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Explanation of the Brightness and Color of the Sky, Particularly the Twilight Sky
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By use of the Rayleigh scattering theory for pure air, primary scattering and known upper air densities
from rockets, the brightness of the zenith twilight sky was calculated and values were obtained two to four
times greater than those observed at Sacramento Peak, New Mexico (J. Opt. Soc. Am. 42,353 (1952)). The at-
tenuation of the atmosphere there was observed to be twenty percent above that of the Rayleigh theory, and
the ozone thickness was measured to be about 2.2 mm. When the absorption of the Chappuis band of ozone
in the visible spectrum was added to the Rayleigh theory, the calculated sky brightness came into agreement
with observation for solar depression angles below the horizon from about 00 to 60. For the sun below 7° the
calculated zenith sky brightness fell rapidly below the observed brightness, showing that primary scattering
in the atmosphere above about 60 km does not contribute appreciably to the brightness, as has long been
known (J. Opt. Soc. Am. 28, 227, 1938).

Calculation showed that during the day the clear sky is blue according to Rayleigh, and that ozone
has little effect on the color of the daylight sky. But near sunset and throughout twilight ozone affects the
sky color profoundly. For example, in the absence of ozone the zenith sky would be a grayish green-blue at
sunset becoming yellowish in twilight, but with ozone the zenith sky is blue at sunset and throughout twilight
(as is observed), the blue at sunset being due about to Rayleigh and 3 to ozone, and during twilight
wholly to ozone.

INTRODUCTION

O NE group of observers from this Laboratory
measured' the brightness of the twilight sky from

Sacramento Peak, New Mexico, altitude 2800 meters,
and another group measured2 the optical transmission
of the air above Mount Lemon, Arizona, altitude
2500 meters and about 500 km from Sacramento Peak.
The ozone thicknesses were also measured at the two
mountains. When corrected for the absorption of ozone,
the transmission of the Mount Lemon atmosphere was
found to be only about 20 percent above that of the
Rayleigh scattering theory for pure air. Therefore, as
described in this paper, the Rayleigh theory was used
to calculate the brightness of the twilight sky at
Sacramento Peak. When this was done for the zenith
sky, using first-order scattering and known upper air
densities from rockets, theoretical values 2 to 4 times
the observed values were obtained for solar depression
angles below the horizon from 0° to 7. However, the
discrepancy was removed when the absorption of the
Chappuis band of ozone from about 4500 to 7000A
was introduced in addition to the Rayleigh attenuation;
the theoretical brightness values then came into agree-
ment with observation. For the sun below 70 below the
horizon the calculated sky brightness fell rapidly below
the observed brightness showing that the zenith sky
brightness in this case was due to multiple scattering,
as has long been known, and was not influenced per-
ceptibly by the air above about 60 km.

When the color of the sky was calculated, it was
found, for example, that for pure air and no ozone the
color of the zenith sky was the Rayleigh blue (i.e.,
approximately of an intensity distribution inversely

I Koomen, Lock, Packer, Scolnik, Tousey, and Hulburt, J. Opt.
Soc. Am. 42, 353 (1952).

2 L. Dunkelman and R. Scolnik, J. Opt. Soc. Am., to be
published.

with the fourth power of the wavelength) during the
day, but as the sun neared the horizon it became much
less blue, and when the sun was below 30 below the
horizon it became slightly yellowish; these last two
statements are contrary to observation. Again, when
the absorption of the Chappuis band of ozone was
introduced, the color of the daylight sky was only im-
perceptibly changed from Rayleigh blue and the colors
of the zenith sunset and twilight sky became blue, the
blue of the sunset sky being due about 3 to Rayleigh
and 2 to ozone and of the twilight sky wholly to ozone;
all of these blues were about the same color to the eye.
This is in accord with observation.

That the Chappuis band of ozone exerts such notice-
able effects on the brightness and color of the sky,
particularly the twilight sky, has not previously been
realized, except in one case. In two interesting papers
Dubois' has obtained spectrophotometric evidence that
the "earth shadow," which is visible in the sky opposite
the sun during the early part of twilight, is caused by
the selective absorption of the Chappuis band of ozone.

