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SECTION I

INTRODUCTION

The majority of low altitude night reconnaissance and
rescue missions in the Southeast Asia conflict are conducted
under flarelight. In the dry season, when vehicular traffic is
at its peak, the Air Force uses thousands of flares each night
for field illumination. Search and rescue missions are known
to have required as many as 240 flares in a single rescue
mission. Contrary to popular thought about exotic sensor
systems, flareships continue to be essential in low-altitude
night missions.

Pilots use airborne flares for many types of operations,
including:

Navigation (staying over a target area)
Rendezvous (marking a position)
Reconnaissance (area search)
Target Marking
Target Illumination
Ground Support Illumination
Search and Rescue Illumination
Disrupting Enemy Gunners
Terminal Guidance

and Strike Illumination

In the present report, interest is limited to the use of
flares in operations involving night perception, and particularly

under conditions where mist or haze degrades visibility.
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Even in favorable weather target acquisition is considerably
poorer under flarelight than under daylight conditions.
(Hilgendorf, 1968). Factors potentially contributing to
degradation in target acquisition include flickering shadows,
diffuse terminator lines, lowered luminance levels
and lack of depth cues. Under the extremely unfavorable
conditions of smoke, fog, or haze, the "milk bowl" effect
produced by the scattering of flare light can virtually
eliminate the visual scene. 1In training and combat, pilots
occasionally dive into the "milk bowl" (a brilliant, blinding,
horizon-filling source of glare) hoping to run out of fhe "fire
kall” in time to clear the lower cloud deck, and find and track
the target.

In spite of the extensive use of flarelights and the
problems associated with their use, little research has been
aimed toward determining desirable placement, intensity, beam
pattern spectral characteristics, etc. of flarelights. No
definitive literature was found that dealt with the effects of
these elements on visual acquisition.

Basic data are needed to suggest design, deployment, and
training criteria for:

Flight path offset angles (minimum glare, maximum acuity)
FAC/TAC/Flareship tactics (observer. positions)

Eve Filters (glare, target enhancement)

Site support tactics (battlefield illumination)

In establishing such criteria it is necessary to recognize the

interactions between flarelights and ground and atmosphere



conditions. Once quantitatively understood, the environment can
be used to degrade enemy performance, to enhance friendly aerial
and ground observers' tasks, and to suggest new artificial light
and artificial cloud applications.

- This report describes a laboratory procedure for studying
the effects of fog or mist on visual acuity under conditions of
night illumination. In a real situation, the distances may be
thousands of yards,mist or fog particles of varying
concentratioris and compositions may be present and there may be
a miscellany of natural and man-made effects including the
condition of the terrain, the night illumination in the
environment, etc. The argument for simulation is the ability
to duplicate, control, and evaluate a particular set of
conditions rather than depend on its fortuitous occurrence
and availability in the natural environment. In addition to
convenience, substantial savings in cost and effort can be

expected from a properly designed simulation experiment.




SECTION II

ATTENUATION OF VISION IN THE ATMOSPHERE

MECHANISM OF ATTENUATION

Middleton (1952) has discussed in considerable detail the
problems related to vision through the atmosphere.

An object is observed in relation to its wvisual background.
In general, one's ability to see an object depends on its size,
its luminance, the luminance of the background, the contrasting
chromaticity (color), the presence of distracting objects in the
field nf view.

The visual s’'- e of an object is observed as a solid angle
with the eye at the apex and the object as the base of a right
cone. Traditionally, it is measured as the plane angle with
the eye at the apex and the diameter of the object as the base
of an isosceles triangle. A size threshold exists which is
fixed for a given luminance-contrast thresho;d and background
luminance level (Blackwell, 1946).

The "Brightness contrast," C, is generally defined im terms
of an object's luminance, B, and the luminance of its background,
B',

BI

C = ==

B!

If the object is darker than its background, the contrast is

negative and if it is brighter, tXe contrast is positive.
Under conditions of uniform haze density., brightness

contrast can be analyzed mathematically. The alteration of



luminance contrast by the atmosphere under daylight conditions
is discussed by Middleton.

An object whose inherent luminance is B,, and background
luminance is B,', becomes less distinct as the viewing @istance
increases. At a great distance, the object may become
indistinguishable from the background. Inherent contrast is
defined as

o B =Bz "
B,'

At a distance, R, the apparent contrast, C,, is

B-BR'
C=————
Bp'

where Bq and BR' are the apparent luminances of the object and
ti:e background, respectively at the distance R.

Apparent contrast is related to inherent contrast by:

cq = C. (B,'/B e 0R
where e gr is the attenuation of the light by the atmospheric
haze. R is the distance from the object to the eye. It is
assumed that the haze is made up of particles, which are
transparent in the visible region of the spectrum and O is the
extinction coefficient in the given direction for these particles.
The particles in the atmosphere are assumed to be homogeneously
distributed, both laterally and vertically.

