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l. INTRODUCTION

Fundamental research work on visibility is, in general, done
for clinical, military, and astronomical purposes, and to a greater
extent in meteorology and geophysics. Astronomers are particularly
interested in this field of science because the human eye is a very
important instrument in observation. In geophysics and meteorology,
researchers are less interested in the detailed knowledge of the param-
eters which effect visibility per se; their interest is to relate visi-
bility to the parameters of atmospheric properties.

Any object becomes visible only if there is a contrast with its
background. Because any defense depends on a very fast perception of
the enemy's action, the determination of the contrast threshold of
the human eye has been frequently an object of research effort for mili-
tary purposes, particularly during the last war. Basic research has
been proceeding for many years, especially in Europe and the United
States.

In the United States, the facilities of the Louis Comfort Tiffany
Foundation, Oyster Bay, New York, which was an art school in peace time,
were completely engaged during the war years under a contract with the
Office of Scientific Research and Development. A part of the war pro-
gram was the determination of the contrast threshold of the normal human
observer under a wide variety of experimental conditions.*

On the other side of t''e ocean a similar program was conducted
under the direction of the Heereswaffenamt (which also directed the
development of the V2 under Gen. Dornberger and Wernher von Braun).
The Heereswaffenamt also employed the researcher of the Observatory of
the Friedrich Schiller Universitdt, Jena/Th., now East Germany. The
results obtained here are scattered in internal reports and relatively
unknown journals; therefore, they were rarely considered in the domi-
nant literature. :

Visibility is more or less precisely defined in the literature.
The Glossary of Meteorology defines it as the greatest distance in a
given direction at which it is just possible to see and identify with
the unaided eye, (a) in the daytime a prominent dark object against the
sky at the horizon, and (b) at night, a known, preferably unfocussed,
moderately intense light source.

First, the term'visibleness' as it will be used in the remainder
of the text will be defined. 1In this concept, the human eye plays a
dominant part; its efficiency, sensibility, and adaptability must be
taken into account. In practice, it is the task of an observer to

*For more details, the reader is refered to the publications of Blackwell
and Duntley, and to the book Middleton: Visiblity through the Atmosphere.
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describe precisely, unequivocally, and accurately what he observes, and
to accomplish this immediately after observation. This is a very demand-
ing requirement to place on a human being. Further, an object must be
defined. 1In order to arrive at the fundamentals, actual objects must

be compared with well-defined reference objects with respect to shape,
surface, contour, cross section, and color. Without claiming complete-
ness, some of the parameters which are fundamental to the perception of
an object and those which influence the observation are listed as follows.
The factors with similar kinds of characteristics are grouped together.

a) Group I

1) For the detection of an object, a certain time is required.
2) The object must exceed a certain visual angle.
3) The background must be beyond a certain brightness.

’

4) There must be a certain contrast between object and
background luminance.

b) Group II

1) Color of background and object.

2) Shape of object.

3) Intensity distribution of the background.

4) Distance of the object from the fixed point of the eve
(visual distance).

c) Group III

1) Training of the observer.
2) Visual performance of the observer (normal eve).
3) Careful adaption to the brightness of the background.
4) Fatigue.
The process, from first detection to precise recognition with the

eye, is a physiologically controlled event with increasing demands on
the observer. The process can be divided into the following steps:

a) Classification A

1) Observation of existence .
2) Approximate recognition.

3) Precise understanding of object.




With this classification physical and physiological aspects are con-
sidered together, based on different levels of intellectual power.

For military purposes a similar classification is already in use,
which will be called Classification B as follows:

b) Classification B

1) Detection.
2) Acquisition.

3) Identification.

Additional military actions, such as beam-riding, tracking, illumina-
tion, and range determination, may start during or after the acquisition
game.

The different phases of object identification Steps 2 and 3 of
Classification A take place with elapsed time. 1In scientific research
studies, it is customary to determine '"visibility acuity' and to find the
threshold intensities for different kinds of objects. In such experi-
ments, the observer is not time-limited. The remainder of this report
will therefore present only those results where time is not involved.
Steps 2 and 3 will be illustrated as they occur when an air target is
approaching an observer. Figure 1 illustrates this case.

