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THE Sorar CoNSTANT AND SoLar SPECTRUM AND THEIR Poss1BLE VARIATION

Matthew P. Thekaekara
Goddard Space Flight Center
Greenbelt, Md.

Measurements made from high altitude platforms
have ylelded standard values of the solar constant
and solar spectrum. Based on the extraterrestrial
solar spectral irradiance data and the best avail-

able information in literature on atmospheric trans-

mittance, detailed solar spectral curves at ground
level for different sets of pParameters have been

derived. Programs currently under way for more pre-

cise determination of the solar constant and zero
‘air mass solar spectrum and their possible varia-
tions will be described.

1. INTRODUCTION

For all solar énergy conversion systems two
parameters of primary importance are the total
amount of energy available from the Sun and ‘the
distribution of this energy with wavelength. In
this paper we shall review briefly the data cur-
rently available about these parameters, their
possible variations and the plans now under way
for a more precise determination of these param-
eters.

The solar constant and the extraterrestrial
solar spectrum are of significance primarily for
space borne energy conversion systems such as the
solar panels of the satellites or the large solar
power station in synchronous orbit envisioned by
Peter Glaser. Secondarily, they are of signifi-
cance also for ground based solar energy uses. In
locations where precise measurements of the energy
reaching the ground are not feasible, a fairly
good estimate can be made from the spectral dis-
tribution of solar energy outside the atmosphere
and the absorbing and scattering properties of the
atmosphere.

The solar constant is the total amount of
energy received from the Sun per unit time per
unit area exposed normally to the Sun's rays at
the average Sun-Earth distance outside the Earth's
atmosphere. The zero air mass solar spectral
irradiance is the distribution of this energy as a
function of wavelength. Earlier estimates of
these parameters had been obtained from ground
based measurements made at different solar zenith
angles and extrapolation to zero air mass. Such
measurements are subject to large errors because
of the atmospheric pollutants and especially water
vapor and aerosol which are highly absorbing and
variable in the course of a day.

2. STANDARD VALUES OF SOLAR
CONSTANT AND SOLAR SPECTRUM

Since the advent of satellites and high alti-
tude research aircraft, several attempts were made
Lo measure the solar constant and solar spectrum
from above all or almost all of the atmosphere.

An ad hoc committee on Solar Electromagnetic Radi-
ation was appointed by the NASA Space Vehicles
Design Criteria Office and by the Institute of
Environmental Sciences to study the question. The
Committee made a detailed study of all the avail-
able information and recommended proposed standard
values of the solar comstant and solar spectrum.

The solar constant was evaluated from nine
series of measurements, all made from high alti-
tude platforms, namely, Convair 990 and B-57B jet
aircraft, X-15 rocket aircraft, balloons and
Mariner Mars probe. These nine values are shown
in figure 1. Each one is the result of many
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Figure 1. Values of the solar congtant from which
the standard values is derived. Horizontal lines
indicate the uncertainty assigned by each authonr.
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series of measurements. The uncertainties claimed
by the authors are shown by the horizontal lines.
The detectors included Angstrom pyrheliometers,
cavity radiometers and normal incidence pyrheliom-
eters of different types and manufacturers. The
value of the solar constant derived from these
measurements is 1353 Wm 2 of 1.940 cal cm ?mm~!.
Drummond (1973) should be consulted for more 3
detailed information about the different sets of
measurements.

The values of zero air mass solar spectral
irradiance were derived mainly from the measure-
ments of NASA GSFC on board a' Convair 990 and of
Eppley-JPL on CV 990, B57B and X-15. The GSFC
experimenters used two large prism monochromators,
a filter radiometer (33 filters each of 100 A
bandwidth) and two interferometers, which made
detailed spectral measurements covering the wave-
length range 0.3 to 15 im (Thekaekara, 1970). The
Eppley-JPL team under the direction of the late
Dr. A. J. Drummond used filter radiometers (Drum-
mond and Hickey, 1968). Several narrow band pass
filters covered the range 0.25 to 0.7 ym. The
integral energy in the wavelength range \ > 0.7 um
was determined from the difference between total
radiation channels and cut-off filter channels.
Data from other sources were used for the range
9.3 ym > A > 15.0 ym. The zero air mass solar
spectral irradiance is shown in figure 2 and in
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Figure 2. Standard solar spectrum (NASA, ASTM)
compared to Johnsom (NRL) spectrum.

table 1. Figure 2 covers the wavelength range 0.2
to 2.6 um. The NRL (Johnson) curve (Johnson, 1954)
is shown by dashed line for purposes of comparison;
this had been used as a working standard in the
U.S. for a long time.

