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SOLAR RADIATION MEASUREMENT:

TECHNIQUES AND INSTRUMENTATION**

M. P. THEKAEKARA*

ABSTRACT

A general survey is presented of solar radiation measurement, the techni-

gues and instrumentation. The importance of determining the total and spectral
irradiance of the Sun is examined in the context of the energy crisis and utiliza-
tion of solar energy. The survey includes the extraterrestrial solar fluxes,
their possible variations, problems relating to energy received by collecting
surfaces on the ground, major types of instrumentation and the radiation scales
to which the measurements are referred. The type of insolation data available
from the National Weather Service of NOAA and from other sources is reviewed.
Alternate techniques of deriving insolation data with high space time resolution
are discussed with reference to solar energy conversion requirements. Energy
received on the ground can be computed from known values of the extraterrestrial
solar spectrum and of the spectral absorption parameters of the atmosphere.
Another technique is based on measurements made by meteorological satellites
of the cloud-cover and of the solar energy reflected and scattered back to space

by the Earth-atmosphere system.

*NASA Goddard Space Flight Center, Greenbelt, Md., 20771, U.S.A.

1 Lecture'' delivered at the First Session of the 1975 International Solar
v S v Congress, July 28-Aug, 1, 1975, University of California,
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a and «, are the absorbance of the surface for E and E, respectively.

B is the slope of the surface, the angle between the normal to the surface
and the local vertical.

C is the angle between the normal to the surface and the Sun-Earth line.

There is a unique value for o and « only if the surface is black or "grey',
that is, if it has an absorbance equal to unity or a constant value less than unity
for all wavelengths. Since a constant spectral absorbance independent of wave-
length is a theoretical limit and is never realized in practice, the absorbance

is dependent on the spectral distribution of E and 1{3.

L Eg\ o, dA

[0 =
s

fd E, d\

)
s = N

(with a similar expression for «,), where E;, and «, are respectively the solar

spectral irradiance and the spectral absorbance per unit wavelength interval at

a specific wavelength. The wavelength dependence of a« hecomes more important
for focussing systems and for photovoltaic conversion systems.

The solar irradiance data usually measured at the weather stations are
neither E; or E,, much less the spectral distribution of these quantities, but the

global irradiance,

E,cos2 + E,

where z is the zenith angle of the Sun.
For a collector system which is directed towards the Sun and focusses the

ergy, the energy received per unit area is E_, with an additional term which

sents the energy from a small portion of the circumsolar sky.
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made by C. G. Abbot and his co-workers of the Smithsonian Institution [9, 10].
They extended for over half a century and were made at many different locations.

Abbott concluded that while the solar constant has a definite value, close to

1.94 cal em~2 min~! (1353 Wm™2), there are many small variations with different
periodicities. The cyclic variations are about 2 or 3%, and occasionally greater
changes occur as when a large sunspot crosses the solar disc. Among other
authors who havev examined in detail the Smithsonian data and Abbot's analysis,

there are some who firmly believe that significant variations do occur and others

who say that the experimental errors are too large to draw any firm conclusions.
C. W. Allen [11] concluded that the solar constant variations derived from the

Smithsonian data are due either to data processing methods or to variations in

(=)

atmospheric transparency and that intrinsic changes are less than 0.1%. On the

Based on his own measurements from balloons at high altitudes over a six year

period, Kondratyev finds that the solar constant is a maximum for sunspot num-

bers between 80 and 100 and that it is lower by 2 to 2 at sunspot maxima and
minima.

There are several intriguing meteorological phenomena which seem to follow
the cyclic and sporadic changes in the Sun. Among these are the number of days
in the year when Etesian winds, winds from the NE and NNE as opposed to sea-

breeze, blow over Greece, the wintriness index of northern hemisphere pressure

pattern, the annual march of temperature in different cities of Europe, annual
frequency of west winds over the British Isles, changes in rainfall and freguenc:
of thunderstorms in different parts of the world, growth rings of petrified anc

