in identilying questionable smokes or topographic
femiurcs partially obscured b; haze. The result is fower false alarms
and more accurale location of fires. Thus the haze-cutter may serve
as o useful aceessory for forest fire detection. A mounting arranged
so that the polavizing sercens may be [itted over the ends of binoe-
ulnrs and retated for orientation has been widely recommended, but
has not yel been tried extensively.
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Tanue 2.—Field lest f haze-cutier, 1542

D S Y S S} e e e A ——————— et A -

Tota! ! TFires seen
Toecnfion of observers fires belter with
reeorded | brse-cutier

Montana® - Nuapber Number
Helone National Farest . aoeooen imonunao .. | 13 3
folo National Forest, ... ao . o o« ce camn-. 5 3

Cregon:

Teschates Nutional Forest... ... ... . co..... - 7 5
AfE, Hood Nutionnt Forest_ e e memaeeas 10 6

Wentueky:

{umberland Nadions! Forest. ... a-.a 4 3

Mississippi:
Holly Springs Nutional Forest:

Observer A . e ameeiiemanaes 10 11
Ohserver T3 o e iaie s 24 1
TeSote Nadionnl Forest L Ve - n 10
Louisiann:
INisnfehie Nationnl Forest | oo oo o0 o ous 13 13
North Carolina:
Cronlan Nafional Forest .. ceonuomvwounn- - 8 2

South Corolina:
RBumter National Toresi:

OhREIVEr A o cimwwmwmm e mmmm i aa o 1 i
Ohserver B e emmmmmmmme—mea ewmammr= 14 b,
State Forest Bervice: '
OBSCTVEr & L o i e cmm e e e 3 1
Observer By oo i imiaee s o a o) G " 7
POt o et e 176 . 85

The haze-cutier may be of considerable value in landseape or aerial
photography. TFor distant worl, negatives are obtained on ordinary
panchromatic film almost as sharp and clear as those registored on
infraredsonsitive cmulsions.  An example of what can be done with
the baze-cutter is shown in figure 18, which includes one photograph
obtained through a red filter. Mounisins 130 miles away have been
registered on panchromatic film hy means of & camera equipped with
# Baze-cuiter.  The haze-cuiter could be adapied to the photo-record-
ing transits used on western national forests to photograph panorama
from lookout points. Howoever, such photographs obtained with the
haze-cubler would have no particulnr advaniage over those made on
infrared film and would be more difficult to obtain,

"Periscores, BinocuLans, Teeescores, ANp FILTERS

The use of periscopes as an rid in forest fire detection was thought of
20 vears ago when an arrangement of mirvors was {ested on the Boise
Nationnl Forest in Idnho. Varner and Nichols (30} reporied that
mirror images of smoke, under certain conditions, appeared much
sharper than smokes viewed direetly. They elaimed {hat in some
cases mirror reflections were sharp when direct observation of sinoke
was almosl impossible.

Tests were continued by Varner and Nichols in 1936 with a naval
periscope cquipped with various colured fillers and led to the eonclu-
sion that the device enabled delection of some smokes invisible to the
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F-41362,E 413629, 413630

Fiarrg 18.—~Three photographs taken on panchromatic film from Mg, Pisgah,
N. G, Al were taken within a few minutes of one snother, A, taken with
no filter; B, with red Wratien filter; C, with haze-cutter,
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naked ove ot with a binocular of equal or greater nugnilivation.
“Baven different fifters of extreme value’ were developed [rom these
tests.  The experimenters imply that these filters used with the peri-
scape provide n means of secing gmokes through haze.

The writers ngree with further conclusions of Varner and Nichols;
namely, thai periscopes are of value in fire deteetion beeaunse: (1) Added
height conlributes to Lthe aren visible from a lookout point, especially
in flat country; (2) their magnification brings out detail of distant
objects; (3) there is likely to be less eyestrain associabed with peri-
scope use than with binoculurs or telescopes, hecause firmness of
mounting climinutes motion in the ficld of view; and {4) views are not
obstrucled by structural clements of the lookout house. )

The writers disngree wilh the statement of Varner and Nichols,
however, that the filters are of cxtreme value in viewing smokes,
These filters were examined and, like any other colorved glasses, do not
increase appreciably the apparent contrast between u smoke and its
L ckgronnd.

The authors see no reason why mirror images of smokes should
appear sharper than the direct views of smokes.  This Delief on the
part of Varner and Nichols was probably due to the mngaification by
the periscope and to the steadiness of the instrument and Inck of cye-
sleain in using it.  These are significant advantages, ns pointed out,
but should not be mistaken for haze-penctrating abilitics of the
periscope,

Binoculnrs and, oceasionaliy, telescopes are common lookout station
equipment and ave valuable accessories for effective fire detection.
Thew nid in verification of questionable sinokes and bring out topo-
graphie detail enabling accurate location of fires, Curry (74) discusscs
in detail the use of binoculars in forest fire detection and recommends
for looknui stalion use a 6- or 7-power instrument with 3¢-mm. objec-
tive and a clear field of al least 120 yards at 1,000 yards. Such an
instrument, of the prismatic type, is standard for the Forest Service
(29, p. B=A)

A wide-ficld binocular is superior for lookout observer use.  Width
of field depends in part on magnification, the apparent width of field
being the product of magnification and the actual field. Since the
apparent field is limited to about 45 degrees (£4), a 7-power binocular
has a maximum sctual feld of about 6.5 degreds, an angle corvespond-
ing to approximately 120 yards at 1,000 yards.

1f it wore possible to retain the same apparent field (at least 45
degrees) in a lower power binocular, then a 3- or 4-power insirument
would probabiy be more cffective than the present standard. The
major increase in {he visual range of smokes viewed with telescopes or
binoculars comes during Lhe first 3 or 4 diameters of magnification as
shown in figure 19, Magnification actually has less offeet on Lhe visual
range than figure 19 indicates; smoke columns have blurred edges and
too much magnifiention spreads out these edges until the border effect
responsible for contrst recognition is lost (12). However, the design
of a low-power binocular with a wide field presents difficult optical
problems, and for equal apparent fields, & 3-power binoecular would
not have as elear delinition at the edge of the ficld as would a binocular
of higher power.

The ability of the cye to recognize detail and to detect borders of
small contrasl depends Lo a large extent on small rapid movements ol
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the eyeball {(/8). Any molion of the whole ficld of view interfores
seriously with the benefits of these smnll eve movements, For this
reason even low-power binoculars showld be piaced on x steady mount-
ing, if ai all possible, when being used.