DATA OF SKY BRIGHTNESS, AIR DENSITY,
RAYLEIGH SCATTERING, AND OZONE

ABSORPTION

In Table I, reference 1, are given the complete data
of the twilight sky brightness B ca ft-2 obtained during
May and June, 1951, at Sacramento Peak, New Mexico,
altitude 2800 meters, latitude 320 47' north, longitude
1050 49' west. B is the photopic brightness, or the
brightness seen with the light adapted eye. Some of the
observed values of B are in Figs. 1 and 2. The photopic
transmission of the Sacramento Peak atmosphere was
measured by means of the sun and a visual photometer
and found to be but little above that of the Rayleigh

3 J. Dubois, Ann. g~ophys. 7, 103, 145 (1951).
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FIG. 1. Zenith sky brightness at Sacramento Peak; full line,
observed (see reference 1); dotted lines, calculated.

scattering theory for pure air, showing that there was
very little haze present. In October, 1951, spectral
measurements2 of the atmosphere above Mount Lemon,
Arizona, altitude 2500 meters, showed that throughout
the spectrum from 3000 to 7000A, when correction was
made for the ozone absorption, the transmission was
only about 20 percent above the Rayleigh theory.
Mount Lemon is about 500 km from Sacramento Peak,
and because of the similarity of the climate at the two
mountains it was assumed in the following pages that
the transmission of the Sacramento Peak air was close
to that of Rayleigh for pure air.

Measurements of the ozone thickness at Sacramento
Peak with a new Dobson photoelectric spectrophotom-
eter gave a value 2.2 mm at STP. The value was a
little below rocket values4 in the area and in the follow-
ing calculations a value 2.4 mm was used.
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FIG. 2. Brightness of sky on meridian through sun; full lines
observed (see reference 1); dotted lines, calculated.

4 Johnson, Purcell, and Tousey, J. Geophys. Research 56, 583
(1951).

The average air density d gram cm-3 for various
heights z above sea level observed by means of rockets5

is given in Table I. Since the composition Qf the main
constituents of the atmosphere is approximately con-
stant with altitude up to about 100 km, the molecular
density n of column 3, Table I was obtained by dividing
d by 4.82X10-23 gram, the mass of the average air
particle. When log n was plotted against z, the points
fell on a slightly wavering line of average slope - 1/H.
Hence

n= ne-ZIH, (1)

where no is the value of n at the surface and H is termed
the "scale height." The average value of H was 7 km.
Actually H was 9.0, 6.6, 6.3, and 6.9 km for the 10 km
intervals from z= 0 to 40 km. The value H= 7 km was
used throughout this paper; no conclusions were reached
which depended critically on the exact value of H. The
temperature at various altitudes is given in column 4,
Table I.

Some well-known relations which are derived from
(1) for a curved earth are as follows. In a direction of

TABLE I. Atmospheric density and temperature from rocket data.a

Altitude
z km d n Temp. C

0 1.2X10-3 2.54X1019 17
10 4.2X10-4 8.72X1018 -43
20 9.2 X 10-5 1.91 X 10 8 -63
30 1.9X10- 5 3.85X 1017 -38
40 4.3 X 10-6 8.93 X 1016 -13
50 1.3X1076 2.70X1016 - 3
60 3.8X10-7 7.90X101 6 -13
70 1.2X10- 7 2.49X1015 -63
80 2.5X10-8 5.20X101 4 -83
90 4.0X 10-9 8.32 X 101" -63

100 8X10-10 1.66X101" -33

3See reference 5.

zenith angle the total number of molecules N between
altitudes z and z is

N=H(n-ns) sect, (2)

where n and ni are the molecular densities at the
resepective altitudes. Equation (2) is accurate for a
flat earth and begins to be in appreciable error for a
curved earth when > 80°. When z= oo, ni = ; in this
case N is the total number of molecules from n to the
outside of the atmosphere, and (2) becomes

N= CHn sect, (3)

where C is the correction for a curved earth. C has been
evaluated in gamma-functions which are incomplete for
(- 90' C is a slowly varying function of H, and for
H=7km, C=1 for = 0O to 750; C=0.98, 0.94, 0.87,
0.72, and 0.46 for =80', 830, 86°, 880, and 890, re-
spectively. For t= 90° the gamma-function is complete

6 Havens, Koll, and LaGow, J. Geophys. Research 57, 59 (1952).
6 E. 0. Hulburt, Phys. Rev. 55, 639 (1939).
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and
N=Kn, (4)

where K= (irrH/2)1 and r= 6.3X 10 cm is the radius
of the earth. Equations (3) and (4) contain approxima-
tions based on the fact that n falls to small values at
altitudes z which are small with respect to r.