.iving trees, ozone density, geomagnetism, glacier movement, etc.
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While there is a great deal in published literature about changes in the sc.ax

constant and their effects on weather, a great deal which is conflicting and incor.-

clusive, there is hardly any mention of the changes in spectral distribution in the
visible and near infrared where the energy output is greatest. The reason is not
that changes do not exist but that they are totally unknown and unexplored. If the
solar constant is known to be changing, it is also important to know what spectral
regions are causing this change. Nor is there any reason to assume that the
changes in the Sun's energy output over limited wavelength bands are as small

as in the solar constant itself. To establish on firm experimental basis the

changes in the solar constant and the solar spectrum, measurements are needed

with considerably greater accuracy and precision than have hitherto been pos-

%

_@_l_________________________.__

sible. Measurements from the ground through the highly absorbing and highly
variable atmosphere of the Earth are inadequate for this purpose. Measurements

from spacecraft are needed for a long period of time and on a continuous basis.

In earlier years solar constant determinations from spacecraft were made
only on two Mariner Mars Missions of 1969. The ERB experiment on NIMBUS-F
has just started collecting data on the solar constant and the partition of this
energy in several filter bands. Some highly valuable information is available.

Several other spacecraft experiments are in the planning stage, in particular,

the SEMIS (Solar Energy Monitor in Space) which is a combination of a small

prism monochromator and a total radiation detector.
The problems of extraterrestrial solar irradiance and its possible variations

are all quite relevant to the problem of more immediate interest, the irradiance,

zotal and spectral, at ground level. The variability of the energy incident or

. collector surface on the ground is considerably greater than that of i«
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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 very

low value, that of the diffuse sky radiation. Figures 5 and 6 based on measure-

."!' %,

ments made on two consecutive days illustrate the wide variations that can be

ool

expected. The instrument was an Eppley pyranometer, model 2, mounted on a
roof top at GSFC; readings were recorded every 4 seconds. May 13, 1971 was

heavily overcast and May 14 was rather clear; the total irradiance on these two

days were 732 and 2707 joules em™ (175 and 647 cal emi”> ) respectively. There

is also the familiar variation of solar irradiance with seasons of the year, the

variation which arises from the rotation axis of the Earth being inclined at 23.5° C

4
to the ecliptic, and hence the Sun being higher in the sky during summer than e
during winter. The absorbance of the atmosphere also changes with the seasons

and from day to day, mainly due to the variations in the water vapor content and

the atmospheric turbidity. Further, collecting surfaces for solar energy conver-
sion systems are not usually horizontal, nor are they fixed to an equatorial mount
so as to be always perpendicular to the Sun's rays. The slope of the receiving
surface is another factor to be considered. Some of these factors are amenable

to precise computations; others require direct measurements and statistical
treatment of available data. The major questions to be considered are radiometric
instrumentation, types of available insolation data, computational methods from
extraterrestrial data, and remote sensing techniques as an alternate to ground

measurements.
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In the Unitec States there are 90 stations where solar irre

being recordec. Sixtv of these are NOAA stations and 30 ar
oy universities and other organizations. They constitute

Sun and sky irradiance network of the U.S. Fig. 18 is a map based on the
NOAA data of the years 1951 through 1955. The dots show the locations of the
61 stations with complete records for the period and the figures in boxes show
the mean values of irradiance due to the Sun and sky received per day deter-
mined from the data of the five year period. The units are calories em=2. This
is a map which has been reproduced in many handbooks and reference works.
An updated version which was prepared at GSFC is shown in Figure 19. It was
based on the data supplied by the National Climatic Center, Asheville, N.C.,

on monthly averages of the five year period 1967-71. There were 80 stations

for which the data were more or less complete, and they are shown in Figure 19.

