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1. INTRODUCTION:

The documentation for this data set was originally on paper, kept in NSSDC's

Data Set Catalogs (DSCs). The paper documentation in the Data Set Catalogs have been
made into digital images, and then collected into a single PDF file for each Data Set
Catalog. The inventory information in these DSCs is current as of July 1, 2004. This
inventory information is now no longer maintained in the DSCs, but is now managed in
the inventory part of the NSSDC information system. The information existing in the
DSCs is now not needed for locating the data files, but we did not remove that inventory
information.

The offline tape datasets have now been migrated from the original magnetic tape to
Archival Information Packages (AIP’s).

A prior restoration may have been done on data sets, if a requestor of this data set has
questions; they should send an inquiry to the request office to see if additional
information exists.



2. ERRATA/CHANGE LOG:

NOTE: Changes are made in a text box, and will show up that way when displayed on
screen with a PDF reader.

When printing, special settings may be required to make the text box appear on the
printed output.

Version Date Person Page Description of Change

01

02



3 LINKS TO RELEVANT INFORMATION IN THE ONLINE NSSDC
INFORMATION SYSTEM:

http://nssdc.gsfc.nasa.gov/nmc/

[NOTE: This link will take you to the main page of the NSSDC Master Catalog. There
you will be able to perform searches to find additional information]

4. CATALOG MATERIALS:
a. Associated Documents To find associated documents you will need to

know the document ID number and then click here.
http://nssdcftp.gsfc.nasa.gov/miscellaneous/documents/

b. Core Catalog Materials


http://nssdc.gsfc.nasa.gov/nmc/
http://nssdcftp.gsfc.nasa.gov/miscellaneous/documents/

REQ. AGENT RAND # ACQ. AGENT

DLB RC3968 RHH
DAD

EXTRATERRESTRIAL SOLAR SPECTRAL IRRADIANCE
AT GROUND LEVEL

MS-21A

This data set is contained on 1 file on a 9-track, 1600 BPI, ASCII
magnetic tape created on the MODCOMP IV computer from 18 decks of card
image spectral irradiance values. The file consists of solar spectral
irradiance at ground level covering the wavelength range 290 - 4045
nanometers. This data was originally created at 556 BPI, 7-track, BCD
on the IBM 7094 computer but was converted to 9-track ASCIT because of
the phasing out of 7-track tape drives. The document number is B-23501-

000A. The D and C numbers follow below:

Lid c#

D-18982 C-15783
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y ALTERNATE METHODS IN SOLARIMETRY: REMOTE SENSING
o AND COMPUTER MODELS

by
. ) Matthew P, Thckackara,
NASA/Goddard Space Flight Center, Greenbelt, MD, 20771

ABSTRACT

The Sun as a source of energy is receiving increased attention
throughout the world, An important element in the design and
location of solar energy conversion systems is knowing the
amount of cnergy available, Direct measurement at all loca-
tions is expensive and not always feasible, Hence two alternate
methods are presented in this paper, One is to make use of
the telemetered data from satellites of Earth reflected solar
irradiance and derive therefrom the insolation on the ground,
The other is to develop by computer techniques the spectral
irradiance of the direct solar beam from known values of the
. extraterrestrial solar spectral irradiance and of atmospheric
%%% absorption parameters and to obtain total direct solar irradi-
ance by integration, The relevant mathematical theory is
explained and some of the significant results are presented,

INTRODUCTION

The energy crisis and energy from the Sun is a topic which has received con-
siderable attention in recent years, Two crises face mankind today, that of
energy shortage and that of environmental pollution, The two are interconnected,
The industrial age has been using in prodigal fashion the available sources of
energy stored in the bowels of the Earth as fossil fuels, oil, gas and coal, and
the supply is rapidly dwindling, The total amount of energy produced per year
by all man-made systems in the world is slightly over 2 x 1020 joules, Of this
all but 4 percent is from fossil fuels (which after all are stored solar energy).
Increasing cost of such fuels and the need of importing fuels from other countries
are having serious repercussions on the economy of many nations. Meanwhile
this same industrial age is choking man with the wastes of energy usage, Air
and water are polluted and the landscape is blighted,
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Solar energy is the only form of non-polluting energy. Photons can be converted
into energy uscful to man without the Carnot's cycle and polluting effluents, But
this is an area where rescarch and development effort has been at a very low
level, The fictional Russian philosopher, Kuzma Prutkov, decided that the Moon
is more uscful than the Sun, since it shines during the night when light 18 needed;
while the Sun is of little use during daytime when there is light anyway, In like
manner we too have decided to ignore the great outpouring of energy from the
Sun,

The Earth-atmospherce system receives solar energy at the prodigious rate of
over 5,4 x 10% joules per year, thatis, 27,000 times the energy produced by

all man-made systems in the world., The supply is abundant, cost-free and in-
exhaustive, But it is thinly distributed over a wide arca and is highly variable,
As the energy crisis beccomes worse and conventional fuels become more ex-
pensive, increased attention is being paid to systems for solar energy conversion,
These systems are expensive to build and maintain; they have to be made cost
effective, If the systems are not built for the available supply of solar energy,
they will either be unable to deliver the required energy or cost unnecessary
capital outlay, It will be necessary to conduct a careful evaluation of optimum
sites for a large scale solar power plant, The ideal area to be selected should
be most cloud-free, with longest hours of sunshine all year round, -

