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I. INTRODUCTION

Fund amentaL research  work  on v i s i b i l i t y  is , in general , done
for clinical , military , and astronomical purposes , and to a greater
extent in meteorology and geophysics. Astronomers are particularly
interested in t h i s  f i e l d  of science because the human eye is a very
important instrument in observation. In geophysics and meteorology ,
r e s e a r c h e r s  are less in te res ted  in the detai led knowled ge of the par am-
eter s which e f f e c t  v i s i b i l i ty  per Se; their  in te res t  is to relate visi-
bilit y to the parameters of atmospheric properties.

Any o b j e c t  becomes vi s i h le  onl y i f  t he re  is a cont ras t  wi th  i t s
background . Because any de fense  depend s on a very fast perception of
the enemy ’ s action , the d e t e r m i n a t i o n  of the con t ras t  threshold  of
the human eve has been frequently an object of research effort for mili-
tary purposes , particularl y during the last war . Basic research has
been proceeding for many years , espec ially in Europe and the United
States .

In the United States , the fac ilities of the Louis Comfort Tiffany
F o u n d a t i o n , Oy s t e r  Bay , New York , which was an art  school in peac e time ,
were c o m p l e t e l y  engaged d u r i n g  the war years  under a contrac t with the
O f f i c e  of S c i e n t i f i c  Research and Deve lopment .  A par t  of the war pro—
grain was the determination of the contrast threshold of the normal human
observer under a wide variety of e tperimental conditions.*

On the other side of t e  ocean a similar program was conducted
under the direction of the Heereswaffenam t (which also directed the
deve lopmen t  of the \‘2 under  1en . Dornberger  and Wernher  von Braun) .
The H e er e s w a f f e n a m t a lso emp loyed the researcher  of the Observa tory  of
the  Fr i e d r i ch  Sch i l l e r  Un i v er si t~~t , J e n a / T h . ,  now East Germany . The
r e s u l t s  obtained here  are scat tered in in te rna l  r ep o r t s  and r e l a t i v e l y
unknown j o u r n a l s ;  t h e r e f o r e , they were ra re ly  considered in the domi-
nant literature .

Visibilit y is more or less precisely defined in the literature.
the Glossary of Meteorology defines it as the greatest distance in a
~iven direction at which it is just possible to see and identify with
the una ided  eve , (a )  in the dayt ime a prominent  dar k ob jec t  against the
sky at the h o r i z o n , and (b )  at ni g h t , a known , p r e f e r a b ly  unfocussed ,
m o d e r a t e l y  intense l igh t  source.

F i r s t , the term ” viSihler iess ” as i t  wi l l  be used in the remainder
of the t ex t  w i l l  be d e f i n e d . In th i s  concept , the human eye p l ays  a
d o m i n a n t  p a r t ;  i t s  e f f i c i e ncy , sensibility , and ad aptability must be
taken i n t o  a c c o u n t .  In practice , i t  is the  t a sk  of an observer to

more d ct a i l s , the reader  is r e f e r e d  to the  p u b l i cat i o n s  of B lackwel l
and Dun t  i cy,  arid to the book M i d d l e t o n :  V i s ib l i t y  through the Atmosphere .
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descr ibe  p rec i se ly , u n e q u i v o c a l l y , and a c c u r a t~~lv wha t  h~. ob s rvt . s , and
to accompl ish  t h i s  imn~~d ia t e1v  a f t e r  o b Sery at i o n . t h i s  is a v orv  demand-
ing requirement to place on a huma n being. Fur ther , an object  must be
defined. In order  to arrive at the fundamentals , actual objects must
be compared vi t l i  w e l l — d e f i n e d  r e f e r e n c e  o bj e c t s  w i t h  r cs~ ec L t o  ShaH.
su r f ace , con tou r , c ross  sec t ion , and co lor . W i t h o u t  c l a i E u n g  comp let e-
ness , some of t h e  p a r ame te r s  w h i c h  are f u n d am e n t a l  to the pe rc eh i ion of
an object and those which influence the observation are l i s te d  as f o l l o w s .
The f a c t o r s  wi th  simi l ar h i n d s of c h a r a c t e r i s t i c s  are hr ou ~~ed t oh l t h i e r .

a) Group  I

I) For the detection of an object , a certain time is required .

2) The object must exceed a certain visual angle.

3) The bac kground m u s t  be bey ond a c e r t a i n  hr i~~h t n e s s .
.
~~) 

There mus t  be a c e r t a i n  con t r a s t  between ob jec t  and
bac kground luminance.

b) Group II

1) Color of background and object.

2) Shape of o b j e c t .