In these 345 monthly means (7.3% of the total) were randomly missing from the
records and they were supplied by record of the same place, same month, adja-
cent year. A more graphic presentation of the numerical data of Figure 19 is
given in Figure 20 where different shades are used to show increase in insola-
tion in steps of 50 cal. cm~2. The NOAA/NWS insolation records cover a long
period of time, from 1909. In the early years there were only a few stations,
and not all stations were in continual operation during the whole period. In
addition to the pyranometer network there are 160 stations with sunshine
recorder, an instrument which shows the number of hours per day when the
Sun shines sufficiently to cast a shadow. Forty of these sunshine recorder sta-
tions have also a pyranometer. There are also 5 stations with NIP's which

record direct solar radiation. At present a program is under way to upgrade

oI the stations replacing the old bulb type pyranometer with newer models
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w is the amount of precipitable watervapor,c,, ¢, and c, are empirica. corsianis,

¢, and ¢, are available in reference [21]; C,» C, and ¢, in ref. [22] and [23]:

¢, is expressed in terms of the two Angstrtﬁm turbidity parameters, a and 3

(8)

A sample of the spectral irradiance curves obtained from these computations is
shown in Figure 21. Integrating the area under curve the total irradiance is
obtained. Values of total and spectral irradiance at ground level have been com-
puted for 32 sets of atmospheric parameters, in each case for 10 values of air
mass. The results are too detailed to be reproduced here. Punched card decks
are available for most of these spectral distribution curves as also for the
standard spectrum of Table 1. User organizations may obtain them from the
National Space Science Data Center, Code 601, NASA/GSFC. An empirical
equation has also been developed which gives the irradiance at ground level as
a function of the atmospheric parameters. Further information about these
computational techniques and their results may be found in Chapter 2 of ref.
[2] and in ref. [24]. A highly abridged version of the results, giving the total
irradiance at ground level is shown in Table 3. Twelve sets of parameters
(first four columns) are considered. The solar irradiance values in Wm? for
a surface exposed normally to the Sun's rays for five values of air mass are
given in columns 5 through 9.

Attention should also be drawn to tables of solar irradiance published in

the ASHRAE Handbook of Fundamentals [25]. The units are Btu ft-2 hr-!. These

tables are in a form more convenient for engineering use and do not require

computation of the air mass. Solar irradiance on a surface normal to the Sun's

|
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rays and global irradiance on a horizontal surface are given for the 21st day of
each month and for different values of latitude. Typical values of the water

vapor in the atmosphere for each date have been assumed and variations in

Sun-Earth distance have been taken into account, but not variations in ozone and
turbidity. Another approximation which has been assumed is that the logarithm

of solar irradiance varies linearly with air mass; this is strictly true only for

monochromatic radiation outside the molecular bands.

cites the NASA/ASTM value of the solar constant, 1353

The ASHRAE Handbook

Wm~-2, but the tables of

irradiance on the ground are based on the work done many years earlier by

different authors. Though it is highly desirable that the ASHRAE data be up-

dated in the light of more recent measurements and computations, the micro-

()
-@-'——————__._________________.__

climate variations of the atmosphere and the complexity of ground insolation
are such that the handy form of the ASHRAE tables makes them highly valuable

for engineering design. The ASHRAE Handbook as also Chapter 2 of reference

[2] discuss in some detail the related problem of irradiance on a sloping surface.

REMOTE SENSING TECHNIQUES

Theoretical computations from extraterrestrial solar fluxes provide one
alternate method for adequate space time coverage of insolation data. Another
alternate method now being developed is to make use of the abundant data
gathered by meteorological satellites of the energy scattered and reflected into
space by the Earth-atmosphere system. From these it should be possible to
survey insolation as a function of location, seasons of the year and time of day,
to select optimum sites for large scale energy conversion systems and to make
insolation maps of high spatial resolution of selected areas. Key factors in this

wwethod are that global irradiance is primarily determined by cloud cover anc
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cloud cover as measured from the ground and the sa as measured from the

SMS. This discussion of the use of the data from satellites for energy-related

problems has necessarily been very brief. For further details references [24],

[25] and [26] may be consulted.