The last equation relates the apparent contrast, CR to the

inherent contrast, C,, the ratio of the background luminances,

(B,'/BR') , and the light transmittance, e'dR. Thus, if one



could determine the 0 corresponding to the haze level, it
would be possible to predict apparent contrast at distance, R.
Apparent contrast has been expressed in a slightly different
form by Sawyer (1950) as
(B,=B,"') e'dR

CR—

B,'e” OR , G

where the terms have the same meaning as before. G is a glare
factor term. (B,-B,') is the difference between thes inherent
luminance of an object and its background. Thus, in the numerator,

GR

the inherent luminance difference is reduced by C~ ., to give
the apparent luminance difference. The denominator combines the
transmitted light with the background scattered glare to give the
apparent background luminance.

Here again, given the haze level and assuminy it can be
quantified, it would be possible to calculate the apparent contrast.

The eye will distinguish contrast differences down to a lower
limit called the threshold contrast, CT' Obiects of a given size
will be obscured if

Cp > ﬂigf"_

Blackwell, (1946) relates the threshold for brightness difference,
(BR-BR') to BR' for a wide range of background brightness.

In Figure 1 the log of the brightness contrast threshold, log
CT'
B', for several visual angles. The contrast threshold remains low

is plotted against the log of the background dbrightness, log

and constant at high background brightness levels and then
increases rapidly at lower levels. At any given background level,
the contrast threshold decreases with the visual angle of the

target. The knees in the curves occur where the visual process
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switches from cone to rod activity. The switch occars at a fixed,
low background level and is apparently independent of the contrast
threshold over a wide range of visual angles.

‘ In dayliaght the light source is the sun and all particles
in the terrestrial atmosphere may be considered equidistant from
the source. Furthermore, the scattering angle can also b=z
considered to be the same for all of the particles in a given
obeserver-target geometry.

In the context of flarelights at night, the source is closc
to both the target and the observer, and thus we have essentially
a localized illumination agaiast a dark background. In a typical
combat or rescue situation, the viewer is airborne at a moderate
altitude, i.e., 1000 to 5000 ft. Naval Mark 24 flares are
commonly used; a new flare, the Naval "Briteye" is under develop-
ment. Both flares have magnesium-sodium nitrate compositions and
are rated at 2,000,000 and 5,000,000 candle power, respectively.

Vision is attenuated in a natural fog by light scatterirng.
Scattering is a function of the wavelength of the light, scattering
angle, the nature of the material, and concentration of the
particles. Although the exact mechanism of light scattering is
compvlex, the effect is to decrease the radiation from the objiect
to the eye, and to increase the brightness of the background against
which the object is observed. Light scattering does not appear to

decrease visual acuity by simply degrading optical resolution

(Middleton, 1952, p. 78). In the present paper the discussion is

limited to spherical particles and to aonabsorbing scatterers. This
is a valid restriction since natural fogs are arrays of spherical

water particles which are essentially transparent in the visible




wavelength region.

The objective 0of the work reported here is the observation,
under laboratory conditions, of the effects of a simulated foggy
atmosphere on visual acuity.

Because of their topical interest as visual aids in foaqgy
atmospheres, yellow filters were included in the study. Stuart
(1934) states that white light seen through a fog appears yellow
and recommended a headlight filter with a sharp cutoff below the
vellow for usie in night fog driviny. Miller, Martin, and Dohrn
(1968) describe the particular yellow filters used in the present
tests. The filter which is commercially available* transmits
almost totally in the visual range from 520 md to the longwave
limit of normal visibility and cuts out all the shortwave end
of the spectrum below 490 md. A representative transmission

curve of these filters is shown in Figure 2.

OPTICAL PROPERTIES OF SMALL PARTICLES

The concept underlying the design of a fog simulation
facility is based on the mechanism of light attenuation by
suspended small particles. This mechanism allows the duplication,
in a small volume, of the attenuation occurring in a much larger

space.
The interaction between a particle and electromagnetic

radiation, including visible light, leads to a redistribution of

the radiation. That part of the light which is not absorbed

by the particle ic said to be "scattered". 1In the present

discussion we shall assume that all energy incident on the

*Bausch and Lomb Kalichrome C yellow filter.
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particle undergoes scattering.

It was shown by Mie (1908) that light scattering by small
particles can be treated by the appropriate application of
electromagnetic theory:; however, the detailed mathematics of
his analysis is very complex. The solutions for the total and
radial distribution of the light scattered by a transparent
sphere show that the scatter is fully described as a function
of only three parameters -- the particle size, the refractive
index of the particle referred to the surrounding medium, and
the wavelength of the light.

Rayleigh (1899) studied the scattering properties of very
small particles and, prior to Mie's work, noted that the total
scatter of a small sphere of radius r, illuminated by light of

unit intensity (unit energy per unit area) of wavelength \ is,

| 2 T = (1
s =24n® (L =L1]" ¥ )
!
m? + 2/ &

V is the volume of the particle and m is its refractive index.
S is thus the effective scattering area of a particle.

This relation holds for particles for which r < 0.1 \.
From Equation 1 it is seen that scattering intensity is a sixth
power function of the radius and an inverse fourth power function
of the wavelength of the source.

