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Spectral Distribution of Energy From the Sun

Ralph Stair, Russell G. Johnston, and Thomas C. Bagg

Measurements on the spectral energy distribution of direct solar radiation, made in

July 1953, at Sacramento Peak, New Mexico, a.ltnudc 9,200 feet are described,
data are given for wavelengths extending from

1.0, 2.0, and 3.0.

Speectral
299 to 535 millimicrons for air masses (),

A determination of atmospherie transmittanee as a function of wavelength
1 o

results in ealeulated total amounts of ozone approximating 0.21 centimeter (nip) as a mean

for 4 days during July.

Preliminary measurements, employing a lead sulfide photoconduct-
ing cell, in the visible and infrared spectrum are discussed.

On the basis of the spectral

ultraviolet data obtained, an estimate of a value slightly exceeding 2.00 langleys per minute

for the solar constant is indicated.

1. Introduction

Measurements on the spectral distribution of the
ultraviolet radiant energy from the sun obtained at
Climax, Colo. in September 1951 [1]! indicated appre-
ciable higher intensities outside the earth’s atmos-
phere than had been reported previously, This was
not only of some concern to the authors but also of
interest, to others. Data on the transmittance of
radiant energy through the atmosphera—to which the
methods and results of the measurement of solar
energy contribute—are important to the work of the
Air Force Cambridge Research Center® It has a
bearing on a more precise evaluation of the solar con-
stant, This common interest resulted in plans to
repeat  the measurements under conditions that
should be more favorable. Through the courtesy of
John W. Evans, director, the Sacramento Peak Ob-
servatory was made available for this work during
late June and early July of the summer of 1953,

Sacramento Peak is located on the east edee of the
New Mexico-White Sands desert area, This station
was established by Harvard University after an ex-
tensive survey had shown it to be one of the more
promising locations in the southwest for use in the
study of solar radiation. It is located at an altitude
of 9,200 feet within a forest of Ponderosa pine and
Douglas fir on a relatively level area of possibly 100
acres. Because this location is not the highest within
the region, some of the summer thunderstorms and
associated cloudiness miss the observing station.

2. Instruments and Procedure

The instrumental arrangement for this work was
similar to that employed at Climax [1]. IHowever,
not only was no single piece of equipment employed
at Climax taken to Sacramento Peak, except for the
type 935 phototube, but also even a new standard of
spectral radiant ensrgy independently calibrated was
employed in the calibrations of the equipment.

! Figtres in brackets indieate the literature references
2 This work was sponsored in part by the
Center,

at the end of this paper,
Air Force Cambridge Research

The spectrometer employed was a double prism
mirror instrument manufactured by Carl Leiss of
Berlin, Germany. This instrument uses two 30°
quartz prisms, through each of which the radiant
energy makes a double pass, The collimating mirrors
are of simple spherical design coated with aluminum,
The slits are each manually adjustable. All three
slits are straight, but being only 7 mm in length, little
error is introduced thereby. Each slit was set at a
width of 0.30 mm throughout the course of the inves-
tigation. Changes in wavelength were accomplished
through the use of a synchronous-motor drive attached
to the wavelength drum, This unit permits record-
ing at any one of three speeds, forward or reverse.
A built-in cluteh allows quick resetting of the wave-
length drum, so that any part of the spectrum may
be repeated at will.  As the calibrating factors are
slightly different for the two directions of operation,
all measurements were made with increasing wave-
length. Cams are provided to stop the instrument
automatically at either end of the wavelength range
and to provide, by means of an auxiliary pen, wave-
length marks at suitable positions (specific wave-
lengths through the spectrum) on the recorder chart,

The light beam was modulated at 510 ¢/s and the
output of the phototube fed into a tuned ampliﬁer
of design similar to that prev iously employed [1, 2, 3].
A strip recorder was again used to plot automatically
the spectral data,

A new heliostat, designed with mirrors larger than
those in the Climax instrument, was empluved in
this work. Tt is of simple (_l(‘ﬁlgll. and arranged so
that an aluminized primary plane mirror reflects the
beam of light along the polar axis of the instrument.
Micrometer adjustments permit accurate settings
for declination, latitude, and for them corrections.
A second mirror set in a stationary position reflects
the light beam horizontally into the spectroradio-
meter, Thus each of the mirrors operated at fixed
angles relative to the light beam during all hours of
the day, so that corrections for lur]lt polarization
could be easily made.