The attenuation coefficient Oix for light of wave-
length X passing through a medium is defined by

ix= ioxexxX (5)

where iox and ik are the intensities entering and leaving
a thickness x of the medium. For air the attenuation 7

resulting from Rayleigh scattering is

8 7r (~X-l1) 2 6 (1 + ) / 1-6
3x=- 3+ 
3 n2X4 6-7b 1+3

(6)'

where 4tx is the refractive index of air and n is the num-
ber of molecules cm-3 at STP. The polarization defect
is 6= 0.04. In (6) Ox is the attenuation per air molecule
and when used in (5), x is the number of air molecules.

TABLE II. Attenuation coefficients and sunlight.

per air per cm of visibility
molecule ozone at -60'C x sunlight

4000A 16.7 X 102 7 * 0.0003
4500 10.3 0.0034 0.0417
5000 6.68 0.053 0.358
5500 4.54 0.120 1.000
6000 3.17 0.175 0.615
6500 2.28 0.084 0.0936
7000 1.71 0.030 0.0032
7500 1.29 ... 0.0000

Values of Aix calculated from (6) for the visible spectrum
are listed in column 2, Table II.

If 4 is the angle between the incident and scattered
rays, the scattering coefficient Box per air molecule per
steradian iS

7

cr0x/x=-( 1+- cos )/ (3+ (7)

The absorption coefficient O3x' of the Chappuis band
of ozone, measured by Vassy' at a temperature of 18'C,
is plotted in Fig. 1. Bx' is defined by (5) in which x cm
is the ozone thickness reduced to STP. Data9 for Bx' at
temperatures -42, -80°, and -105'C are plotted as
dots in Fig. 3; the dots were joined by the dotted lines.
The temperature of the atmosphere in the main ozone
region from 20 to 30 km was, from Table I, about
-60'C. For the purpose of the present calculations
Ox' was determined for -60° by interpolation and
extrapolation in Fig. 3, and is listed in column 3,
Table II.

7 R. Tousey and E. 0. Hulburt, J. Opt. Soc. Am. 37, 78 (1947).
8A. Vassy, Ann. phys. 11 ser. 16, 145 (1941).
9A. Vassy and E. Vassy, J. Chem. Phys. 16, 1163 (1948).

FIG. 3. Absorption coefficient of the Chappuis band of ozone
and its temperature dependence, after A. Vassy and E. Vassy
(see references 8 and 9).

In column 4, Table II, are given in relative units
the values of the intensity of sunlight iox outside the
atmosphere multiplied by the visibility function ilx of
the light adapted eye. The value of the solar illumina-
tion i outside the atmosphere is 12 000 foot candles,
the value being uncertain to at least 10 percent.

BRIGHTNESS AND COLOR OF A TWILIGHT SKY
OF PURE AIR AND NO OZONE

An atmosphere was assumed distributed according
to Table I composed of pure air with no ozone. The
brightness B of the zenith sky at sunset was calculated
by referring to Fig. 4. A solar ray of intensity iox for
wavelength X outside the terrestrial atmosphere passes
through N air molecules to point P in the observer's
zenith at sunset (or sunrise) where the molecular density
is n and the altitude is z. At n the solar intensity is
ioxe-#xN. An amount o-go-xndz of this is scattered verti-
cally downward, and is further attenuated by an
amount e-XH(no-n) in reaching the surface; no is the
value of n at the surface. Then fix, the brightness at
wavelength X, is

foBx= I asooxioxe-:xNe-:xH (ao-a)ndz.
0

(8)

Substituting (4) and -Hdn for ndz in (8) leads to

nho

Bx= ioxaoox~e-xxHnoJ e- (K-H)n dn.

'PI

IP ni
I

N=__
F. et twg

FIG. 4. Geometry of twilight scene.

