
Sky color near the horizon during a total solar eclipse

Stanley David Gedzelman

A theory for the color of the sky near the horizon for an observer in the umbral region of a total solar
eclipse is presented. The model uses a Rayleigh scattering atmosphere, and the light reaching the observer
is a beam of singly scattered sunlight, which, in turn, has suffered depletion by scattering in its passage
from outside the shadow region. The model predicts both the red color observed in the lowest 80 of the
sky for the total solar eclipse of 30 June 1973 and the enriched blue color of the sky at any elevation angle
greater than the solar elevation angle. The model is also adapted to explain the reddening of the horizon
sky observed during such times as when a dark cloud passes overhead or when the light from a large city is
seen from the distance at night.

Introduction

During the day the sky normally appears blue, al-
though the horizon is considerably whitened. Near
sunrise and sunset, the horizon turns noticeably red-
der although the degree of redness varies dramatical-
ly from day to day depending mainly on the tempera-
ture and turbidity of the atmosphere. It is well
known, for instance, that in the few years immediate-
ly following the explosion of Krakatoa, when the
stratosphere was filled with volcanic dust, the sunsets
throughout Europe were often brilliant red.

The cause of the redness near the horizon is ex-
plained rather simply.1 When the sun is near the ho-
rizon the blue light in the direct solar beam that
reaches the ground has been largely depleted because
of Rayleigh scattering. The light scattered by the
lower parts of the atmosphere will therefore have a
greatly enhanced red contribution. In addition, at
these times a greater percentage of scattered light
reaching the observer comes from a considerable dis-
tance, and this light will be further deprived of its
blue component by scattering as it approaches the
observer.

Redness of the horizon can also be caused by a
somewhat distinct set of phenomena. At night when
one leaves the countryside and approaches a large
city, a dirty orange color is quite often distinct over
the city. The sky near the horizon will also turn a
dirty orange when a thick layer of clouds, such as the
leading edge of a squall line thunderstorm, has rolled
over the observer. Finally, this reddening of the ho-
rizon is most dramatic during a total solar eclipse and
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has been noted by a number of observers since Hal-
ley. It is shown quite clearly in a beautiful picture
taken just after the onset of totality of the eclipse of
15 February 1961 in extreme southeastern France
when the sun was at an elevation angle of 91/20. This
picture appears in the book, The Beauty of the Uni-
verse, and formed the initial inspiration for this
paper, since I have never been fortunate enough to
see a total solar eclipse. 2

The cause of the reddening of the horizon for these
situations is also quite straightforward and has also
been known for a long time.3 The area around the
observer is illuminated almost entirely by distant
parts of the atmosphere. As a light beam proceeds
toward the observer, the blue light is preferentially
scattered so that the beam is progressively reddened.

The scientific community has, by and large, over-
looked the detailed behavior of the sky near the hori-
zon during total solar eclipses and concentrated their
efforts on obtaining measurements of the solar coro-
na and of the sky near the zenith.4-'0 Important re-
sults concerning the behavior of the otherwise unobs-
ervable daytime upper atmosphere have also been
obtained from various eclipse studies."

Recently, Shaw provided the first detailed eclipse
sky radiance data from zenith to horizon during the
total solar eclipse of 30 June 1973.12 The eclipse was
observed at a point roughly 100 km from the edge of
the shadow region during the height of totality, and
the sun was at an elevation angle of 37°. Sky bright-
ness decreased to (1.3) (10)-4 of its normal value at
wavelength X = 0.6 gm. In addition, Shaw also
found that the blueness of the zenith sky was en-
hanced, while the sky near the horizon appeared red-
dish to a height of 80. The enhanced blueness of the
zenith sky during an eclipse is a universally agreed
upon phenomenon. The horizon observation of the
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Fig. 1. Geometry of the eclipse. Shaded area is umbra. Observ-
er looks in the x-z plane at elevation angle k. Sun is in the y-z
plane at zenith angle 0. The shadow region is approximated by

vertical walls.

30 June eclipse is consistent with the observation of
Kennelly4 who observed the rosy red color at 3 and
also with the abovementioned photograph that
showed a distinct orange-yellow color up to about 4°.