Telescopes, although somewhat less expeosive, have no advantage
over binoculars, They are more difficult to use, nnd their greater size
is a slight disadvaninge,

1t shiould be pointed out that magnifieation is much more effective
for resalving distant tandscape details than for detecting individual
snmall objeets on a Mivly uniform background,
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figure 2,
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Usk: or GocaLies ny LookouT (JRSERVERS

Lookout observers sometimes suller [rom eyestrain at high levels of
illuminution common on mountain peaks where the air is clear,  This
condition is exaggoerated beenuse nbout two-thirds of all fires discovered
by lookouts ure sighied in the direetion of the sun (21).  MeArdle und
Byram (23) developed goggles for lookout men {o relieve the discom-
fort of eyesirain and thus remove the cause of decreased elficiency.

Smoked glass was found {o be more satisfctory than blue or amber
becituse it reduces light intensity approximately the same amount, for
all wove lengths (fiz. 20). The smoked glass finally scleeted after
NUMCrOUS lit‘hl tesls trunsmils 26 percent of the visible radiantion,
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Flavue 20.~—Light-transmission qualitivs of sunglasses of different colors.  Alter
Medrdle and Byram.

These gopgles are optically correct nnd therefore muscular strain
and fatigue associnied with faulty lenaes are avoided.  Specifications
for the recommended type are given ir the Appendix.

1t is doubtful whether polarizing spectacles should be used by look-
out men to reduce eyestrain unless the polarizing glasses are rotatably
mounted, in which case they could be used as haze-cutters. If the
polarizing glasses were rigidly fixed, they would exaggerate the rela-
tive haze brightness in certain directions and actunlly make smokes
less visible in those directions. Some newer types of spectacles,
containing two polarizing glasses for each eye, would not be suitable
for use by lookout men.
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Orrical Proveenms iy Tue Desicn or THE Lookour House

There ave 8 number of factors in the design of the cabs of loo!mub
towers which nwy either contribute to or t!vtmch from the maximum
visual cflicieney of the lookout nan, Somt\ of these faclors tnerease
the diseomfort of the observer by enusing fuligue and oyestrain,
ther features of enb design mny not be best smtt‘d Lo maxinmm visual
Aeuity.

ln experimenial cabs now being designed by the Forest Serviee,
most of the problems that are disenssed lve alrendy been wt‘o;.,nm‘d
and taken inlo considerstion.  The objectionable oplieal fentures of
the present cabs will be greatly reduced in the new design,

WiNBOWS

The ordinary grade of window glass (pressed glass) is ned suitable
for the best visual acuity, The flaws and distortions in this type of
ginss ny nlso contribute to cyestrain, although this has not been
demonsirntod directly,  Bineculars and {c!oqt‘om‘s of even the lowest
pm\ or cnmmol be used Lo advantage through pressed giass windows,

Plnle glass would be much more desirable Tor Lhe enb windows than
;)wbwtl gliss, 16 has been ground and polished so that its opi,wal
quuli{it-s nre good,  Tts great hickness and strengtlh would permit the
use of Inrger panes, thus reducing the number “of supporting strips
which obstruct vision.  Binocutars and teleseopes of modernie power
(5- to [0-dianmeters magnification) ean be divected through plate glass
witrdows without serious loss in definition.  Hewever, even with plate
sinss windows, an instrument with a magnification greaber than 10
dinsneters should be directed through an open window or clse used out-
sitle the enh,

The reflections in eab windows probably are not serious as far as
evesirnin is coneerned, but Lhey decrvease the visibility of distant
sitokes.  For example, if an observer is looking through the cast
windows he will see n reflection of Lhe western inn{lscapo upuunposed
on the casterir Inndseape. The resulting loss of contrast between a
distant stole and its background may be as much as 30 percent,
althougl the corresponding percent of loss of visibiliby distance
would b constdeenbiy less than this,

Reflections ave particularly troublesome where Jookouis are required
to repoet lightning steikes which oceur at night. Tt is alimost impos-
sible for a lookoul to tell whether he is sceing a veal strike or the reflec-
tion of o strike oecurring in the opposite dircetion.

Window pane reflections can be eliminated cither by using pancs
coated with nonreflecting fitms or by tilting the panes at the preper
angle. The nenr uiloctm" films ¢can be madv completely cffcctive for
h(th of only one wave !Nwth (wellow green is vsually chosen) so they
will reflect some residual lt"hL of other wave lengths,  Also the films
are ineflicient for light passing nbliqlu-lv through the windows. This
might not be an nhjc'cllonabiv feaiure, as the observer is uslmlly look-
ing thmugf!a the giass at angles whiel "do not depurt appreciably from
the perpendicuiar,
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At the present time it appears that tilting the windows is the most
practical method of eliminating reflections. If they are Lilted in at the
Lop, the angle of tilt necessary to eliminate landseape relleclions prob-
ably would be about 12 or 15 degrees. 11 tilted in at the bottom, the
reguired angle would perhaps be 20 degrees or even more,  'Tilting the
windows in at the bottom would require a steeper tilt, but there would
be no danger of sunlit palches on the floor being reflected in the win-
dows. Such reflections might occur in windows tilled in at the top
unless sunlight were excluded from the cab by adequate awnings or
shutlers, .

Glrss wilh a pronounced bluish tint would cause a slight loss in the
visibility of distant smokes because it would exaggerate the brighiness
of the bluish haze. Red glass or amber glass would not, decrease the
visibilily of smoles, but, on the other hand, they would not produce
any noliceable increase in visibility.

raxr ° .

Visual acuity measurcments have shown that vision is keenest when
all parts of the ficld of vision are approximalely of the sate brightness.
This condition eannot be met if the interior of the cab is painted dark.
Algo, n dark eolor could possibly cnuse eyestrain beeause of the high
contrast between the dark interior and the brilliant exterior landscape.

Krom {he physical slandpoint the whole interior of the cab (with the
posgible exception of the floors and lower walls) should be painted a
brilliant white to obtrin the eptimum visual acuity. The brightuess
of the interior would then most nearly matceh the brightness of the ex-
terior landseape.  However, the most serious eause of eye fatigue and
eye irvitation among lookout men is an exeess of light, and painting the
interior of the cab white might ageravate this condition.  The excess
light could be eliminated, however, cither by neulral smoled-glass win-
dows (of plate glass qualily), or perhaps even bebter by neutral smoked
gogeles,  The lransmission of cither the goggles or windows should be
aboul 25 or 30 pereent. A transmission higher than this would not
give adequate protection, and if the transmission were too low (6 or 8
pereent) the lookout might have some difliculty in seeing such things
18 detnils on his maps and seales on his instruments.