CONCLUSION
A conclusion that emerges strongly from this survey of solar radiation
measurement, its techniques and instrumentation, is that no single method can
supply the type of information needed for the large variety of solar energy
applications. Measurements of ground insolation and extra-terrestrial solar

fluxes, total and spectral, numerical modelling and remote sensing techniques,

fundamental units of length, mass and time and the derived units of energy, volt,

ampere, etc., have been defined very precisely, the unit of radiance or irradi-

hard to measure. Most phvsical constants like the electron charge,
k's constant, ete., have been measured to an accuracy of a few parts in
on, but the accuracy claimed for the solar constant is only one part in 67.
crtainty in measurement of energy received on the ground is consider-
ably greater. Great progress has been made during the last two decades, thanks
to the IGY and the space age. Many new disciplines, new research groups are
now interested in measuring solar energy; new techniques, new instruments
are being developed. Solar energy is a resource for people. When one considers
the prospects of vanishing fossil fuels and the annual cost of energy production,
one finds in the harnessing of solar energy a challenge greater than the conquest

of space. Knowing how much is that energy is part of meeting that challenge.
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Figure

1

CAPTIONS FOR FIGURES

Time perspective of world fossil fu

Relative spectral response of silicon solar cells.

Values of the solar constant derived from high altitude measurements.

Solar spectral irradiance, standard curve, solar constant 1353 Wm™.

Global irradiance due to the Sun and sky on a horizontal surface,
measured at GSFC, on May 13, 1971. Total energy received during

. o 3 e a2
the day, 732 joules em ™ (175 cal em™).

| irradiance due to the Sun and sky on a horizontal surface,
neasured at GSFC, on May 14, 1971. Total energy received during

the day, 2707 joules cm~? (647 cal em™2).

Working standard pyranometers of different models from mzior
meteorological institutions throughout the world set up on roof <on

for intercomparison.

Pyranometer, bulb type, Eppley Model 50j.

Pyranometer, double dome type, Eppley Model 2.

Normal incidence pyrheliometer, NIP, (Eppley) mounted on heliostat.

Thermopiles (Sensors Inc. Model C 1) mounted on sloping surfaces

facing six directions
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Pyranometer (Groiss, Trickett-Norris Model) mounted on flat plate

solar collector.

f—&ngstr'dm electrical compensation pyrheliometer (Eppley, No. 6618)

with its electrical control unit.

Perkin Elmer monochromator used on CV 990 for solar spectral

irradiance measurements.

B T
Y

""”f’z

Bolographs of the infrared prismatic solar spectrum, the por region,

wavelengths 8500 to 10000 f&ngstr'dms, three successive traces made

on Sept. 4, 1928.

Ten minute averages of direct solar and global irradiance at GSFC on

Feb. 7, 1975.

Ten minute averages of direct solar and global irradiance at GSFC on

Feb. 8, 1975.

Mean daily irradiance on a horizontal surface (in cal em™?) based on

NWS (USA) records of 5 years, 1951-1955.

Mean daily irradiance on a horizontal surface (in cal cm™) based on

NWS (USA) records of 5 years, 1967-1971.

Mean daily irradiance on a horizontal surface over the U.S., with dif-
ferent shades showing increase in insolation in steps of 50 cal cm™?,

based on NWS records of 5 years, 1967-1971.

I———————————————--—— ————— e e e S S (SRS S e e cumws e — — — s —-'




PRINTING AND DUPLICATING
SECTION

10" x..l5 AL AYOU T Flead

EXTEND

FOR 5 x 8




PRINTING AND DUPLICATING
SECTION

10 x 115" LAYOQUT BLAT

|I'II,IIIIIIIIIIIIIIIII.Illlll'lll..@.lllllllllllllll.—

|

NO IMAGE ABOVE THIS LINE FOR 8% x 11 @

NO IMAGE ABOVE THIS LINE FOR 8 x 10% 5 HEPND
: FOR 5 x 8

I
_
_
_
I
_
_
_
I
|
I
I
_
_
I
I
I
I
_
i
[
_
_
_
i
_
_
_
_
_
_
_
|
_
_
_
_
_
_
|
|
_
_
_
I
_
I
_
_
_
I
[
|
!
_
L




PRINTING AND DUPLICATING
SECTION

10 % 15" LAYOUT ELAT

e e B =
NO IMAGE ABOVE THIS LINE FOR 8% x 11 @
| . | zo_ _z\—,,mm_>mn_v<m_4:_,m _.__Zm__”o__» 8 ﬂ Jx 5 ﬂMﬂqmzxom

e E a3 T ETEE e 7




PRINTING AND DUPLICATING

SECTION
X 15" LAYOUT FLAT

10)]

\

EXTEND
FOR 5 .x 8

©)

|

NO IMAGE ABOVE THIS LINE FOR 8% x 11
NO IMAGE ABOVE THIS LINE FOR 8 x 10%

@=L

L——_—————————————————




PRINTING AND DUPLICATING
SECTION

103 x die  LAYOUT FEAT

NO IMAGE ABOVE THIS LINE FOR 8% x 11
NO IMAGE ABOVE THIS LINE FOR 8 x 10%

EXTEND
FOR 5 x 8

Solar 1446 Joules/cm?

