Human color vision and the unsaturated blue color of the daytime sky
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The usual answer to the question “Why is the sky blue?” is based only on Rayleigh scattering from
the molecules in the atmosphere and makes little mention of the contribution of color vision. We
supplement this answer with a quantitative discussion of the role color vision plays in determining
the appearance of the daytime sky. The anatomy of the human eye is reviewed, and its response as
a function of wavelength is described via the spectral sensitivities of the cones. Color matching is
examined for a mixture of monochromatic lights and for the spectrum of the daytime sky. The
spectral irradiance of skylight is shown to be a metameric match to unsaturated blue light. A simple
experiment is described suitable for classroom use or a student projezios@merican Association of

Physics Teachers.
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[. INTRODUCTION lengths, the measurements fall below the theory. The conse-

. . ) quences of this difference will be discussed in more detail in
The question “Why is the sky blue?” is posed and an-ggc ).

swered in physics textbooks at all levels, from the introduc-  pq 5 guide, we have indicated at the bottom of Figp)1
tory, lsuc;h as Ser\{{\(ay and Jﬁmfet%thel(%rr%e advar;ce? te>;ts the color that the average observer associates with mono-
on electromagnetism, such as Jac € popuiarity ol chromatic light at a given wavelength, for example, blue for
this topic rests on the fact that students appreciate a physicgl,, oengths around 460 nClearly, the scattered radiation
explanation for such an easily observed and beautiful natur '

phenomenon. The typical explanation goes roughly as fol- greatest at rghe %horter .waveflengths%rthedbluehend Olf the
lows. spectrum, so this observation often is offered as the explana-

The electromagnetic radiation from the sun at visibletiOn for the blue sky. However, from these (_:ons'iderations
wavelengths is shown in Fig.(d),2® where the measured only, we could equally well say that the sky is violet. The
spectral irradiancépower per unit area per unit wavelength important point is that it is not always obvious what color an
is plotted as a function of the wavelength in free space, observer will assign to a given spe_ctral irradiance.

The sun radiates approximately as a blackbody at a tempera- N many textbooks, the explanation for the blue sky ends

ture of around 6000 K. Planck’s radiation law is also shown@! this point; however, there is another factor that should
in Fig. 1(a) and is given b§ enter the argument, that is, the response of the human visual

5 ) system. This response is .sometimeg m_entioned, bL_Jt it is sel-
ISy = 27rcch 1 Is i dom supported by a deta_lled,_ quantitative explanation.
A NS eNKT_q | The purpose of this article is to provide a modest amount
of quantitative information on the human visual system
. " . which can be used to supplement the typical textbook dis-
ture obtained by fitting the meas_,ured dat:’:t with the Sf[efa”_cussion of the cause of thpepblue daytimgpsky. Because most
Boltzmann formula. In Eq. (1), his Planck’s constank is  gydents, and possibly some instructors, are unfamiliar with
Boltzmann’s constant; is the speed of light in free space, the pasics of color vision and color matching, we include a
r~6.96x10° km is the radius of the sun, ande~1.50 prief tutorial on color vision optic§Sec. 1). This material is
X 10° km is the distance from the sun to the Earth. The rethen used in Sec. Il to examine the visual response to day-
sults for the blackbody are seen to be a reasonable represeime skylight. The response is shown not to be equivalent to
tation of the sun’s radiation. that for any spectral lightmonochromatic light such as
When the sun’s radiation enters the Earth’s atmosphere, i§lue or violet. Rather, it is equivalent to a mixture of a spec-
is scattered by mainly oxygen and nitrogen molecules. Thigral blue light and white light, which is known as unsaturated
scattering is known as Rayleigh scattering, and the scatteraslue light. In Sec. IV, simple experiments are described that
energy is proportional to 1. On a very clear day, the sky- provide practical demonstrations of the this discussion and
light seen at zenith when the sun is well above the horizon isinalysis. The experiments are suitable for classroom use or a
this scattered radiation. Thus, the spectral irradiance for skystudent project. Two problems that reinforce key ideas in the
light, I, shown in Fig. 1b), is approximately proportional article are in the Appendix.
to the product of the spectral irradiance from the sun, the In this article we consider only the blue color of the zenith
blackbody curve in Fig. (), and 1A*. We will refer to this  sky on a clear day at a time when the sun is well above the
result as the “Rayleigh sky.” horizon. The color of skylight can then be attributed to Ray-
For comparison, the spectral irradiance of zenith skylighteigh scattering. Under other conditions additional mecha-
measured at sea level on a clear day also is shown in Fignisms contribute to the color of skylight. For example, at
1(b).” Note that the measured results and those for the Raysunset and twilight, absorption by ozone in the atmosphere is
leigh sky exhibit the same trend: an increase in irradiance major cause of the blue color of the zenith Sky.
with decreasing wavelength. However, at shorter wave- Color vision is a complex subject that has been studied for