TBoecause of the adaptation mechanism of the cye, visual acuity in
vory bright daylight 18 almost independent of the density of goggles
or windows, provided they transmit at least 2 or 3 percent of the in-
coming light. However, this is not teue in faint light, in which ease
the eyve needs all the light it ean get.  This condition in itself might
be suflicient reason for not using smoked ginss in the cab windows, as
vision would be impaired during the night and twilight hours,
Goggles, of course, would not be worn at these times.

Esthetic and psychologieal factors should be considered in choosing
the color of interior paints, A pure white interior could be monoto-
nous, in which case a very light “cool” color such as green or blue
green might be more desivable.  The color should be very light, and
its refleelion factor should not be much less than that of pure white
paint,

There are some parts of the cab, such as the floors and lower walls,
from which it is it not possible to exclude sunlight even with the
best shutter arrangements.  Glare patches could be avoided only by
using dark paint on the floors and lower walls,
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A glossy pnint would probably be mere suilable than a flat or non-
glossy paint. It is much easicr to keep clean and is more durable,
A plossy paind gives a small amouni of elare by divect reflection, bub
since an oil film has o refleclion faetor of only 4 percent, glare due to
this cause would be small,

Prominent objecls, sueh ns eatwalk eailing and nearby buildings
outside the eab but plainidy visible from inside, may produce n trouble-
some glare unless they are painled some dark color having about tho
same brightness as their surroundings.

SHUTTEKRS

From the optical standpoint the main value of shutters is in keeping
oub direct sunlisght which would otherwise cause glare patches
on the Hoors and lower walls and Hluminate small dust particles
on the windows. The mnore serious problem of the Lwo is the illumi-
unlion of the dust particles,  Even on o clenn window the light seat-
tored by the particles which can accumulate in a few howrs way be
sguivalent to an extra mile or {wao of hinzy atmosphere,

Since sunlight eannot sivilke the under sides of the shublers, they
should probably be painted the same color as the ceiling of the cab—
a bright white or light green,

SUMMARY

Damagoes enusoed by forest fires and the costs of suppressing them ean
be hekl to o minimum by quick action thal extlinguishes them before
they become Jarge.  Barly detection of simoke is » first requisite of
safisinctory five conirel, For this reason, eonsiderable emphasis has
been placed on improving fire deteetion systoms,

The studies discussed hove had as their primary objeetive the devel-
opment of ways of determining visual range, & mensure useful in the
eflicient operation of deteelion systoms; but a number of other devices
and prineiples wseful in five deteciion were also developed.

Visual range of a small object, defined s the maximum disiance at
which b can just be seen, is shown to depend upon a complexily of
visual, physical, and meteorological factors. Tlowever, by wnaking
cerlnin approxitualions ihie visual range of smoke bodics can be ox-
pressed in terms of the dark ridge visval range or in terms of the haze-
meter veading,  The efiicet of size and shape of smoke, eolor, atmos-
pherie haze, and other faclors on visuel range are discussed.

The most practieal method of determining atmospherie abtenuation
is with balanee-type telephotometers. Two such devices were
developed; namely, the Byram haze-meter for use in mountainouns
country and the Plains haze-meter for use in flat or rolling tervain,
Other types of visibility meters, their advaniages and disadvantages,
are discussed. _ '

When ingtruments are not available, visibility distanee may be eséi-
mated by means of & visibility senle for columns and circular pulls of
smoke, Such a senle is based on estimates of dark ridge visual range.
Under cevtain conditions the use of haze silhouecttes for estimating
visibility has shown considerablo promise, but has not been tried on an
extensive scale.
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Some of the principles of seeing and visibility of smoke bodies con-
tribute to defining the best method of searching an area for smokes,
No field. test was made of the suggestions arising from the theoreticnl
aspect of the study,

The basic principles of visibility were used in the development of an
eyesight test for lookout observers.  'With this test the ability of look-
out men to sec smeall smokes can be rated, By selecting keen-eyed
men as dbservers, thoe visual range may be incrensed about 2 or 3 miles,
or 30 pereent, under normal haze eonditions.  An increase of 10 per-
cent in visibilibty distance is associnted with keen vision compared to
fverage vision,

A haze-penetrating filter which improves visibiliby distance about
20 pereent under some conditions is deseribed, Its use is limited to
clerr days and to directions at vight angles to the sun. It has proved
to be o distinct advantage in the 1dentification of questionable smolkes
and is of value in photography.

A discussion of periscopes, telescopes, and binoculars shows binoeu-
lnrs to be the only instrument of material aid in smoke detection.
Periscopes have no haze-penetrating capabilities, as has been elnimed
heretofore. Telescopes are impractical to use because of their size.
The ideal binocular for smoke detection should have a magnification
of 3 or 4 dinmeters and an apparrent field of ab least 45 degrees; the
design of such an instrument would present difficult opticel problems.
Colored filters are thought to have little or no velue in increasing
visual range,

Neutral goggles which transmit about 26 percent of visible radia-
tion climinate much eyestrein and discomfort cansed by the high
brightness levels encountered by lookout men.

Structural features of lookout honses that will climinate cyestrain
and loss of cffectiveness of obscrvers working at different brightness
levels are discussed. Becommendations include painting the interior
of houses white, with lower walls and floors & dark color, and using
plate glass at sye level, slightly tilted to improve visibility and climi-
nate glare. Lookout structure designers in the Forest Service have
made plans for testing some of these features.
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ARPENDIXN
Tue Marnevaraas Tirtony oF vHe Visosl Raxce

I the nnnlysis presented in this seclion, the synibols aul notalion
are a= follows:

/1 apparend brighiness of & distant background
ff, apparent brighiness of a distant object
I, intrinsic brightness of & distant background
f inlrinsie brightness of u distant, objeet,
Hy- brightness of horizon sky
rappparent contenst between a distaul object and its baek-
around
we theeshold vetinal ilumination cottrast in the robinal inage
of (he object and its background
« =angulnr dinmeler of object
1 =linear dinmeter of object
& magaiflication
r-visund range of objeed
y = visual vange of 1 back ridge viewed against the horizon sky
d==haze-meter reading
o= gltaospherie attenuntion coolicient
A=wave length
p=fraction of aie-light polurization