Following the recommendation of the Committee
on Solar Electromagnetic Radiation these values
have received a wide circulation and have been
extensively used as a standard of reference. A
monograph published in the NASA Space Vehicles
Design Criteria series recommends these values as
the criteria to be applied in the design and test-
ing of spacecraft systems (NASA-SP8005, 1971).
These values have been adopted by the Solar Simu-
lation Committee of the Institute of Environmental
Sciences and the E-21 Committee of the American
Society for Testing and Materials (ASTM) and have
been issued as the ASTM "Engineering Standard for
the Solar Constant and Solar Spectrum" (NASA-SP298,
1972).

The estimated error in the value of the solar
constant is 1.5 percent or + 21 Wm™ 2. We believe
this estimate is very comservative considering the
large mass of high altitude measurements on which
it 1s based. The estimated error in the spectral
irradiance data is considerably greater partly
because of the uncertainties in the spectral
standards which were used for calibration. Over
the range 0.3 to 2.6 ym the calibration standards
were quartz iodine lamps issued by the NBS. They
have an uncertainty of about 5 percent. Other
reference standards with larger uncertainty were
used for 0.3 pm > A > 2.6 um.

Two other sets of spectral data which were
developed on the basis of the standard table
(table 1) should be briefly mentioned. In the
standard table the irradiance values are given at
50 A intervals for the visible and near UV and are
averages over 100 A bandwidths centered at the
given wavelengths. This method of listing was
chosen so as not to make the table too long and to
give the solar irradiadce independent of the
Fraunhofer structure which different instruments
show differently according to their wavelength
resolution. For many of the applications a more
detailed knowledge of the extraterrestrial solar
spectrum was fcund to be necessary. In response
to inquiries from users a project was undertaken
recently to meet this need. For the range 3000 to
6100 A tables and charts are now available which
given the spectrum at 1 A intervals. The charts
are shown in figures 3 and 4. " They are based on
the measurements made with Perkin-Elmer monochrom-
etor on board CV 990. The P.-E. data were normal-
ized so that in each 50 A range the integrai under
the curve is equal to the values of table 1. The
dashed line shows the standard curve.

3. SOLAR IRRADIANCE AT GROUND LEVEL

Another set of curves more directly appli-
cable to solar energy conversion is given in fig-
ure 5. They give the solar spectral irradiance at
ground level for air mass 0, 1, 4 and 7. Air mass
is defined as the ratio of path length in the at-
mosphere for a given zenith angle of the Sun to

‘the path length when the Sun is at the zenith. To

a first degree of approximation the air mass is
equal to the secant of the zenith angle. These
curves are based on the computations made by D.
Hoyt of NOAA, Boulder. The solar zenith angles

- corresponding to air mass 1, 4 and 7 are respec-

tively 0°, 75° and 82°.

When the collecting system for solar energy
is totally non-selective as to wavelength, that
is, when it is a perfectly black absorber, the
spectral distribution of the solar energy is not
of any significance. The total incident energy
alone need be considered. But all surfaces are
wavelength selective to some extent. This is
particularly so for conversion systems which use
solar cells, parabolic energy concentrators,
selective transmittance coatings and the like.
In these cases the energy absorbed is an integral
of the form
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Figure 3. Solar irradiance, 3000 to 4000 A4, based
on detailed spectrum at 1 A intervals.

where E) is the solar spectral irradiance and 199
is a spectral transfer function characteristic of
the system. But even for perfectly black absorb-
ers, knowledge of the spectral distribution is
important if direct measurements of the incident
energy are not feasible. Since the atmosphere is
highly wavelength selective in its absorbance and
scattering, the total energy has to be determined
by integrating the area under curves of the type
shown in figure 5.

These curves are valid for one particular set
of atmospheric parameters. The equations for gen-
erating these curves will be discussed briefly so
that curves for other atmospheric conditions can
be computed. These computations can be made eas—
ily with a small electronic pocket calculator.
Since the general shape of the curve and the inte-
gral under the curve are known for several typical
cases, for other cases with a different set of
parameters, computations at a few selected wave-
lengths will suffice.

Let E; and Ep be the irradiance at a given
wavelength for air mass o and m respectively.