Another major area of effort is small scale solar power generation for desalination,
refrigeration, food processing, ice-making and other types of solar energy utiliza-
tion which are of significance for a country like Brazil, Since solar energy is
widely distributed, distribution of energy conversion systems to where energy

will be used presents many advantages., Hence aside from selecting optimum

sites for large installations, data should be available on solar irradiance for
sub-regional to microclimate scales, The first and obvious method of determin-
ing the amount of available solar encrgy is to make direct measurements, A
network of solarimetry stations is nceded. This is one of the major questions

to which this Solarimetry Workshop will address itself, Solarimetry stations
require expensive instrumentation and manpower, and the coverage can never be
complete, In a country of the size of Brazil (over 8. 5 million sq. km) with a

total of 50 stations, the average distance between stations will be over 400 km,
Besides, there are vast areas which are relatively inaccessible, Hence we would
inquire into alternate methods, We would like to explore two such methods in this
paper: (1) using satellite data to derive ground insolation (remote sensing), and

(2) using known values of extraterrestrial solar irradiance and of atmospheric
parameters to compute solar irradiance at ground level (computer models),
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REMOTE SENSING TECIHNIQUES

A vast amount of data on radiation reflected from the Farth and the atmosphere
Is already available and will continue to be available from satellites, From
these data information on solar irradiance at ground level can be extracted,
Remote sensing provides an excellent means of obtaining the necded information
about solar energy received on the ground, Remote scnsing is superior to a
finite number of ground stations in that it gives a continuous coverage over large
arcas with sufficient spatial resolution, Problems of manpower, differences in
calibration factors of different stations, degradation of detectors, inaccessibility
of certain locations, cte., can be eliminated by remote scnsing techniques, The
satellite data are being gathered and processed mainly for other objectives such
as Earth resources survey, global radiation budget, cte, They can be used for
a major problem of topical interest, namely, solar irradiance on the ground,
Furthermore, satellite data can be used to monitor the vast sea surface which
is very difficult, if not impossible, for in-situ measurements, but is important
for sea thermal power generation and similar applications, The greater the in-
solation on the surface of the sca, the greater is the temperature gradient for a
given depth and the efficiency of a sea thermal power generation plant,

A method developed by T, ¥, Von der Haar will first be briefly discussed here,
There are three key factors which justify the derivation of ground insolation from
satellite data, TFirst, total insolation due to the Sun and sky at a given location .
is primarily dependent on cloud cover, Secondly, insolation data as derived from
a single instrument (carried by a satellite) have advantages over those of many
instruments from a network of ground stations, Thirdly, insolation is the (solar
input) minus (energy scattered or reflected upwards + energy absorbed in the
atmosphere),

THE ENERGY EQUATION

A schematic representation of the terms in the energy equation is shown in
Figure 1, Qo is the energy incident on the top of the atmosphere, the solar in-
put, A part of this energy Q, is absorbed in the atmosphere by ozone, water
vapor, particulate matter, etc., and another part is scattered upwards. The
part scattered upwards has three components, Qp due to Rayleigh scattering,

Q, due to haze (also referred to as pollution, turbidity, particulate matter) and
Q. due to clouds, The balance of input energy and absorbed and scattered energy
is Qs’ the insolation which reaches the ground, RQS (where R is the reflectance
of the ground) is reflected upwards and the rest is absorbed by the ground, Q,

is the Earth albedo, the sum of the energy terms reflected and scattered upwards,
This quantity Q, is what is measured by the satellite,
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Figure 1. Schematic Representation of the Terms in the Energy Budget Equation

For the purposes of deriving insolation, Qq)» from albedo, Qa, and cloud cover,
we introduce two more terms, A the fractional area free of clouds and Qa,min
the minimum value of albedo for a given location. The minimum value occurs
when the atmosphere is free of haze or clouds, that is, when the two terms QH
and Q. tend to zero, Regrouping the terms (Ref, 1) it can be shown that

QS=QO-(Q3-ASQa,min+QA+ASQR)' ) 09

ty

Allthe terms onthe right-hand side of equation (1) are known or can be determined,
Qg is the solar constant with due correction for the varying distance between the




Sun and the Earth, Q, and Q o min aTO the albedo measured by the satellite, The
{ractional area A free of clouds can be determined by electronic optlcal planimetry
of satellite data, Q,, the cnergy absorbed in the atmosphere, varies with location
and seasons of the year, but is a smoothly varying function, It can be determined
both from ground observations and from satellite data, Representative values are
between 12 and 20 percent of Q() for continental United States and between 15 and

28 percent of Q for Brazil, The final term, Qp» that due to Rayleigh scattering

is one which can be computed with a high degree of accuracy,

There are several approximations involved in deriving equation (1) and some of
the terms cannot be determined with sufficient accuracy, Hence it will be neces~
sary to check the insolation results derived from satellites against ground
observations,

THE NASA PROGRAM

A program has recently been initiated by NASA to develop this method of obtaining
ground insolation from satellite telemetry. Three parallel approaches are being
planned under this program,

The first, with T, H. Von der Haar of Colorado State University as Principal
Investigator, is to study the microclimate at the surface of the Earth over the con-
tinental United States, with special attention given to selected areas. Both the
mean conditions and the space-time variations of total and direct solar beam
energy will be derived using satellite observations with the aid of surface radia-
tion network, Existing satellite data of the period 1969-1974 will first be used to
derive the basic solar energy microclimate data set, This will be a space~time
matrix of statistics describing the energy reaching the ground, archived on mag-
netic tape and punched cards. Next the satellite data of 1975-76 will be analyzed
to check the earlier data set and more intensive study will be made of regions
suggested by engineering priorities. The most up-to-date theoretical methods

to study the transfer of solar energy through a cloudy atmosphere are at the dis-
posal of the research project and will be used in the analysis of the observational
results as needed. This approach is both empirical and theoretical, and aims

at a high degree of accuracy over well-defined geographical regions (Ref, 2),

The second approach, with H, W, Hiser of the University of Miami as Principal
Investigator, is mainly empirical, The area of study will be the continental United
States and 40 km of coastal waters, The objective is to select optimum locations
for large scale power generation, The data from satellites of the SMS (NASA)

and GOES (NOAA) series will be analyzed, The number of daytime cloud free
hours as shown by satellite data will be determined. Cloud opacity, time of day

of minimum cloud cover and seasonal distribution will also be determined, The
data will be compared to those from nearest existing weather stations, Equations



will be developed relating hours of sunshine in a given geographic location and
season to solar energy reccived at iho surface of the Earth (Refs, 3 and 4).