The brightness I and 2, ave given by the Koschmieder equation
(3, 24}, and may be writton in the forms

H =1L (l—e?) 4+ H g 1)
Hy =10 —e " g7 )

nnd

The contrast » between u distunt object and its background may be
defined by the equation

3)

in which » is always considered positive regardicss of whether H>H
or f,< {1, The retinal threshold contrast u, is related to the object-
buckground contrast by the equation (12, £33

wy=vf(a), - 4)

where f(e) is some function of the angular diameter of the object, and
its form depends on the mature of the objeet. In gencral, %, depends
on the background brightness H but the nature of this relation is such

45




46 TECHNICAL BULLETIN 854, U, §. DEPT. OF AGRICULTURE

that for obscrvations in daylight «, is nearly independent of . In
radian measure the apparent angular diameter of the Lest objeet may
be written to a close appr oximation as

a=MDjr. )]
1t binoculars or btelescopes nre not used, the magnification 1 is sei
equad Lo unity.
For un objeet in the form of a long thin band or rectangle, fla) may
bo written approximately (18} ns
flay=4e
= A(MD/x) (6}

where 2 is o conséant. Sulmtltutuw equations {1} and (2) in cquation
(3) and simplifying gives for the contrast o

() .
e=(1-1)

Eliminating v and o between equations (43, (6), and (7} gives u8 the
visual range cquation for an object in the forin of & long mctnnglu

I, U,,)
H,, I,

EE: :
( Ho) (% ) ®)
et 1 —
For a disklike object, the function f{a) is appreximately (18)
Jle)y=Ba"
=B{MDz)? (9}
where B is 8 constant.
Elhiminating 2 and a belweon cquations (4), (9), nnd (7) gives ns the
visual range equation for a disklike object

H, H.s

ij},, H,, w __;__)= 10y
(1 H,,) D

eqmtmns (8) and (30) can be used to estimate the visual range of an
object if all of the other variables in the equation are known. They
can nlso be used to estimate the effccts of color flters, polarizing filters,
and magnificntion on the visual range.  Color filters exert their cfiects
in a rather complex manner. The t.mnsmlssaon properties of the filter
determine the appropriate value of s to use in equations (8) and (10),
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since « is 8 function of wave length.  The ratios H JH), and HyjH, will
be affected by the transmission properties of the filter because there
are usually differences in the chyomaticities of the object, its back-
ground, and the horizon sky. Color filters also affeet the value of the
constants 4 and B in cquations (8) and (10) because wave length
determanes the size of the basie diffraction pattern in the retinal image
{12); this effect partially oflsets the effect of the coler filter on the
value of o, Computations from cquations (8) and {10) show that even
red filers should make but slight contributions to the visual range,

The theoretieal effect of monochromatic color filters on the visunl
ringe of test objects in the form of disks and long thin bands is shown
in hgure 21, Curves 4, A', and A7 represent the visual range of an
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Fuatrar 20 —Curves A, A', and A show the visual range of p long rectangle as a
function of ftter wave length. Curves B, B, and B show this relation for
disklike test objeets, Curves €, €, and €'’ show the corvesponding valucs of
lfey. The visual range of a black ridge viewed (without fiters} against the
horizon sky is approximately 4 times /o s, It was assumed that both objects
were viewed against dark backgrounds and that their brightness was egual to
that of £he horizon sky.

objeet in the form of a long band, 3 feet in dinmeter, for filters trans-
mitting different wave lengths, Curve 4 represents the visval ronge
on & very clear day, carve A for a very hazy day, and curve A’ for
intormm?iate conditions. Curves B, B’, and B’ are similar curves for
o disk test object 10 feet in diameter. 1t is assumed that both objects
are viewed against 2 black background and that both have an intrinsie
brightness equal to that of the horizon sky in the direction in which
the object is viewed. It is elso assumed that the chromaticity of the
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objocts is the same as that of Lhe horizon sky, Curves ¢, ¢/, and O
are plots of the quantity /o, which, as will be shown in the nextseetion,
is the mean free photon path.  Since the visual range of & black ridge
is approximately 4 times the mean Tree photon path, the € eurves may
be regnrded as representing one-fourth ol the visurl range of a large
Black ridge viewed against the horizon sky. The relation between
g aned X was compuled (rom Lhe equation

h F
OAT=O a5 =xn
AT e (.a:.)o)

where ey is Lhe attenuntion eorflicient foo seme wave longth h and
o s Lhe altenuition cocllicient Tor a wave leagth of (5554,  The expo-
sent # 15 not econsiant but depends on o, Middlcton (24) presents
data showing the relation between r and the mean value of ¢ for wave
lengths of 450, 628y, and (G30p, respectively,  Tlowever, it is more
convenient to show this reinlion w terms of o 45 instead of the average
vilue of ¢. The conversion can be made by means of the equation

Boge (LBHHYT .

Tass L ASN T+ (H28Y - (636) 1]

The three vabues ol oy useid in figure 21 for computing 1/e 55 were
0.711, 0192, 0.455.  The corresponding values of » from Middleton’s
data are 0,82, 1.26, and 2.09. [t may be assumed that the cffeetive
value of ¢ for observations made without filters is approximately equal
to &, 555

Polarizing screens exert their efleets in an entively difierent way
frony that exerted by color filters, and the resulting changes in the
visual vange are much easier to compute.  If polarvizing sereens are
used, the quantity £, in equations (8} and (19) should be replaced by
(1 £ p)M1, where p is the fraction of airlight polarization. The
negative sign is used if the filter is oriented so as fo exclude the pola-
rized light Gt is usunlly uswel in this way). The pesitive sign is used
if the Bilter is oriented so 05 to transmit the polarized light.  The only
advanlage of using the [ilicr in this mauner is with occasional thin
Bue smoke columns which sometimes give off light that is move
strongly polarized than the aie-light.