The intensity, IG’ of the scattered light at a given angle

A at a distance R when the incident light is unpolarized is

2 2 2 2 /
1, = or /mz -41) 2 i+ cos? § (2)
2R? \m? + 2 A4

’

& L




R is the distance from the particle to the point of observation
and 6 is the angle between the incident light source and the
direction of the scattered light. Conventionally, the reverse
of the direction of propagation of the incident light is 0° and
the forward direction is 180°.

Even though the incident light is unpolarized the scattered
light consists of two plane-polarized components, with the
planes mutually at right angles. If we identify these components

by their intensities, :l.l and 12, then i, is the vertically

1
polarized component, and 12 is the horizontal component. The

c,os2 0 term in Equation 2 governs the value of ié and the factor
of unity governs il which is therefore constant in intensity at
all angles.

For the general case of Mie scattering, the angular

intensity corresponding to Equation 2 is

Ie=_)).2____ (1

+1i,) (3)
2
g nl R®

1

and the total scatter, S, is given by the sum of the series,

(0 0]
2 2 2
s=A ) en) (ag? +]p [ (4)
n=1
The terms il and 12 in Equation 3, and 3, and bh in Equation 4
are defined in Appendix I. Two useful additional terms are the

2, and a

total scattering coefficient, K, equal to S/ r
scattering parameter, @, equal to 2mr/A, i.e., the ratio of the

particle circumference to the wavelength.

12




Scattering functions have been computed for a number of
conditions. Figure 3 shows how the total scattering coefficient
K varies with o for a single particle with a refractive index
(m) of 1.33, i.e., water. In Figure 4 the total scattering
area per unit weight is plotted for spherical water droplets,
against the radius for a selected value of \ (.555 md). The
rapid decrease in scattering efficiency of Rayleigh scatterers
as the particle size is reduced, predicted by Equation 1, is noted
in Figure 4.

The radial distributions of the intensity of th: radiation
scattered by water droplets of varying a's are shown in Figure 5.
The fiqure illustrates the characteristic forward and backward
symmetry of the scattered intensity when & is small and the
strong forward scattering intensity, and the numerous additional
scattering "lobes" which appear as Q increases.

It can be seen in Figure 5 that the number of intensity
maxima of the :I.1 component of the radial distribution increases
with increasing &. The visual phenomenon which is called the
“higher order Tyndall effect" appears as a succession of color
maxima and minima when a cell containing a nearly monodisperse
aerosol is illuminated by a narrow parallel beam of light and is
viewed at different angles. The red bands are the most
conspicuous, and a rapid and moderately accurate determination
of the radii of the aerosol particles can be made by using white
light and either counting the number of red bands and multiplying
by 0.1 or noting the angle at which the first red band

13
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appears*. This method is, however, not recommended for
materials whose refractive index is greater than 2, or for
particles much larger than 1.5 microns diameter.

The equation for the transmission of light through a cloud

of particles is given by the relation

2
t = I/Io = ¢~"r" Knl ()

where t, the transmission, is the ratio of I and Io’ the
emergent and incident intensities, respectively, of a light
beam passing through the cloud. K is the scattering coefficient,
n is the particle concentration per unit volume, r is the particle
radius, and 1 is the length of the path through the beam.

In the present work equivalent fogs are designed by the
application of Equation 5. "Equivalent" fogs are defined as
fogs of equal light transmission under conditions in which the
path length, 1, is defined and r, n, and the refractive index,
and hence K, can be adjusted. Considerations of material
availability and stability, ease of production, etc., all

influence the selection of equivalent fogs.

LABORATORY ANALOGUES

Green and Lane (1964) distinguish between mists and fogs,
noting that "a light mist" consists of water droplets ranging
from 10 to 50 microns in diameter. Middleton (1952) avoids use
of the term "mist" and instead differentiates a "fog", where the

particle diameters are greater than about 4 microns, from "haze",

*Appendix III.

17



in which the particles are below that size. Natural fogs, mists,
and clouds vary greatly in both particle size distribution and
particle concentration. Kneusel (1935) reported a valley fog
with particles about 4.4 microns median diameter and a mountain
fog or cloud with particles of 14 microns maximum diameter. These
figures are probably low. Houghton (1940) gives corresponding
diameters of 22 and 46 microns for a coastal and a mountain
fog. Bricard (1939) gives 20, 16, 10, and 8 microns for the
particle diameters in nimbostratus, stratocumulus, cumulus, and
stratus clouds, respectiyely. Houghton and Radford (1938)
report droplet concentrations of 5 to 50 x 103'dr0plets/m1 for
clouds and 0.1 to 1 x 107 droplets/ml for fogs. Sinclair (1950)
states that a dense natural fog of 20 microns median diameter
contains about 103 particles per ml.

One may consider a 2000-ft thick, water droplet mist,
composed of 20 micron diameter particles. Let it be assﬁmed
that a parallel beam is attenuated to 10% of its incident intensity
by this mist. Assigning to K, the scattering coefficient, a value
of 2, Equation 5 shows the aerosol concentration, n, to be 6
particles/ml. For particles which are large relative to the
wavelength, the scattering coefficient is insensitive to
wavelength, as shown in Figure 3, and the wavelength need not
be specified.