The entire Pqui]nneut except for the heliostat,
was set up in the “Large Dome” building just inside
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one of the south windows and arranged so that the
entrance slit of the spectroradiometer faced toward
the south. The solar light beam was refiected
through this window onto the axis of the spectro-
radiometer. Reference marks on the ceiling provided
a guide in making adjustments of the heliostat and
auxiliary reflecting mirror as the solar declination
slowly changed from day to day during the course
of the measurements.

The construction of the Large Dome building was
such that the temperature variations within it were
small during the course of the day. NMost of the
time the temperature was between 65° and 70° F,
and usually the daily rise in temperature was not
more than 5° F.

In accordance with the procedure in previous
work [1, 3], no lens or mirror was employed to
produce an image of the sun on the entrance slit of
the spectroradiometer because an integrated solar
energy spectrum was desired. This procedure is
possible because of the large amount of energy
available. It is furthermore desirable because of
the simplicity of the reduction of the data through
comparing readings on the sun directly with similar
data taken on a standard tungsten-in-quartz lamp [4].
Figure 1 gives the spectral calibration factor for the
complete instrument, based upon this standard of
radiant energy. Other details connected with the
reduction of the data may be found in the previous
report [1].

Often the polarizing characteristics of a spectro-
radiometer are overlooked. These, however, may
produce appreciable errors if not properly accounted
for in the reduction of the data. Each mirror
surface produces a definite and significant amount
of polarization. If all the mirrors were held to the
same positions during the experiment, no difliculty
would arise. However, the heliostat mirror 1s
rotated through nearly 180° during the course of
the day from soon after sunrise to before sunset.

This results in an appreciable variation in spectro-
radiometer transmittance because of polarization of
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Ficure 1. Relative speciral-response factors for the complete

spectroradiometer as  employed in the Sacramento Peak

measurements, by using a 935 phototube and with slit settings
of 0.30 mm.
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Fraure 2. Relative response of the
complete equipment as affected by
light polarizatvon by the heliostal and
spectrometer as a funclion of air
mass during the New Mexico
measurements.

the reflected light beam. The magnitude of this
effect and the correction to be applied to the data
are given in figure 2.

3. Ultraviolet Spectral Solar Energy Curve

Beecause the measurement of the solar spectral
energy requires that the data be taken on the sun
while it is moving to a higher or lower altitude, hence,
to positions wherein the rays come through greater
or lesser amounts of the atmosphere, the recorded
gpecira change in intensity and in spectral quality
from minute to minute. Furthermore, any dust,
water vapor, or other impurities within the atmos-
phere result in further mtensity changes at the
detector.  Therefore, it 18 advantageous to make
the measurements at high altitudes in a dry climate
above much of the normal atmospheric contamina-
tion,

Data on the ultraviolet spectral radiant energy
from the sun were taken on all clear days from the
latter part of June until after July 10. Desert dust
storms, together with rainy and cloudy weather,
prevented measurements on part or all of many days
during this period. However, on four days (July
4, 5, 9, and 10) the sky was exceptionally clear for
part or most of the day. The data for these days
have been reduced in a manner similar to that pre-
viously employed [1] and are tabulated in table 1 for
air masses 0, 1.0, 2.0, and 3.0 at various wave lengths
corresponding to minimum, maximum, or inflections
in the Fraunhofer structure of the solar spectrum.
Each of the values listed in columns 2 to 5, inclusive,
was obtained as a mean representative of all the
observations at those particular wave lengths for
the days listed. The data for each of these wave
lengths were extrapolated to air mass 0 in the de-
termination of the solar-energy curve outside the
earth’s atmosphere. The values for the inter-
mediate wave lengths were obtained by a method of
interpolation based on the use of the best noontime
observations. The spectral radiant intensities for
air masses 1.00 and 0 are shown graphically in figure
3, and the integrated intensities for 5-mg bands are
tabulated in table 2. The data for air mass 1.00
represent a slight extrapolation because the lowest
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Tasre 1.  Spectral distribution of radiant energy from the sun for selected air masses, Sacramento Peak, N. Mezx.
Altitude 9,200 {t. Mean for 4 days in July 1953, Radiant energy in microwatts per square centimeter per 10 millimicrons.
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Fraure 3. Speetral distribution of radiant energy from the sun, based on the measure-
ments for 4 days wn July 1953, Sacramento Peak, N. Mex., altitude 9,200 feet.