The arrow from left to right represents the time in which the pro-
cess occurs. At the origin the time is t = 0. A chosen object is
approaching from a far distance, and if it follows the shortest path
the background conditions always remain the same. At the time t = t

1
the observer learns that there is something in his field-of-view. Any
change of his observation is caused only by the object. With elapsed
time the observer sees more. At the time t = t_, he recognizes the con-

2
tour of the object, and at the time t = t3 he sees details of the sur-
face. Besides this observation, the observer may also have the task

of starting actions toward the threat. The same parameters as listed

in Classification B are those which are predominant at times tl’ t2’

and c3. The upper part of Figure 1 represents a case where the observer
has the information that a target is approaching in a well-defined path.
As shown in the lower part of the figure, an observer responsible for a
broader angular sector will need more time with the lower values of t
even with additional information (early warning), and with greater values
of t without additional information. On the basis of this description
and general observation, the following are noted:




—————————'—_-——-

1) The first detection depends on the distance and the size of
the observed object, which finally results in the angle of view, i.e.,
the angle under which the object occurs to the observer during the
flight (Figure 2). For the first detection, there exists a minimum

angle z'hin’ which occurs with an object of the diameter 2y1 at the

distance dl’ and with an object of the diameter 2y, at the distance d_,

etc. This angle has to be met or exceeded as a minimum for visibilitvy.

2) From daily life it is obvious that to read a book a certain
amount of illumination is necessary. However, the human eve is limited
to a certain range. I1f the light is too intense, it is blinding. The
reaction of the eye is that the pupil becomes smaller; if the disturbance
is too severe, the eye is unable to read because the background is too
bright. An opposite case occurs after sunset. At a certain time during
the twilight it becomes difficult to read. In order to receive more
light the pupil increases its diameter until it is unable to distinguish
details. This happens when the sun is approximately 7° under the hori-
zon. In the first case, the contrast between the letters (object) and
the paper (background) is very great, whereas in the second case, there
is only a slight contrast,

11. VISUAL ACUITY OF THE HUMAN EYE
A. Determination of Minimum Visibilityv

In the previous discussion the visibilitv process was sub-
divided into three steps (Classification A):

1) Observation of existence.
2) Approximate recognition.

3) Precise understanding of object.

Objects with extreme surface forms, e.g., those not of a square measure,
such as long bars will be excluded. Then it follows that the first
detection does not depend on the form of the object. The circular disk,
Figure 3, which is characterized by its diameter, was adopted as a test
figure. It is beyond the scope of this study to determine to what

extent results would change if extreme shapes like bars or wires were
being considered. The following results are based on References 1 through
7. Useful results are only those from visibility tests where observers
with normal eyes and with certain experience were used [1, 2, and 7].

All data were received binocularly.

The perception of the existence of an object is phvsically deter-
mined by the contrast in brightness (measuring of a contrast threshold)
where it becomes visible against a well-defined uniform background. In
order to observe circular disks of different illuminance and diameters

Alidoidl
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in contrast to backgrounds of various degrees of illuminance, one
method is to project two concentric disks of different brightness on
an ideal reflecting screen of paper. The larger disk represents the
background (whose luminance is U); the smaller disk represents the
object or target (of luminance P). At a distance of 3.44 m, a circular
disk of l-mm diameter subtends an angle of 1 min. The contrast C
between P and U is defined by the ratio C = P/U, which varies between

0 (total darkness of P) and large positive values. The contrast C at
which an object of given diameter is just barely recognizable can be
observed in the following way. The illuminance of the field U is kept
constant by a known source; the illuminance of the field P is decreased
very slowly until the two blend together. There is no sharp border
between visible and invisible; rather, there is a transition area in
which the human eye sometimes sees an object and sometimes does not.

In the studies from which these results were taken, it was decided to
consider an object as detected if the observer failed in no more than
one out of ten tests to find the object under the same conditions. In
this case C > 1 is used.

The opposite case, C < 1, was also employed; the numerical results
were not identical. Because the observer was not limited by time in
these research tests, the results represent the maximum visual perform-
ance of the eye. Such tests have been performed by several research
institutes during the past three decades. Figure 4 illustrates the
results obtained by the Observatory Jena, and presents the relationship
between contrast and illuminance of U for the angles of view

7 = dein =0.5, 1, 2, 5, 10, and 20 minutes. For each of the previously

mentioned angles, there is only cne curve in each of the areas C <1

and C > 1. For greater values of U, these curves become more and more
symmetrical with respect to the straight line C = 1. The area below

a specific curve illustrates the conditions of the cases in which the
object is invisible. The upper area represents the conditions under
which an object becomes visible. This visibility increases as the illum—
nation on U is increased. If the illuminance is so high that the

luminance exceeds 105 apostilb, the visibility will decrease because the
eve becomes blinded.