=——- Global 1083

(~)
o

>
g
(@]
w
y
-
U
@)
o
- |
o
=

Figure 16

FEB. 7,1975

e

o B —————————— -




PRINTING AND DUPLICATING

SECTION
197 x 150 L AYOUT FLAT

|
NO IMAGE ABOVE THIS LINE FOR 8% x 11

NO IMAGE ABOVE THIS LINE FOR 8 x 10%

e b

5%
N/ EXTEND

FOR 5 x 8

r
I
I
I
|
I
I
I
I
I
l
I
I
I
I
I
I
I
I
I
I
i
|
I
I
I
I
I
I
I
I
;
I
i
I
I
I
;
I




PRINTING AND DUPLICATING
SECTION

107 x 1o LAYOUT ELEAT m

—IllllllllllllllllIII'IIIIII IIIIIIIIIIIIIII—

NO IMAGE ABOVE THIS LINE FOR 8% x 11 P‘mx:

2 _ NQ IMAGE ABOVE THIS LINE FOR 8 x 10%- 5

" EXTEND
FOR 5 x 8

H

__________________...______'_____________.___.._________._

_
;
|
|
|
I
I
_
_
I
I
|
_
_
I
I
I
|
i
_
_
_
I
|
I
I
L
_
_
_
_
;
_
_
_
_
I
_
|
I
_
_
_
I
_
I
_
_
I
|
I
_
_
|
L




PRINTING AND DUPLICATING
SECTION

104 x 15 LAYOUT: ELAT

e ——————— B —————— e —
| : . NO IMAGE ABOVE THIS LZm FOR 8% x 11 @ . I
I NO IMAGE ABOVE THIS LINE FOR 8 x 10% = (o SALEND |
| : X
_ R RS A SR e e
| |
I I
| I
| | I
,+ | |
| |
| |
| I
I I
| | |
_
| I |
| |
| I
| |
| |
| |
| I
I I
] |
| |
__ | m. |
| i il
_ 6
|
I 1.
| |
| |
| “
A — —
,,K I _
* _
! _ _
| ! _
E |
F _
| |
| ] |
| 1 |
| —
— &, W * .-,- ' Wﬁ sl —
_ o RGeS RNt ) _
{ > g% —Aw ¥ | W —
| o
| | |
_ |
_ ‘ | _ |
PIIIIIIII ||||||| Wl L L e
P w




PRINTING AND DUPLICATING
SECTION

10 % 15 G LAYOUT FLAT

- NO IMAGE ABOVE THIS LINE FOR 8% x 11 {5%)

zo_ _z:_,mm_»,manm_q:__m r__z_m FOR 8 x 10% 5 —— mwﬂqmzxom

_ i




PRINTING AND DUPLICATING
SECTION
10X 15 L AYOUTL FlL AT

et e -
| e NO IMAGE ABOVE THIS LINE FOR 8% x 11 @ - |
_ “ NO IMAGE ABOVE THIS LINE FOR 8 x 10% 5 g o |
_ FOR 5 x 8 _
_ ke s |
_ _ _ | |
_ | |
_ i I
| i I

F _ _
| |
| ()
_ \ |
_ ; g _ |
_ _
_ _ V,f
I | _
I |
_ I
I |
I |
I I
| I
! |
| _ |
LAl 9 llm. -
| @
I I
_ I
— Al — |
I |
I |
_ |
I |
_ _ |
_ § _ |
_ | |
| sl |
| I W
|
_ I
_ , _ |
I | I |
_ e | |
_ B - _
| | |
| | |
I | e _
| _ ——
e e e R e L e e i e aa|

k)