3) I n t e n s i t y  d i s t r i b u t i o n  of the back ground .

4) Distance of the objec t  f rom the fixed point of tile eve
(visual distance) .

c) Gro up III

1) Tra in ing  of tile observer .

2) Vi sual performance of the  observer (normal  eve) .

3) Ca re fu l  adapt ion to the b r i g h t n e s s  of the  back grou nd .

4) Fatigue .

The process , from first detection to precise recognition with t h e
eye , is a physiologicall y controlled event with increasing demands on
the observer. The process can be divided into the following steps:

a) Class ification A

1) Observa tion of exi stence
2) Approximate recognition .

3) Precise understanding of object.

6
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Wit h this classification physical and p hI siological aspec ts  are con-
sidered together , based on different levels of intellectual power.

For military p u r p o s e s  a similar classification is alread y in usc ,
which  w i l l  be called C l a s s i f i c a t i o n  B as fo l lows:

b) C l a s s i f i c a t i o n  B

1) Detection.

2) Acquisition.

3) Identification.

Additional military actions , such as beam-riding , tracking, illumina-
tion , and range determination , may star t durir.g or after the acquisition
game .

The d i f f e r e n t  phases  of ob jec t  i d e n t i f i c a t i o n  S teps  2 and 3 of
C l a s s i f i c a t i o n  A take p lace  with elapsed time . In scientific research
s tud ie s , i t  is c u s t o m a r y  to de te rmine  “v i s i b i l i t y  a c u i ty ” and to find the
threshold intensities for different kind s of objects. In such experi-
ments , the observer is not time-limited . The remainder of this repor t
will therefore present only those results where time is not involved .
S t e p s  2 and 3 will be illustrated as they occur when an air target is
approach ing  an observer . Figure 1 illustrates this case .

The arrow from l e f t  to r i ght  r ep re sen t s  the time in wh ich  the  pro-
cess occurs . At the o r i g in  the time is t = 0. A chosen object is
approaching from a f a r  d i s t a n c e , and if i t  fol lows the shortest  path
t he bac k ground c o n d i t i o n s  alway s remain the same . At the time t

th e observer learns that there is something in his field-of-view. Any
change of hiS observation is caused only by the object. With elapsed
t ime t i le  observer  sees more. At the time t = t

2 
he recognizes the con-

tour of the object , and at the time t = t
3 
he sees details of the sur-

face . Besides this observation , the observer may also have the task
of s ta r t i ng  act ions  toward the th rea t .  The same par ameters  as l is ted
in C l a s s i f i c a t i o n  B are those which are predominan t at times t1, t2,

and t
3
. The uppe r  par t of Figure  1 represen t s  a case where the observer

has  the  i n f o r m a t i o n  t h a t  a t a rge t  is approach ing  in a w e l l - d e f i n e d  p a t h .
As shown in the  lower p a r t  of t he  f i gure , an observer responsible for  a
broader  angular  Sector  w i l l  need more time wi th the lower values  of t

even w i t h  addi t ional  i n f o r m a t i o n  ( ea r ly  warning) , and wi th  greater values
of t wi t h o u t  a d d i t i o n a l  i n f o r m a t i o n .  On the  basis  of t h i s  descri p t i o n
and general observation , the following are noted :

7
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1) ;hxe first do Le o L ion  ,i~~. ond a on i hr  d i s t a n ce  and r i t e  s i  o~ of
t h e observed oh~~e c L , w h i c h  f i n a l  1. r cs u lLs in Li i i  ang le of vie .. , i .e .

the angle under w~ i~. n t h e  o nj e c u  o c c u r s  10 t h e  o h s e r ’e r  durin g th e
flight (Figure d i . For the firs l d e t e c L i o n , t h e r e  t::i SL S a nii ni m. im
angle 2 - , w h i c h  uc~ or a w i t h  an objec L ot t he  d i  :ime t a r  d v  i t  I hi

n f l  . I
d i s t an ce d 1, and w i t . h  an ob~~e c t  of t o  d i a m e t e r  2v .~ at  t h e  d i s t a n c e  d , ,

e t c .  t h i s  angl e  has  L o be net or exceeded is a n t i n i n r u n  b r  ‘ I S i b i  lit