To design a fog of equivalent attenuation in a small volume,
it is possible yo increase the concentration of the scatterer,
the scattering éfficiency, or both. Assuming the reduced volume

to involve a light path of 9-ft, then a fog of 20 micron-diameter

18
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particles equivalent to the 2000-ft path and 6 particles/ml,
would contain about 1400 particles/ml, corresponding to an
aerosol weight of 5.8 x 10"6 g/ml. Such a dense aerosol would

be difficult to stabilize in an experimental system. A more
feasible alternative is to select particle parameters to maximize
scattering efficiency.

The scattering efficiency for water and its dependence on
N\ and particle size were shown in Fiqure 3. If we design a
cloud for 0.550 microns wavelength, the scattering efficiency
coefficient has its maximum of 3.9 when the particle diameter
is 1.05 microns. Again assuming a light path of 9-ft, a
concentration of 2.6 x 10° particles/ml, weighing 3.15 x 10”7 g/ml,
will produce an attenuation equal to that in the reference
2000-ft path.

It is also possible to replace the water aerosol with
particles having a higher refractive index which would be
somewhat more efficient scatterers. For example, stearic acid
srheres of 0.88 micron diameter hazve a scattering coefficient of
4.2, and a stearic acid cloud,equivalent to the 2000-ft mist
path, would contain 3.3 x 10° particles/ml weighing 1.2 x 10~ g/ml.

Although it is possible to generate aerosols of even greater
scattering efficiency, stearic acid was selected because its
optical properties have been extensively described and bec;use

it has been used in generating precisely sized, stable aerosols.

DISPERSAL AND ST2BILITY OF SMALL PARTICLES
The LaMer generator (Sinclair and LaMer, 1949) is used for

the production of monodisperse liquid aerosols. 1In its operation

19



a stream of hot air passing over a heated 1liquid, collects the
vapor above the liquid and transports it through a chimney.
Here it is cooled slowly under carefully controlled conditions
and the aerosol precipitates out in a narrow range of particle
sizes. Stearic acid is a solid at ambient temperature but with
a melting point of 70°C, and it can therefore be used to form
an aerosol of liquid particles. These particles supercool
before solidifying and retain a nearly spherical shape as they
solidify.

An aerosol cloud is inherently unstable. This condition
arises because of a number of cooperating factors, several of
which are considered here. The vapor pressure of a liquid
which, in the case of macroscopic quantities tends to be simply
temperature dependent, also becomes size dependent when the
particle size is reduced greatly. Thus, a very small particle
will have a2 higher vapor pressure than a somewhat larger
particle and consequently large particles tend to grow and
smaller particles disappear.

Smali particles disappzar through collision which may be
induced by convection currents, settling, and Brownian movement.
Brownian movement is an erratic motion exhibited by very small
particles in gaseous.or liquid suspension. Particles are under
constant molecular bombardment. When the cross section is small,
the probability that this action is symmetrical is low. The
differential forces thus generated impart a random motion to
the particles. This motion may be considerable in the submicron

particle size range. Above a diameter of about a micron,

20



the effect is slight.

Settling is usually the most serious cause of instability
in an aerosol. Stokes law defines the settling velocity of a
small particle (less thamn 100 microns) by the relation

- &2 A Jo
qu (6)

u

where () and Da are the densities of the particle and the medium,
respectively, 4@ is the particle diameter,q is the viscosity of
the medium, and G is the gravitational constant. In a poly-
disperse zerosol, differential settling rates cause the faster
falling, larger particles to sweep up the smaller, more buoyant
particles, thus increasing the aerosol breakdown.

Table 1 lists the Stokes law settling-rates of several
sizes of spherical particles in air. In the cases of the two
smallest particles listed, collision induced by Brownian movement
contributes more significantly to the particle instability than
gravity.

Table 1

Settling rates in air at 21°C
of small spherical particles of unit density

Particle Dianeter, Settling Rate,
microns microns/sec
0.1 0.86
0.25 3.1
0.5 10.0
1.0 34.3
2.5 200.0
5.0 775.0
10.0 3050.0

It is evident that an experimental aerosol which must be

stable for an appreciable time should consist of small, uniform

21



particles of low density and, of course be in a size range con-
sistent with the optical requirements of the experiment. It
should preferably be a solid with a low vapor pressure. For
good definition of its ovtical properties, it should consist
of spherical particles. Since a stearic acid aerosol can be
made to embody these properties it is well suited to the present

application.

RECAPITULATION OF LABORATORY ANALOGUE CONCEPT

In the previous section, the composition of natural fog was
described and its elements examined. Light scattering theory
was reviewed insofar as it appeared to be related to problems
of designing a laboratory model of the fog, and a number of
scaling factors were noted.

The underlying assumption in the design of the laboratory
model is that analogue conditions are maintained when the light
attenuation and scattering characteristics of real clouds are
preserved. Attenuation of the target is caused by the reduction
of its optical signal by the scatter from intervening aerosol
particles and by the loss of contrast due to the scatter of light
from all other particles in the visual background. It is assumed
that in bYoth cases the scatter can be related to the number of
particles and their scattering cross sections and, further, that
this condition can be duplicated with an "analogue' aerosocl in
which the nimber and size of particles can be varied, provided
that the total scatter is preserved. Carrying this concept a

step further, it is re=asoned that, if these conditions are
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maintained, the analogue aerosol material may be different from
the real aerosol. The dimensions of the analogue aerosol may
be quite different from those of the real aerosol, provided that
the optical relationships are preserved.