The condition C < 1 illustrates to a certain degree the cases where
the background is the daytime sky; then C < 1 means a passive target,
which is less bright than the background. The condition C > 1 repre-
sents an illuminated target, which case occurs after sunset. In these
studies, the case C > 1 was of more interest than the case where the
contrast was smaller than unity. Contrast is defined by

g & S (1)




and Brigg's two-place logarithms are used, namely:

=1
o = log10 Cc = loglo g—a—£ = lOglO (% - 1) . (2)

It follows that C is negative for P/U < 1 and positive for P/U > 1.

The following discussion considers only the latter case. The right

side of Figure 4 can be plotted with this new scale. This is done in
Figure 5 where the axis of the abscissa indicates the log of the contrast
function and the ordinate gives the log of U in lux. 1In addition to the
curves of Figure 4, the curves for y = 50, 100, and 200 min are also
given. With these data, minimum visibility has been established. The
next step is to increase the demands on the observer. The following
section will define visibility acuity and sensitivity of the normal
human eye.

B. Visibility Acuity and Sensitivity

For measuring visual efficiency, certain test objects,
numbers, individual letters, or letter tables are in use, e.g., Snellen
hook, block letter charts, Landolt broken circle, and others. The scale
for visual acvity is defined as the reciprocal of the diameter of an
object which represents the angle at which the shape of the object is
just observed. For research purposes the Landolt circle is generally
adopted (Figure 6).

In this test it is the task of an observer to find the opening in
the circle under the test conditions of interest for different sizes of
circles. From the requirements on the observer, the visibilitv acuity
became an angle resolution acuity method. Other acuities, for example,
are vernier, stereo, and motion acuities. By international agreement
(1909), visual acuity was defined as the reciprocal of the threshold
angular substances of the gap in a black Landolt '"broken circle" on a
white background. It is given directly in Snellen Units, S, when the
threshold is expressed in minutes of arc as follows:

S = 1 width of gap (or diameter) = 1 min
S =0.1 = 10 min
S =2 = 0.5 min, and so on.

Visual acuity is a form-related definition, and in order for data
to be usable and acceptable they must always be obtained on the same
test object, This is fulfilled in the cases of the Landolt circle and
the circular disk. Again, the data of Observatory Jena are used. Up
to this point, the "blackness' of the test object has not been discussed;
it will be explained in the following paragraphs.

10
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Ihe totally black surface has an intensity reflectance R = 0,
whereas the background, the totally white paper plane, has the reflec-
tance R = 1 for all wavelengths in the visible part of the spectrum.
With this condition, the values of visual acuity are optimum ones. 1In
order to meet actual cases, and because all bodies in nature have more
or less colored surfaces in which the colors contain more or less black
and white, these tests also included grey rings. With respect to the
white background, the Landolt circle with a reflectivity of 60% (for all
wavelengths) occurs under a contrast C = 0.60. The curves in the illu-
strations are marked in this sense. In the experiments the Landolt
circle was fixed in front of a white background and uniformly illumi-
nated in a certain range of intensities. The illumination is given in
lux. The ring, and therefore the position of the gap, is changed form
one observation to another; the observer must find the direction of
the gap in at least nine out of ten observations. The results of a
series of tests are given in Figure 7.

The axis of the abscissa gives the illumination in lux; the axis of
the ordinate gives the visual acuity in Snellen units. Each iso-contrast
curve divides the plot into two areas. S represents the reciprocal of
the angle under which the object occurs for the observer. 1In the area
above the curve it would occur under a smaller angle. It will become
visible only if the contrast can be increased. The curve marked with
1007 gives the maximum visual acuity for the human eye for the corre-
sponding illuminance, and since R = 1 for the background, for the
corresponding luminance of U in apostilb. The maximum value of S itself
can be obtained only if the illumination on U is on the order of 30,000
lux, then S = 2.45. This value was also reached in the tests.

As a test object the Landolt circle has a substantial disadvantage;
it was found expedient to use the circular disk in the visual acuity
test. lo understand this critical objection, the area around the gap
in the circle should be considered. The quadratic slit, the percepti-
bilityv of which is the demand on the observer, abuts upon two sides on
the dark ring and oa the remaining sides on the background of the same
illumination and luminance. This condition produces complicated pro-
portions at the cones and rods of the retina, especially at the smaller
angles of view., The circle test turns into an acuity test if a kind
of objective examination is employed, in which the observer has to
locate the disk wherever it occurs on the background. In order to rea-
lize this, the disk was mounted on an eccentric revolvable device. The
data thus obtained (Figure 8) are similar to those of the Landolt test,
but the maximum of visual acuity is S = 3.75. The curves of Figures 7
and 8 show that with more brightness and greater contrast the acuities
S obtained for the circle tests are larger than those obtained in the
Landolt test. At lower brightnesses of U and at smaller ratios of
contrast, the observer noticed the gap in the circle before he detected
the disk itself (Figure 9). This is a surprising result, but it can
be understood if the matter is explored further.