In view of the striking appearance of the horizon
and the relatively simple qualitative explanation, it is
quite surprising that no one has attempted to model
the phenomenon mathematically until recently. In
this paper the main features of the sky near the hori-
zon during a total solar eclipse are reproduced by a
simple model of a Rayleigh scattering atmosphere.
The model is applied to the conditions of the 30 June
1973 eclipse observed by Shaw at Loiyengalani Oasis.
It predicts both the distinct red sky color to an eleva-
tion angle of approximately 8° and the fact that for
all elevation angles greater than the solar elevation
angle, the sky is always bluer during an eclipse than
it is otherwise.

We consider light entering the shadow region to be
singly scattered sunlight and then allow this light to
be depleted by scattering as it passes through the at-
mosphere to the observer. Second-order scattering
is included only insofar as it causes depletion of the
beam, and contributions to the beam from second
and all higher orders of scattering are neglected en-
tirely. This model is simpler than that proposed by
Shaw. Comparisons of predictions of the model with
observations of the 30 June eclipse indicate further
that the contribution of singly scattered light to the
beam is negligible above an elevation angle of ap-
proximately 200. Our model is therefore valid only
near the horizon, and all models purporting to de-
scribe the state of the zenith sky during an eclipse
must include at least second-order scattering.

II. Model

An observer 0 is located in the center of the shad-
ow region of the eclipse (or the cloud). We consider
the light intensity, B(X, k, 0), reaching the observer
from outside the shadow region in a vertical plane
perpendicular to the vertical plane containing the

sun. We use Cartesian coordinates (x, y, z) with z
pointing vertically upward. The sun lies in the y-z
plane at zenith angle 0, and the observer looks in the
x-z plane at elevation angle k. The geometry of the
situation is illustrated in Fig. 1. The boundary of
the shadow region in the x-z plane is approximated
by vertical walls located at a distance xi from the ob-
server.

We consider the contribution to the brightness of a
pencil of light to be due solely to singly scattered di-
rect sunlight and therefore neglect any contribution
due to reflection of sunlight from the earth's surface.
We assume a Rayleigh scattering behavior for the
turbid atmosphere so that the scattering coefficient
per unit volume a- is given by

U = Kp/X 4 (1)

where K is a constant, p is the density of the air, and
X is the wavelength of the light. The contribution to
the brightness of a pencil of light reaching the ob-
server from a distance r is then given by

dB = F(r,k,X,0)Pexp [fr C dr]dr, (2)

where r = (x 2 + y 2)112 , F(r, k, , 0) is the intensity of
sunlight, and P = 3A67r(1 + cos20 sin2k) is the angular
factor for a Rayleigh scattering atmosphere.

Since we consider only small observation angles k
in this article, we find that

tan(k) = z/x = I? = sin(k) and r = x. (3)

It is now important to show that the combined ef-
fects of the sphericity of the earth and the refraction
of the light passing through the atmosphere are small
enough to be neglected for most purposes. A pencil
of light that is horizontal at 0 will be found at a
height h above the ground at a distance r from the
observer where r is given by

xo r -(R 2+ h ) ] -] A(4)

R is the radius of the earth, and n is the index of re-
fraction given by

n = 1 + 2(no - )p/po, (5)

where no - 1 = (2.93)(10)-4 for white light. 1 3 We
neglect the rather small dependence of n on wave-
length. In all subsequent calculations we consider an
isothermal atmosphere for reasons of mathematical
simplicity so that

p = po exp(-h/H); H =RgT/g. (6)

H is the scale height of the atmosphere, and Rg, T,
and g represent the ideal gas constant, the absolute
temperature, and the acceleration of gravity, respec-
tively. Since the light coming from distant parts of
the sky is severely attenuated, we are mainly con-
cerned with distances such that r << R. In addition,
we assume that for r < 200 km, h << H. Using these
inequalities together with Eqs. (5) and (6), the inte-
gral of Eq. (4) becomes approximately
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The effect of atmospheric refraction is seen to off
partially the effect due to the sphericity of the ear
When p = 1.2 kg m 3 and H = (8)(10) 3m (M.K
units are employed when not specified otherwise),
find that h/H = 0.075 when x = 100 km, and h/H
0.3 when x = 200 km, so that the assumption tl
h/H << 1 is justified out to a distance of nearly 
km, beyond which it is rapidly violated. This allo
us to replace h with z in our calculations without
troducing serious errors except when the sun is qu
near the horizon.