with the temperaturd =5762 K. The latter is the tempera-
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- - (bending of the light rays occurs at the front surface of the
1.0 (b) cornea, where the index of refraction changes fiom1.00
o . in air to n~1.37. The shape of the lens is changed by the
% 0.8 - P action of the surrounding muscléaccommodationto bring
g - — Blackbody /A . the light rays from an object at a particular distance into
5 0.6 —e— Measurement focus on the retina. The lens is made thicker for objects that
z - are closer than it is for objects that are far away.
7" 04 There are two types of photoreceptors that make up the
T - human retina: rods and con¥s!* Each photoreceptor ab-
0.2 | sorbs light and produces a neutelectrica) signal. The sig-
- nals from all of the photoreceptors are processed within a
ool Ll L network of biological cells both within the eye and the brain

400 500 600 700 to produce a visual sensation. The rods are sensitive to low
levels of light and do not take part in color vision; the cones

A, nm are sensitive to higher levels of ligtardinary daylight and
are responsible for color vision. In a typical retina there are
3 o % £ roughly 100 million rods and 5 million cones. There are
© g § = g 3 three types of cones; each contains a pigment that absorbs
> m S =& ~ light within a specific range of wavelengths. For reasons that

we will see shortly, they are referred to as long-wavelength

Fig. 1. () Spectral irradiance of sunlight outside the Earth’s atmosphere: R -
Blackbody afT=5762 K and measurement of Ref.(B) Spectral irradiance (L), medium-wavelength M), and short-wavelengths)

of skylight: Rayleigh skyblackbody from(a) multiplied by 1A*] and mea- cones. Over 90% of the cones are of thandM types with
surement of Ref. 7. the ratioL:M within the range 1-4. The fovea is a small
depressed region of the retina used for high-resolution color
vision® It is covered by a layer called the macula lutea
many years and is still an active area of research. Only théyellow spoj} that acts as a filter that absorbs short wave-
most rudimentary concepts are discussed in this article. Fdengths. The central area of the fovea contains only cones,
more detailed information, the reader is referred to the exceland these cones are smaller in diameter; hence, their density
lent books that provide a comprehensive overview of thids higher than in the rest of the retina. When we view an

subject!!~16 object, such as a word on this page, we adjust the positions
of our eyes and head so that the light from the object is
Il. HUMAN EYE AND COLOR MATCHING brought to a focus on the fovea.

For our purposes, we can think of the eye as a system in
It is important to stress that color is not a property of light which the input is the light entering the cornea, and the out-
itself, but is a sensation produced by the human visual syssuts are the responses of the cones. We can then construct
tem. This fact has been recognized for some time and is oftesystem functions for the eye that relate the response of the
put in historical context by quoting from Newton’s famous three types of cones to the spectral irradiance of the incident
treatise!’ “... For the Rays to speak properly are not co- light for wavelengths in the visible range. The system func-
loured. In them there is nothing else than a certain Power antions account for the physical processes that occur within the
Disposition to stir up a Sensation of this or that Color.” So, eye: absorption by the pigments in the lens and the macula,
when we look for the answer to the question, “Why is thethe conversion of light to an electrical signal in the cones,
sky blue?,” we must begin by examining the process of coloretc. There are a number of ways to determine these system
vision for the average human observer. functions''~131° Some approaches are based entirely on
Figure 2 is a schematic diagram that shows the major elphysical measurements in which the system functions are
ements of the human ey&!? Light enters the eye and is obtained by combining the measured absorptions in the lens
brought to a focus on the retina. Most of the refractionand macula with the measured responses of single excised
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rr [ rrrr [ rrrr [T ment of their spectral sensitivities are modern developments.
1.0 | /.\ m However, trichromatic theoriesof color vision, in which
> - SA) ;2 M) I/ L) - there are three receptors in the eye, for exgimple, one each for
E 08 L I \. ! . red, green, and blue light, have been discussed for many
= | [ \ I i years. They date back at least to the seminal contribution of
Z 0.6 v Thomas Young1802,24%°who was the first to combine the
A ) physical concept of a continuously variable wavelength with
= / the physiological concept of three receptdtow we rec-
g 04 ognize that the cone sensitivities are the basis for these ear-
g lier theories.
2NN We next consider a general light source with the spectral
irradiancel,(\) incident on the eye. At the level of the
0.0 cones, the sensation of color is determined by the three cone