-0 m
e

(1)

where o is the extinction optical thickness. o

is the sum of four parameters, a1 due to Rayleigh
scattering, a, due to ozone, a3 due to turbidity
(aerosol) and a fourth parameter, which may be

Oy, @5, Or Og. @) and a, have been computed by
Elterman for 22 wavelengths for 0.27 Hm = X < 4.0
ym (1968). Elterman refers to these parameters
as Rayleigh optical thickness (h - «), symbol T}
and ozone optical thickness (h - =), symbol T}.
The values for altitude h = 0 km are taken. The
total amount of ozone in the atmosphere is assumed
to be 0.34 cm as was done by Elterman. For wave-
lengths not listed in Elterman's tables a linear
interpolation is sufficiently accurate. a3 is the
optical thickness due to turbidity, and is given by
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Figure 4. Solar irradiance, 3600 to 6100 A, based
on detailed spectrum at 1 A intervals.
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where B is the Angstrom turbidity coefficient and
o is an exponent for the wavelength., The values
selected for the curves in figure 5 are o = 1.3
and B = 0.02, which are typical of relatively
clean air of rural background. Curves have been
generated for other sets of values of o and B
more representative of urban areas but they are
not reproduced here.

The fourth parameter represents the absorp-
ticn due to water vapor, CO, and other molecules.
Here no single expression applies to all the ab-
sorption bands. The experimental results of Gates
and Harrop (1963) seem to be the most appropriate
for handling the complex problem of molecular ab-
sorption. The molecular 'bsorption is treated as
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belonging to one of three models with appropriate
c coefficients, c; for strong random band model,
c2 for weak random band model and cs for strong
regular band model. The fourth parameter of the
exponent depends on the model applicable for a
given absorption line and is given by

Qy = -ClJ; »

Qg = =C2 W , Or

3

g = In(l - csm?)

where m 1s the air mass and w is the amount of
precipitable water vapor in millimeters. The
value of w for these computations was chosen as
20 mm which is an annual average for mid lati-
tudes.

These data on solar irradiance at ground
level refer to the light received directly from
the Sun on a surface exposed normally to the
Sun's rays. They do not include diffuse radia-
tion from the sky.

Spectral irradiance data (wavelength and
spectral irradiance) discussed in these tables
and graphs have been put on punched cards. User
organizations which have need of such data for
computer aided applications can obtain them from
The National Space Science Data Center, Code 601,
NASA, Goddard Space Flight Center, Greenbelt, Md.,
20771. For zero air mass spectral irradiance the
data are given at wavelengths listed in table 1.
The more detailed table lists the values at 1 A
intervals for the limited range 3000 to 6100 A.
The tables of solar spectral irradiance at ground
level are available at the same wavelengths as in
table 1 and at all the flexion points of the
curve. The wavelength range is 0.290 to 4.045 mm.
The U.S. model atmosphere with 0.34 cm of ozone
and 20 mm of precipitable water is assumed for all
the tables.

Four sets of values of o and R (turbidity co-
efficients) and four values of air mass 1, 4, 7
and 10 have been chosen. Brief explanatory mate-
rial is issued along with the punched card decks.

4. UNCERTAINTY AND POSSIBLE VARIABILITY

The solar spectral data, especially the zero
air mass solar spectral irradiance, have received

a wide circulation and are extensively being used -

in many areas of physics, meteorology, climate,
solar energy applications, and related fields.
However, it should be emphasized that these param-—
eters are not known with an accuracy at all near
what is desirable or attainabple. At the turn of
this century major evalatious of the solar con-
stant were (in units of cal min~lcm?) Pouillet's
1.76, Langley's 3.062 and Angstrom's 4.0. Hann's
standard work on meteorology published in 1901
quotes these and other values without preference.
The margin of uncertainty has narrowed consider-
ably since then, but the solar constant is not
known with an accuracy comparable to that of most
physical constants. The currently accepted value
is 1353 W/m™2(1.940 cal min~'em™?) and it is based
on nine rather widely scattered values varying be-
tween 1338 and 1368 W/m™2,

The uncertainty in spectral irradiance is
even greater. The spectral curve of NASA and ASTM
differs significamtly from those of Johnson, Labs
and Neckel, Makareva and Kharitonov and others
which have been published in recent years. The
NASA, ASTM curve fs based on two sources, the GSFC
CV 990 curve and the integral energy in 20 filter
channels obtained by Eppley-JPL. The two sets of
data showed differences of the order of 5 percent
or more in some of the channels and there were
similar differences between the spectral curves
obtained from the different instruments used by
GSFC.