We now wish to investigate some properties of l
function F(x, k, X, 0). Before encountering the
mosphere, the solar flux Fo(X) is a maximum for A
0.47 gLm, while the extremes of the visible spectra
have slightly more than half of the value of Fo(0
gm). These variations are modeled by assuming 
sun is a blackbody at a temperature of 5900
When the wavelength dependence of the solar flux
not included, the maximum brightness will occur a
wavelength closer to X = 0.47 gm than is indicated
the calculations.

A second important cause of the variation of F
k, , 0) results from the fact that as the sun's bez
passes through the atmosphere, scattering will pr
erentially reduce its blue component. The reddeni
that results is more severe at greater values of t
solar zenith angle and at lower heights in the atir
sphere. Except when the sun is quite near the ho
zon, we find that

F(x, k, X, I) = F(G) exp [KHpo se() exp(-k/H)]

Finally, during the eclipse the intensity of sunlig
obviously increases with distance from the edge
the umbral region as a larger fraction of the sun
uncovered. We assume that the intensity of dire
sunlight is proportional to the fraction of the area
the sun's disk not covered by the moon, that the a
parent area of the sun and moon are equal, and t.
the sun is at an infinite distance. The fraction of t
area of the sun that is uncovered is therefore given 

Fa(x, k ) 1 a2 4 a
F0 (X) = Ta L .'

2

(a2 Y 2)i12dy ] (9)

where a is the radius of the penumbra of the moon.
Since scattering severely depletes any light coming
from great distances, the effective contribution to the
brightness occurs only for x << a so that Eq. (9) be-
comes approximately

Fn(x,k, A, 0) _ 2(x - x)
FD(X) ira

X >Xi.

With all the foregoing approximations and assump-
tions, the expression for the brightness of an isother-
mal atmosphere becomes

(7) B(k, A, 0) = F0(A)p .hJf Q exp _ _ K1

set - [ - ksec(0)] exp(-kx/H) dx,
th.
.S. where
we 2(x - Xi)

- Q~~~~ =( i) during an eclipse,

Q = 1 otherwise.

Ill. Analysis of the Model

In this section we analyze the behavior of the sky
brightness and color as given by Eq. (11). In the nu-
merical calculations that follow we assume that a =
(3)(10)6 in, H = (8)(10)3 in, and p = 1.2 kg m- 3 . For
the eclipse we choose xi = 100 km,. and unless speci-
fied otherwise, 0 = 53°. We also use Kt = 2.5Kr =
(2.08)(10)-30 M6 kg-', where Kt is the total contribu-
tion to Rayleigh scattering when the role of aerosols
is included. The values of Kt, x I, and 0 are based on
the measurements of Shaw at the site of the 30 June
1973 eclipse. It should be noted that for most other
solar eclipses, xi will generally be smaller.

At the horizon, k = 0, and when Eq. (11) is inte-
grated we obtain

B,(O, , x) = F(X)p 2Kp exp K-px + Hsec(0)]}. (12)

From this point on, the subscript e will indicate
eclipse conditions, n will indicate normal conditions,
and c will indicate a shadow imposed by a dark cloud.
When nothing obscures the sun, x1 becomes zero.

The factor, 2X4/7raKpo is peculiar to the geometry
of the eclipse and is due to the fact that the intensity
of sunlight increases in a roughly linear manner with
distance from the edge of the umbral region. The in-
clusion of this factor leads to a significant increase in
the redness of the horizon sky because the bulk of the
scattered light reaching the observer is coming from
places some distance removed from the edge of the
region of totality. The longer effective pathlength
for the light results in a considerable reduction of the
contribution of the blue end of the spectrum.