11




These experiments already show how complicated it is to define
visibility for the human eyve. Figure 10 compares the visual acuity
curves for the Landolt and disk tests for the case in which both objects
are totally black. On the axis of the abscissa are some notes with
respect to the functions of the eve, A Landolt test gave better value
for S in the inerval of brightness which occurs just before or after
sunset. With decreasing brightness, S also decreased. For the eye
there is a transition region where the optical process turns over from
the cones to the rods. The curve for the Landolt test shows a remark-
able irregularity.

(5 Visual Performance

The third step, precise understanding of the object, has
not been systematically studied in research work. At the present time
only the results of Nagel and Klughardt [5] can be_ used. In general,
test objects similar to those previously mentioned can be employed
merely by putting higher demands on the observer. A grey Landolt cir-
cle of contrast 1:20.4 placed in front of a white background was used
as a test object. The acuity was defined by

= Rl (3)

where s is the distance in which the object of diameter dy (in this
case the outer diameter of the circle) is just perceptible. The values
obtained were lower than in the other tests and were plotted in

Figure 11 with other available data, some of which were not discussed
here.

D. Visibility of Light Sources

In Section II A, the visibility of a circular disk was
discussed and the data presented in Figure 5. In this method the fields
U and P were projected on a screen. The field P can be considered as
a light source of area extension. In general, anything which can be
seen by the eye is only visible because it emits radiation into the
eye. Whether the radiation is from a primary or secondary light source
is of no significance to the eye. 1In other words, the disk test repre-
sents light sources of certain extension. Therefore, the data of
Figure 5 can be used for actual light sources, which are placed a cer-
tain distance away, 100 m. As an example, it is assumed that suc™ a
light source appears under an angle of 1 min and that the luminance of

-2
the background is 10 stilb, From Figure 5,0 = -0.46, and the follow-
ing is obtained:

12
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= log (P - U) - log U = -0,46

log U = log 10-2 = -2

g

log (P-U) = -0,46 =2 = -2,46 = 0,54 -3
P =1.35 x 1072 stilb, (%)

The area P, seen under an angle 1l min of arc, has a diameter of 2,91 cm
9
and therefore an area of 6.6 cm , The luminous intensity in candles

(HK) then becomes: 6,6 ~ 1,35 x 10-2 stilb = 0,089 HK, Light sources
are generally more applicable during the dawn and at night. If they

are not of too great an intensity, they appear like stars. The fixed
stars are only bright gas spheres which are so far away that they appear
as point sources even under high magnification. Their apparent size

is expressed in stellar magnitudes, that is, the visual brightness as
seen from earth. The observer becomes independent of the 100-m distance
if the astronomical magnitudes are accepted, One HK at a 100-m distance

is equivalent to the luminous intensity of a star of -4,"0, The
following is obtained:

0.089 HK: =-1.05 x 2.5 = 2."625

By b % 2,625 = «1.%%, (5)

In this sense, Figure 5 was transformed into Figure 12, which illustrates
the visibility of light sources as a function of background brightness,
of vision angle, and of luminous intensity, first in HK (left side
ordinate) and then in stellar magnitudes (right side ordinate). The
human eye can see stars down to a stellar magnitude of approximately

+6.m0. The entire test used a white paper screen as a background,
which was uniformly illuminated, The next section will discuss the
brightness of sky and terrain, which in practice are the backgrounds
of objects.,

I1l.  BRIGHTNESS AND ILLUMINANCE OF SKY AND TERRAIN

A, General

The brightness of object and background depend on their
position with respect to the sun and on their reflection properties,
The intensities of the radiation which reach a given point on the
earth's surface vary in an interval of approximately 90 dB, The
spectral intensity distribution also follows a daily course,




