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The luminous efficiency of direct solar radiation
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ABSTRACT. Through the knowledge of luminous efficiency ofsolar radiation it is possible to derive the values
of illumination from the known values of solar radiation. This is important in view of the searcity of illumination
data and easy availability of radiation data. In this paper the author presents the computetd results of lnminous
efficiency for the direct component of solar radiation over varied solar altitudes and atmospherie turbidity conditions.

This will enable the computation of the externally reflected daylight in buildings which is considerable in tropies.
The luminous efficiency of diffuse radiation will be dealt with in a later paper.

1. Introduction

Illumination measurements generally do not
figure in the routine observational programmes of
climatological elements by meteorological and
geological departments. But the data on illumina-
tion are extensively needed in the precise socluticn
of many practical problems, e.g., lighting design
of building fenestrations. The measurements of
solar radiation are carried out practically at all
the important meteorolgical stations.  These
radiation data can be usefully employed for deriv-
ing the required illumination data through the
knowledge of luminous efficiency of solar radiation
which is simply to be used as a multiplicative factor
with the radiation amount. Thus the amount of
illumination E available for a given amount of
radiation I would be :

E=KI (1)

where K is the luminous efficiency. The illumina-
tion for a particular place or region. for which
radiation data is available can thus be easily de-
termined. In the absence of actual measured data,
International Commission on Illumination also
favours this method of determining illumination
data from radiation data for better appraisal of
illumination climates of difterent regions (ICI
1968). In this paper the author presents the com-
puted values of luminous efficiency of direct com-
ponent of solar radiation for different solar alti-
tudes and turbidity conditions of the atmosphere.

Daylight reaching directly at a point in a building
comprises illumination from the point of sky visible
from the given point and the sunlight reflected

from the sunlit surfaces such as opposite building
facades and other surfaces in front of a window.
In tropics the contribution of reflected sunlight
being eonsiderable (Narasimhan et al. 1970, Hop-
kinson and Petherbridge 1953), the prediction of
daylight in buildings requires information regard-
ing the incident sunlight on opposite buildings and
other reflecting surfaces. Therefore, the data on
the luminous efficiency of direct solar radiation
will provide useful information about meident
sunlight on various reflecting surfaces which can
be subsequently utilized for the computation of
externally reflected illumination.

The data on luminous efficiency of diffuse
radiation which will enable the computation of
daylight from visible sky is also being investigated
and will form the subject matter of a separate paper.

2. The computation of direct solar radiation and illumination

For theoretical determination of luminous effi-
ciency of direct solar radiation, the values of
direct illumination and direet radiation should be
first computed for identical eonditions. This
requires detailed understanding of interaction of
the direct solar beam with the atmospheric cons-
tituents. The direct solar beam, while traversing
through the terrestrial atmosphere, is depleted in
intensity due toscattering by the air molecules and
aerosols and absorption by ozone, water vapour,
carbon dioxide, oxygen and other less important
gaseous elements, In the case of air molecules
whose radii are much smaller compared to the
wavelengths of solar spectrum, 1., roughly
<0-1 A, the attenuation of energy is caused in ac-
cordance with the Rayleigh scattering law. But
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TABLE 1
The luminous efficiency of direct solar radiation

(K lux/cal/em?/min)

Precipitable water, i (« m)

B [ I em 3em Gem 7 em

Station ht & (m) Station h* & (m) Station ht & (in) Station ht A (m)