2) Froa d al i  l j t &  i t  is onvions t ha t  L i )  read a hood I cert ai n
amount of i l l u m i n a t i o n  is I l c c i s s a i - v  . h owever , the h u m a n  c e  i s  l i i~ i L i d
to  a ce r ta in r an ;o . I t  t h e  1 1.~~h i t  i s  Lou i n t e n se , i t  i s  b l i n d in g .  th e
r e a c t i o n  of the  eve  is Lh IL  t h e  H.i r L1 b ec o i i i ~~s s m a l l e r ; i i  t he d i s t or b au c e
is  too Sever e , t h e eve is u n a i j e to read b e c au se  t h e  bac i g;r ouud is Leo

b r i g h t .  An opgo si  te c a se  o c c u r s  a f t e r  s u n s e t . At a ce r t a i n  t ime  d u r  l u g
the  t w i l i g h t  i L  become s d i f f i e L i l t  to read . In order  to  r e c e i v e  m o r e
li gh t the  ‘i ig il i n c r e a s e s  i t s  d i  arnet er  t n t  ii it is unaol.e t o  d i s L i n g t i i  s~
d e t a i l s . This  h a p p en s  when L i e  Sun i s  agoroximate l v  ~ u n d e r  L h e  l i on —
zon .  In t u e  f i r s t  case , the c o n t r a s t  b e t w e e n  t h e  l e t L e r S  ( o b j e c t )  and
the  paper  ( b a c k g r o u n d ) is ve ry  g r e a t , w h e r e a s  in t h e  s e c o n d  case , t h e r e
is only a slig h t  c o n t r a s t .

II. VISUAL ACUITY OF THE HUMAN EYE

A. D e t e r m i n a t i o n  of N i n i m u m  V i s i b i l i ty

In the previous  discussion the v i s i b i l i ty  process was s i b -
divided in to  three  s teps  ( C l a s s if i c a t i o n  A):

I) Observa t ion  of ex is tence .

2) App rox im a te  r ecogn i t ion .

3) Precise understanding of object .

Objects with extreme sur f ace  f o r m s , e . g .  , chose not of a s q u a r e  t e a sur e ,
such as long bars will be exc luded . Then i. t f o ll ows t h a t the  f i r st
detection does not depend on cite form of the o b j e c t .  T u e  circu lar d i s h ,
Figure 3 , wh ich  is c h a r a c t e r i z e d  by its diameter , was a d o g t e d  as a t e s t
f i g u r e . I t  i s  beyond the  scope of th i s  s t u dy  to determine to what.
e x t e n t  r e s u l t s  would change if ex t reme sh apes l i ke  bar s or w i r e s  were
being considered . The following results are based on References 1 t h r o u g h
7. Use fu l  r e s u l t s  are on ly  those from visibilit y tests i~h e r o  o b s e r v e r s
with normal eves and wi th c e r t a i n  expe r i ence  were used 1 1, 2 , and 7]
All  da t a  were received b i n o c u l a r ly .

The pe rcep t ion  of the ex i s t ence  of an o b j e c t  is ph y s i c a l l y  d e t e r -
mined by the  c o n t r a s t  in b r i g h t n e s s  ( m e a s u r i n g  of a contrast titre sho Id )
where  i t  become s v i s i b l e  aga ins t  a w e l l — d e f i n e d  uni  fo rm b a c k g r o u n d . In
order  to observe c i r c u l a r  d i s k s  of d i f f e r e n t  i l l t i n i  n an c e  and d i am e t er s

8
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in contrast to background s of various degrees of illuminance , one
method is to reject two concentric disks of different brightness on
an ideal ret 1cc L i n g  screen oi ganer. the larger disk represents t h e
hac h grollnd whose luminance is F) ; the smaller disk represents the
object or target (of l u m i n a n c e  F). At a distance of 3.b4 m , a circular
disk of 1-turn diameter subtend s an ang le of 1 m m .  The contrast C
neLveen P and U is d e f i n e d  b y the ratio C = P/U , w h i c h  varies between
O (total dar .:ness of F) and large positive values , the contrast C at
w h i c h  an object of given diameter is just barely recognizable  can be
observed in t u e f o l l o w i ng  \ O \  . T h e  illuminance of the field tJ is kept

~ )nstan t b\ a m own source; the illutninance 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 t he human eye sometimes sees an object and sometime s does not .
in t ) o  s t u d i e s  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 condition s. In
this case C > I is used .

The opposite case , C < 1, was also emp loyed ; the numerical results
were not identical . Because the observer was not limited by time in
these research tests , the r e s u l t s  r ep re sen t  the maximum visual perform-
ance of t he  ey e . Such t e s t s  have been per formed by several research
institutes during the pas t  three decades. Figure 4 ilLustrates the
results obtained by the Ob servatory Jena, and presents the relationship
between contrast and illuminance of U for the angles of view

= 2
mir i 

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

mentioned angles , there is only one 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 c onditions of the cases in which the
object is invisible . The upper area represents the conditions tinder
which an object becomes visible. This visibility increases as the ilium—
nation on I’ is increased . If the illuminance is so high that the

luminance exceeds lO~ apos tilb , the vis ibili ty will decrease because the
eye become s blinded .