As a first approximation, a very long optical path in an
acerosol may be compressed nnd, provided the shortened light path
does not increase the concentration of the particles to the point
where they interact as light scatterers, the scattering
properties should not be disturbed. However, problems of aerosol
stability arise when many large particles exist in a small volume.

The obvious answer is an aerosol composed of a larger
number of smaller particles, specifically replacing the water
aerosol with a nonaqueous low vapor pressure material having light
scattering efficiency. Thus, a lesser weight of material can be
used; the particle spacing in relation to particle size can be
increased; settling rates can be diminished; and there will be
less tendency for particles to agglomerate on collision.

The ability to control these variables lends flexibility

to the whole analogue concept.
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SECTION III

EXPERIMENTAL STUDIES

The experimental studies consisted of a series of wvisual
acuity tests onnducted in an aerosol chamber in which light
level and aerosol concentration were controlled. All sub-
jects were tested with and without yellow optical filters.

The experimental conditions are described in detail
below:

TEST SUBJECTS

The test subjects were thirty male employees of IIT
Research Institute between the ages of 20 and 35. All sub-
jects passed the Titmus eye test with natural or corrected
vision of 20/20 or better. The Ishihara Pseudo-Isochromatic
Plates were used to detect the presence of color deficiency.
Following the conclusion of the experiments, one subject
was found to have a slight covulor-blind condition. His test
results are well within the range for his group and so his
data are included in the results.

EXPERIMENTAL SYSTEM
(1) TEST CHART

The test chart was a modified Landolt C chart (Graham,
Bartlett, Brown, et al, 1966). A standard Landolt C is a
black C on a white background. The C is circular with the
thickness of the C outline equal to 20% of the circle diam-
eter and also equal to the gap in the circle. Thus the gap

forms a square.
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The C's are oriented with the gap facing any of four
directions, up, down, left, or right. The standard chart
consists of several rows of C's of increasing sizea,. with
all C's in a row the same size. A test consists of identi-
fying the orientation of the gap.

In the present work, the chart color was reversed -

white C's on a black background - and complete circles were '

added. The chart consisted of 70 Landolt C and modified
Landolt C elements in rows of five elements in a continu-
ously decreasing series. Any two consecutive pairs of C's

had their diameters in the following ratio:

D
D“ = 1.0592
n+1

where Dn and Dn+1 are the outside diameters of two consecu-
tive C's. The\diameter of the largest C was 10 cm and the
smallest was 0.1883 cm. A portion of a chart is illustrated
in Figure 6 and the details of its construction are given in
Appendix II.

The reflectance spectra of the white Landolt C letter
and the black chart background were measured with a General
Electric reflectance spectrcmeter. The spectra are shown in

Figure 7.

25

e, A e






Percent Reflectance

100

60 f

40

20

BOL_/

Landolt C (white)

Background (black)

| 1 ] A A

400

500 600 700

Wavelength, millimicrons

Figure 7. SPECTRAL REFLECTANCE OF CHARTS
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EXPERIMENTAL FACILITY

The experimental facility was designed as a scale
simulation of a night operation under flare ililumination in a
light mist. The simulation chamber was a_darkroom with walls,
floor, and ceiling covered with a black, plastic sheet coated
with flat black latex paint. The Landolt C chart was near
floor level and a light source was suspended 9 ft above the
center of the chart. Two million and five million candlepower
flares suspended at 2000 ft were adopted as reference sources.
These flares would yield 0.5 and 1.25 ft candles of ground
level illumination, respectively, directly below the flares.
The corresponding chamber source illumination at 9 ft above
target level would be 40 and 100 candlepower.

Representative experimental conditions used in the cham-

ber were:
Light source height 9 ft
Source luminous intensity 40 and 100
candlepower
Aerosol stearic acid

Aerosol particle diameter* 0.68 microns

Aerosol concentration, 25 X 102 and

particles/ml* 5.0 x 10
Aerosol refractive index 1.433
Basing the calculations on a monodisperse mist of 20 micron

particles, and a wavelength of 550 mu the corresponding

*
Experimentally determined.
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"real" conditions (Figure 8) are:

Flare height 2000 ft.
Flare intensity 2.0 x 106 and 5.0 x 106
candlepower

Flare color temperature 2400 to 2600°K
Observer height 2000 ft

Observer viewing angle -45°
from horizon

Mist particle diameter 20 u

Mist concentration, 1.5 and 3.0
particles/ml

Refractive index 1.333

of water

A General Electric No. W 1156 tungsten filament lamp
operating at either 12.6 or 16.8 volts was used for the
chamber light source. At these voltages, it gives the
required light levels of 40 and 100 candlepower and filament
color temperatures of 2536 and 2783°K, respectively.