Above the horizon the integral of the right-hand
side of Eq. (11) is given by

0) =HIKp 2
.Be(k, x,) = F(x)p- exp(-KpH/k 4) exp(-kxi/H)

/ X /, _ n-tl

Eexp[-kx(n
n=2

- 1)/HI { 1 - ksec(O)]J.
(n)(n )

We have found that for k 2 0.10 and xi = 100 km,
all terms under the summation sign in Eq. (13) can
be neglected for all X for which Be is significant.
This conclusion is also obtained by noticing that for
sufficiently large k and x in Eq. (11) that exp
(-kx/H)KpoH/kX 4 << 1. One feature of interest
that then emerges is that for large enough k, Be is vir-
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Fig. 2. Ratio of brightness during eclipse with xi = 100 km to
brightness during normal times as a function of observer's eleva-
tion angle for various wavelengths. In all figures, A is given in

terms of microns.

Although Eqs. (13) and (14) appear to be rather com-
plicated, they contain much useful information con-
cerning the brightness and color of the sky.

Shaw found that sky brightness during the height
of totality at X = 0.6 pm was reduced to 1.3(10)- 4 of
the normal sky value. Figure 2 contains a plot of
Be/Bn at X = 0.6 Am as a function of the elevation
angle k. Near the horizon, Be/Bn far exceeds
(1.3)(1O)-4. Although a good part of this excess is to
be expected because of the relative enhancement of
the longer wavelengths at the horizon during the
eclipse, this ratio is still overestimated because of ne-
glect of the curvature of the earth. This feature will
be explained in more detail a little later in the paper.
Beyond k = 0.25, Be/Bn drops off rapidly with in-
creasing k for all visible wavelengths. This is an in-
dication that primary scattering plays a negligible
role in the brightness of the eclipse sky much above
the horizon (i.e., k > 0.4). An accurate model of the
sky brightness and color near the zenith must there-
fore include at least second-order scattering. De-
spite this drawback, Be/Bn gives a crude estimate of
darkening near the horizon during an eclipse.

Equations (12), (13), and (14) can also be used to
show some color features of the sky. Figure 3 com-
pares B with Be at elevation angle k = 0. Both
curves show that the light coming from the horizon
has a tendency to be dominated by the longer wave-
lengths, but while there is no sharp maximum for the
noneclipse sky, the deep red color of the eclipse sky is
immediately apparent. It is expected that during
normal times the effects due to second-order scatter-
ing will reduce the redness of the horizon indicated
by Fig. 3.

Figures 4 and 5 also compare B, with Be (although
without the factor P) for elevation angles of k = 0.1
and k = 0.2, respectively. The eclipse sky is redder
than the normal sky for these graphs although the
color difference becomes less marked with increasing
k. Another important feature that emerges is the
fact that at k = 0.1 (elevation angle = 60), the eclipse
sky i still red although by P = 0.2 (elevation angle =

.4 .5 .6 .7 .8
X

Fig. 3. Brightness of the sky at the horizon seen by observer dur-
ing eclipse and noneclipse conditions as a function of wavelength.

tually independent of the solar zenith angle. This
results from the fact that the pencil of scattered light
is found at a considerable height by the time it
emerges from the umbral region, and therefore even
when the sun is rather low in the sky, the direct solar
beam has been only slightly depleted in its passage
through the atmosphere up to that point.

Under noneclipse conditions, the expression for
the brightness becomes

B,(k, X, 0) = F(X)PI1 - ksec(o)]'t

X exp-p 0H sec(9)/X 4 1 - exp K H) }(eQ Po \kx 4~~~~( ~11

.020

.015

Be

.010

.005

.4 .5 .6 .7 .8

(14)
Fig. 4. Same as Fig. 3 but for k = 0.10.
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Fig. 5. Same as Fig. 3 but for k = 0.20.

11.50) the eclipse sky probably appears yellow-green.
Interpolation between Figs. 4 and 5 indicates that the
sky has an orange color up to 80 or 90 above the hori-
zon, and this agrees quite closely with the visual ob-
servations of Shaw. One can also see from Fig. 5 that
the normal blue color of the sky under noneclipse
conditions is beginning to emerge.