Integraled spectral disiribution of radiant energy

from the sun for air masses 0 and 1.00

Evaluation made from datsof table 1.
per square centimeter for 5 mg bands.

Radiant energy is expressed in microwatts
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air mass actually encountered during the course
of the measurements was approximately 1.01 at
apparent noon.

If a comparison is made between these data and
those for Climax, Colo., in September 1951, it should
be in terms of the data for air mass 0 becuase for
larger air masses the data are not directly compar-
able as there is an altitude difference between the
two stations. This difference in air masses results
in slightly different magnitudes of Rayleigh scatter-
ing. In general, the two sets of data are in agree-
ment within about 5 percent, the new values being
slightly higher in the visible spectrum buf slightly
lower for wavelengths shorter than about 330 mup.
Agreement is close between about 330 and 400 mp.
As the two sets of data were obtained at different
loeations and at different seasons of the year with
different spectroradiometric equipment indepen-
dently calibrated, it is felt that the results are aceu-
rate within the limits of the experimental variations
indicated in the tabulated data for the various days
covered by the observations in the two cases. How-
ever, as the later data were obtained during July,
a correction (3.49%) was necessarily required to
reduce them to the mean solar distance. As the
sun was at approximately the mean solar distance
when the September 1951 data were obtained, no
correction was required in that case.
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Froure 4. Atmospheric transmitlance al Sacramento Peak,
N. Mezx., altitude 9,200 feet; also determination of total ozone
above the obse reving station.
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4. Atmospheric Transmittance and Ozone

Following the same procedures emploved in the
previous publication [1], the atmospheric transmis-
sion curve for Sacramento Peak, N. Mex., depicted in
figure 4, was determined on the basis of the average
of the data for the 4 days (July 4, 5, 9, and 10) given
in table 1. In this illustration the logarithms of the
observed transmittances of unit atmosphere for the
different wavelengths are plotted as a function of the
wavelength, which in turn is expanded [5] according
to the funcion — (u—1)°x~* of the Rayleigh law of
molecular seattering,

327%(u—1)*H log ¢
SN

2

log Tr=—

i which X is the wavelength of the radiant energy,
and g is the index of refraction of the atmosphere.
As the atmospheric depth, H, and the molecular
density, N, for the zenith position are constant, the
resulting plot of the logarithm of the atmospherie
transmittances becomes a straight line in those
spectral regions wherein the Rayleigh law of pure
scattering 1s applicable.

Again, the data given by Fabry and Buisson [6]
were empleyed in the ealeulation of the two curves
(fig. 4) representing amounts of ozone required for a
similar amount of optical absorption. On the basis
of these data, about 0.21 em of ozone (ntp) was pres-
ent from July 4 to July 10 at Sacramento Peak,
N. Mex. This is in good agreement with previous
measurements for the same season of the vear for a
similar latitude [7].

5. Preliminary Measurements of the Spectral
Solar Radiation Between 500 and 2,500
Millimicrons
Although July weather at Sacramento Peak is not

especially suitable for the study of the solar spectrum,
especially in the infrared region, an opportunity was

afforded on several days to make some preliminary
measurements by the substitution of a lead sulfide
cell for the 935 phototube. Otherwise, the spectro-
radiometric and recording equipment was unchanged.

Among the interesting results of this pr u]lmmut\a
work, it was found that the PbS cell was sufficiently
sensitive for use in the ultraviolet (down to about
310 mp) and visible regions of the solar spectrum, as
well as in the infrared out to about 2,500 my.  Large
changesin the water-vapor absorption bands indicated
the lugh sensitivity of this equipment and its possi-
ble great usefulness in water-vapor studies or for the
routine recording of the total water content of the
atmosphere. On some days a doubling of the total
atmospheric water vapor occurred within a matter
of minutes. Generally, on the days on which ob-
servations were made, the water vapor inereased
rapidly until the sky was clouded over.