400 500 600 700 response®, , Ry, andRs
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A, nm RL:KLJ’ LN (M)A, (2a)

3 0, §8% -
S 3 T Rsz MM (N)dX, 2b
S B O0=6 M m=Ku ] MOIHO) 2

Fig. 3. Spectral sensitivities of human cones for a centrally viewed target Nmax
two degrees in diameter. The results are for an average, normal observer. Rg=Kg S(M) 1 (N)dN, (20
Each curve is normalized so that the maximum value of the sensitivity is Nmin

one. Data from Ref. 27.
whereK, , Ky, andKg are constants, anil,,;,~350 nm

and A ,,,~=750 nm. Because these responses involve inte-
rals of the spectral irradiance, a given set of three responses

cones. The response of a cone can be a spectrophotometggn arise from different spectral irradiances. In other words,

measurement of the absorption by the photopigfietthe : A : :
spectral sensitivity determiﬁed fro);n eleztrodg r%easuremenf%n obser.ver .W'" SaZ two st|mbul|a andb, with different
of the photocurrent-23 Other approaches make use of psy_spec_tral |rr_atd|ance9m()\) andl)\_(x), have the same color,
chophysical techniques—techniques in which the relatiorthat is, their colors match, provided that the stimuli produce
between a measured physical stimultre light entering the the same cone responses
cornea and the sensation it produces for normal and color-  pa_ pb a_Rb  RaRD 3)
defective observers is establishéd* When appropriately L r M CosT s
adjusted, the system functions obtained by the various methfhis phenomenon is known asetamerismand two stimuli
ods are in reasonable agreemert. that have different spectral irradiances but produce the same
Plots of the system functions, the cone spectral sensitivivisual response are known asetamers®*?
tiesL(N), M(XN), andS(\), for the three types of cones of  Now we can see why the normalization of the spectral
an average, normal observer are shown in Fig. 3. These r&ensitivities in Fig. 3 does not affect the conditions for a
sults were obtained by Stockman and Sh&p using psy-  color match. Consider one of the equalities in B). If we
chophysical techniques in which observers viewed a cenehange the normalization of the spectral sensitivities, both
trally located target. Each curve in Fig. 3 is normalized tosides of the equality would be multiplied by the same con-
make the maximum value of the sensitivity equal to onestant; the equality, which determines the color match, is un-
This normalization does not affect the conditions for a colorchanged.
match, as will be shown. Notice that the cone responses in E2).are a linear func-
Each curve in Fig. 3 can be thought of as the relativetion of the spectral irradiance, so a match in BJ.is main-
response of the corfeutpud as the wavelength is varied for tained when the amplitudes of both stimuli are changed in
monochromatic light of fixed spectral irradian@eput). The  the same proportioht When the irradiance is very high, the
peak sensitivity is ath~570 nm for the long wavelength responses of the cones saturate, and the linearity expressed
cones (), A\~543 nm for the medium wavelength cones by Eq.(2) no longer holds.
(M), and\~442 nm for the short wavelength coneS) ( The phenomenon of _metamerism is .nicely.illustrated by a
Note that the response of a single type of cone contains n@ell-known color matching experiment involving monochro-
information about the specific wavelength of excitatigme ~ Matic light, actually gquasimonochromatic light. Figure 4
“principle of spectral univariance’'* For example, consider Shows the arrangement of the apparatus for the experiment.
the response of the cone in Fig. 3. Monochromatic light of Three lamps project beams of light onto a matte white
wavelength 570 nm with one unit of amplitude produces thescreen. Each lamp contains a filter of narrow bandwisiih
same response as monochromatic light of wavelength 513 &entered about the wavelengkh. For simplicity, we will
623 nm with two units of amplitude, so it is impossible to assume that the envelope of the filtek(\), is a rectangular
associate a particular wavelength with a given level of repulse
sponse. The processing of the signals from all three types of
cones at a higher level in the eye/brain is required to associ- Fi()\)zu[)\_()\i_ EA)\i”_ U{)\—
ate a particular respongeolor) with monochromatic light. 2
The discovery of three types of cones and the measure- 4

Nt 2 AN
2 1)
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= K,_L()\i)li AN (5) Fig. 5. Spectral irradiances for two lights that produce the same response for
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the average observer, a metameric matehMonochromatic yellow light,
with similar results for theM andS cones. In the examples AY=580 nm. (b) The combination of monochromatic red and green lights,
that follow we will takeAXN'=10 nm for all filters. \'=640 nm anch?=540 nm.