Tl wiese approaches require dat: from existing weather static 4, Insoladon
dats are available from over fifty i~cations as shown in Figure ©. The numbers
1 boxes are the mean of daily insoiation due to Sun and sky reco v od on a hori-
zoui suriace averaged over a five-year period, The units are cailories per
S4. ¢, Moathly averages and daily totals are also available for the same
stauons, Another highly valuable picce of information is the number of cloud~
{ree hours. Such data are available from the sunshine switch recorders of over
160 statons,

received per day on a horizontal surface in calories per sq. cm.

'

! s . . .

| Mean values of insolation (irradiance due to the sun and sky)
!

é ,‘b‘ . Figures in boxes are based on records of five years, 1967-1971. (ﬁ‘
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Figure 2, Daily Insolation in the U. S, at 79 Stations Based on Monthly Mean
Value Records of the National Weather Service.345 Monthly Means,
7. 3% of Total, Were Missing from the Records and Were Supplied
from Record of Same Place, Same Month, Adjacent Year
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The third approach under the direction of M, P. Thekackara of GSFC {8 to make
%ﬁ%’% Jetailed measurements at a selected ground station with the specific objective of
- chevhing out the insolation data derived from satellite telemetry, Such a station
has been sct up at Goddard Space Flight Center, Greenbelt, Md, The instrumen=-
tation consists of an Eppley normal incidence pyrheliometer (NIP) mounted on a
sun-tracker for direct solar irradiance, an Eppley pyranometer for irradiance
N of the Sun and sky and six thermopiles mounted on sloping surfaces for sky ir-
radiance from six different directions, Sample data for two days, February 7
and 8, are shown in Figures 3 through 6, Flgures 3 and 4 glve the records of the
NIP and the pyranometer for the two days, The pyranometer readings are lower
than those of the NIP since it measures the irradiance on a horizontal surface
and the zenith angle of the Sun at local noon on these days was nearly 54°, The
charts are drawn {rom irradiance averaged over ten minute periods, Figures
5 and 6 show the irradiance on the same days on flat surfaces inclined at 45° to
the horizontal and facing six points of the compass, N, W, SW, S, SE and E,
The irradiance data of the eight detectors are stored on tape, one tape per month,
and can be recalled as needed for a variety of graphical and tabular presentations,
For solarimetry from remote sensing, these ground based records are of im-
portance, since the insolation depcnds on a large number of variables, latitude,
season of the year, time of day, cloud cover, azimuth and zenith angle of the
receiving surface, atmospheric absorption parameters, ete, For cloud cover,
not only the duration of cloudiness, but also the relative opacity of the clouds
and the time of the day when they occur are of significance, The detailed records
from each of the sensors stored on the computer tapes for every day of the year
will be extremely valuable for a study of these parameters,

S

%

Measurements of reflected solar radiation (Earth albedo) have been made from
several satellites, starting with Explorer 7 in 1959, These measurements were
continued on spacecraft of the TIROS and NIMBUS series and other spacecraft,
A NIMBUS 4 picture of the mouths of the Amazon is shown to the left of Figure 7,
nd a geographical map of the same area to the right, Continuous coverage and
high spatial resolution over the western hemisphere are obtained from the tele-
metered data of the Synchronous Meteorological Satellites (SMS) 1 and 2 which
are stationed at present over the equator at longitudes 75°W and 135°W respectively,
The Geostationary Operational Environmental Satellites (GOES) A and B due to be
launched by NOAA will also cover the same area with identical instruments. The
instrument which scans the Earth is the VISSR, Visible Infrared Spin Scan Radi-
ometer, The visible channels of the VISSR have a selective response in the wave=
length range 0.52 um to 0,85um, There are eight visible channels which scan
the Earth in 14,568 scan lines during a period of 18,2 min. The satellite relays
complete pictures of its field of view every half hour, The field of view of SMS 1
extends in longitude from 0°W to 140°W and in latitude 70°N and 70°S. Brazil is
close to the nadir point of SMS 1 and is also in the field of view of SMS 2. The
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THE MOUTHS OF THE AMAZON

Figure 7. The Mouths of the Amazon Viewed from Nimbus 2 on May 29, 1970

spatiil resolution is about 0, 8 km near the nadir. The first full Earth disc photo
released by NASA/Goddard Space Flight Center from SMS1 telemetry is shown in
Figure 8, This picture was taken on May 28, 1974, Most of Brazil is under cloud
cover but the coastline of South and Central America is clearly visible., The
original digital tapes from which this and similar halftone pictures are made
permit extraction of cloud cover data with considerably higher spatial resolution
and finer gradations of cloud transparency,

This research on solarimetry by remote sensing has just started and will continue
for a two-year period. It is expected that as a result of this research a relatively