if the skv is neavdy cloudless, polarizing filters are much more
citoetive than eolor filters if the direction of view is approximately ab
right angles (o the dircetion of the sun. On hazy deys when o is
large, & polarizing screen and red filter eombination are more effietent
than & polarizing screen alone.  When used with & polarizing screen,
a red filier beeomes effective by bringing about an inerease in p rather
than any appreeinble deercase in o, The variation of p with wave
length is more pronounced on hazy days. On clear days when o is
stall, p is less dependent on wave length and is comparatively high
for all wave lengths. The combination polarizing sereen and red
filter is especinily offective for photographs or visual work when land-
scape doetail is desired ; it is not so effective for columas of smolke as the
polarizing screen alone.  Figure 22 shows the relation of the visual
range of the previous two test objects plotted as & function of the
fraction of air-lisht polarization. On hazy days at low clevations
this lraction may drop as low as 0.3 even in direetions perpendicular
to the divection of the sun. On eclear days at high eclevations the
fraction may exceed 0.8,
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Frater 220 - Curve o shows (he Lheoretival relation between the visunf range of
a long reetangle and-the fraction of nir-light peiarization.  Curve f shows the
corresponding relation for a disk test object. The quantity ife was 10 miles
for both curves,

Tnerenses in the visual mange resulling from magnifving devices are
comparatively smnll,  An optlulIIv pvtfut binocular ov thLqu]m on
a steady mounting incresses the visual range more than do either
color filters or polarizing sereens but aceomplishes this ut the expense
of field of view. The benefit from magnification is not the same for
ol test objects.  Magnification is mov.L cffective for resolving detail
in a distant andseape oh]m tand may increase appreciably the distance
nt which such detail (mlch as grating str uctures or other fine details)
can be resolved. Tt is less effective for inereasing the visual eange of
disklike objects such as were recently discussed bv Hardy (16), and still
less elleetive for objects resembling tong, thin rectangles, M:wmh-
cation is of no benefit whatever for OIJ][‘{.ILS so large that fla) 51

By a series of linear transformations equations (8) and(10) ean be
recluced to forms that permit the ealeutation of the visual range x by
means of slide rules. However, even such computing deviees require
more information than is usually available to lookout observers, so in
their present forms equations (8) and {10} are not suitable for ficld use.
By making certain approximations, these equations can be simplified
consider u.bly although some a.l'cum.cy must be sacrificed.

Most forest fire smokes are seen against backgrounds of dark vege-
tntion so the first approximation is o sot If, vqlml to zero. The next
approXimation is to assume that the angular scattering function is the
same for the partieles in small bodies of smoke as it is for haze parti-
cles, henee £ would be divectly proportional to I, regavdless of the posi-
tion of the sun or other sources of light such ns the sky or surface of
the earth.  Fortunately this appr 0\1111:1.(10!1 is best on very hazy days;
the error may be considerable when the air is very clear.
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On placing [7,=0, and assuming that
FI;:{'I'].},-
whers ¢ is a constant, equation (8) cun be reduced Lo the form

er=log (1 +K,fe). ayn
The constunt K i3
Kyo=e AMDu, (12)

Tf the same assumplions are made for disklike objects, equation (10}
reduees to the form

r=log (1—Fofe?), {13)
where Lhe constant A is
RKo=eB(MDY e, (14)

Curve A in figure 2 is n plot of equation (11) with a valne of 42.1
for K,. Ior the purpose of comparing the tweo curves, curve B was
made to cotneide with eurve A when the haze-meter veading was 10
miles,  Phis required u value of 617 for Kz The abscissa readings in
figure 2 ure expressed in terms of the haze-meter reading d ratlier than
in terms of 6. These Lwo varinbles ara velated by the equation

o= — log 40
t‘i =

The quantities K, and K, can be considered constant only when the
vest of the gquantities in equations {12} and (14) are constant.  For
smokes of fixed dintmeter and with a given magnification, the only
source of variation in i, and K, would be in the quantities 4, B, and
¢. 'The quantities A and B ean be considered constant as long as the
angular dinmeters of the objects are less than the angular diameser of
the central bright disk in the diffraction pattern of the retinal image
of & point source of light. The approximation of f(a) given by equa-
tion (9) appenrs to be better than one could cxpeet considering the
changes which take place in the vetinal image of a disklike object for
incrensing values of . This means that u, is net constant for this
object, but varies in such a way that the ratie Bju, is nearly constant
for values of a up to 3 or 4 ininutes. When o is less than 0.35 minute,
2, is approximately 0.10 for disk test objects.

For larger values of a, , tncrenses slowly and approaches a constant
value as « becomes very large.  The most likely souree of variation in
K, and K, is in the quantity ¢, since its value depends on the angular
scattering function 0(} both the haze particles and the particles compos-
ing the smoke bodies. DBecause of the predominantly forward scat-
tering in smokes there is » tendency for ¢ to increase when the scatter-
ing angle is small. This vesults in greater visual ranges when the
obsorver is looking into a low sun. I_'ﬁ:m'over, the variation in ¢ is less
on hazy days than en clear days.
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For smokes viewed against e horizon sky, equations (8) and (10)

take simplificd forms, 1o this situation F, is placed cqual Lo F,.
BEquation (8) then becomes

ax==—log (+fRG) (15)

Ey= ke (e— D AMD/u, (16)

where
The posilive sign is used f J /0,71, and the negative sign if
i< Similerly equation (14) beeomes
ar=--log (#}/K,} {(17)
K= e {e~ 1YY e, (18)

wiiere

11 the size of the smoke bodies is inerensed withoul lhmit, both
agualions (8) swd (10} appronch the same form.  The approximmniions
i equations (6} snd (9) are no longer valid and the function f {a)—1.
From equation (1) it follows ithal Tov large ohjectswu,=p; hence the
right numbers of equations (8) and (10) in this case becowe equal to
%, Ior Inrge smolies viewed against dark backgrounds, cquatiens
(11} and {13) beeome

ar=log (i-+efu,) ' {19}

If the smokes are viewed against o horizon sky baekground the visual
range cquatiosn is

ogL=— = iog [:I: (:f}_;'l‘)“ (20)

The simplest of the visuel range equations is that for a large black
ohjeet viewed wgainst the biorizon sky which is

or=—log %,

The threshold contrast w, is usually assigned a value of .02 for high
brightness levels, bul it is probably higher than this for large bodies of
smoke which seidom have sharply defined boundaries. Also, large
brighiness differenees in the field of view may produce negative after
sensations which may increase the value of u, (J3).