The wavelength for the lamp in Fig(& is A\Y=580 nm,

and an observer viewing the screen sees a yellow spot. The
wavelengths for the two lamps in Fig(b} are\"=640 nm 1T LONYMOY)—L(NY)M(\9)
and\9=540 nm, and the amplitudes for the lamps are ad- =+ 7 G o (78
; o : X LMY =L(A)M(AT)
justed as described in the following. Where the two beams '*
from these lamps do not overlap, the observer viewing the 19 LOY)M\)—LONHIM(NY)
screen sees two spots: a red one on the left and a green one — =-—— ; ; -
on the right. However, where the two beams do overlap, the X LAMA) —LAIMQ)
observer sees yellow with a hue identical to that for the spojyhen we substitute numerical values for the cone responses

in Fig. 4(@) (a metameric matol? taken from Fig. 3 into Eq(7), we find thatl}/I¥~1.64,
For this match, the amplitudes of the lamps must be Proprgy

~ 19~ i i
erly adjusted to obtain equality of the cone responses a; 1~0.605, orl3/Ix~2.71. The spectral irradiances for

; ; e two stimuli(metamersare shown in Fig. 5. We say that
given by Eq.(3). We see from Fig. 3 that the wavelengths forthe combination of monochromatic red and green lights

all three lamps are long enough so that the responses stheshfown in Fig. Bb) is yellow because it produces the same

fﬁnﬁs a[jeMessennaIIy z?rl;), andt T1erc1]ce only the responsesrgsponse for the average observer as the monochromatic yel-
ek an cones must be matche low light shown in Fig. %a).

(70)

RY~K L) IZANY=R! +RI~K L(\")ILAN' The experiment that we described is sometimes called a
“Rayleigh match” after Lord Rayleigl{John William Strultt,
+KLL(N9)IJANS, (6a) 1842-191%9 In 1881 Lord Rayleigh described an experi-
v Y ALY o g oy ment in which observers matched a mixture of red and green
Ru~KuM (M) IRAN =Ry + Ry~KyM (X)L AN lights to a yellow light?3He found that the ratio of ampli-
+KyM(A9)I9ANY. (6h) tudes of the red and green lights required for the md{ghy

in our notation, was nearly the same for most observers.
We will assume that the bandwidths for all of the filters areHowever, he noticed for observers who suffered from a color
the same ANY=AN"=A\Y), and solve Eq(6) for the ratios  vision deficiency(color blindnesy including his Cambridge
of the spectral irradiances of the lights University colleague J. J. Thomson, that the ratio could be
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quite different. Rayleigh’s procedure was later incorporated L o o o e e e B LI B o m o o o e o
into a device for detecting anomalies of color vision known 5 N
as a Nagel anomaloscoﬁ% \ — LM

[ll. COLOR OF THE DAYTIME SKY ;

—

The example in Sec. Il showed that the average observer 0.1 \

assigns a colofyellow) to the spectral irradiance for a stimu- 5”1 1L%=0.049

. ! ; A \
lus (mixture of monochromatic red and green lightghen ; \
the cone responses for the stimulus match those for a spectral -0.2 |- 4"=474 nm ~7
light (monochromatic yellolw As you might expect, the B (a) -
same procedure can be used with the spectral irradiance in B B
Fig. 1(b) to show that the average observer will assign the 400 500 600 700
color blue to daytime skylight. However, before we can carry
out this procedure, we need to introduce a few additional
concepts.