Computer models provide an alternate means of solarimetry, The computation is
based primarily on known values of the solar constant and the extraterrestrial solar
Spectrum. The solar constant is the energy received per unit area exposed nor-
mally to the Sun's rays at the average Sun-Earth distance in the absence of the
Earth's atmosphere., The distribution of thig energy as a function of wavelength

10
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Figure 8, First Full Earth Disc Picture from SMS 1 VISSR Camera
Telescope Released by GSFC. Picture Taken on May 28, 1974

is the extraterrestrial solar spectrum, These parameters may seem at first
to be of little importance for solar energy conversion systems, Most of these
systems are on the ground below the atmosphere and the energy which reaches
the ground is quite different from what is available outside the atmosphere,
However a closer examination of the problem shows that the extraterrestrial
values are of great practical significance,

11




The solar constant and the extraterrestrial solar spectrum are of importance
promarily for spaceborne solar energy conversion systems, There are such
sv..oms on all satellites, Large energy conversion systems have beon cenvisioned
Ly 2. Glascr and have elicited considerable interest from the nows media and the
public,  Since solar cells are.spectrally sensitive, the Important parameter ig
not the solar constant itself but the distribution of solar cnergy in the visible

414 near infrared portions of the spectrum, The extraterrestrial values are
auso of significance, though indirectly, for ground based systems. In many
¢ascs solar energy parameters of sufficient accuracy can be obtained by com~
udng the fractional loss due to the absorbing and scattering properties of the
atniosphere, The extraterrestrial solar spectrum is the important input param-
eier for such computer programs,

K1

THE SCLAR CONSTAN;I‘ AND SOLAR SPECTRUM

The NASA/ASTM standard value (Refs, 5, 6 and 7) of the solar constant {s 1353 W m-?
0: 1,940 cal em? min?, The estimated error in this value is +1, 5 percent, ‘fhe
vilue is based on nine long series of measurements, all made from high altitude
piaticims, Cenvair 990, balloons, X-15 aircraft, and Mariner-Mars probe, dur-
ing the period 1967 to 1970, Different types of instruments were used, cavity
radicmeters, normal incideuce pyrheliometers, .&ngstrbm pyrheliometers, etc, ,
and e calibration of the instruments was referred to three scales of radiometry,
. die ahsolute electrical units scale, the international pyrheliometric scale, IPS 56 R
%‘% and the thermodynamic Kelvin temperature scale,
“he extraterrestrial solar spectrum in the wavelength range 0,2 to 2.6 um is
shiown in Figure 9. The spectral irradiance values are given in tabular form in
Table I, These data are based on detailed measurements made from a Convair
990 jet aircraft at an altitude of 11.6 km, In the wavelength range 0, 3 to0 2.6 um
which contains over 95 percent of the solar energy, four spectroradiometric
nstruments were used: a Perkin Elmer Monochromator with lithium fluoride
prism (1 P28 photomultiplier tube and thermocouple detectors), a quartz double
prism monochromator (EMI 9558 QA and lead sulfide detectors), a filter radiom-
eter and a polarization type interferometer, The range of the Perkin Elmer
Moaochromator extended to 4um, A Michelson type infrared interferometer was
used for the wavelength range 2.6 to 15 um, The spectral irradiance curve ob-
tained by these measurements was modified slightly in the visible and near IR in
the light of the extensive filter radiometer data obtained by the Eppley-JPL team
under the direction of A, J, Drummond (Ref. 8), Data from other sources were
used for the two extreme ends of the solar spectrum, below 0, 3 um and beyond
15 um. The spectral irradiance values given in Table 1 are averages over 10 nm
bandwidths for the range 0.3 to 0. 75 um, Wider bandwidths for averaging were
used for longer wavelengths, The estimated accuracy of these values is 45
percent,
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Figure 9, Extraterrestrial Solar Spectral Irradiance at Sim~-Earth Distance
of One Astronomical Unit, NASA/ASTM Standard Curve, Solar
Constant = 1353 W m 2 ‘

fff The solar constant and the extraterrestrial solar spectrum are defined for the

%gg’ average Sun-Earth distance of one astronomical unit, equal to 1,496 X 1013 em,
According to the well known Kepler's law, the Earth like all other planets of the
solar system moves alonyg an elliptical orbit with the Sun at one of the foci of the
ellipse. Hence the Sun-Earth distance varies according to the seasons of the
year, being a minimum around January 3 and a maximum around July 4, These
seasonal variations are known with considerably higher precision than the ab-
solute value of the solar constant,

SOLAR ENERGY AT GROUND LEVEL

The problem of extraterrestrial solar irradiance is quite relevant to the problem
of more immediate interest, the irradiance, total and spectral, at ground level,
The variability of energy incident on a collector surface on the ground is con-
siderably greater than that of the extraterrestrial solar energy. On days of

clear sunshine the energy increases from zero at sunrise to a maximum at solar
noon and decreases to zero at sunset, At any moment clouds may intercept the
Sun and decrease the energy to a low value, that due to the diffuse sky radiation,
Figures 10 and 11 based on measurements made on two consecutive days illustrate
the wide variations which can be expected, These measurements were made as
part of the GSFC international comparison of working standard pyranometers
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Table 1 , .
SOLAR SPECTRAL IRRADIANCE =~ STANDARD CURVE

A = Wavelength in micrometers
X - Solar spectral irradiance averaged over small bandwidth centered at A inWm -2 wm -1
To A " Integrated solar itradiance i the wavelemtih range o to AW -2

Do ~X
Solar constant - 1383 Wm'™

= Perovntage of solac x\\mmn{ assocuted with wavelengths shorter than A

Noter  lines indicate change in wavelength interval of integration
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Figure 10. Global Irradiance Due to the Sun and Sky on a Horizontal Surface,
Measured at GSFC on May 13, 1971, Total Energy Received
During the Day, 175 cal ecm™ (732 joules cm™?)