The condition C < I illustrates to a certain degree the cases where
the bac kground is the daytime sky ; then C K I mean s 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

C =
p
~~~

U (1)

9
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and Brigg ’s two—place logarithms are used , namely:
10 l O P - U  10 /P \

= log C = log 
U 

= lot.; ~~ - I )  . ( 2 )

It follows that C is negative for P/Il . 1 and posit ive for  P /U > 1.
The following discussion considers only t h e latter case . Ih ie right.
side of Figure 4 can be p lotted with this new scale. This is done in
Figure 5 where the axis of the abscissa indicates the log of the contras t
function and the ordinate gives the log of U in lux . In addition to the
curves of Figure 4 , the curve s for / = 50, 100, and 200 mm are also
given. With these data , minimum visibilit y has been established. The
next step is to increase the  demand s on the observer . T u e  fo l lowing
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 acuity 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 purpose s the Landolt circle is generall y
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 visibility acuity
became an angle resolution acuity method . Other acuities , for examp le ,
are vernier , stereo , and motion acuities. By international agreement
(1909) , visual acuity was defined as the recipr ocal of the threshold
angular substances of the gap in a black Landolt “broken circle” on a
whi te back ground . 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 mm

S = 0.1 = 10 mm

S = 2 = 0.5 mm , 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 . U p
to this point, the “blackness ” of the test object has not been discussed;
it will be exp lained in the following paragraphs .

10
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l i e  totall y blac k s u r f a c e  has an intensity reflectance R = 0 ,
olt ereas t h e  bac kground , the totally w h it e  paper p l a ne , has t h e reflec—
tance R 1 for all wavelength s in the visible par t of the spectrum .
With this c ondition , t h e values of visual acuity are optimum ones. In
order to m e e t  actual cases , and because all bodies in nature have more
or less colored surfaces in which t h e  colors contai n more or less blac k
and white , Lh e se  tests also included grey rings. With respect to the
whiL e bac k,..round , t h e Landolt circle with a reflectivity of 607 (for all
y a v c l e n : t L i t a )  occurs under a contrast C = 0.60. rite curves in the illu—
strat ions are r a t -b e d  in this sense . In chic experiments t h e Landolt
circle was fixed in front of a white background and uniformly illumi-
mated in a c e r t a i n  r an g e  of  intensities. The illumination is g i v e n  in
lux. The r i n g , and therefore the position of the gap , is changed form
one observation to another ; th e ob server must find the direction of
the gap in at least nine out of ten observations . The results of a
series of teSLs are given in Figure 7.

The axis of the abscissa gives the illumination in lux ; the axis of
the ordinate g ives  the visual acuity in Snellen units. Each iso-contrast
c u r v e  diyidc s the plot into two areas. S represents the reciprocal of
the angle under which t h e object occurs for the observer . In the area
above che curve it would occur under a smaller angle. It will become
visible only i f  t h e  c o n t r a s t  can be increased . The curve marked with
100; . g ives  Lh e  maximum visual a c u i t y  for the human eye for the corre-
s p o n d i n g  i l lum i n a n c e , and since R = 1 for the background , for the
corresponding luminance of U in apostilb. The maximum value of S itself
can he obtained only if the illumination on U is on the order of 30,000
liix , then S = 2.45. This value was also reached in the tests.

As a test object the Lando l t  c i r c l e  has  a s u b s t a n t i a l  d i s advan tage;
i t  v a s  f o u n d  ex n e d i e n t  to  use the circular disk in the vi sual acuity
t e s t .  h o  u n d e r s t a n d  t h i s  c r i t i c a l  o b j e c t i o n , the  area around the gap
in th e  c i r c l e  s ho u l d  be considered . The quad ra t i c  s l i t , the p e r c e p t i —
iilitv of which is the  demand on the observer , abuts upon two sides on
t h e  d a r k  r i n g  and oa the remaining sides on the bac kground of the sante
illumination and luminance . This condition produces complicated pro-

~ortions at the cones and rod s of th e retina , especially at the smaller
a n t ics  of \ i e w . t h e circle test turns into an acuity test if a kind
ot  ob j e c t i v e  examina t ion  is emp loyed , in which  the  observer has  to
loca t e  t h e  d i s k  whereve r  i t  occurs  on t h e  back ground . In order  to rea-
l i ze  t h i s , the  d i sk  was mounted  on an e ccen t r i c  revolvable dev ice .  The
data t h u s  o b L a i n e d  ( F i gure  8) are similar to those of the Landolt test ,
b u t  the riaxirn urn of visual acuity is S = 3.75. The curve s of Figures 7
and S show th a t  w i t h  more b r i g h t n e s s  and g rea te r  con t ras t  the acu i t i e s