Figure 5 shows some typical recorder records
extending from the ultraviolet to about 2,500 mpu
in the infrared. No attempt has been made, how-
ever, to evaluate these records for spectral radiant
energy,  Although comparative data were taken
with the tungsten-in-quartz lamp, the large varia-
tions in the over-all photoelectric sensitivity, to-
gether with a lack of precise knowledge of the
spectral-energy distribution of the lamp standard,
preclude the precise evaluation of these data.  Also,
the large variations in atmospheric water vapor
duringe the course of the measurements rule out any
1\t1u]}01:1[1011 to zero air mass within those parts of
the spectrum in which water-vapor absorption is
pronounced. The data are given simply to illustrate
what may be accomplished in this field under the
proper conditions, namely, with a detector standard-
ized for sensitivity (may be temperature controlled),
in a relatively dry atmosphere (at least at nearly
constant humidity), and with a suitable standard of
spectral radiant energy. These requirements should
exact little difficulty of fulfillment. The first can be
met through a careful study and/or selection of the
detector employed, the second through proper
choice of the season of the year for the particular
station, and the third through planned research on
emissivities of a suitable lamp standard,

In connection with the study of atmospheric
water vapor, changes in the optic al absorption of the
band located near 1,900 mu is of especial interest.
This band is broad, due to the relatively very high
absorption for water vapor that occurs at this wave-
length. As dispersed by a quartz-prism instrument,
this band shows sufficient structure to make its use
suitable over a considerable range of humidity
values. However, for very high humidities one of
the other water bands would be found more suitable
for calibration purposes. In figure 6 the general
absorption pattern of the If}{ltl -mp water bﬂml 18
shown for a number of times during the morning of
July 14. It is to be noted, that, although the air
mass was decreasing during the course of these
measurements, the absorption character within this
band shows that the amount of water vapor in the
solar beam was actually increasing between about
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Fraure 5. Representative dala taken from a section of the recorder charf while employing the
PbS cell as detector.

July 15, 1953, approximately 10:00n. m, The numbers on the chart refer to amplifier sensitivity seitings. The data
illustrated cover a recording time of approximately 18 minutes.
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Ficuvre 6. Recorder tracings for the water-
vapor absorption within the 1,900-mu band
during the morning of July 14.

Sea curve 7 of figure 5 for similar data at 10:00 a. m, on
July 15,

8:30 and 11:00 a. m. When correction for path-
length through the atmosphere is made, the true
water vapor increase is even greater tlmn indicated
by the recorded data.

6. Present Status of the Solar Constant as
Indicated by the Sacramento Peak Data

The solar constant, defined as the number of gram-
calories per square centimeter (langleys) per minute
received from the sun at mean solar distance, is a
measure of the total radiant energy emitted by the
sun, and hence is one of the primary constants of
astrophysies. Little work toward the establishment
of the value of this constant has been done by workers
outside the Smithsonian Institution of Washington.
Henee the generally accepted value of 1.946 langleys
per minute is based primarily upon the work of C. G.
Abbot and his associates [S, 9]. Although their
work was outstanding in this field at that time, the
current need of certain revisions has been suggested
by Schatzman [10], Allen [11], Nicolet [12], Georgi
[13], Houghton [14], and others. Two points have
been noted wherein the published data may be in
need of revision, namely, (1) the need for the estab-
lishment of a precise spectral radiant-energy distribu-
tion for the entire solar spectrum reaching the earth’s
surface, and (b) careful evaluation of the solar energy
in the ultraviolet and infrared regions of the spec-

trum, which, because of absorption within the
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atmosphere, does not penetrate to the earth’s surface.
The methods employed and the use of the data by
the Smithsonian Institution observers did not require
recise spectral-energy determinations, They were
mterested primarily in variations of the solar con-
stant with time. IHence there remains a question re-
garding the magnitude of any ultraviolet or infrared
corrections until precise spectral radiant-energy data
are available.