(Refl 9). The instrument was an Eppley pyranometer, model 2, mounted on a
roof top, The readings were taken every 4 seconds. The x-axis shows hours

In Eastern daylight saving time and the y-axis shows total irradiance, May 13th
(Figure 10) was heavily overcast during most of the morning. A short interval
of sunshine in the afternoon was followed by a heavy cloudburst at 18:00, The
next day was one of relatively clear sunshine with a few passing clouds, The
high value, near 1200 W m™, alter 14:00 on May 13, is 30 percent higher than
might be expected on a clear day for the given solar elevation; this is obviously
due to reflection from the clouds. Such abnormally high values are of short
duration,

There is also the familiar variation of solar energy with the seasons of the year,
If the rotation axis of the earth were normal to the ecliptic plane (the plane in
which the Earth rotates around the Sun), sunrise and sunset would occur at the
same time daily at all latitudes, and the inclination of the local vertical to the
Sun-Earth line at local noon time would be equal to the latitude of the place. The
rotation axis is tilted by an angle of 23, 5° from the normal to the ecliptic, Hence
arise the seasonal variations of solar irradiance, Further, collecting surfaces
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where m is the air mass and z is the zenith angle, Equation (1) {8 not strictly
true for large values of z, where account has to be taken of the curvature of the
solar ray due to refraction in increasingly denser atmospheric layers, Varlous
approximation formulae are available in literature for computing air mass for
large values of z (Refs, 10 and 11),

The zenith angle can be directly measured with a sextant or by measuring the
length of the shadow cast by a vertical pole on a horizontal surface. It can also
be computed from the equation

cosz =sin 0 sin & + cos 0 cos & cos h, (3)

where 0 is the latitude of the place, § is the solar declination for the day and h

is the hour angle of the Sun, Where h = 0, that is, at local noon, Equation (3)
reduces to z =60 - § , an expression which leads to a simple explanation of declina=-
tion, (By local noon is meant the time the Sun crosses the meridian; it is not

12 noon standard time or daylight saving time, ) On two days in the year, the
vernal and autumnal equinoxes, Z at noon time is equal to the latitude of the

place. On other days in places south of the equator noon time Z is greater for
March through Scptember and less for September through March; the difference

is the declination, It is the angle between two planes passing through an observer,
one in which the Sun apparently moves and the other parallel to the equator, posi-
tive if the solar plane is to the north and negative if it is to the south., Values of
declination for each day of the year are available in the American Ephemeris and
Nautical Almanac and also in other more readily available almanacs and year
books,

The hour angle is an angle measured in the plane in which the Sun apparently
moves; it is the angle between two lines from the observer, to the position of the
Sun at local noon, and to the actual position of the Sun. Since the Sun's apparent
rotation is 15° per hour, the hour angle in degrees ish = 15(t - t .)» Where t is the
time of observation and t, is the time of local noon, It is convenient to express t
and t_ in Greenwich Mean Time (GMT). The value of t at Greenwich for each
day o; the year is given in the American Ephemeris and Nautical Almanae, For
any other location local noon (or ephemeris transit) is 4 minutes of time later for
each degree of longitude west (one hour for 15 degrees of longitude).

Values of solar declination and ephemeris transit for 1975 are given in Figure 12,
The variation from year to year is quite negligible for the present purpose,

ATMOSPHERIC ATTENUATION OF SOLAR ENERGY

Through most of the solar spectrum the absorption of a monochromatic beam- of
light is governed by the logarithmic decrement law known also as Beer's Law or
Bouguer's Law,
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§
= g0 . %M
E, =E]e , 4)
where Eg and E, are irradiance at a given wavelength x outside the atmosphere
and after transmittance through air mass m respectively. C, is an attenuation g

factor, often referred to as the extinction optical thickness, The coefficient CA
is the sum of three terms, C, due to Rayleigh scattering, C, due to ozone and

C; due to aerosols or atmospheric turbidity. In the infrared (A> 0.69 um) there
is also selective absorption by the polyatomic gaseous constituents of the atmo=-
sphere, mainly, water vapor and carbon dioxide, and continuum attenuation due
W scattering and absorption by particulate matter and water droplets, The
selective absorption is characterized by many thousands of lines of the vibraticn-
rotation spectrum of the molecules, as will be shown by a high dispersion (A\/AA >10%)
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speetrograph, The total effect over finite bandwidths is not simple enough to be

% expressed by Equation (4).‘ Nor is it correct to assume that the total energy at
. eround level can be expressed by an integral over all wavelengths of the right

hand side of Equation (4).

There is a considerable amount of lterawre on atmospheric aticnuation, Bome

. of the attempts to solve the problem require claborate mathematical tools and a
great deal of computer time, A simpler approach is prescnted here, Solar ir-
radiance spectra at ground level are computed on the basis of the standard
NASA/ASTM curve, assuming atmospheric attenuation parameceters which are
consideraed to be highly reliable. The computer program was developed by
Douglas Hoyt of NOAA, Boulder, Colorado and adapted by Reginald Mitchell of
NASA/GSFC.