~ ob t a ined  for  the  c i r c l e  t e s t s  are larger th an those obtained in the
L an d o l t  t e s t .  At lower b r i g h t n e s s e s  of U and at smaller ratios of
co n t r a s t , t h e  o b s e r v e r  n o t i c e d  the  gap in the  c i rc le  before  he detected
t i c  disk i t s e l f  ( F i g u r e  9 ) .  Th i s  is a s u r p r i s i n g  r e s u l t , bu t  i t  can
be u n d e r s t o o d  i f  t he  mat te r  is exp lored f u r t h e r .
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These experiments already show how comp l i c a t e d  i t  i s  t o  d e f i n e
v isib i li  tv  for  the human e’. e . Fi o r e  i i )  coi dees the vi soil acui
curves fo r  the  L a n d o l t  and d i sk  t e s t s  f o r  the  case in  w h i c h  b o t h  o b j e c t s
are totally black . On t h e axis of t h e abscissa are some notes vi th i
respect to the functions of the eve . A Landolt test g a v e  b e t ter  v a l u e
for S in the inerval of brightness which  occu r s  j u s t  bef ore or after
sunset. with decreasing hiri ghtness , S also decreased . For t h e eve
there is a transition region where the optical process turn s over from
the cones to the rods. The c u r v e  fo r  the  L an d o l t  t e s t  show s a remark-
able irregularity .

C. Visual Performance

The t~ ird step, precise understanding of the object , has
not been systematically studied in research work. At the present time
onl y the r e s u l t s  of Nag el and K lu g h a r d t  [5] can be ,used . In general.,
test objects similar to those previously mentioned can be emp loyed
merel y by putting hi gher demand s 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

S=t  (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 p lott ed 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 field s
U and P were projected on a screen . The f ield P can be considered as
a light source of area extension. In general , anything which cart he
seen by the eye is only visible because it emits radiation into t h e
eye. Whether the radiation is from a primary or secondary light source
is of no significance to the eye. In other word s, the disk test repre-
sents ligh t sources of certain extension. Therefore , the  data of
Figure 5 can be used for actual ligh t sources , which are placed a cer-
tain distance away, 100 m. As an exam p le , it is assumed that suc a
ligh t source appear s under an angle of 1 mm and that the luminance of

the back ground is 10 2 
stu b. From Figure 5,c = -0.46 , and the follow-

ing is obtained :
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a = log (P - U) - log U = -0.46

log U = log io
_ 2 

= -2

log (P-U) = -0 .46 -2 = -2 .46 = 0 .54 -3

P = 1.35 l0~~ stilb 1 (4)

The area P, seen under an angle 1 mm of arc , has a diameter of 2.91 cm

and therefore an area of 6.6 cm • The luminous intensity in candles

(UK) then becomes: 6.6 - . 1.35 -s io
_ 2 

stu b = 0.089 HK. Light sources
are generall y more app licable during the dawn and at night. If they
are not of too great an intensity, they appear like stars . The fixed
stars are only br ight gas spheres which are so far away that they appear
as point sources even under high magnification . Their  apparen t size
is expressed in stellar magnitudes , that is , the visual brightness as
seen from earth. The observer becomes independent of the 100-rn distance
if the astronomical magnitudes are accepted . One HK at a 100-rn distance

is equivalent to the luminous intensity of a star of _4•
m

0• The
following is obtained :

0.089 HK: -1.05 x 2 .5 = 2 m625

P: —4 + 2.625 = 1
m

4 (5)

In this sense , Figure 5 was transformed into Figure 12, which i l lustra tes
the visibility of light sources as a function of background brigh tness ,
of vision angle , and of luminous intensity, first in EK (left side
ordinate) and then in stellar magnitude s (right side ordinate). The
human eye can see stars down to a stellar magnitude of approximately

+6.
m
0. The entire test used a white paper screen as a background ,

which vas uniforml y illuminated . The next section will discuss the
brig htne ss of sky and terrain , wh ich in prac tice are the background s
of objects .

III. BRIG: ITNESS AND ILLU MINANCE OF SKY AND TERRAIN

A . General

The b r igh tness  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 poin t on the
ear th’ s su r face  vary in an in terval of appro xima tel y 90 dB. The
spectral intensity distr ibution als o follow s a dail y course.
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To illustrate the illumination by the sun a white plane of paper
is p laced parallel to the earth’ s ground (Figure 13). The test field
receives both direct sunlight and diffuse liohi t f r o m  t h e  w h o l e  sk y .
It is easily understood that the intensity of the l i g h t  rece ived  d i r e c t l y
from the sun is proportional to the cosine of the sun ’s heigh t it . and
that it depends on the attenuation which the light suffers duritig tu e
path through the atmosphere . The diffuse component of the received
radiation originates in a far more comp licated manner . Multip le scatter-
ing occurs in the  atmosphere among many kinds of particles — a t o m s ,