Pigure 9 is a drawing cf the aerosol chamber and Figure
10 shows the chamber in plan. Two walls of the chamber coin-
cide with the walls of the rocm. The third wall forms, in
plan, a 145° circular arc. The axis of the arc is a verti-
cal line along which the light source is suspended. Thus
all positions along the projected arc are equidistant from
the light. Observers can be placed at either of two rows of
windows, one at normal eye level, and one at 9 £t above the
floor. In the present series of observations, only the

upper level was used.
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Figure 8. FIELD SYSTEM CONFIGURATION
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The aerosol generator, a modified LaMer generator is

shown in Figure 11 and 12, and also at the left in Figure 9.

L
{
]

Operation of the generator was described on page 19.

The aerosol inlet to the chamber, the aerosol circu-
lating fan and the aerosol removal system are shown in
Figure 9. The aerosol is removed by circulating the chamber
air through an absolute filter which retains the particulate
matter. In addition a sampler consisting of a filter, and a
calibrated pump samples the aerosol by collecting the aero-
sol from a measured volume of air. The weight of the sample,
combined with the particle size data is used to calculate
the aerosol particle concentration.

LIGHT FILTER

The yellow filters worn by the subjects were described
in Section II and their optical properties illustrated in
Figure 2. In the experiments, subjects who normally diad
not wear corrective glasses used spectacles fitted with the
filter lenses without refractive correction. Subjects who
normally wore corrective glasses were provided with clip-on
filters.

EXPERIMENTAL PROCEDURE

In the tests, a Landolt C chart rested on a stand
inclined at 45° to the horizontal, and directly below the
light. The center of the chart was 9 ft below the light and

faced the observer who was at the upper level shown in Figure 9,
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LaMer Generator

Figure 12.
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12.7 £t from the chart and 9 ft from the light. Figure 13

shows a view of the chart and the light as seen from the

observer's gallery.

Each subject was given the sheet of instructions shown

in Appendix IV. He was then dark adapted for 15 min in the

test chamber. At the start of the test the flare simulation

light was turned on and the subject moved to the test posi-

tion, opened a winds>w into the chamber, placed his chin on a

rest, and read the chart to the experimenter by identifying

the directionsof the Landolt C's.

Readings were continued from large to small sizes until

the subject could no longer distinguish the letters. The

subjects used both eyes with no restrictions on head movement.

Each subject was allowed as much time as he required which,

in general, was no more than about 2 min on the most difficult

lines.

Each subject was urged to read beyond the point where

complete certainty could be maintained. The readings were

surprisingly accurate even wnen the subjezts believed they

were guessing. The subjects found it especially difficult to

read when accuracy better than 80% could not be maintained.

Each subject performed four tests:

(1)
(2)
(3)
(4)

Unfiltered vision at the iow illumination level
Filtered vision at the low illumination level
Unfiltered vision at the high illumination level

Filtered vision at the high illumination level.
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Figure 13.

TEST CHAMBER WITH LIGHT SOURCE AND
LANDOLT C CHART
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The test sequence was random and charts were changed
after each test. The charf:\size range permitted the subject
to reach the center of the chart without too much difficulty
but not to reach the end of the chart with any assurance of
correctness. The chart range tended to minimize premature
discouragement and to accommodate the maximum in visual
performance.

The 30 subjects were divided into three groups of 10.
One group was tested in the chamber without an aerosol, the
second was tested with a light aerosol haze generated for
5 min, and the third group was tested with a denser, 10 rﬁin
aerosol.

The aerosol size was measured (see Appendix III) at
the start of each subject's test series and the. aerosol con-
centration was determined by a filter samplihg at three
equally spaced intervals during the tests. Optical measure-
ments indicated a particle diameter of 0.68 microns.

5 and 5.0 x 105

Particle concentrations were 2.5 x 10
particles/ml for the 5 and 10 min aerosols, respectively.
The linear relation between aerosol generaf.ion time and the
aerosol concentration is evidence of the stability of both the
aerosol generator and the aerosol itself.

A typical test sequence involving the pre-test dark

adaption and four tests took about 45 min for each subject.
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EXPERIMENT DESIGN
The experimental representation of the test is shown in
Table 2. The experimental variables are

I'l = 2,000,000 candlepower light source
I.2 = 5,000,000 candlepover light source
Pl = ro filter

F2 = yellow filter

Hl = no haze

H2 = 5-min haze generation

H,y = 10-min haze generation

Rl'R3O = experimental subject.

EXPERIMENTAL RESULTS
(2) DESCRIPTIVE RESULTS

The experimental results were tabulated as the total num-
ber of correct C's recorded for each subject in each test.
Most subjects made a few errors before reaching their limits.
In reporting the results it was decided to list the total num-
ber of correct readings, without weighting the errors. Since
there were 70 different sizes of C's on each set of charts,
each trial's result must be between 1 and 70. Thus 40 data
points were obtained for each of the three groups of 10 sub-
jects. The "raw" averaged data are shown in Table 3.

From these figures the corresponding size of Landolt C
gap for each observation condition was computed (see Table 4).