To illustrate the illumination by the sun a white plane of paper
is placed parallel to the earth's ground (Figure 13)., The test field
receives both direct sunlight and diffuse light from the whole sky,
It is easily understood that the intensity of the light received directly
from the sun is proportional to the cosine of the sun's height h . and
that it depends on the attenuation which the light suffers during the
path through the atmosphere, The diffuse component of the received
radiation originates in a far more complicated manner., Multiple scatter-
ing occurs in the atmosphere among many kinds of particles — atoms,
molecules, dust particles, water droplets, etc., Each particle becomes
a scattering center and emits light of different power in all directions,
including the direction of the test plane on the ground. After sunset
no direct light reaches the test plane; the last diffuse sunlight is
received there when the sun is 18,5° under the horizon for that specific
point,

The individual regions of the sky differ in brightness and change
with progressing time, The brightness of sky and terrain are determined
by the same geophysical, astronomical, and meteorological parameters.,

The elements affecting the brightness of the terrain or of an air element
are as follows:

1) Position of object of consideration,

2) Position of the sun (azimuth, altitude, time, and declination),

3) Geophysical and meteorological elements (mattter, atom,
molecule, shape and kind of small particles, dust particles, water
droplets, clouds, rain, fog, etc.).

4) Weather elements close to the ground.
5) Shape and reflectivity of object (color, roughness, inclination
towards ground, etc.).

All of these factors could be conéidered in a mathematical determination
of the brightness of sky or terrain; however, more useful data can be
obtained more rapidly by experimental methods.,

B. Experimental Determination of Brightness and Illuminance

In experiments a photoelectric cell (Figure l4a) is
placed parallel to the earth's surface and voltage or current produced
by the radiation is measured. The intensity contribution of special
spectral regions can be measured by using filters. In order to measure
the brightness of a specific area of the sky, that region can be imaged
on the surface of the detector. With such methods, for example, the
brightness on the unit per square degree was measured, Data on the
sky's brightness close to the horizon are of particular interest here.
Theoretically, any region of the sky can be controlled for any time
interval wanted; such a program would contain a great number of specific
cases, and the data would be of great value,

14
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As an example, the general case of the flat plane parallel to the
earth's surface is considered. Some of the results received from
approximately 250 different experiments [6, 7] are examined., These
experiments used measurements by photoelectric (65 days) and visual
photometric (182 days) methods (Figure 14b). These results are from a
selection of the most usable data obtained on more than 300 days. In
the photoelectric method, detectors with different filter combinations
were used, The measured data were noted in time intervals up to 30 sec,
All data must be reduced to the true time or true high of the sun. The
latter depends on the time (t), sun's declination (&), and geographic
latitude (p), and can be obtained from the following:

sin h ¢ = sin ® sin 9 + cos & cos ® cos T . (6)

Three plots (Figures 15, 16, and 17) illustrate the change of the sun's
height during a day for the sun's declinations & = + 23,5°, 0°, and
-23,5°, TFigure 15 is for the latitude 9 = 55°, where the following
measurements were made. Figure 16 is for ¢ = 40°, which corresponds to
Madrid, New York, Chicago, and Korea. Figure 17 with 9 = 60° corres-
ponds to Oslo, South Alaska, and Leningrad.

The spectral efficiency of the photocellswas adapted to match that
of the human eye by special filters, Other filters were used to obtain
the color index., From these data the color temperature of the sky can
be calculated. In the visual method, a visual photometer was used;
thus the brightness of a white plane illuminated by the whole sky was
compared with another bright plane in the photometer until equality in
brightness of both fields was obtained. The effect on the illumination
of meteorological elements, particularly cloudiness, was also of interest;
therefore, the final results were arranged in groups on the basis of
cloud conditions, The illumination of the sky is given in candles which
converts directly to the brightness value in lux; 1 HK is equivalent to
0.92 standard candlelas, Figure 18 is an illustration of the bright-
ness course during a day for the horizontal plane,