molecules , dust particlei , water droplets , etc . Each particle become s
a scattering center and emits light of different powel in all directions ,
including the direction of the test plane on the grcund . After sunset
no direct ligh t reaches the tes t plane ; the last diffuse sunligh t is
received there when the sun is 18.5° under the horizon for that specific
poin t.

The individual regions of the sky d i f f e r  in br igh tnes s and cha nge
wi th 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) Geophys ical and meteorological elements (ma ttt er , atom,
molecule , shape and kind of small particles , dus t par ticle s, wa ter
drop le ts , 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 considered in a mathematical determination
of the brigh tness of sky or terrain ; however , more useful data can be
ob tained more rapidly by experimental methods.

B. Experimental Determination of Brightness and Illuminance

In experiments a photoelectric cell (Figure l4a) is
p laced parallel to the earth ’s sur face and vol tage or curre nt produced
by the radia tion is measured . The intensity contribution of special
spec tral 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
oc the surface of the detector. With such methods , f or example, the
brigh tness on the unit per square degree wa s measured . Data on the
sky ’s brightness close to the horizon are of particular interest here.
Theoretically, any region of the sky can be con trol led f or any t ime
interval wanted ; such a program would contain a great number of specific
cases, and the da ta would be o f grea t valu e.
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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
approx imately 250 d i f f e r e n t  experiments  [ 6 , 7] are examined . These
experiments used measurements by photoelectric (65 days) and visual
pht otometric (182 days) methods (Figure l4b). The se 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
oere 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 tu e time (~r) ,  sun ’s declination (b), and geograph ic
latitude (4, and can be obtaine.d from the following :

sin h . = sin sin . + co s 5 cos ~ cos ~r . (6)

Three plots (Figures 15, 16, and 17) ill ustrate the change of the sun’s
heigh t during a day for the sun ’s declinations S + 23.5°, 0°, and
-23 .5°. Figure 15 is for the latitude ~ = 55°, where the follow ing
measurements were made . Figure 16 is for ~ = 40°, which corresponds to
Madrid , New York , Ch icago , and Korea . Figure 17 w ith 

~
.p = 60° corres-

ponds to Oslo , Sou th Alaska , and Leningrad.

The spectral efficiency of the photocells was 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 vi sual photometer was used ;
thus th e brightness of a white plane illuminated by the whole sky wa s
compared with another bright p lane in the photometer until equality in
brightness of both fields was obtained . The effect on the illumination
of meteoro loitical elements , par ticu larly cloudiness , was also of interest;
therefo re , the final results were arranged in groups on the basis of
cloud conditions . The illumination of the sky is given in candles which
cony.strts directl y 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 a~ is of the ordinate shows the brightness in lux. Because of the
enormous change  in b r i g h t n e s s  during one day — from approximately
100 ,000 m x  at noon to approx imate ly  0.0003 lux at ni ght  — the axis of
th e ordinate is given in a logarithmic scale. The plot contains three
main cu rves .  Curve I is the average value of b r igh tness  of days wi th
clear sk y up to a 5/10 cloud-covered sky. The heavie st change in
br ightness occurs between h . = -5° and h • = -15°. It is night when
the  sun ’s depression becomes h • = -18°. Th is called the end of the
a s t ro n o m i c a l  dawn . If there is no meteorological change , the bright-
ness will stay constant throughout the night until the sun again reaches
it . = -18° ; then the brightness will follow tu e 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” wi th  10/ 10 cloud-covered sk y.  On such a d a y ,  n i g h t  begins
when It . = -16° . The po r t ions  of  the  curves d e p i c t i n g  higher sun ele-
vation are based on a smaller number o~ e ~periniental data , because the
main interest was to measure  the b r i gh t n e s s  ch ange f rom ap p r o x i m a t e l y
one hour be fore sunset until nig h t . Th i s  had not been done prior to t h i s
st udy. Wea the r  changes constantl y; it is nearl y impossible to get a
comp lete curve for the lowest brightness during a day. Before rain
starts , it sometimes become s quite dark . Ph ysiolo gicall y it is felt
that the decrease in brigh ttness is very great when , in f ac t , the
decrease in brightness is generally onl y dow n 0.2 or 0.1 from th ie v a l u e
be fore. Because the experimental devices were not designed to measure
during ra in , precise statements cannot be made as to how f a r  t u e  b r igh t -
ness goes down in the ca se o f r ain. Another curve in Figure 18, Curve
3 , presents  the highest measured b r i g h t n e s s  ever achieved in t h i s  t e st .