This is the visual angle of the smallest Landolt C gap
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Table 2

Experimental design of the tests

First Set Second Set Third Set
LFf1H Ly Fp H L, Fy Hy
L2 F1 By LR o By B lR L2 F1 Hy ta
Ly FaEy | e P ap 2

] 17272 J 17273 |

L Fo %y g Es 8,y L, Py Hy
" R2 " Ri12 " R22
" R3 " R13 " R23
" Ry " ~R1s ) R24
" Rg " Rys " R25
" Re " Ri6 ' R26
" Ry " Ry7 " Bt
" Rg " Ris " R28
" Rg " Rig " R29
" Ri0 " R20 " R30
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corru.tly identified by the subjects. It is noted that the

reciprocal of the Landolt C gap angle is sometimes termed

R AR AR A ST ARG

the visual acuity. In the rresent report the term visual

212 2X

acuity is used in a more general, qualitative sense.
(2) QUALITATIVE DATA ANALYSIS

Simple inspection of the data shows clearly the quali-
tative relations of visual acuity with light intensity r.nd
fog density. Increased light intensity increases visual acu-
ity while increased aerosol density decreases acuity.

There is no indication of improved visual response
resulting from the use of the yellow filters: indeed the

reverse is suggested by the data of Tables 3 and 4.

Table 3

»v. .. 2d numbers
of coric¢ uwandolt C readings

s R 1l "2 2 1 2 "2
H1 (no haze) 54.8 54.6 57.2 55.0
H, (5 min haze) 49.4 48.1 51.9 52.1
H3 (10 min haze) 44.2 42.4 48.6 48.35"
Table 4
Averages of correctly read
Landolt C gaps in minutes of arc
(visual angle)
Ll Fl L1 F2 L2 Fl L2 F2
Hy (nc haze) 0.770 0.767 0.667 0.767
H, (5 min haze) 1.065 1.164 0.911 0.927
H3 (10 min haze) 1.437 1.565 1.100 © 1.115
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The statistical analyses of the data are discussed in

the following section.
(3) STATISTICAL ANALYSIS OF THE EXPERIMENTAL DATA

The statistical examination of the data included an
analysis of variance with tests of their statistical signifi-
cance. Multiple regression equations were developed,
specifying the functional relations between these performance
measures and the controlled factors. A detailed description
of the analyuis is given in Appendix V, including a number of
graphical presentations of the data.

The summarized data for the haze and light tests are
given in Tables 5 and 6. In tyese tables, the observations

with and without the filter are averaged.

Table 5

Mean number of symbols correctly identified
with various haze and light conditions

Light Intensity Haze Level, Symbol and Generation Time,
Symbol and Level in minutes
(million CP) H,-0 min H,-5 min H3-10 min Combined
L, 2 54.80 48.75 42.80 48.78
L, 5 56.10 52.10 48.45 52.22
Combined 55.45 50.42 45.62 50.50
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Table 6

Mean values of cmallest correctly identified
Landolt C visual angles in minutes of arc
with various haze and light conditions

Light Intensity Haze Level, Symbol and Generation Time,
Symbol and Level in minutes
(million CP) Hl-O min H2-5 min H3-10 min Combined
Ll 2 0.768 1.115 1.501 1.128
L2 5 0.717 0.919 1.107 0.914
Combined 0.742 1.017 1.304 1.021

The tables emphasize the diminished visual efficiency
caused by haze, and the improvement with increased light inten-
sity. A uniform rate of visual degradation as the fog level
increases occurs under both 2,000,000 and 5,000,000 candle-
power light levels. The incremental degradation is about
6 units at the lower light level, and 4 at the higher.

The quantitative differences due to haze and to illumin-
ation level are statistically significant at the 0.001
probability level. The interaction data are significant at
the 0.01 level or less. The data on the effect of the filter,
which was noted as qualitatively unfavorable in the previous
section, are not quite statistically significant at the 0.05

probability level.
Equations were developed, using the method of multiple‘
regression, to correlate the visual response with the haze

and illumination levels. When stated in terms of the number
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of symbols, Yl' correctly identified by a subject, the
equation has the form

Y, = 50.500 - 4.921 xl + 1.717 Xy + 1.088 X" Xq (7)

In this equation, xl is the haze level and x3 is the light
level . * x1 and X, are coded to facilitate the multiple

regression analysis as follows.

Symbol Hl H2 H3
Haze level, min 0 5 10
Coded values, X, (l1inear scale) 2100 +1
Symbol L, L2
Light level, million CP 2 5
Coded values, X3 (l1inear scale) -1 1

The product term, xl-x3 in Equation 7 is a consequence of the

haze-light interaction.

*The symbols Xy and Xy are discussed in Appendix V.
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SECTION IV

DISCUSSION

EXPERIMENTAL RESULTS

Some of the results appear obvious and predictable, but
some were unexpected. The decrease in visual acuity with
increased fog level was expected, and the increased acuity
with increased intensity of illumination was certainly not
surprising. The suggestion of a linear relation in the former
case was unexpected, as was the striking evidence of
interaction between haze level and light intensity.

The status of the yellow filter is not fully resolved. There
is however, clearly no evidence of its value as a visual aid
in a fog under the experimental conditions, i.e., the

observation of achromatic objects.