There. is also a major question about possible
variations in the solar constant and solar spec-
trum. We are not concerned here with the seasonal
change between 1339 W/m™2 and 1309 W/m™? due to
varying Sun-Earth distance. There are many fea-
tures about the Sem which are known to change cyc-
lically and sporadically. There are also many
changes in the Earth-atmosphere system which have
a correlation with the solar changes. The density
of the ozone layer changes from day to night.
Geomagnetic disturbances have a periodicity of 27
days superposed om the 11 year period of sunspct
cycles. Other phemomena which probably are re-
lated to solar flux variations are annual fre-
quency of Etesian winds in Athens, wintriness in-
dex of northern hemisphere sea-level pressure
pattern, annual march of temperature in different
cities of Europe, changes in meridional sea level
pressure, water lewel in rivers and lakes, occur-
rence of drought 4= the U.S. (with a 22 year peri-
odicity) annual growth rings of trees, advance and
retreat of glaciers, etc.

Several attempts have been made to determine
the variations in selar constant with the 1ll-year
solar cycle. The most extensive data are those of
the Smithsonian Imstitution. More recent data
have been published by Kondratyev, Bossolaseo et
al., by Johnson and Iriarte. But the difficulties
due to atmospheric absorption and the changes in
radiation scales prevent an exact evaluation of
the magnitude of the change.

If there are changes in the solar constant,
there is no reasom to suppose that these changes
affect uniformly all regions of the solar spec-
trum. Changes in the UV below 0.3 mm and in the
microwave range 2 cm to 10 m have been well estab-
lished. But changes, if any, in the near UV, vis-
ible and near IR which contains over 99 percent of
the solar energy, are totally unknown and unex-
plored.

5. CURRENT PROGRAMS FOR SOLAR
MEASUREMENTS

In conclusion we shall describe briefly a pro-
ject now being developed for a more precise deter-
mination of the solar constant and solar spectrum.
The objective is to monitor the solar constant
with an accuracy of better than one percent and
the solar spectral irradiance with an accuracy
better than five percent. The variations of these
parameters will be determined with a precision
considerably greater than the absolute accuracy.
The instrument package will be mounted in a U-2
aircraft which has a cruising altitude of 20 km.
Observing time per flight will be about six hours.
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The instrument package will consist of a medium
resolution prism monochromator for the spectrum
and a thermopile detector for the total energy.

It will be mounted in the Q-bay of the aircraft
where a pressure of 350 millibars and a tempera-
ture range of 5°C to 25°C will be maintained. The
residual atmosphere above the aircraft at 20 km is
about 5 percent of what it is at sea level and the
water vapor above the aircraft is 0.05 percent of
the average amount of precipitable water in the
atmosphere. About 50 percent or more of the ozone
is above the aircraft so that the lower limit of
the observable spectrum is about 0.27 mm. The
upper limit is 2.6 mm with quartz optics and 4.0
mm with sapphire optics. Since there is a certain
amount of residual atmosphere above the aircraft,
extrapolation to zero air mass will be made by
measuring the solar enmergy at zenith angles vary-
ing between 15° and 60°. The instrument will be
sufficiently lightweight and compact so that it
can be flown on all routine missions of the U-2
aircraft.

The U-2 measurements will permit the develop-
ment of a more reliable and rugged instrument for
‘deployment on the space shuttle which will be op-
erational in the 80's. A floating laboratory
above the ozonosphere and all other atmospheric
absorbents, with manned instruments and onboard
calibration, with few constraints as to weight,
size and power, with long observation periods,
total and spectral irradiance of the Sun can be
determined with sufficient accuracy and resolu-
tion. This will provide an answer to many ques-
tions about the Sun's energy output which have
often been raised but never adequately answered.
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DISCUSSION
Matthew P. Thekaekara

Q. What is the variation of the solar constant, or the amount of solar
energy at the outside of 'the atmosphere? Is it possible to assign an
upper limit to this variability?

A. A conservative estimate is 1 or 2 percent but Bosﬁolasco and his co-
workers quote a 15 percent variability and Kondrat'yev showed a 3 or 4
percent variability. For sporadic events as when a large sunsopt crosses
the solar disk as was observed by Abbott, the variability may reach 4 or
5 percent. However, the degree of variability of the solar constant is
not well known since there have been so few measurements of the value by
the same technique.

Q. What is your best estimate of the likely variation?

A. About 2 percent but in certain spectral regions such as the 0.2 to
0.3 micrometer region the variability could lie in the 5 to 10 percent
range.

Q. Where do we get the IBM data cards?

A. This information is contained in NASA monograph SP-8005. The address
to write to is: NASA Goddard Space Science Data Center, Code 601, Green-
belt, Md., 20770.