(9)
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FIG. 5. Zenith sky color calculated for various altitudes of the
sun for pure air with and without 2.4 mm of ozone. Curve R is
Rayleigh blue.

Integrating (9) yields

ago'x H
Bx=iox- e-OXHno[ Je- A(-H)noJ. (10)

Ox, K-fl

With no= 1.8X 10's for the altitude of Sacramento Peak
and with i= 12 000 ft-ca in (10), one finds Bx= 16.6
ca ft-2 , for wavelength 5500A.

Now the photopic brightness B is

B= fBxorxioxdX / fPxioxdA, (11)

where the integrals are taken over the visible spectrum,
and JflioxdX= io= 12 000 foot candles. The values of
Bx were calculated from (10) for a number of wave-
lengths in the visible spectrum and are plotted in the
full line curve of Fig. 5 (E), all being multiplied by a
constant factor to make Bx unity at 4000A. With the
values of Bx and with qxox from Table II, B was calcu-
lated from (11). It came out to be 16.2 ca ft-2 , which was
about twice the observed value 8 ca ft-2 . It is plotted
in Fig. I at the sunset point of the dotted curve 2, Fig. 1.
We note in passing that B from (10) for 5500A is
approximately the same as photopic B from (11); as is
of course the case when dealing with the transmission
of sunlight through optical filters which are not too
highly colored, because, as seen in Table II, 1,xiox peaks
strongly at 5500A.

The full line curve of Fig. 5 (E) brings out the fact
that the color of the zenith sky at sunset of an atmos-
phere of pure air, with no ozone, is a pale blue-greenish
gray, quite different from the blue of the daylight sky.
For comparison, curve R of Fig. 5 (E) is the plot of
the Rayleigh scattering coefficients from column 2,
Table II, which was observed by Rayleigh'0 to be

10 See Table 777, Smithsonian Physical Tables (1932), eighth
revised edition.

approximately the spectral distribution of the daylight
sky, and may be termed "Rayleigh blue."

In order to calculate the brightness B of the zenith
sky during twilight we refer to Fig. 4 in which the ob-
server is at an angular distance 0 from the sunset point
and his zenith is P'; 0 is the depression angle of the sun
below his horizon. The solar ray which passes the sun-
set meridian at altitude z crosses his zenith at an
altitude z' where the molecular density is '. Then

z'-z sec0=r(secO-1), (12)

where r is the radius of the earth. We shall be concerned
with 0<10°. Then sec 0 is within 2 percent of unity and
(12) becomes approximately

From (1) and (13)

where

z -z = r/2.

n'= n/A,

A = exp(r02/2H). (15)

We take 0 greater than about 40; hence n' is about 1/10
of n or less and the solar ray which reaches n' passes
through nearly 2N air molecules and is attenuated by
an amount e-2P,. An amount goxn'dz' is scattered
downward and is further attenuated by eH(no-n') in
reaching the surface. uox is nearly the same as asox.
Then for the zenith twilight sky

00

Bx= Jbo-oxioxe-flxNv e-AH°n 'd' (16)

Introducing (4), (14), and -Hdn'=n'dz' into (16) and
integrating leads to

oaeX H H 1

Bx = io ~ e-go 1 - e A6x ( -/n (17)
Ox 2AK-H

The values of Bx were calculated from (17) for wave-
lengths of the visible spectrum and from these and (11),
B was calculated for 0 from 40 to 100 and is plotted in
the dotted curve 2, Fig. 1. Again, B was nearly the
same as B, for 5500A. It is seen that for 0=4' to 6°

FIG. 6. Geometry of twilight scene with ozone.
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the calculated values of B were about 3 times the ob-
served values, and that for 0> 7.5° the calculated values
fell rapidly below the observed values. Between 0=00
and 40 curve 2, Fig. 1, was merely drawn in by eye; it
could be calculated more precisely by evaluating the
incomplete gamma-functions' in this interval, but such
precision was uncalled for.

It turned out that the exponent in the bracket of (17)
was much larger than 1 and hence the bracket was
close to 1. Therefore the wavelength dependence of Bx
was controlled by the term exp(- /xHno) and hence was
the same for all values of 0>40. The variation of Bx
with wavelength is shown by the full line curve of
Fig. 5 (F), in which Bx, for 4000A was adjusted to unity.
The curve shows that the zenith sky during twilight of
an atmosphere of pure air with no ozone would be
faintly yellowish, which is of course contrary to the fact
that it is blue or purple-blue.