FACILITY

Within the limits of the present study the laboratory
facility has been found to be an efficient and reproducible
system. It would be desirable to characterize its performance
in an extended range of aerosols, including increased
concentrations and a number of aeroscl particle sizes. High
concentrations and large particles may be expected to
diminish the stability of the aerosol and thus limit the
usefulness of the chamber. In addition it would be useful
to undertake direct experimental comparisons between the

environmental chamber and the real environment.
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MISCELLANEOUS OBSERVATIONS

1. Test personnel tended to "feel" that they had reached
their perceptual limi‘t well before they actually had. A
reluctance to fail appears to be involved; with some persuasion

candidates usually succeeded in identifying additional letters
beyond their point of first surrender. |

2. A number of candidates felt more comfortable with
the filter, although no measurable improvement was observed.

3. Few color deficient candidates were aware of their
condition and they usually tended to disbelieve it, often with

considerable emphasis.

46



SECTION V

RECOMMENDATIONS FOR FURTHER STUDIES

The availability of a laboratory facility for vision
studies in fogs and cloudy environments presents the opportunity
of studying a number of problems concerned with visual percep-
tion and relating them to practical situations. It is
recommended that these include

(A) The milkbowl effect. The effects of aerosol
concentrations, aerosol sizes, and light intensity should be
measured. The persistence of disorientation as a function
of these parameters should be determined. Theories of its
origin should be formulated and quantified and concentration
limits in the real environment should be determined. Means
of diminishing its adverse effects should be formulated.

(B) The observation noted in the present study that fog
density and light source brightness show an interaction in
their effect on the visual response requires further examina-
tion. The range of visual parameters should be enlarged. The
present results demonstrate the usefulness of the facility
well but cover a limited range of the conditions. The
observation of the decrease in the rate of change of visual
acuity with increased fog density as the source intensity
increases suggests that still larger flares would give better
vision control in foggy environments.

(C) The effect of haze under daylight conditions should

be studied. Color perception, ircluding colored targets and
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also colored light sources could easily be made a subject for
examination in the present facility.

(D) Studies should be made to correlate the effect of
light scatter on vision. The contribution of scattered light
to target illumination and background contrast require
experimental verification of the theoretical analysis. The
decrease Qf depth perception in fogs could be part of such an
evaluation.

(E) The filter observations should be extended to
encompass both achromatic and chromatic conditions. Other

filter concepts should be examined, based on existing theories

of wavelength dependence of light scattering by small particles.

(F) A wider range of fog densities should be explored,
with ultimately consideration of laboratory simulation of the
concentration levels associated with haze, mist, fog, clouds,
rain, and snow.

(G) Perception studies in the present report were made
using a 45° angle between light, target, and subject. The
effect of other viewing angles should be related to these

resﬁlts.

(H) The use of other aerosol materials should be
explored for more efficient and for a broader range of simu-

lation of meteorological conditions.
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APPENDIX I

LIGHT-SCATTERING FUNCTIONS

The light-scattering functions in Equation 4 contain

the constants a, and Py - which are defined as follows:

N aP ' (B) P (a) - Bi'(a) PIL(B)
E aP ' (B) S (a) - Bs_'(a) P_(B)

and
aP_ (B) PB'(a) - Bpgip) P_'(P)
aP_(B) s,'(a) - Bs (a) P_'(B)

where

21r/\
ma
the refractive index of the scatterer.

=}
0

™
]

3
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‘a
12

(-1)" [%Er’ Ty @

g Jn+;2 (a)

Pn(a)

C, (a)

and

sn(a) Pn(ﬁ) +1 cn(a)

The symbol Ju (a) represents a Bessel function of the order u,
and the primes represent derivatives of the parent functions.
The coefficients »f Equation 3, which describes the

radial distribution of .intensity of the scattered light are:

o] \
\

_ 2n + 1 i 2
1,0 =| ) BELoda 5 (v +p e )
n=1 .
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12(6) =S Z 2n +1 'P, Sn(v) + a_ tn(v)

n(n+1) 1,
Ln=1 \
S (v) = -1 _ply
n sin9 1 i
and
. 4 L
tn(v) = R)' Pn (v)

Pnl (v) is the first associated Legendre function, and v = cos 0.
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APPENDIX II

|

LANDOLT C CHART DESIGN

The test charts were designed as a variation of the standard
Landolt C visual acuity chart. In the standard chart, the C's
are arranged in sets of progressively decreasing size. In the
present system, the chart consists of 14 rows (sets) of 5 C's each,
with the C's diminishing geometrically in size. 1In addition,
closed circles of appropriate sizes are included in the charts.
In assembling the charts, the orientation of the C's was based
on & table of random numbers.

In constructing the chart, a size range,which bracketed the
most extreme conditions, was selected empirically. Thus, a C
witr ~ outer diameter (OD) could be seen by the test observers
undc mum illumination and at maximum haze concentration
(Light I , Filter F,, and Haze H3). This size was selecteé for
the first letter of Set 1 of the chart. The first letters of
consecutive 5 element sets were 0.75 times the first letter of
the previous set. The final size, Set 14, was unresolvable under
the most favorable conditions. The sequence is shown in Table 7.
This table also gives the gap size of the corresponding C and the
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