The validity of the Koschmieder equation has been sometimes
questioned and it is probable thnt it may be in error for many field eondi-
tions, Variation in the reflectivity of the earth's surface, and partial
cloudiness of the sky are both factors whieh limié the application of the
equation.  Also, its derivalion is based on the assumption that the
carih’s surface is flat. The curvature of the carth’s surface would
result in a horizon sky brightness slightly less than for a fla earth.
Computations of ¢ made from photometric measurements of a black
target viewed against the horizon sky would give velues of ¢ slightly
lnrger than they should be and would show & spurious cffect in that &
would appear to increase with the distance of the targel. Ordinarily
this crrot would be negligible but might be noticeable for observations
made at high altitudes in very clear weather.
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The validity of the Koschmeider equation depends also on the
validity of the exponential law of light degradation in the atmos-
pheve,  This law is discossed in the next section.

Tue Decitapvriox o Liepr Pasixe Turoven TaeE ATMOSPIHERE; THE
Mesy Fres Prorox Parn

[f a beam of paralicl light rays is passed (hrough a seattoring and
absorbing medium, sueh as a hazy atmosphere, its inlensily deereases
with the distanece traversed,  The differential cquation deseribing this
change is

dl = —olds 1)

Wihen intemrated Lhis cquation gives the intensity £ ot a distanee

T ns

e (22)
where f, is the_initinl intensity, and o the attenuntion coeflicient
pepresenting the total cocflicient for both scatiering and absorption
Provesses.

Tguation {21) cannol be regarded as self evident and some invest-
entors have fell it necessary o test the exponential law experi-
montally,  As might be expeeted, the resulis are in elose agreement
with equation (22).  Perhaps some of the misgivings about equation
22) could be avoided by deriving it from a more basie level using
statistical rather than thermodynamic concepts. .

The photons in a long eylindrical element in & light beam may be
regarded s originaling on an clement of area dS on some arbitrary
reference planie and expending their encrgy on 8 similar element of
aren op a reeeiving plane after travehng distanee « between the two
planes. For convenicnce, both planes may be assumed perpendicular
io the light beam. Heowever there a number of events which ean
prevenl Lhe photens [rom making their encrgy conlribution ai the
appropriate clement of arca on the receiving plane. The diveetion
of travel of a photon may be changed by refleetion or refraction by
intervening particles, is energy may be converted inlo heat by absorb-
ing particles, or its envrgy may be taken up by 2 gas molecule and
ro-emitted after  brief time as & new photon with a different direetion
of travel. _

Those events may be regarded as occurring ab random and will be
oferred Lo as aceidents.” The probability of a photon reaching the
cloment of aren on the receiving plane will be the probability thal it
traverses the distance x without accident. This probability may be
designated as 22(x) which is assumed to be a conlinuous function of u.
The probahility that a photon will be transmitted through a distance
zdris Ple+dy), However

Plrd-dr)y= P()-P{dr), (23)

where P{dr) is the conditional probability that the photon witl travel
n distanee dr provided it has alvcady traveled a distance 2.

Phe probability that it will suffer an aecident in the dislance dris ¢
dr where ¢ is o constant. The probability P(d2) may therefore be
written as




SOME PRINCIPLES OF VISIBILITY

oy Jad)

The probabilily £2(r 4o} may be expunded i a Taylor sevies about,
the point x --x which gives

Priaitda?
9

ar

Plride) ~P 4P {nde +
where P70 and P70 arve Lhe first nnd second derivatives of 2.
Substiluting equalions {24) and (25) in equatlion (23) gives afler sim-
plifyving and omilling terms ¢ontnining powoers of dx highee than the
firsy
1dp )
Pr d
whoere P0r) is now written as 22, Talegeating equalion (25) gives
PooKew*

Sinee /2 can tnke on any value between @ and 1, it Tollows that K =3,
hienge
P (26)

L there are o large number of photons o (he benn the expeeted nunmbor
Noarviving at the element of aven de in (he plane por second s

NN e {27
where N, is the nnmber leaving the element of area de in the velerenee
plane persecond,  However, the initinl and terminal intensitios £, and
[ ape divectly proportional 1o N, and N, henee

[~ fpet

This enther roundabout derivation of eyuntion (22) has the impor-
tant advantage of showing Lhat e7°f may be freated as a probahility,
The expeeled or mean lree path 7 of & pholon in The atinosphere may
then be compuied feom the equation

. -
T- l £ D ' ye %
Jo 40

which when infegruted gives
R (28)

The average photon path is therelore equal lo 1/e and is the distance
that wait reduce the intensity of Uhe light beam (o He of ils initial value,

The d vance ¥ is nearly cqual to the haze-metler reading o which is
the distance that will reduee the intensity of a light beam to 0.40 of its
initial value. 1 is reecommended that in the wstruments manufae-
tured in the future, the transmission of the filier in the haze-moetor be
decrensed slightly so as to make 4 and ¥ numerically equal. This
would veduce by one the number of varinbles invelved in visunl range
problems. The dark ridge visual range 7 is velated Lo T by the equa-
tion '

Yoo T ]("}Ic(-{]?)
=3.912%
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The statistical derivation of equation (22) is valid only if i, can be
assumed that (he photon aecidents are indopendent in the statistical
sense.  The faiture or success of one photon to traverse the distanee
z must have no elfect on the probability of Lhe suceess or failure of other
pholons to traverse this distance.  This condilion would be realized if
the number of opportunitics for aceidents was very lavge in compari-
son to the number of accidents nctually oceurving.  Computations for
an almosphere consisting of pure gases shows that the number of male-
cules per unit voluma of the tmosphere is very large compared Lo the
photon detsity for an atmosphere in bright sunlight.  This condition
should 1ot be vffectively changed for an atmosphere containing parti-
cles each of wlich consists of a considerable number of molecules,
Apparently she only situation in which the exponential law could be
questioned would be for radiation fields far more inteuse than those
associnled with visual problems.

Avprrtovan Ixvonsariox oN THE Bynay Maze-MeTer

Pho brass case of the haze-moter is an Lshaped box (fig. 23) about
9 inches long, 1% inches square nlong the shank of the L, and 13 by 3
inchies at the foot of the L. The bringtnuss of any part of the landscape
ean bo compared with the horizon brightness by means of tho mirrors
M, and 2. The silver is removed from the left side of the lower
mirror M, and from a section in the center of this mirror to make o slit
S projecting into the silvered portion. A neutral filter Fy is placed
directly in front of this slit so that objects scen through the slit will be
60 porcent as bright as when they ave secn in the silvered portion of M,,
Thoe small ond of the meter is tho eye end.