BRIGHTNESS AND COLOR OF A SKY OF PURE
AIR AND 2.4 MM OF OZONE

In the rocket flights over New Mexico ozone was
observed4 to be distributed mainly between 18 and
35 km, and of vertical thickness 2.38 mm at STP in
October, the epoch of maximum ozone. As a fair
approximation and one lending itself to ease of calcu-
lation, an ozone bank was here assumed entirely be-
tween 20 and 35 km, of ozone density constant with
height between these levels, and of total vertical thick-
ness 2.4 mm at STP. The brightness and color of the
sky were then calculated for the same atmosphere of
pure air of Table I together with the ozone. In this case
one did not have the luxury of the algebra of Eqs. (10)
and (17), because the integrals became unmanagable.
Recourse was had to numerical integration; the method
is indicated in Fig. 6. Parallel rays of sunlight traversing
the sunset meridian horizontally were taken at each
5 km increase of altitude; in Fig. 6 the ray is labeled
according to its altitude at the sunset point. Refraction
of the rays in the atmosphere increased Bx by less than
10 percent and was neglected. The thicknesses of air
molecules and of ozone traversed by each ray from the
sun to the observer's zenith P' were calculated, the first
by the methods of the previous section, and the second
by methods of geometry which are too simple to need
description here. The attenuation of each ray was calcu-
lated from the coefficients of Table II. The fractional
amount of each ray for each wavelength scattered
downward and its attenuation in reaching the surface
were calculated; these were added, multiplied by V/xiox
of Table II, and Bx and B were determined.

The calculated values of B thus obtained were plotted
in curve 3, Fig. 1, and although slightly greater than the
observed values of curve 1, Fig. 1, probably agree with
them as well as expected for 0 from 0 to 6. For
example, at sunset the observed and calculated values
of B were 8 and 10 ca ft- 2 ; and for 0=60, were 0.022
and 0.026 ca ft-2 . Two small effects have been omitted

0.6 - -

4000 5000 6000 A 7000

FIG. 7. Attenuation of sunset rays reaching the zenith at
altitude marked on each curve; full lines, air; dotted lines, air
with 2.4 mm of ozone.

in the calculation, one which increases B and one which
decreases B. The first is multiple scattering. Since B
was calculated from primary scattering only, multiple
scattering should also be included, but probably con-
tributes less than 20 percent for 0<60 (see Table II,
reference 11). The second is the spectral line and band
absorption in the visible spectrum of other atmos-
pheric gases, as oxygen and water vapor; but there are
no quantitative data to enable the effect to be assessed.
Finally, there is probably always some atmospheric
dust or haze present which may either increase or
decrease B depending on its distribution.

The calculation of B was repeated using 2.0 mm and
3.0 mm of ozone. With 2.0 mm the values of B were
about 8 and 17 percent greater than B of curve 3, Fig. 1,
at sunset and during twilight, respectively; and with
3.0 mm were 14 and 29 percent less, respectively.

Some details of the calculations of the various rays
of Fig. 6 are given in Fig. 7 for sunset; all of the rays are
not included because the figure would become confused.
The full lines of Fig. 7 are the attenuations of air only,
i.e., exp->,.N, N being the number of air molecules
along the ray, and the dotted lines are the additional
absorption resulting from the Chappuis band of ozone,
i.e., exp-o3,t, t being the thickness of ozone along the
ray. The curves bring out the strong effect of the
Chappuis absorption in reducing the intensity of some
of the rays and in changing their yellow color to blue
or blue-purple. The curve for ray 0 shows that the
setting (or rising) sun is yellow to an observer on the
surface, as is observed when the air is very clear. The
colors of the zenith sky at sunset and during twilight
of the atmosphere of pure air with 2.4 mm of ozone are
shown by the dotted curves of Fig. 5 (E) and (F), and
are seen to be blue or blue-purple, perhaps somewhat
unsaturated. This agrees with qualitative observation,
but no quantitative measurements of the colors of
the twilight sky are available with which to make
comparison.