——— —_ — S —— — - - f_gyf._A__‘

(°) 0 5000 0 5000 0 5000 0 5000

0045 I 22.6 3.1 24-1 33-2 25-] 346 - —

7 SR RN 41 -6 35-3 44.2 367 459 37-4 46-7

10 148 517 47 -4 nq-7 489 56 -4 502 57-9

15 558 0605 H8 -5 w3 -5 602 653 61-5 66 -7

20 61-3 616 G4-3 67-8 G6-1 69-7 673 710

30 (HI] x5 695 715 71:3 73-3 72-6 74 -7

45 G9.3 703 725 735 740 751 75-2 76-3

60 704 710 734 741 749 756 76-1 76-8

75 70.7 713 737 742 75-3 758 764 77.0

00 709 714 738 743 75-4 75-9 76-5 77-0

0-10 n 11-9 16-7 12-7 178 }-2 18:5H — —_—

7 21-2 27-0 22.5 287 234 208 23-7 30-4

10 332 300 30| 41.2 362 426 37.2 437

15 464 5610 487 5340 501 561 51-1 56.2

20 53-9 67-3 565 0+ 1 581 G1:9 692 63-0

30 G4 635 G4-1 663 65-8 680 67-0 693

45 658 670 688 701 70:3 715 714 727

G0 6706 084 706 71-3 719 72-8 73-1 740

75 683 68-9 71-1 71-8 727 73-3 73-7 T4-4

90 685 691 713 719 72.9 735 74-0 746

0:20 b 29 41 bl 4-4 3.2 4-6 —_ _

7 7-8 101 §:3 10-7 86 111 8:8 11-3

10 17-0 203 18-0 215 18-6 22-2 190 22.8

15 30-7 -3 12.2 36-1 33.2 37-1 339 37-9

20 40-3 436 423 457 43-5 470 44-3 47-9

30 514 536 536 560 550 674 560 58 -6

45 H8-7 60-2 614 630 62-7 064-3 63-7 65-3

GO [ ] 63-0 646 657 650 7-0 670 681

75 632 G641 658 G66-7 67-3 68-2 68-3 69.2

90 63-7 64-5 66 -2 67-1 677 686 687 696

0+30 b 0-5 08 0-6 09 06 0-9 i =

7 2.6 33 2-8 3-6 2.9 3-7 2-9 3-8

10 81 9-8 86 10-4 89 10-7 9-1 11-0

15 19-4 21-9 20 -4 230 210 236 21-4 24.1

20 29-2 31-8 307 33-4 31-6 34-3 32-1 35-0

30 42-1 44-3 44 -0 46-3 45-1 47-5 460 48-3

45 518 534 H4-2 655-8 55-3 570 56-2 579

60 56-2 574 58-7 59-9 59-9 61-1 608 62-1

75 b8l 59-1 605 616 618 62-9 62-7 63-8

90 588 59-7 61-1 62-1 62-5 63-5 63 -4 64 -4

B — Angstrom’s turbidity coeflicient, 8 — Solar altitude (Degrees), w — Precipitable water (em), & — Station altitude (metreg)
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in the case of acrosols, the large solid and liquid
particles suspended in the atmosphere, the parti-
cle radii are much larger ranging from about 0-4p
to about 10-0u. The seattering of solar beam
by such particles is governed by the more compli-
cated theory of scattering of electromagnetic
radiation propounded by Mie (1908). The use
of this theory is hampered due to lack of authentic
information on the density and size distribution of
aerosols and vertical extent of their distribution
in the terrestrial atmosphere as also the compli-
cated nature of the theory itself. Thus in practical
computations Angstrom’s analytical formula (Ang-
strom 1964) may be used for calculating the at-
mospheric extinetion of solar radiation by aerosols.

Unlike scattering which is a continuous function
of wavelength, the atmospheric absorption of
golar radiation is selective in nature. Ozone ab-
sorbs almost all solar radiation in the ultraviolet
region below about 0:30p. In the visible region
of the solar spectrum also there is a weak ozone
absorption. The absorption due to precipitable
water, carbon dioxide and oxygen are more im-
portant and are particularly confined to near
infrared region of the solar spectrum.

Taking into consideration the latest informa-
tion on extraterrestrial spectral irradiance (The-
kaekara 1973) and scattering and absorption co-
efficients of atmospheric constituents which sig-
nificantly attenuate the speetral solar irradiance
(Penndorf 1957, Gast 1960 and Yamamoto 1962),
the author had recently made computations of
direct solar radiation and illumination normal to
sun rays on the earth’s surface for different solar
altitudes and combinations of atmospheric tur-
bidity conditions. These values compare well with
the experimentally measured values. The final
equations for these quantities are :

9.0
Iy (0%, B,w,2) = f Ia ,f:,-,(e)_
020
m, (0)
(-nea » T o T2k ) dA @)
and
0.78 ;
Ey (0, h, B, 2) =K.,mf IV ¢ 5.
0.38
m, (0)
("ﬂh : m) ( dA (3)

where Iy(0,h, B,w,z)and Ey (6, k, B, ) are direct
solar radiation and illumination normal to sun rays
on the earth’s surface and are functions of solar

altitude @, station height above mean sea level 7,
and other parameters like Angstrém’s turbidity
coefficient g, precipitable water w and ozone
content z, which affect the overall transmissivity
of the atmosphere; Iox is the extra-terrestrial
spectral irradiance at the wavelength A; 743, 7pa,
Twa and 7z) are the atmospheric transmissivities
for the zenith sun for air molecules, aerosols, pre-
cipitable water etc and ozone respectively; m, ()
and my, (0) = m, (6) p,/p, are the rtelative and
absolute airmasses, p, and p, being air
pressures at station heights & and 0 metres
above mean sea level; V(A) is the relative
spectral luminosity function for human eye for
photopic vision and K,a» i8 a constant of
multiplication for V(A) for obtaining absolute
values of spectral luminosity function. The
value of K, a is 680 lumens/watt or 475 K lux
cal/em?/min (List 1958). The computations of
spectral transmissivities etc and the numerical
integration of equations (2) and (3) were carried
out with the help of a computer.