Much physical insight can be obtained by examin-
ing the integrand of Eq. (11). Neglecting the varia-
tion of intensity of sunlight due to wavelength Fo(X)
we find that the maximum contribution to dB occurs
at the wavelength given by

.Xmax = ° H{1 - exp(-kx/H)[1 - ksec(O)]}. (15)
k

It is apparent that the sky reddens with increasing
turbidity and increasing solar zenith angle. Eclipses,
like sunsets, will therefore appear more dramatic if
the air is somewhat polluted. The sky reddens with
increased because the direct sunlight must then
pass through an increased thickness of atmosphere
before reaching a given height, and as a result the
blue component of direct sunlight becomes rapidly
depleted by scattering. When light from this deplet-
ed sunbeam is in turn scattered toward the observer,
it is seen to be enriched in red. For small k, the sky
reddens as the horizon is approached because of the
longer effective path.

The reason that the sky near the horizon is redder
during an eclipse is due to the fact that the effective
light reaching the observer comes from a greater dis-
tance during an eclipse than during normal times.
Equation (15) shows that Xmas increases with increas-
ing x so long as ksec (0) < 1. Recall that x represents
the distance at which sunlight enters the scattered
beam. Light coming from larger x has a larger opti-
cal path to traverse through the atmosphere so long
as ksec (0) < 1, and therefore the blue end of the
spectrum is preferentially depleted by scattering.

On the other hand, when ksec (0) > 1, light coming
from a greater value of x has a smaller optical path
than light coming from smaller values of x. This cor-
responds to the situation when the observation angle
is greater than the solar elevation angle. Figure 6 il-
lustrates this point, and we see that path 4 is effec-

tively shorter and hence bluer than the other paths.
In this case the blue contribution to the brightness
increases with x and leads to the conclusion that the
eclipse sky should be bluer above the solar elevation
angle than the normal sky.

The conclusion that the eclipse sky is always bluer
than the noneclipse sky above the solar elevation
angle is consistent with the observations that during
an eclipse the blueness of the zenith is enhanced.
Quantitative agreement, however, is not to be expect-
ed on this point for our model because of the fact
that primary scattering becomes negligible much
above the horizon. Therefore, it cannot be asserted
than Eq. (15) contains an explanation for the in-
creased blueness of the zenith sky during an eclipse,
although a similar geometrical picture for the higher
orders of scattering is likely.

Figures 7 and 8 show the integrand of Eq. (11) at X
= 0.5 gm as a function of x during eclipse and nonec-
lipse conditions, respectively, for several values of k.
During noneclipse conditions the contribution to the
brightness decreases sharply beyond x . During

"TOP" OF ATMOSPHERE 4

0~~~~~~~~~~~~~~

<:~~~~~~~~~~~~S:

X

Fig. 6. Schematic diagram for pathlength of light through the at-
mosphere when the solar elevation angle is less than the observa-

tion elevation angle. Notice that pathlength 1 > 2 > 3 > 4.

I , 
40 80 120

X (km)
160 200

Fig. 7. Contribution to the brightness as a function of distance x
along the scattered beam for X = 0.5 gum during an eclipse.
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Fig. 8. Same as Fig. 7 but during noneclipse conditions.
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Fig. 9. Wavelength of maximum intensity, neglecting the factor
Fo(X) as a function of x with 0 = 00.

eclipse conditions, the maximum value of the inte-
grand arises from a distance Xmax given by

1 = (,,,, - xi) {1 + K [1- ksec(0)] exp(-kx,,x/H)a.

(16)

At the horizon, this transcendental equation reduces
to

xmCX = X1 + (X4/kpo) 

the neglect of the earth's curvature. In actuality, far
less light is scattered into the beam beyond 200 km
because of the increased height and reduced density.
On the other hand, depletion of the light coming
from great distances is affected far less by the curva-
ture term since, except when k = 0, the depletion is
largest at small values of x where the curvature term
is negligible. As a result, Be is considerably overesti-
mated by Eq. (11).

During noneclipse conditions, virtually all the light
reaching the observer comes from within 100 km so
that the expression for Bn is virtually unaffected by
neglecting the curvature term. The ratio of Be/Bn is
therefore spuriously enlarged by neglecting the cur-
vature of the earth.