The speectral solar-energy distribution within the
range of 346 to 2,400 my (containing approximately
90 percent of the total solar radiant energy), as
employed by the Smithsonian Institution, is generally
accepted as being approximately correet.  Also, the
present measurements are in close agreement with
these data within the spectral range of 400 to 500 my.
In the ultraviolet spectrum. however, the New
Mexico and Colorado measurements [1] indicate a
considerably higher radiant-energy emission from the
sun. It is estimated that with the use of these data,
supplemented by new rocket data [15, 16] for the
shorter wavelengths, together with a reevaluation of
the infrared above 2,400 my, that the value of the
solar constant will be found to be slightly above 2.00
langleys per minute,

7. Summary and Conclusions

From the data obtained, the spectral distribution
of the radiant energy from the sun, between 299 and
535 my, has been determined for various air masses at
the earth's surface (altitude 9,200 feet) and for out-
side the earth’s atmosphere.  The latter is in close
agreement with data obtained at Climax, Colo., in
1951, From the changes in spectral intensity as a
function of air mass (solar angle), the atmosphereic
transmission coeflicients and the total atmospherie
ozone content (0.21 em) have been determined as a
mean of the measurements for 4 days in July 1953
at Sacramento Peak, N. Mex, These data are in
good agreement with the best published values.

Preliminary measurements were made on the spec-
tral distribution of solar radiation within the visible
and infrared spectrum by using a PbS photocondue-
tive eell.  Interesting possiblilites are indicated as a
result of these observations for a more accurate
determination of the speetral solar radiant energy
(hence a more aceurate establishment of the solar
constant) as well as a neat method for use in the
study or recording of total atmospherie water-vapor
concentration,

A discussion is included relative to the possible
value of the solar constant if considered in terms of
the higher ultraviolet spectral intensities indicated
as the result of this work. An estimated value
slichtly exceeding 2.00 langleys per minute is indi-
cated.,

The authors acknowledge the courtesy of members
of the Geophysies Research Directorate of Air Foree
Cambridge Research Center in contributing to this
project, in particular P. R. Gast for helpful assist-
ance; also John W. Evans, Major James Sadler, and
other members of the Upper Air Research Observa-
tory, who placed the facilities of the observatory at
their disposal and otherwise rendered valuable assist-
ance to us while there,

8. References

[1] Ralph Stair, Ultraviolet radiant energy from the sun
observed at 11,190 feet, J. Research NBS 49, 227
(1952) RP2357.

[2] Ralph Stair, Photoelectriec spectroradiometry and its
application to the measurement of fluorescent lamps,
J. Research NBS 46, 437 (1951) RP2212.

Ralph Stair, Ultraviolet distribution of radiant energy
from the sun, J, Research NBS 46, 353 (1951) RP2206.

R. Stair and W. O. Smith, A tungsten-in-quartz lamp
and its applications in photoelectric radiometry, J.
Research NBS 30, 449 (1943) RP1543.

[5] Edison Pettit, Spectral energv-curve of the sun in the

ultraviolet, Astrophys. J. 91, 159 (1940).

[6] C. Fabry and H. Buisson, Data on ozone absorption,

Compt. rend. 192, 457 (1931).

[7] Ralph Stair, Seasonal variation of ozone at Washington,
D. C,, J. Research NBS 43, 209 (1949) RP2022.

[8] C. G. Abbot and others, Annals of the Astrophysical
Observatory of the Smithsonian Institution, 2, to 6,
(1908, 1913, 1922, 1932, 1942); Smithsonian Mise.
Collections 74, No. 7 (1923); 92, No. 13 (1934); 110,
Nos. 5 and 11 (1948).

[9] L. B, Aldrich and W. M. Hoover, The solar constant,

Science 116, 3 (1952).

Schatzman, Sur la valeur de la constante solaire,

Ann. astrophys, 12, 305 (1949).

[11] €. W. Allen, The solar constant, The Observatory 70,

154 (1950).
[12] M. Nicolet, Sur le probleme de la constante solaire,
Ann. astrophys. 14, 249 (1951).

[13] J. Georgi, Sokarkonstante und meteorologische Strah-
lungmessung, Ann. Meteorol. 3-5, 83 (1952).

[14] H. G. Houghton, The solar constant, J. Meteorol. 8, 270
(1951).

[15] E. O. Hulburt, The upper atmosphere of the carth,
J. Opt. Soc. Am. 37, 405 (1947).

[16] E. Durand, Rocket sonde research at the Naval Research
Laboratory, page 134; G, P. Kuiper, The atmospheres
of the earth and planets (Univ. of Chicago Press, 1949).

3
[4

[10] E.

Wasningron, March 16, 1954,

119



	jresv53n2p_113
	jresv53n2p_114
	jresv53n2p_115
	jresv53n2p_116
	jresv53n2p_117
	jresv53n2p_118
	jresv53n2p_119
	jresv53n2p_120