The axis of the abscissa marks the height of the sun over or under
the horizon. At sunset, h @ = 0°; negative heights occur after sunset.
The axis of the ordinate shows the brightness in lux. Because of the
enormous change in brightness during one day — from approximately
100,000 lux at noon to approximately 0.0003 lux at night = the axis of
the ordinate is given in a logarithnic scale. The plot contains three
main curves. Curve 1 is the average value of brightness of days with
clear sky up to a 5/10 cloud~covered sky. The heaviest change in
brightness occurs between h 5 = -5° and h ¢ = -15°, It is night when
the sun's depression becomes h = -18°, This called the end of the
astronomical dawn., If there is no meteorological change, the bright-
ness will stay constant throughout the night until the sun again reaches
h « = -18°; then the brightness will follow the curve in the opposite
direction of the axis of the abscissa, toward increasing brightness,
etc, There is no difference between the brightness change from day to
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night and that from night to day. Curve 2 of Figure 18 illustrates the
lowest measured values of brightness. These data were obtained on a
""dark day" with 10/10 cloud-covered sky. On such a day, night begins
when h ¢ = -16°, The portions of the curves depicting higher sun ele-
vation are based on a smaller number of experimental data, becausec the
main interest was to measure the brightness change from approximately
one hour before sunset until night., This had not been done prior to this
study., Weather changes constantly; it is nearly impossible to get a
complete curve for the lowest brightness during a day. Before rain
starts, it sometimes becomes quite dark, Physiologically it is felt
that the decrease in brightness is very great when, in fact, the
decrease in brightness is generally only down 0.2 or 0.1 from the value
before, Because the experimental devices were not designed to measure
during rain, precise statements cannot be made as to how far the bright-
ness goes down in the case of rain, Another curve in Figure 18, Curve
3, presents the highest measured brightness ever achieved in this test.

C. The Brightness Change on a Specific Day and Point on Earth

The axis of the abscissa, true height of the sun, of
Figure 18 relates the data of brightness to any day in the year.
Assuming that the maximum height of the sun is h . = 50°, for these
data, the following relation can be used:

e W e, (7)

where ¢ is the geographic latitude and & is the sun's declination for
that specific day., The point of consideration may be located at ; = +50°,
and & = +10° is obtained., The sun has any given declination twice a
year; from astronomical almanacs the declination is found to be & = +10°
on approximately 27 or 28 August and 16 or 17 April, The distance the
sun goes under the horizon on the previously mentioned days must be
checked in order to find the lowest brightness, It is of importance to
find that the sun really reaches the height h @ = -18°, If this did not

happen, "midnight dawn'" would occur, The condition that any given point
on earth reaches the end of dawn can be expressed as

P+ 5= 90° - 18° = 72° . (8)

In thisexample,® + & = 50° + 10° = 60°, which is smaller than 72°;

that is, the sun actually sets not just 18° under the horizon but goes
down to h ¢ = -30°, Therefore, Figure 18 illustrates the entire course
of the brightness for the mentioned four days. The curve for the lowest
brightness could be extended in a straight line to h & = -30° which

the sun reaches at midnight,

It is noted that this curve illustrates the change in brightness

during a day for all points on earth which are located at the geographic
latitude = +50°,
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This material, which shows the average of the change in brightness
with the height of the sun, is applicable to all geographical latitudes,
Although the critical reader may argue against this, there are not
sufficient experimental data available on other latitudes to provide for
any other approach, The brightness values are obtained from Figure 18,
These data are plotted on Figures 19 and 20 for the geographic latitudes
© = 40° and 9 = 60°, TFigure 19 gives the brightness for Madrid, New
York, Chicago, and Korea; Figure 20 gives the brightness for Oslo, South
Alaska, the middle of the Bering Sea, Hudson Bay, and Leningrad. Figure
20 shows that in winter in Oslo (& = -23°) there is a dawn of nearly
three hours; it never becomes night during that season., These results
present information about the total brightness, For experiments with
detectors which measure only in certain wavelength intervals, it is of
interest to know more about the spectral distribution of the luminous
flux which is received on the earth's surface,

D. The Color of Skylight

It is assumed that the spectral energy distribution of
the light received on earth resembles the distribution of a black body.
It is further assumed that the light, which is changed by the previously
mentioned scattering process, always follows Planck's law, Experiments
are conducted with only those instruments whose spectral response is /
well known from scale measurements, It is advantageous to use filters |
which select individual parts of the radiation spectrum from the two
edges of the response of the employed detectors, For this reason, a
red and a blue filter were chosen. The spectral responses of the
receivers and filters used in the reference test are plotted in Figure 21,
The color index is defined by the logarithm of the ratio of the radiation
in the red region to that in the blue region of the spectrum, In this
case the color index becomes

. Voltage of Red Part of Spectrum
Voltage of Blue Part of Spectrum

Cl="Rog, =g )

The arbitrariness of this method can be avoided if color tempera-
tures are used., It would be more exact if this temperature is called the
"color index temperature,” The color temperature for each specific
experimental datum follows from:

EQMT) - e(h) - ¢ (Mdn

E(MT) - e(M) + 0, (MdN

C=F.I. = Ow (10)
[
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where
e(\) = the spectral sensitiveness of the detector,

or and Ob = the transparencies of the filters,

and

C (&
E(N,T) = —% ta WX gk (11)

&

The preceding equation is Planck's function of the energy distribu-
tion in the spectrum of a black body with the constants ¢ and Cys which
are given by

0.589.10 2 W cm’

%4

c 1.432 cm deg. (12)

2

By means of these equations and by graphical integration, the
measured F.I. values are transferred into cz/T values. The relation

between color index and color index temperature is illustrated in
Figure 22. Figure 23 illustrates, for one day, the following:

1) The brightness course of the visual region of the spectrum.
2) The red region received with the red filter combination.
3) The blue region received with the blue filter combination.