8. The luminous efficlency of direct solar radiation

The luminous efficiency of direct solar radiation
may be defined as the amount of solar illumination
available for unit amount of solar radiation and
may be expressed in the units of either lumens/
watt or K lux/cal/om?/min. From the values of
computed direct solar radiation and illumination
as deseribed in previous section, it is possible
to caleulate the luminous efficiency of direot solar
radiation K (0,h, B,w,2) from the formula :

EN (B: k, ﬁ: Z)
Iy (8,h, B, w,2)

The computations were carried out for the solar
altitudes of 5, 7, 10, 20, 30, 45, 60, 75 and 90 degrees;
Angstrom’s turbidity coefficients of 0-05, 0-10,
0-20 and 0-30; precipitable water of 1, 3, 5 and 7
centimetres ; station altitudes of 0 (m.s.1.) and 5000
metres (Fig. 1). Only average value of the ozone
content of the atmosphere (z=0-34 ¢m) was con-
sidered because variation in the amount of ozone
was found to have negligibly small influence on the
direct solar radiation and illumination and hence
on the luminous efficienoy.

K,D (8, h: ﬂo w, 7) = (l)

4. Resulis and diseussion

The values of luminous efficiency of direct solar
radiation for different solar altitudes and different
atmospheric conditions are given in Table 1,
As can be seen from this table, for solar altitudes
below about 30 degrees the variation inthe values
of luminous efficiency is very rapid and above it the
variation is slow attaining almost near constancy
above 60 degrees, Quite obviously this sort of
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variation in luminous efficiency is due to corres-
ponding rapid changes in airmass with solar al-
titudes. Coming to the influence of Angstrom’s
turbidity coefficient, with its increasing values,
the luminous efficiency values decrease. But with
increasing precipitable water the luminous effi-
ciency values are found to increase. The
increase in luminous efficiency with increas-
ing precipitable water is due to water vapour
absorption in the infrared region and the conse-
quent increase in the relative proportion of visible
part in the integral radiation. Thereis also increase
in luminous efficiency with increasing station
altitudes above mean sea level. This is due to the
reduced number of air molecules and aerosols at
higher stations and subsequent less attenuation
in the visible region where molecular scattering
is more prominent. Due to inverse fourth power
dependence of Rayleigh scattering coefficient on
wavelength, molecular attenuation in the infrared
region does not change significantly at higher
station altitudes. Here also the higher changes
at lower airmass are attributable to rapid changes
in airmass at low solar altitudes.

5. Concluding remarks

In view of the scarce availability of illumination
data and easy availability of measured solar radia-
tion data, the coversion of the latter into former
seems to be an easy and practicable way for deter-
mining the illumination climate of different regions,
In this direction the knowledge of luminous effi-
cieney of solar radiation is an essential prerequisite,
It is expected that the calculational results report-
edin this paper will be helpfulin better understand-
ing the dependence of luminous efficiency of direct
solar radiation on the atmospheric turbidity condi-
tions and hence in such practical conversions with
a greater degree of reliance.
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Fig. 1. Change in luminous efficiency of direet solar radia-
tion at an altitude of 5000 m over that at m.s.l.

tute, Roorkee and is published with the permission
of the Director. The author is thankful to Dr. B. K.
Saxena for hiskeen interest and discussicns during
the course of this work.

REFERENCES

Angstrém, A.
Gast, P. R.

Hopkinson, R. G. and Petherbridge, P.

Icr

List, R.

Mie, G.

Narsimhan, V., Saxena, B. K. and
Maitreya, V. K.

Penndorf, R.
Thekaekara, M, P.
Yamamoto, G.

1964
1960

1953
1968
1958
1908
1970

1957
1973
1962

Pellus, 16, 1, PP- 64-67.

Handbook of Geoohysics, U. 8. Airforce, New York,
Chap. 16, pp. 23-25.

Proc. Conf. Tropical Arch., p. 63.

C.LE. publication No, 14B, p. 448.

Smithsopian Meteorological Tables, p. 452.

Ann. d. Phys., 25, p. 377.

BUILD International, 8, 9, pp. 251-253,

J. Opt. Soc. Amer., 47, 2, pp. 176.182.
Solar Energy, 14, pp. 109-127.
J. atmos, Sci., 19, p. 182.