The Rayleigh attenuation coefficient C, and the ozone attcnuation cocfficient C, are
based on the data developed by L, Elterman (Ref. 12). They are valid for the

U. S. standard atmosphere. The total amount of ozone in a vertical path is as~
sumed to be 0, 3¢ cm (at NTP). Other values of ozone density can be introduced
if needed. In Elterman's notation these¢ constants C, and C, are respectively r; »
Rayleigh optical thickness (h ~<°) and 7'3 , ozone optical thickness (h ~<°), The
values for h= 0 (i, e., at sea level) were used for the present computation,
Elterman's tables list the values for 22 discrete wavelengths, For other wave-
lengths of the standard table a linear interpolation for C; and C, was found to be
sufficiently accurate.

For atmospheric turbidity instead of using Elterman's coefficients, an equation
of the form developed by A, Angstrom is used,

C, == 5)

[+]
where § is the Angstrém § coefficient, a the wavelength exponent and A is wave-
length in um. This permits a greater flexibility in choosing a and 3 parameters
corresponding to different levels of atmospheric pollution,

In the infrared, as stated earlier, a fourth parameter to account for the molecular
absorption bands is required, Here no single expression applies to-all the absorp—
tion bands, The experimental results of Gates and Harrop (Refs. 13 and 14) seem
to be most appropriate for handling this complex problem, The expressions are
relatively simple; the accuracy is adequate; and the parameters are based on
actual measurements of solar irradiance. The experimental results were inter=
preted in the light of the random model theory (disordered distribution of many
lines within a band) developed by Goody (Ref, 15) for water vapor and the regular

B,
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model theory (regular distribution of absorption lines) developed by Elsasser
(Ref, 10) for carbon dioxide, Thus, in the infrarcd, Equation (4) has to be
modificd as

E,=E)e¢ * -T,, (6)

where TM is a transmittance factor which can have one of three values,

T

=TT, =T o Ty = (1 g V) )
¢, Cgand ¢, are respectively coefficients -¢;, -c, and ¢g of Reference 13; m is .
the air mass; and w is the amount of precipitable water vapor (the height in cm
of the liquid layer if all the water vapor in a vertical column of unit cross section
were condensed into liquid), For the present computation w was assumed to be

2 c¢m which is a global annual average for mid-latitudes, Other values can be
introduced if needed.

The expression T,, is for the strong random model, and holds true in the main
body of the absorption band. The ¢xpression T,, is for the weak random model
and holds true for the wings of the bands and for small optical depth, The third
expression T, holds truc where the effect of water vapor is negligible, but
where other molecular species in the atmosphere influence the transmission,

TOTAL AND SPECTRAL SOLAR IRRADIANCE AT GROUND LEVEL

Computations of solar spectral irradiance at ground level have been made for
different sets of parameters for ozone density, precipitable water vapor, turbid-
ity coefficients and air mass, The spectral irradiance outside the atmosphere,
E?, is assumed to be that given in the NASA/ASTM standard,

Some of the results are presented here in graphical and tabular form, Figures 13
and 14 give the spectral curves for air mass 1, 4, 7 and 10, These correspond
respectively to solar zenith angles 0°,75.5% 81,8° and 84.3°, The continuous curve on
top is the extraterrestrial spectrum same as Figure 9, Figure 13 is fora =1, 3
and § = 0, 02, and corresponds to a relatively clear atmosphere, A higher value
of 3 = 0, 04, thatis, a more turbid atmosphere, is assumed for the curves of
Figure 14. The integral values of irradiance are given in the inset,

Spectral irradiance at ground level in tabular form is given in Table 2 for the range
0.29 um to 0,93 um and in Table 3 for the range 0. 94 um to 4. 045 um. These values
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Figure 13, Solar Spectral Irradiance for Different Air Mass Values, Assuming
U. S. Standard Atmosphere, 20 mm of Precipitable Water Vapor,
3.4 mm of ozone, very clear air (a=1.3, 3 =0, 92)

correspond to a considerably higher level of atmospheric pollution, as is the case
in large cities and industrial centers, Column 2 gives the extraterrestrial values;
columns 3 to 6 give values at ground level forg = 0, 66 and g = 0. 085; and columas
7 to 9 give values at ground level fora = 0,66 and 3 = 0, 17,

it is Instructive to compare these computed spectral curves with one obtained by
direct measurements, During the course of the ground calibration of the VISSR
of SMS spacecraft a series of measurements of the total and spectral irradiance
of the Sun was made on Table Mountain, CA. One of the spectral curves generated
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Figure 14, Solar Spectral Irradiance for Different Air Mass Values, Assuming
U. S, Standard Atmosphere, 20 mm of Precipitable Water Vapor,
3.4 mm of ozone, relatively clear air (a=1.3, § = 0, 04)

during these measurcements is shown in Figure 15, The instrument was a Perkin
Elmer monochromator, the same which was used on the CV990 aircraft for de-
termination of the extraterrestrial solar spectral irradiance, The secant of the
solar zenith angle was 1,5, but since the altitude of the Table Mountain test site
is 2,19 km, this corresponds to an absolute air mass of 1, 15 (referred to zenith
Sun at sea level as air mass 1), Several of the absorption lines of Figures 13
and 14 are masked here because of the finite resolution of the monochromator,
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Table 2
Computed Values of Solar Spectral Irradiance (in Wm? ym!) on the Ground
for Different Air Masses, Two Values of Turbidity and 1,0 2,0 cm,
0, 0, 34 em (spectral range 0,290 0,93 um)
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for Different Air Masscs, Two Values of Turbldity and 11,0 2, 0 em,

Table 3
Computed Values of Solar Spectral Irradiance (in Wm? um'!') on the Ground

O, 0, 34 em (spectral range 0, 94 to 4, 045 um)
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Figure 15, Solar Spectral Irradiance Measured by a Perkin Elmer
Monochromator at Table Mountain Test Site on Feb, 27, 1972