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 ii . = 50° , for these
data , the following relation can be used:

h 
max 

= 90° - ~ + s , (7)

where cp is the geographic latitude and S 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 S = +10 °
on approxima tel y 27 or 28 August and 16 or 17 Apr il. 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
f ind that the sun really reaches the he ight h = -18°. If this did not
happen , “midnight dawn” would occur. The condition that any given point
on ear th reaches the end of dawn can be expres sed as

p + S � 90° - 18° = 72 ° . (8)

In this examp le ,zp + S = 50° + 10° = 60° , which is smaller than 72° ;
that is, the sun actually sets no t jus t 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
brightnes s could be ex tended in a stra ight 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 app licable to all geographical latitudes .
Although the cr i t ical  reader may argue agains t  th is , 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 p lotted on F igures 19 and 20 for the geographic latitude s

= 40° and ~ = 60°. Figure 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 cer tain wavelength interval s, it is of
interest to know more about the spectral distribution of the luminous
flux which is received on the earth ’s sur face.

D. The Color of Skylight

It is assumed that the spectral energy dis tribu tio n of
the light received on earth resembles the distribution of a black body. /
It is further assumed that the light , wh ich is changed by the previously’
mentioned scattering process , alway s fol low s ~~~~~~~~ law. Experiments
are conduc ted  w i t h  onl y those ins t ruments  whose spectral  response is
well known from scale measurements . It is advantageous to use filter s I
which select individual parts of the radiation spectrum from the two
edges of the  r e s p o n s e  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 c o l o r  indeo is  d e f i n e d  by the logar i thm of the rat io of the radia t ion
in the red region to that in the blue region of the spectrum. In this
case the color index becomes

= F I = 1’ 
Voltage of Red Part of Spectrum 

9h, Voltage of Blue Par t of Spec trum

The arbitrariness of this method can be avoided if color tempera-
ture s 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:

f E(X,T) . e(X) .
C = F . I .  = 

0 (10)f E(\ ,T) . e(X)

0
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where

e(?~.) = the spectral sensitiveness of the de tec to r ,

and 4
b 

= the transparencies of th e filters ,

and
c C ,

E(?i.,T) = —
~~ (e 2,T - l) . (11)

The preceding equat ion is P lanck ’ s function of the energy distribu-
tion in the spectrum of a black bod y w i t h  the c o n s t a n t s  c1 and c 2 ,  w h i c h
are given by

= 0.589.10
12 w cm

2

= 1.432 cm deg. (12)

By neans of these equations and by gr aphical integration , the
measured F . I.  values are transferred into c

2
/T values. The relation

between color index and color index temperature  is i l l us t r a t e d  in
Figure  22 . Figure  23 i l l u s t r a t e s, for  one day , the f o l l o w i n g :

1) The brightness course of the visual region of the  spec t rum .

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 f rom these  expe r imen ta l  d a t a .

The color of the sky ,  as a l ready mentioned , depends also on
weather condit ions . This is i l l u s t r a t e d  in F igure  24 . The axis of the
abscissa denotes the height of the sun ; the left axis of the ordinate ,

the values c2/T .10
4
; and the right axis of the ordinate , the absolute

temperature which corresponds to the color distribut ion. During the
day when direc t sunlight is received , the radiation of the sun dominates
the scattered light and even clouds are not too effective , because the
strong forward s ca t t e r ing  of very small  water  d rop le t s  con t r ibu tes
to the in tens i t i es  received d i r e c t l y from the sun . During dawn the
color changes from red to b lue  and has i ts  in tens i ty  maximum at the
shorter wavelengh t s  when the sun is approximately 10° under the
horizon . Toward night the color temperature goes down at the end of
the twilight , it reaches approximatel y 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 n ig h t  it d i s t i ngu i shes  onl y between black and
whi t e .  The eye can observe only a change in  energy , and can de t e rmine ,
for instance , only that it is now darker than it was a short time before.
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lt 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 a t 1920 A ° h . -
~ -10°

3O , 000°K a t  960 A ° Tmax

4200 °K at 6800 A° night sky

Section s B and C and the first part of this section considered
r a d i a t i o n  rece ived f rom 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 situ a visual photometer proposed by Dufay . His measure-
ment i covered the range from +600 to -17° ~, , but only the data from
+ 10  to -17° . are a v a i l a b l e .  The results of the average brightness of
t he  zenith , measured in stellar magnitudes , are represented in Figure 25.