For the average observer, a stimulus with a uniform spec- e e e LA LA H e e e e ¢
tral irradiance, that isl)'=constant for visible wavelengths, 02 | /\\ -
is seen as white light. A mixture of white light with a mono- - I\ — LM
chromatic light is called an unsaturated color. The degree of 0.1
saturation is determined by the relative amount of the mono-
chromatic light, with complete saturation occurring when NEN 0.0
there is no white light. An example is white light mixed with  ~

/

A,nm

a monochromatic red light to produce pink light. -~ -0.1
Now we will try to obtain a metameric match for skylight Y1 = 0.063 Y
. . . ky . . ; 02} A A . \
with the spectral irradiancg}” to a mixture of white light .

. | A"=476 4
and a monochromatic light of unknown wavelength The o g

spectral irradiance for the mixture is -0.3 o e
0 =1+ 1{UIN = (A= ANY2)] 400 500 600 700
—U[N=(N\"+ANY2)]}. (8) A, nm

The objective is to determink_u an(_j the ratia \;\V/.I)li for the g 6. Graphs for determining the mixture of white light and monochro-
match. Because the spectral irradiance of skylight, Fib),1 matic light of wavelengti\" that is a metameric match to skylight)
is given only to within a constant multiplier, E€3) implies  Rayleigh sky, andb) measured skylight.
only that the ratios of the individual cone responses for the
two stimuli must be equal

RTix Rmix Rgix For a match, Eq(10) must equal Eq(11), so a solution

259~ R~ R (9 can be fuound py _pIottmg both Eq(ilO) anvcvzl (%1) as a func-

L M S tion of A" and finding the values of* andl /1 at which the

We substitute Eq(8) into Eq. (2) and insert the results into two curves intersect. In Fig.(8) this has been done using the

the equality on the left-hand side of E@) and obtain spectral irradiance for the Rayleigh sky given in Figb)1
Note that there is only one point of intersection for which

IV/1Y is positive, and this intersection occurs at'
~474 nm andl}/1}~0.049. Clearly\" is in the range of
" Uy osky Uy sk, wavelengths that the average observer would call blue light
ANM (7‘ J(REPTK) =LA (Ry /KM)] (see the scale at the bottom of Fig. Bhe spectral irradiance
sky sky for this mixture of a monochromatic blue light{=A®) and
(R /KM) L()‘)d)‘ (R /KL) M(N)dA white light is shown in Fig. ®). Note that the vertical scale
is logarithmic.
(10 This calculation was also performed using the measured
and similarly for the equality on the right-hand side of Eq.Spectral irradiance for skylight given in Fig(k); the results
9) are shown in Figs. ®) and 7b). The values\"~476 nm
and1}/1{~0.063, are close to those for the Rayleigh sky. So
the aforementioned difference between the spectra for the
Rayleigh sky and the measurements, shown in Fig), has
& & little effect on the perception of the color of skylight. The
AN'IM(AY)(RSYKg) = SINY) (R K )] sensitivity of theS cones is small at the wavelengths for
“* « which the difference is the greatest.
(Ru y/Km)j S(M)dN—(Rs y/Ks)f ?\)d)\ Now we have the answer to the initial question. The aver-
age observer sees daytime skylight as blue because the re-
(11 sponse of the eye to the spectrum of skylight is the same as

IW

Tu
l A

L,M

IW

IU
EY
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LR DL B L filters areN"=640 nm,\9=540 nm, and\Y=580 nm. The

b spectral irradiances for the individual lights are measured at
A (a) ; . ,

the screen with a suitable meter and adjusted to the values

predicted for the average observer. In our demonstration, we
use an International Light radiomet@nodel IL1400BL with
SELO033/F/HMR/W detector This meter measures the irra-
diancel', has a fairly uniform response over the range of
visible wavelengths X;,,=400 nmsA<\/,,~700 nm),
and has negligible response outside this range. Hence, the
irradiance for a lampf/filter measured with this meter is

0.1 10 nm

I, , Normaized
||||| )

~

;3

gl )

0.01 L— Ly 11 | T TN N TN NN TR TN TN N N NN Ilwll)\A)\l (12)

400 500 600 700 If we assume that all of the filters have approximately the
A, nm same bandwidth, the ratio of the measured irradiances for

two lamps ( andj) is approximately equal to the ratio of

their spectral irradiances

A (b) T Sl (13)

A ERET B
o
>
>
>,__

When we adjust the irradiances of the lamps to the values
predicted for the average observet|/({~1.64,19/1}
~0.605), the color match is fairly good. However, an indi-
vidual with normal color vision can generally obtain a
slightly better match, at least for him/her, by making small
adjustments to the irradiances of the lamps.