While the solar spectral irradiance is of importance for photovoltaic conversion,
for most applications of solar energy the absorbers are nonseclective and hence
the significant parameter is the total solar irradiance, The total irradiance is
determined by {ntegrating the area under curves of the {ype shown in Figures 13
and 14. The integration is performed as part of the computer program for eval-
uating the spectral irradiance as defined by Equation (6). Table 4 gives data on
total irradiance at ground level for the four air mass values and the four sets of
turbidity parameters. The partition of energy between the UV, visible and IR
ranges of the spectrum is also shown, It is significant that as the air mass in-
creases or as the turbidity increases, the relative amount of cnergy in the infra=-
red increases and that in the visible and UV decrecases, The variation of {otal
irradiance as a function of air mass is shown in Figure 16 for the four sets of

a and 8. The y-axis is on the log scale, TFor monochromatic radiation where
Equation (4) holds the plot of log E, versus air mass m is a straight line and the
slope of the line gives the coelficient C,, But the linear relation does not at all
hold for total irradiance, contrary to what is stated in some Handbooks (Ref, 17)

The values of solar irradiance derived above are for unit arca exposed normally
to the Sun's rays. Energy incident on a horizontal surface is obtained by multi-
plying these values by cos z or the reciprocal of the air mass.
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Figure 16, Semilog Plots of Irradiance versus Air Mass, Curves Show
the Variation of Total Energy Received Directly from Sun by
Unit Area Exposed Normally to the Sun's Rays for Different
Values of Solar Zenith Angle and Atmospheric Turbidity
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Table 4
Computed Values of Solar Irradiance (Wm'2) on the Ground for Different

% Air Massecs and Turbidity, 11,0 2,0 cm, O, 0, 34 cm
RATIO OF TOTAL FHACTION OF THe fﬁfft EHERGY 1M T
SOLAR ZENITH | TURBIDITY YOTAL WRRADIANCE TO ViniLE INFEARED
AKNGLE FACTORS HRRADIANCE SOLAR CONSTANT UV, A<0 4um D4 um<ith 12’»‘ A>G T2 pum

AFR MASS (DEGREES) a ) wWm2 % % % =
[+ 4] 13630 1064 8.7 401 531
1 [+ Y30 {002 956 2 70.7 48 46.% 433
% %5 130 oW b9 2 440 1.23 44 2 545
7 §v8 130 1 002 4138 3086 0.3% 394 &3
W 84.3 130 002 3025 2.4 G102 347 €5 2
b [+ 1.30 | 004 8249 65.4 48 L 4350
L 3 758 1.30 | G.04 5289 391 104 &2 1 “ 9
7 818 130 | 604 3420 253 626 9 €38
0 84.3 130 | 004 2345 17.3 .55 33 638
1 ] 066 | 0.085 889.2 657 47 45 & 42 3
4 755 0.66 | 0.085 448.7 332 134 424 o5
7 818 0.66 | 0085 255.2 188 0.30 363 £34
10 84.3 0.66 | 0.08%5 153.8 11.4 0.08 367 €2
1 [+ 666 1 017 B8GG.2 59.1 4% 454 50 ¢
4 755 0.66 | 617 303.1 224 488 »3 [F ]
7 81.8 068 ¢ 0.17 133.3 9.85 0.14 0o L2
W 84.3 068 | 617 83.4 4.69 G.03% s FZA]

EMPIRICAL EQUATION FOR SOLAR IRRADIANCE

: g;%?:%g from the above discussion it is clear that to determine total solar irradiance at

ground level from known valucs of atinospheric parameters a rather elaborate
computer program is required. On the other hand, the curves of Figure 16 are
all concave up and seem to belong to a family of curves of second degree equations
of the type

y = A+ Bm + Cm? (8)

where y is logarithm to the base e of the total irradiance, m is the air mass and
A, Band C are constants, A search was made to find an empirical equation

which would give the value of y or In E for any given set of values of atmospheric
parameters, The results will be briefly discussed,

In Table 4 are given values of E for one set of values of H,0 and O,, four values
of a and # and four values of m, Similar values were computed for 28 sets of
values of H,O, O; and a, B and each case for 10 values of m, The values of H,0
{em of precipitable water) were 0,5, 1.0, 2,0 and 5. The values of O, (height in
cm of total ozone in a vertical path reduced to NTP) were 0.2, 0,34, 0.4 and 0, 7.
The same four values of a, § as in Table 4 were used. It was found that form
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between 0, 6 and 5, a curve fitting method (least squares parabolic non-lineatr
regression) yielded a quadratic equation

In E = A, +Bm+Cm’ (9)

i

wiich gave values of In E, with abouta +2% accuracy, Tor air mass greater than
5 a quadratic equation did not give a rcasonable fit, This is not a serious re-
striction since for air mass 5, the solar zenith angle is 78, 5° and the correspond-
ing irradiance on a horizontal surface is very low. In the case of H,0 2. 0 cm,

0; 0,34 cm, a 1,3 and B 0,02, the equation is

In E, = 7, 06969 - 0,21640 m + 0, 01098 m? (10)

The values of A,, B, and C, arc obviously different according to the atmospheric
parameters. A set of 28 equations of the type of (9) and (10) were generated. It
was also found that the following empirical equation in matrix form is valid for
all values of the atmospheric parameters,

A=A+ |ab e[ x |W)
IB f_’f_s_i ia.zbzc2 ;oi 11)
C 10 }asbscs | T |

Where W and O are respectively the amount of precipitable water vapor and ozone

(incm), T= -)—:-i—z with XA = 0, 7. The numerical values of the vector and matrix on

the right-hand side of Equation (11) are

Al = | 7.07254| and |a;bye | = |-0.02183 0.04254 0, 27799 |
B, |-0,28439 2, b, ¢ -0. 01223 0, 37152 -1,10980 | (12)
K | 0.01161 | la by ;| | 0.00520 -0, 02277 =0, 02213

The value of total solar irradiance, E, for any set of values of W, O and T is
given by

In E= A+ Bm+ Cm? 3)
where A, B and C are computed by Equation (11) with the numerical values of
Equation (12), Equation (13) is not applicable for extreme values of W and O
which occur but rarely and the accuracy is not better than =10%.