4) The F. I. curve reduced from these experimental data.

The color of the sky, as already mentioned, depends also on
weather conditions. This is illustrated in Figure 24. The axis of the
abscissa denotes the height of the sun; the left axis of the ordinate,

the values cz/T.lo-a; and the right axis of the ordinate, the absolute

temperature which corresponds to the color distribution. During the

day when direct sunlight is received, the radiation of the sun dominates
the scattered light and even clouds are not too effective, because the
strong forward scattering of very small water droplets contributes

to the intensities received directly from the sun. During dawn the

color changes from red to blue and has its intensity maximum at the
shorter wavelenghts when the sun is approximately 10° under the

horizon. Toward night the color temperature goes down at the end of
the twilight, it reaches approximately 4200°K, a temperature which is
lower than that during the day. The human eye is not able to detect this
last fact, because at night it distinguishes only between black and
white. The eye can observe only a change in energy, and can determine,
for instance, only that it is now darker than it was a short time before.
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1t follows from Wien's law

\, « T = 0,288 cm deg, (13)
max

that the maximum of radiation occurs for

6000°K at 4800 A° day
15,000°K at 1920 A° h g ~ -10°

30,000°K at 960 A° P
max

4200°K at 6800 A° night sky

Sections B and C and the first part of this section considered
radiation received from the whole sky, which is also called the global
illuminace., The brightness of the zenith will now be discussed.

Astronomical measurements were undertaken by W. Brunner [8] in
1931 and 1932 with a visual photometer proposed by Dufay. His measure-
ments covered the range from +60° to -17° ¢ , but only the data from
+1° to -17° ', are available. The results of the average brightness of
the zenith, measured in stellar magnitudes, are represented in Figure 25.

Another set of experimental data obtainedby K. Bullrich [9] covers
the range from 20° to -15° , (Figure 26). It is noted that the axis
of the ordinate is given in apostilb (asb), because the luminance of the
zenith region is being sought. The clouds now have the effect of
increasing the luminance and the clear sky shows a lower brightness,

It is fortunate that illumination on earth is not confined to
direct sunlight, The brightness or luminosity of the sky during the
day has been given considerable study in illuminating engineering.

From the studies of H, H., Kimball [10], for example, several publications
are available which show contour lines of constant luminosity an a
function of azimuth ¢ from the sun and of altitude h ¢ . Generally,
the luminosity of the sky without clouds or with only light clouds

(Ci, Cs) is greatest near the sun and reaches a minimum approximately
90° from the sun. With dense clouds, the luminosity is practically
independent of ¢ , but is a function of h § , having a maximum value at
the zenith irrespective of the position of the sun. Evidently the
luminosity of the sky is far from uniform. The shape of the luminosity
distribution curves shifts with the position of the sun and with the
condition of the sky.

On the basis of the facts given, it follows that for a cloudy sky
the illumination of a vertical surface is almost independent of the
orientation of the surface. With a clear sky, the illumination is
much greater when the surface faces the sun and reaches a minimum value
when the surface is turned through 180°,
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IV. THE VARIATION OF THE VISIBILITY DURING A DAY

The background luminance in the tests covers the general range
of luminance during one day. It is now possible to relate the data of
the visibility tests (Section II) to the data of brightness during a
day, given for the sun's height or for the true time. The data of
Reference 7 are used. The visual acuity for the circle test is illus-
trated in Figure 27. The decrease in acuity on a clear day starts
approximately one hour before sunset and becomes more marked after sun-
set. At the time when the sun's height is -6°, the acuity is already
down to half of its maximum value, At h - = -9°, the acuity is only
1/10; after that it changes more slowly until at night it reaches values
of only 1/30 of the acuity during the day.