The lamps also can be used to illustrate the equivalence of
oot b Lo B L b b a mixture of monochromatic blue light and white light to

400 500 600 700 skylight, as described in Sec. Ill. For monochromatic blue
light, a filter with a center wavelength of°=470 nm or
AP=480 nm is used. Filters are only available at 10 nm in-
Fig. 7. Spectral irradiance for a mixture of white light and monochromaticCréments in the center wavelength, so we cannot use a filter
blue light that is a metameric match to skyliglit) Rayleigh sky &° with precisely the same wavelength as predicted by our ear-
=474 nm), andb) measured skylight\®=476 nm). lier calculations for the average observaf €474 nm).

There is no bulb that can be used in one of the lamps to

produce strictly white light. However, there are bulbs that are
that to a mixture of monochromatic blue ligfgpectral blue  designed to have a fairly uniform spectral irradiance at vis-
light) and white light, that is, it is the same as the response tible wavelength§EIKO, model SOLUX Q50MR16/CG/47/
unsaturated blue light. 17). These bulbs use a small halogen lamp to illuminate a
coated reflector. The halogen lamp produces more light at the
longer wavelengthgred) than at the shorter wavelengths
V. DEMONSTRATION (blue). The reflector is designed to reflect light at the shorter

The discussion is well illustrated by a relatively simple Wavelengths more than light at the longer wavelengths.
and inexpensive demonstration that is essentially an implelhus, the combination of halogen lamp plus coated reflector
mentation of the experiment shown schematically in Fig. 4Produces light with a fairly uniform spectrum. One of the
Lamps suitable for the demonstration are available from Arlamps equipped with this bulb and a neutral density filter
bor Scientific(Model P2-9700. Each lamp contains a bulb (optical density~1.5-2.0) is used as a substitute for a
(type MR-18, a holder with a paper filter, and a lefisThe  source of white light. The neutral density filter is used to
paper filter is replaced by a narrow bandwidth interferenceadjust the irradiance of the lamp rather than changing the
filter to produce quasimonochromatic light. Filters with the voltage supplied to the lamp, because the latter might change
following specifications are available from Spectra-Physicghe spectrum of the light.
and Edmund Optics: diameteR.5 cm, center wavelength  If we assume that the light from the lamp equipped with

N+2nm, and full width at half maximum bandwidth the special bulb is roughly equivalent to white light, we can
A)\iFWHleo nm=2 nm. A simple adapter is required to estimate the ratio of the measured irradiances required for

mount the interference filter in the holder. The voltage sup—the two lamps from our previous calculations

plied to each lamp is controlled by a variable transformer LS NS RN
(Staco Energy Products, Model 3PN1010B a darkened ~ T T (14)
room, light from the lamps is projected onto a matte white | AN I
screen(Da-Lite Screepat a distance of about 1.5-2 m. )

To match a mixture of monochromatic red light plus For the Rayleigh sky and the average observglfI{
monochromatic green light to monochromatic yellow light as=0.049, A\®=10 nm), Eq.(14) gives I'"/1°~1.47. When
described in Sec. Il, the center wavelengths for the threave adjust the lamps to give this ratio, their overlapping

0.1

I, , Normalized

A,nm

595 Am. J. Phys., Vol. 73, No. 7, July 2005 Glenn S. Smith 595



beams produce light that resembles skylight in color, oralso include the point for an observer with normal color vi-
more precisely, what we recall for the color of skylight, be- sion. Do you think that measured data like those in the graph
cause a direct comparison to skylight is not being madecan be used to distinguish observers that have protanopia and
However, an individual with normal color vision can gener- deuteranopia from normal observers and from each other?
ally obtain a better match to his/her perception of skylight by Problem 2 A planet identical to the Earth, including its
adjusting the irradiance of the blue light.The two blue atmosphere, orbits a red giant star. At visible wavelengths,
filters, A\>=470 nm and \’=480 nm, produce different the star radiates as a blackbody at the temperafure

hues, but both resemble skylight. The light for th8  =2500 K. An observer on the surface of the planet looks at
=470 nm filter is a little more violet than the light for the the sky in a direction away from the direct radiation from the
\P=480 nm filter. star.(a) Make graphs, like those in Fig. 1, for the normalized
spectral irradiance of the direct radiation from the star out-
V. SUMMARY side the atmosphere of the planet and for the normalized