DITFUSE RADIATION FROM THE SKY
Direct solar irradiance is the major term in the total irradiance on a surface,

The next most significant term is the diffuse irradiance due to the sky, This
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problem has boen treated extensively in literature (Ref, 18), hoth theoretically and
experimentally, The diffuso sky radiation is a function of all the atmospheric
parameters discussed earller, but cannotbe expressed In a simple mathematical
oxpression. The ratio of tho diffuse radiation to dircect solar radiation {for air
mass one) is very high in the UV but drops rapidly in the visible and IR, Repre-
sontative values of this ratlo (based on Ref, 18) are (ratio in percentage and
wavelength in um) 72 at 0, 3, 42 at 0, 35, 23 at 0,4, 8at 0,5, 1 at 0,7. The rato
is high, above 20 percent in the UV where the direct sunlight encrgy ig less than
5 porcent of the total, Ixperimental data, though widcly varying with Sun angle
.nd location, tend to confirm these values of the ratio, The irradiance on a hori-
zontal surface over all wavelengths due to the sky is about 20 percent of that due
o direct sunlight. The sky irradlance on a gurface sloping at an angle B 18 re~
lated to the irradiance on a horizontal surface by the ratio cosi(B/2).

Two other terms in the total irradiance received by a surface is the radiation
scattered from the Earth and the surrounding objects like trees or buildings and
the long wave radiation emitted by the atmosphere, The former varies with lo-
cation and the latier is not of significance for most energy collecting systems, .
Both terms are relatively small,

SOLAR IRRADIANCE ON A SLOPING SURFACE

The slope of a surface is another factor of importance, The surface of the col-
lecting system is rarely horizontal or normal to the solar rays. The irradiance
E, on a sloping surface is related to the irradiance E; on a surface normal to the
solar rays by the equation

E, = E, cos C, - 14)

nere C is the angle between the surface normal and the Sun-Farth line, Fora
Lorizontal suriace C is obviously equal to the solar zenith angle. The angle C

can be evaluated in terms of the three angles, latdtude 0, declination §, hour

angle h, and two other angles which define the slope (Ref. 19). A slope canbe
effccted by {irst Hltng & normal fixed to a horizontal surface towards the north
shrough an angle B and then rotating the normal about the vertical in the clock-
wise directon through an angle AL A is the azimuth of the suriace measured from
north through east (range of A is 0 W 350°) and B is the zenith angle of the surface,
It can be shown that ‘

2

cos C = cos & {(sin§ cos h)(-cos A sin B) - sin h (sin A cos B) + (cos § cos h) cos B]

+ sin § [cos § {cos A sin B)+ (sin § cos B}l @s)
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The equation scems formidable, but can be readily solved by a programmable
clectronic calculator, The hour angle is measured from cast to west, with zero
at local noon, so that the values are negative before noon,  The angle can ob-
viously be determined directly by measuring the length of a shadow, A rod is
fixed normal to the surface and the shadow is cast by the Sun on the slope. For
design purposes it is necessary to know C for dilferent hours of the day and dif-
ferent scasons of the year, Equation (15) can be used for this purpose, For a
horizontal surface, A and B are zero, and Equation (15) reduces to Equation (3),

For optimum efficiency of the collector plate, it is advantagcous to have low angles
of incidence especially around solar noon when the air mass is least, For year
round operation a surface facing south with slope B cqual to the latitude is desirable,
For winter heating, but no air conditioning, a greater slope and for summer heat-
ing, of swimming pools, for example, a smaller slope is indicated. The difference
petween the slope and the local latitude should be equal to the weighted average of
solar declination during the heating period, In cases where architectural or other
reasons dictate less than optimum values of A and B, the variations in values of

C can help in making a rough estimate of the loss in efficiency,

CONCLUSION

An obvious drawback of the computer model presented above is that it is appli-
cable only for clear sky conditions. But in certain parts of the Earth clear sky
conditions prevail most days of the year and they are the optimum sites for large
scale solar energy conversion systems, Relative amount of cloud cover can be
obtained from the telemetered pictures of satellites, Thus it is seen that the
two methods, remote sensing and computer models are complementary to each
other,

With the increased interest in solar energy conversion, the quantitative data on
available solar energy will become more accurate and abundant, Research and
development programs in heating and cooling, photovoltaic conversion, ete. ,
need such data for determining the efficiency of the system, Spectral distribution
data are as important as total irradiance data for most applications. Theoretical
computations of ground level irradiance have become easier through a better
understanding of atmospheric processes and greater availability of computers,
Satellite data are beginning to be used for the determination of monthly and yearly
totals of insolation at specific locations, Current research efforts in improving
solar energy data are in many directions: greater accuracy in extraterrestrial
measurements, improvement of instruments, definition of radiation scales and
standards, spectral and total irradiance monitoring at a larger number of stations,
studies of atmospheric processes and pollution, These research efforts are of
interest not only for solar energy applications but many related fields,
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