An other set of experimental data obtained by K. Bulirich [9J covers
the  r an g e  f rom 200 to -15° (Figure 26). It is noted that the axis
of the or d i n a t e  is given in apostilb (ash), because the luminance of the
;enith region is being sought. The cloud s now have the effect of
inc reasing 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 [101 , for  example , several publica t ions
are available which show contour lines of constant luminosity an a
function of a z i m u t h  ~ from the sun and of altitude h ~ . Generally,
th e luminosity of the sky without clouds or with only light clouds
(Ci , Cs) is greatest near the sun and reaches a minimum approximatel y
90° from toe sun. With dense clouds , the luminosity is practicall y
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 positio n of the sun and with the
condition of the sky.

On the  b a s i s  of the f a c t s  g iven , 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 t h e  s u r f a c e  is turned through 180°.
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IV. THE VARIATION OF T-I E VISIBILITY DURING A DAY

The background luminance in th e teSts covers tOe gea er a i  range
of luminance durioc, one day. It is now possible to ielate the data of
the visibility tests (Section II) to the data o1 br ighitue ss dur ing a
day , given for the sun ’s height or for the true time . Th e 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 be fore sunset and become s more m a r k e d  .ifter 5un-
set. At the time when the sun ’s height is —6 °, the acuity is a~ read y
down to half of its maximum value . At h . -9°, the acuity is oniy
1/10; after that i t  changes more slowly u n t i l  a t  nig h t  it reaches v a l u e s
of onl y 1/30 of the acuity during th e day .

The considerations of acuity in the test are not directl y app licable
to those data received in operati on 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. Furthier-
more , the br ightness 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 10 is assumed ;
therefore , the brightness in apostilb is 1/10 the illuminance in in.:.
Figure 28 is based on this assumption . Each curve divides the  p l o t s  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  specif ic  angle of view (left side , above) ; the other , the area
in which it becomes invisible to the  observer ’s eye.

Given the data on b r igh tness  and v isual  a c u i t y  of  the  eye , the
var ia t ion of view wi th  the hor izon as background can be described .
From the theory of visibility, the f o l l o w i n g  r e l a t i o n  is known for a
dark object:

S = !ln! (14)

where a is the average absorption coefficient and e the relative

contrast threshold (
~~

) of the eye. The latter depends on the angle

of view and on the brightness of adaption. If S is the max imal visual

dis tance for opt imal ~ = ~: (brightness during the day, angle of view

>2°),the following is obtained:

(15)
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Th e visual distance during the t ime of decreased b r ig h t ne s s
(da sn , n i g h t )  i5 related to those distances observed during thie day

and the following is obtained:

~ 
— 

In I/c 
— 

log I/c 16/ 
° 

— 
lii I/c 

— 

2.25 ( )
0

D u r i n g  tu te  dawn , th t e  b r ig h i t n e s s  of the  hor izon  depends largel y on
t h e  az imu t h ; t h e r e f o r e , an a v e r a g e  va lue  must  be emp loyed for  tu t e
b r i g ht n e s s .  The sb scr v e d  data of illumination are read at 6/ 10 to 9/ 10
in .‘i po~~t i lb  i n  .tead of in lu .. F igure  29 presents the data obtained
for thc visual d i s t a n c e  of o b j e c t s  p laced toward t h e  ho r i zon  which
appear under  va r ious  ang les  of V L C S . The illustration sh ows again the
i m p o r t a n ce  of  the  ang le  of  view . Large objects , such as the tops  of
m o u n t a i n s  and groups  of  trees , are  v i s ib le  a l l  th irough  the dawn and in
the  iti!h t sky ,  ‘giereas sm a l l e r  objects (telegraph poles) become invisible
at sun hei g h t s  -10° to -12°. Only objects whose angle of view exceeds
2° ire visible at njcjit .
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BACKGROUND OF ILLUM INANCE U

CIRCULAR DISK OF
IL LUMINANCE P

IDEAL REFLECTING SCREEN OF PAPER

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 (c i rcular  disk) .
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FIgure 9. Visual acuity for circular disk (solid line)
and Landolt  circle (broken l ine) as a f u n c t i o n  of illumination
and contrast (degree of blackness).
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Figure 12. Perceptibility of light sources as a function
of backgroun d brightness (U) and angle of view .
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Figure 18. Brightness course of a flat horizontal
plan e during a day .
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Figure 19. Brightness courses of a f l a t  hor izon ta l  plane
during dawn for  geographic  la t i t ude ’P 40° on clear and up
to 5/10 cloud—covered sky .
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