spectral irradiance of the skylight seen by the observer. What
The question, “Why is the sky blue?,” has been consid-is your guess for the color of the skylight®) By following
ered with particular emphasis on the role of the human visuahe same procedure as in Sec. Ill, determine the parameters
system. After introducing the concept of color matching, thefor a mixture of monochromatic light and white light{ and

spectral irradiance of daytime skylight was shown t0 bé gpg ratin¥/14), which is a metameric match to the skylight
metameric match to a mixture of a monochromatic blue light MoN

o . seen by the observer. What color is the skylight?
plus white light(unsaturated blue lightThus, for the aver- y yig
age human observer the visual sensation produced by the WO ctronic mail glenn.smith@ece.gatech.edu
'_S the same. A rela_tlvely Slmple and Inexpensive demonStraﬂR. A. Serway and J. W. Jewett, JPhysics for Engineers and Scientists
tion of color matching that can be used to support classroomyith Modern PhysicgBrooks/Cole Thomson, Belmont, CA, 2004th

discussion of this question was described. ed., p. 1231.
Those familiar with color science may ask why we didn’t 2. D. JacksonClassical ElectrodynamicéWiley, New York, 1999, 3rd
use the Commission Internationale de I'EclairdG4E) sys- ed., pp. 465-470.

tem of colorimetry to describe color in this article. We be- M- P. Thfk?eka’a' R. Krhug‘?r' a][‘tc,’, /S' T g;t”‘l’?;’s“sl‘;?&ilgaegance mea-
H H . surements rom researcn aircrairt, PPI. . - .
!Ieve .that the effort requ'rEd of the student to become famll_“M. P. Thekaekara, “Extraterrestrial solar spectrum, 3000—6000 A at 1 A
iar with the CIE system is unnecessary, and that the use of;yeryais » Appl. Opt. 13, 518-522(1974.
the cone responses, given in Fig. 3, provides a more directy. p. Thekaekara, “Solar energy outside the Earth’s atmosphere,” Sol.
path to the results we wished to present. Energy14, 109-127(1973.

We have only considered the blue color of daytime sky-°G. S. Smith, An Introduction to Classical Electromagnetic Radiation
light. There are several other interesting phenomena associtCambridge U. P., Cambridge, 199Bec. 7.7, pp. 521-5317.
ated with skylight, such as the color at sunrise and sunset and'"e measurement for zenith skylight was made at Owings, MD, by Pro-
the state of polarization. The causes of these phenomena arfgSS0r Raymond L. Lee, Jr,, of the U. S. Naval Academy, Annapolis. It is

described in the literature on atmospheric o % or a 1° field of view with the sun at an elevation of 33.2°. The measured
p P ’ result and that for Rayleigh scattering have been adjusted to the same

value at the wavelength 550 nm.
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APPENDIX A: PROBLEMS 2nd ed.

12p, K. Kaiser and R. M. Boyntoruman Color VisionOptical Society of
The tables of cone spectral sensitivitieone fundamen- _America, Washington, DC, 19962nd ed.

; ; ; %K. R. Gegenfurtner and L. T. Sharpe, edita@g)lor Vision: From Genes to
tals avalla;ble on the Web may be of help in solving these Perception(Cambridge U. P., Cambridge, 1999
problems>

. 143 K. Shevell, editorThe Science of ColofOptical Society of America,
Problem 1 About 8% of the population has anomalous \yashington, DC, 2003 2nd ed. oop Y

color vision; the incidence in men is much higher than inst. | amb and J. Bourriau, editorolour: Art and SciencéCambridge U.

women. One group, known as red-green dichromats, lacksp., Cambridge, 1995

either the response of tHe cones(protanopia or the re- 16;- L-kpﬁisigg;)r and Color Vision: Selected ReprintAAPT, Stony
24,40 H ro0K, f .

sponse of thev C.OneS(dEUteranOpm . (a) Obtain rela- 1. Newton, Opticks (London, 170% Republication of 4th ed. from 1730

tions like those given in Sec. Il describing the match of a poyer New York, 1952 pp. 124125,

mixture of monochromatic red light and monochromaticisc. s. macLatchy, “The diameter of the fovea — a short exercise for the

green light to monochromatic yellow light for observers with Jife-sciences,” Am. J. Phys46, 1076—10771978.