Looking through the instrument, the observer has a direct view
threugh the left side of AL and also through the slit in the conter of this
mirror. Objects scen in the right side of Ad, are reflected down from
the rotatable mirror A, If tho observer divects the slit ab the sky 1 or
9 demrecs above the horizon and slowly rotates the mirror M), he can
soa differcnt parts of the landseape reflected in the silvered part of M,
and surrounding tho slit.  Whon u ridge which is about 0.60 as bright
s the horizon sky is reflocted opposite the slit, the slit will disappear.
The distance of this ridge from the observer is the haze-meter reading.
When no ridgoe happens to match the slit exactly, the observer must
intorpolate to determine the distance of a matching ridge. This

r

— -
—_—
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regrivemant is a souree of error for the Byram maotor, but one that can
bo rewdlily minimized by adequate instruction,

A narrow slit 8; at the oyo end of the instrumont makes the slit in
tho mirvor Ay sharply in focus evon when the observer’s oye is foeused
on tho horizon. A blue filler Fy, as wide ns the mirror bar is long, is
placed in the haze-meter, as shown in the figure,  This filter mnkes it
easier fo matel the slit with the images around it .

Visibility distance in miles of a small standard smoke as related to
haze-moter readings from L to 15 miles is given in the first half of table
3. This small standard smoke is roughly cquivalent to that givea oft
by a 12+ by 12-Toot, fire in dry hardwood leaves,  Values of visibility
(istanee for this table for nny given haze-meter réading wero obtainad
by multiplying the visual ranga values from curye A in lgura 2 by 0.70,

The second hwlf of tabla 3 gives similar information for o smolke (rom
n d-nere live. T6 was assumed that o smoke column lrom a five of this
size would have n dinmotor about 6 times as great as that of the small
standord senolke,

Tanve 3.~ -Visibility distunce of small standurd smoke and smoke from
H-acre five, as reluted to meter rendings in even tenths of miles
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Apprrionan InForyaroN oN ToE Prans Haze-METER

The working parts of the Plains haze-meter (fig. 24) are an optical
wedge of smoled glass W o blue filter F; a narrow horizontal slit S,
cut in o thin motal steip at the eye end of the meter; Lwo paralicl
mirrors M, and My and a series of slits numbered feom 1 Lo 13 which
are cub in the silver of mirror Af,. .

'Y

Freuur 21.—Working parls of the Pluins Laze-meter.

A light beam coming from the horizon sky passes through the optical
wedge, where Hs original intensity is iminished and the whole beam
is dellected slightly upward.  Thus the wedge also serves as o prism
to bring down » small seetion of the horizon sky so that its brightness
can be comparcd with the brightness of a landscape target.

The beam next passes through the slits in the lower mirror M, and
then through the eyepicee slit. The portion of the beam which passes
through tiwe thick part of the wedge will suffer a greater logs in intensity
than thal part of the beam passing through the lower thin pard, hence
the slits in AL, appear progressively darker from No. 1 at tha bottom to
No. 13 ab the top. A fight beam from a landscape target is reflected
down from the upper mirror M, to the lower mivror M, and then into
the eyepicce slit.  Each slit in the lower mirror serves as a photometric
unit by whieh it is possible to compare the brightness of & targeb with
the horizon brightness; for instance, if slit No. 2 disappears when super-
imposed on a distant target, it is known that the target is 60 percent
as hright as the horizon sky, and if slit No. 13 disappears, it is known
that the target is 14 percent as bright as the horizon sky.  The bright-
ness ratio for slits between 2 and 13 will be between 14 pereent and 60
percent.  Flowever, the meter is so constructed that this ratio does not,
appenr in the visibility measurenment and the observer needs to know
only the target distance and the number of the disappearing slit.  The
eyepiece slit makes distant targets and the slits in the lower mirror
always appear focused.  The blue filter eliminates eolor diffevences in
the Tandseape and subdues the brightness of horizon clouds,

) |
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DIERGCTIONS FOR USE

To estimate & visibility distance with the Plains hazo-meter:

1.8elect & natural target, such as the shaded side of a clump of trees ut
the edge of o clearing. | "This clump of trees must be in the direction of
the sun, hence ditTerent targets must be used for difforent times of day.

2. Btarting with slit No. 1, divect firsé one slit and then another ab
the targob unlil & slit is found which disappears. The number of tho
slit which disappears and the distance from the obsorver o the target
in miles and tonths are the two readings needed o obtain the visibility
distance from tuble 4. Forinstenee, if slit No. 7 disappenrs on o elump
of trees ab 1,1 miles nwuy, the vistbility distance is 4.2 miles.

In selecting natural targets and in making mensurements with the
hnze-meter, the foilowing points should be carefully observad:

L. Always seleet targels in the dircction of the sun. The shaded
sitles of clumps of trees ab the odues of clonrings make good targets.
Inslightly rolting country, dark wooded coniferous slopes may be used,
The most, important requivement for a suitable target is Bt it bo dark.

2. Seleet targets thab ave as far away ns possible, yet lnvge enough to
cover fully and sueround any given slit when viewed through the in-
strument. I a targot is oo fur nway, it will appear smallor than the
huse-meter slits.  Tu this-ease it is necessary to select farger target
or one aesrer the obsorver, ’

3. Seleet targets thab are seen against the horizon or within 1 doegree
of the horizon. I this condition is satisfied, the position of the second
slit nbove the slit which is directed at the tarzet will be nbovo the hori
zot.  For instance, if slit No. 4 is pointed at a bank of troes or wny
other dark spot on the lnndseape, then slit No. € should be above the
horizon. Tor this reason measurcments van sometimes be mads to
greater advantage from he ground than from the top of & tewer, On
very hazy days it is possible to use targets noarer the observer than
could be used if the day were clenr.

4. Always keep the front window glass of the haze-metor shaded from
direet sunlight when using the meter.  The front window glass should
also be kept cloan.  Nover take readings through window panes.

Tt is possible-that on certirin days there will be no slib whicl disap-
poars on sotna givon target, for two possible reasons:

1. The air is too hazy,

2. The nir is too clear. .

1 the nir is too hazy, all of the slits will appear davk.  This indieates
that a target nearer the observer should be selected.  If the air is too
clear, all of the slits will appear light. This indicates that o more dis-
tant tnrget should be seleeted.  Tf this is noé possible, vecord the visi-
bility distance as that distanco corresponding to slit No. 13 and the
distance of the target used.