The considerations of acuity in the test are not directly applicable
to those data received in operation in open terrain, There is a relati-
vely high contrast in research tests (black test object on white back-
ground). In terrain, the contrast in general, is very small. Further-
more, the brightness in the open field, which determines the adaption of
the eye and therefore the acuity, is determined also by the average
reflectance of the landscape. An average reflectance of 107 is assumed;
therefore, the brightness in apostilb is 1/10 the illuminance in lux,
Figure 28 is based on this assumption, Each curve divides the plots of
contrast and brightness (here expressed by the sun's height) into two
parts: one representing the area in which the object is visible for
that specific angle of view (left side, above); the other, the area
in which it becomes invisible to the observer's eye.

Given the data on brightness and visual acuity of the eye, the
variation of view with the horizon as background can be described,
From the theory of visibility, the following relation is known for a
dark object:

aligl .
S—a].rl€ (14)

where a is the average absorption coefficient and ¢ the relative
contrast threshold (Hﬁﬁ) of the eye. The latter depends on the angle

of view and on the brightness of adaption., If SO is the maximal visual

distance for optimal « s (brightness during the day, angle of view

>2°),the following is obtained:

ik &
so - 1n ~ . (15)
o
20




The visual distance during the time of decreased brightness
(dawn, night) is related to those distances observed during the day
\So), and the following is obtained:

; . lo 2je' = log Lie
/5% ~ g i/c = T2.25

: (16)

During the dawn, the brightness of the horizon depends largely on
the azimuth; therefore, an average value must be employed for the
brightness. The cbserved data of illumination are read at 6/10 to 9/10
in apostilb instead of in lux, Figure 29 presents the data obtained
for the visual distance of objects placed toward the horizon which
appear under various angles of view, The illustration shows again the
importance of the angle of view. Large objects, such as the tops of
mountains and groups of trees, are visible all through the dawn and in
the night sky, whereas smaller objects (telegraph poles) become invisible
at sun heights -10° to -12°, Only objects whose angle of view exceeds

2° are visible at night,
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BACKGROUND OF ILLUMINANCE U

CIRCULAR DISK OF
ILLUMINANCE P

IDEAL REFLECTING SCREEN OF PAPER l

Figure 3. Circular disk as test object.
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Figure 5. Contrast thresholds as functions of luminance
of field U and diameter of field P (circular disk).
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VISUAL ACUITY (S)
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Figure 7. Visual acuity for Landolt circle as functions of
illumination and contrast (degree of blackness).




VISUAL ACUITY (S)
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Figure 8. Visual acuity for circular disk as a function
of illumination and contrast (degree of blackness).
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VISUAL ACUITY (S)

4.0

3.0

25

2.0
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DEGREE OF
BLACKNESS

/‘ 100%

i

103 102 10 1 10 102 103 104 10°
ILLUMINATION (LUX)

Figure 9. Visual acuity for circular disk (solid line)
and Landolt circle (broken line) as a function of illumination
and contrast (degree of blackness).
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VISUAL ACUITY (S)
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Figure 10. Visual acuity for black circular disk (D)
and for Landolt circle (L).
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LUMINOUS INTENSITY (HK IN 100 m)

—-140m
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Figure 12, Perceptibility of light sources as a function
of background brightness (U) and angle of view.
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LUX
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@

CURVE 1 — CLEAR AND UP TO 5/10 CLOUD-COVERED SKY

CURVE 2 — 10/10 CLOUD-COVERED SKY
CURVE 3 — HIGHEST BRIGHTNESS OBSERVED IN THIS TEST PERIOD

Figure 18, Brightness course of a flat horizontal
plane during a day.
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Figure 19. Brightness courses of a flat horizontal plane

during dawn for geographic latitude ¥= 40° on clear and up

to 5/10 cloud-covered sky.
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Figure 20. Brightness course of a flat horizontal plane

during dawn for geographic latitude ¥= 60° on clear and up

to 5/10 cloud-covered sky.
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COLOR INDEX
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Figure 22. Relation between color index
and color index temperature.
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Figure 23. Brightness course of a flat horizontal
plane during dawn of a cloudless day.
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STELLAR MAGNITUDES (m)
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BRIGHTNESS OF ZENITH DURING DAWN
AS MEASURED BY W. BRUNNER (1931)

Figure 25. Brightness of zenith during dawn as measured
by W. Brunner (1931).
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BRIGHTNESS OR LUMINANCE (asb)
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Figure 26. Course of zenith brightness and sun height
as measured by K. Bullrich.
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Figure 27. Decrease of acuity during dawn (Landolt
test) of a day with clear to 5/10 cloud-covered sky.
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Figure 28. Visibility thresholds of dark objects of different

diameters and contrast in open terrain of 10% reflectance
during the dawn.
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