protanopia and deuteranopia. For these observers, show théR. M. Boynton, “History and current status of a physiologically based

there is not a unique mixture for the mat@ot one set of  system of photometry and colorimetry,” J. Opt. Soc. A, 1609-1621

Ty 9y - (1996.
values forl) /I3 andI}/13), and that they can obtain a match 203, K. Bowmaker and H. J. A. Dartnall, “Visual pigments of rods and cones

using only red "ght or only green lightb) Make a graph of in human retina,” J. PhysiolLondon) 298 501-511(1980.
11/13 vs19/1Y required for a match for each type of observer;?D. A. Baylor, B. J. Nunn, and J. L. Schnapf, “Spectral sensitivity of cones
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of the monkey Macaca fascicularis,” J. Physi@london 390, 145-160 32Lord Rayleigh, “Experiments on colour,” Naturé_ondon 25, 64—66
(1987). (18812).
22). L. Schnapf, T. W. Kraft, and D. A. Baylor, “Spectral sensitivity of 3J. N. Howard, “John William Strutt, third Baron Rayleigh,” Appl. O8,
human cone photoreceptors,” Natuileondon 325 439-441(1987. 1091-1101(1964.
2], L. Schnapf and D. A. Baylor, “How photoreceptor cells respond to *4J. D. Morelend, “Developments in anomaloscopy,”John Dalton's Co-
light,” Sci. Am. 256, 40—47(1987). lour Vision Legacy edited by C. Dickinson, I. Murray, and D. Carden
2. Stockman and L. T. Sharpe, “Cone spectral sensitivities and color (Taylor and Francis, London, 1997Chap. 6.1.
matching,” Color Vision: From Genes to Perceptipadited by K. R. Ge-  **The lamps required modifications to make their performance acceptable.
genfurtner and L. T. Shard€ambridge U. P., Cambridge, 199€hap. 2. Spaces around the filter holders had to be covered to prevent the leakage
A, Stockman, L. T. Sharpe, and C. Fach, “The spectral sensitivities of of unfiltered light. The holders for the bulb, filter, and lens had to be
human short-wavelength sensitive cones derived from thresholds and coloradjusted to align the axes for these three elements. Before this alignment,
matches,” Vision Res39, 2901-29271999. the illuminated disk produced by superimposing the beams from two
26A. Stockman and L. T. Sharpe, “The spectral sensitivities of the middle- lamps was not uniform in color. The bulbs in the three lamps were re-
and long-wavelength-sensitive cones derived from measurements in ob-placed with the model described in the text.

servers of known genotype,” Vision Re40, 1711-17372000. 3%When the reflector of one of these bulbs is viewed with the power off, it
2The cone spectral sensitivities of Stockman and Sharpe are also availabléhas a blue hue.

in tabular form athttp://cvrl.ioo.ucl.ac.uk 371t is important to realize that we are only adjusting the irradiance of the
28T, Young, “On the theory of light and colours,” Philos. Trans. R. Soc. monochromatic blue light relative to that of the white light to match the

London92, 12—-48(1802. ratio of irradiances for skylight. We cannot adjust the overall irradiance of
2A. Wood, Thomas Young: Natural Philosopher 177829 (Cambridge U. the mixture to equal that of skylight, because the maximum irradiance for

P., Cambridge, 1954pp. 104-115. the white light is fixed by the output of the bulb.

303. D. Mollon, “The origins of modern color scienceThe Science of 3C. F. Bohren, “Optics, Atmosphere,” iEncyclopedia of Applied Physics
Color, edited by S. K. ShevellOptical Society of America, Washington, edited by G. L. Trigg(VCH, New York, 1993, Vol. 12, pp. 405-434.
DC, 2003, 2nd ed., Chap. 1. 3%. L. Coulson, Polarization and Intensity of Light in the Atmosphere
3Yn the actual experiment, the two beams in Fi¢h)4would completely (Deepak, Hampton, VA, 1988
overlap and be adjusted in amplitude to produce a spot indistinguishabléL. T. Sharpe, A. Stockman, H. Jagle, and J. Nathans, “Opsin genes, cone
from the yellow one in Fig. @&). This procedure avoids the possibility that  photopigments, color vision, and color blindness,"Golor Vision: From
the adjacent colorgred and greenwill change the appearance of the  Genes to Perceptigredited by K. R. Gegenfurtner and L. T. Shaf@am-
yellow region. bridge U. P., Cambridge, 1989Chap. 1.
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