Since ozone modifies the color of the zenith twilight
sky it was of interest to determine its effect on the color
of the daylight sky. This was readily done from Eq. (23),
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reference 7, and the results are shown in Fig. 4 (A) to
(D) for the zenith sky with 2.4 mm of ozone. It is seen
that for the sun above 100 ozone has little effect and
that the zenith sky color is close to Rayleigh blue, as is
observed." When the sun nears the horizon a sky with-
out ozone would become gray-blue, but with sufficient
ozone it remains fairly blue. The influence of several
thicknesses of ozone is shown in Fig. 5 (D). By similar
calculations it was found that a sky of pure air and
no ozone becomes whiter toward the horizon no matter
what the altitude of the sun, and that ozone gives an
appreciable blue coloration to the horizon sky only
when the sun is fairly low. However, ordinarily there is
haze present in even a cloudless sky and the color of the
sky near the horizon is usually confused by the whiten-
ing effects of haze, and by multiple scattering effects
which have never been calculated.

In order to see to what extent primary scattering
accounts for the brightness of other places than the
zenith in the twilight sky, B was calculated for pure air
and 2.4 mm of ozone for places in the sky on the
meridian through the sun for various zenith angles for
depressions of the sun below the horizon 0=00, 30, and
60. The methods underlying Eqs. (10) and (17) and
the geometry of Fig. 5 were used in the calculation.
The calculated and observed curves, given in Fig. 2,
agree near the zenith moderately well. For t greater
than 300 or 400 the calculated values are below the
observed values, which is the result of the neglect of
multiple scattering in the calculated curves.

Referring to Fig. 1 the agreement within perhaps
30 percent of the calculated curve 3 with the observed
curve 1 for 0 from 0° to 6.50 shows that the observed
zenith sky brightness was accounted for almost entirely
by primary scattering. Now, primary scattering occurs
in the zenith air which is in direct sunlight above the
earth's shadow. The position overhead of the boundary
of the earth's shadow as a function of 0, calculated from
(12) with z=0, is given in the upper scale of abscissas
of Fig. 1. The scale shows, for example, that when the
sun is 6.5° below the horizon the boundary of the earth's
shadow is 41 km overhead, the air above 41 km being

in direct sunlight and the air below 41 km being in
shadow. Therefore, working backwards, if one measures
zenith B during twilight with an accuracy of better
than, say, 5 percent, and if one knows that the air is
very pure, one can by means of the Rayleigh theory,
with due correction for ozone absorption, determine the
atmospheric pressure up to 41 km, and possibly but not
probably to 50 km, with a confidence of hardly better
than 30 percent, because further corrections arising
from absorption of water vapor, oxygen, and the slight
haze which may be present in even the purest of surface
air may be appreciable.

As 0 increases above 6.50 the calculated curve 3,
Fig. 1, descends rapidly below the observed curve 1,
showing that there is not enough air in the upper levels
to produce by primary scattering the observed values
of zenith B for 0>6.50. Hence, measurements of B can
yield no information about the density of the air above
about 50 km. This conclusion was reached from similar
experiments in 1938,11 which went one step further and
showed that B for 0>70 was due almost entirely to
multiply scattered light from air in shadow in the lower
levels below 50 km. However, the idea has persisted
that one can learn about the density of the air in the
upper levels from measurements of B. For example,
Van de Hulst"2 stated in italics that "twilight photo-
metry forms potentially the most powerful method for
observing scattering in the high atmosphere." Such a
statement is erroneous for altitudes above 50 km. Many
people, the most recent being Ashburn, 3 have calculated
atmospheric densities up to as high as 150 km from
measurements of zenith B during twilight in relative
units. The densities which they obtained differed among
themselves by several orders of magnitude (see Fig. 3,
reference 13), did not agree with the rocket results, and
above about 50 km were without meaning.

11 E. 0. Hulburt, J. Opt. Soc. Am. 28, 227 (1938).
12 H. C. Van de Hulst, edited by G. P. Kuiper, The Atmospheres

of the Earth and Planets (University of Chicago Press, Chicago,
1952), revised edition, Chap. III, p. 84.

13 E. V. Ashburn, J. Geophys. Research 57, 85-93 (1952), and
references therein.

118 Vol. 43

pat
Highlight

pat
Highlight

pat
Highlight

pat
Highlight