This may lead one to question the accuracy of Eq.
(11) for determining the color of the eclipse sky as a
function of k. Nevertheless, we find in this case that
Eq. (11) gives quite reliable results. Figure 7 shows
that even when the curvature effects are neglected,
the bulk of light reaching the observer comes from a
region of the order of 50 km from the edge of the um-
bral region. Since the effect of curvature is small for
x 200 km, Eq. (15) closely estimates the wave-
length that yields the maximum contribution to the
brightness for a particular set of (x, k, 0) when the
variation of solar intensity with wavelength is ne-
glected. The results of Eq. (15) are plotted in Figs. 9
and 10. Except right at the horizon, there is little
change in Xmax much beyond 100 km. The overesti-
mate of the integrand of Eq. (11) for x 200 km
therefore contains almost no color bias. When the
contribution to Be beyond 200 km does include the
curvature, the former is small enough so that it has
negligible effect on the color of the sky.

Use of the fact that during an eclipse the major
contribution to the brightness comes from about 50
km outside the umbral region combined with use of
Figs. 9 and 10 can help tell to what height the sky
should appear red for other eclipses. Increasing x1
above 100 km will not add significantly to the height
at which the red color is to be found since Xmax levels

.8
(17)

which for X = 0.5 4m indicates that the maximum
contribution to the brightness arises from about 25
km beyond the umbral region. For sufficiently large
k, Eq. (16) reduces to

Xm = + (H/k), (18)

which is independent of wavelength. For k = 0.2,
the maximum contribution to the brightness arises
from 40 km beyond the umbral region.

Several points remain to be cleared up. The fact
that we have overestimated the ratio Be/Bn is, as al-
ready mentioned, due to the neglect of the curvature
of the earth. During eclipse conditions a consider-
able contribution to the integral arises from parts of
the atmosphere for which x > 200 km. It is this part
of the integral that is considerably overestimated by

X max
for
Kr

.7

.6

.5

.4

.3
40 80 120

X (km)
160

.875

.750
Amax
for

.625 2.5 K,

.500

Fig. 10. Same as Fig. 9 but with 0 = 60°.

2836 APPLIED OPTICS / Vol. 14, No. 12 / December 1975

l



off after 150 km. Generally, during an eclipse the
observer is less than 100 km from the edge of the
shadow region. If, for instance, the edge of the shad-
ow region is 40 km from the observer (as was the case
during the May 1900 eclipse), the sky should appear
orange to a height of 60 at the height of totality if Kt
= 2.5Kr.

At the horizon Eq. (15) seriously overestimates
Xmax4 only as x . When the curvature of the
earth is included, we find that

Xmax I Lo ( 1)] as x - o (19)

or Xax - 0.89 gAm as x - . This, however, does
not in any way affect the conclusion that during an
eclipse the horizon appears red.

When we consider the horizon sky color during a
time when dark clouds have passed overhead, we can
assume that essentially no light penetrates through
the cloud.'3 Accurate measurements of light pene-
trating large, thick cumulonimbus clouds do not
exist, but we can confidently assert that the intensity
of light penetrating the cloud base is less than 1% of
the incident sunlight. For this reason and for the
sake of simplicity, we therefore neglect all transmis-
sion of sunlight through the cloud. Once we leave
the shadow region, we assume that the sunlight im-
mediately switches on to full intensity. Equation
(11) then integrates to

B = F(X)P exp (-kpoH ) [1 - ksec(9)*1
kX4 I

x (exp { [iH - ksec(O)] exp (- kx /H)} - 1) . (20)

At the horizon, B, (0, X, 0) resembles Be but lacks
the geometrical factor 24/7raKpo. At the horizon
the eclipse sky is redder than the cloud covered sky.
This is due to the fact that in the case of the eclipse
the effective light is coming from some distance be-
yond the edge of the shadow region, and the blue

light is experiencing extra depletion by scattering.
By the geometrical arguments given before, we there-
fore expect that the eclipse sky will be redder than
the cloud covered sky at all heights below the solar
elevation angle and bluer at all heights above the
solar elevation angle.

The cloud covered sky should appear noticeably
red at the horizon whenever [H sec(0) + xi] is large
enough, i.e., if either the sun is low enough in the sky
or if the shadow region is sufficiently wide. In addi-
tion, second-order scattering effects, which reduce
the reddening of the horizon sky under clear weather,
will naturally be less effective when a dark cloud is
overhead.
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