The Plains haze-meter can also be used for estimating visibility in
mountainous regions, In this case mountain ridges arve used for tar-
gets.  As before, the sceond slit above the one under consideration
should be kept just above the horizon.  For instance, if slit No. 3 is
pointed divectly sé-u ridge, thon slit No. 5 should be above the hovizon.
It is nlso desirable to keep this second siit as near the hovizon as pos-
sible yot still above it. If readings are taken with any of the slits
above No. 3, the readings should always be in the divection of the sun.
Slits Nos. 1, 2, and 3 may be used in any direction.

Never take the haze-meter apart.




58 TECHNICAL BULLETIN 954, U. 8. DEPT. OF AGRICULTURE

TasLg 4.—Visibility distance in miles as determined from target distance and haze-meter slit number

Haze-meter slit numbers
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SOMFE PRINCIPLES OF VISIBILITY

Aparrioval InFonMaTsoN on Lookour E¥s TEST
SPECIFICATIONS FOR LOOKQUT EYE-TEST TARCET

Byc-test target to consist of a biack and white pattern mounted on
& 7.0-inch square back, in the center of which is mounted & handle for
retating the target.

The oye-test pattern to be printed from a brass master negative on
double-woight, bigh contrast (No. 4 or 5), smoeth, glossy, photographic
paper.  The brass negative must be placed with the uppor or beveled
surface away from the paper when prints ave made. The master
negitive or plate is to be cut from smooth, flat, 22-gage half hard
sheed brass to the pattern shown in figure 25 and drilled on & dingonal

ror:

Botiom surface

Fiaure 25.—Master plate and enlarged cross seetion showing how holes 4 and B
are to be beveled.
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at the two points indieated. Tole A is He inch in diameter £0.002
inch hole B is % ineh in diameter,  Tholes 4 and B are to be heveled
to a distance of one-third the thickness of the metal from the bottom
of the plate as shown in the cross section.  The upper edges of the
corner slots ave beveled in the snme manner. On the bottom {(un-
beveled) surface, print plainly: PUT TS side of plate nexé to paper
when making photographic prints from THIS MASTER PLATE.

The eve-test backing mafevial to be hard fiberboard (Masonite,
tempered Prezdwood, or equal) of about K-inch thickness, varnished
on both sides.

After varnish is theroughly dry, patiern to be cemented with shellac
to smooth side of fiberboard back.

Both print and fiberboard back to be at least 8 inehes square Lo
insure good centact around the edges of the pattern, aimd to allow space
for tritnpuing.  FBye-test board to be trimmed on black-white border to
feave sinooth cdge.  Corners to be tritnmed.

A square or circular Dlock, about 13 inches in diameter and % inch
thick, and drilled through the center to receive a ¥y-ineh dowel hiandle
3 inches fong in a tight fit, is to be glued to center of eye-test back.
Tiandle is not Lo be glued in block.

A snull black spot is to be painted on back of eye-test target divectly
behind the Me-inch spot.

Tnstructions for use of eye-test are to be printed or pasted on front
of an cavelope 7% by 10} inches, in which eyc-test is kept wher not
in use,

INSTRUCTIONS FOR USE OF FOREST SERVICE EYE TEST FOR FIRE LOOKOUTS

The lookeut eve-test is n device designed to measure the relative
abilily of lockouls to see small smokes.  The eye-test target consists
of & square while board with a large black spot in the center, black
bars on the dingonals, and a small black spot midway between the cen-
ter and one diagonal bar,  The maximum distanee that o man can see
{his small spot is a measure of his power ¢o see small columns of smoke
at long distances.  The eye test is given as follows:

Seleet # suitable place out-gf-dosrs.  Fither o sunay or cloudy day
will do. A dnrk foreground, such as green grass or earth is necessary.
Avoid bright foregrounds, such as dusty or graveled roads.

Inscert the round peg in the block on the bBack of the bonrd to form
a handle. Fold eye-lest board in {ull light of open sky bub shaded
from direct rays of sun.  Avoid getting undoer eaves of butldings or tree
erowns.

Hold eve-test board upright so that ene diagonal black bar is verti-
enl, the other horizontal (the smail spot will be up, down, to right, or
to left), with white side of eye-test board facing toward person being
tested.

Fave man being tested back away from eye-test board until smail
black spol almost disappears (usually 35 or 40 fect). He should not
face sun.

Whirl eye-test board several times so the small black spot may as-
sume & new position, cither up, down, right, or left. IHave observer
signal or state new position of the small spet. 1T correet, have him
step back 2 or 3 feet. Repeat procedure until the observer indicates
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position of small black spot incorrectly.  Have him guess when he is
no longer certain. e may rest his eyes if he wishes.

Record ihe observer's raling as the distance in feeb from eye-tesi
board lo the lust poinl from whick he can indicule position of the small
black spot corvectly.  The distance at which this small spot can be scen
is definitely relnted to the distance at which small smole columns can
be ensily deteeted, The following labulation indicates quality of eye-
sight in relation to eye-test raling in loet:

Azl diztadee wt which smuil black spot cun he seen {feel) Quality of epesipht
Bd or over_ e e lixeeptional.
CGlood.
Avernge,
. IFair,
43 or under_. .o e m e mmemmmmmmm e e e Poor,

Sreciricarions Fon CLane-Reoveine GoccLss

Glare-reducing gogules to be made of erown glass, optieally finished
to eliminate 2ll distortion,  (ilass to be of neutral tint, giving approxi-
mately constant absorption for all visible radintion.  (There must not
be n deep seleelive absorpiion band within the visibie rangoe of Lthespee-
trum.) The transmission of visible radistion Lo be frorn 20 to 30 por-
cent; the two lenses in one pair of goggles must trnnsmib approximalely
the snnte amount of light, nel varving in this resneet more than 4 per-
cenl,  The lenses and frrmes to be of the pearshaped (Fsport’) type,
approximately 2% inches in grealest width and 2% inches in grealess
longth.

The frames ave Lo be of noncorroding metal, The bows are to be

flexible and easily adjustable without tools to individuals’ requirements.
Goggles must be hinged at the bridge to permit adjustment to individ-
aal requirements for fitting. A broad, comfortable nose rest shall be
provided.  Each pair of goggles Lo be provided with a metal ease to
reduce possibility of breakage.

O

' tat wnle by the Sapechiendent of Doaanents, 178, Goverammenl Printing Oifice
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