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Introdliclioxl

_ Illumination measurements generally do not
figire in the routine ohservational programmes of

nalological elements by meteorologicnl  al
geological departments. Bub the data on illwnina-
-~ tion are extensively needed in the precise solution
f many practical problems, e.g., lighting design
f building fenestrations. The measurements of
olar radiation are carried out practically at all
the important meteorological stations. ~ These

adiation data ean be usefully employed for deriv-
‘ing the required illwumination data through the
kuowledge of lnminous efliciency of solar radiation
~ which is simply to he used as a multi plicative factor
with the radiation amount. Thus the amount of
illumination & available for a given amount of
radiation I would be :

E=KI (1)

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

‘Daylight reaching divectly at a pointin a building
gomprises illumination from the point of sky visible
from the given point and the sunlight reflected

ABSTRACT, Through the knowledye of luminous ofticicney of solar radiption it ig possible to de
ofillumination from the known values of solar radigtion. 1
data and easy availability of radiation data. In this pa
cefliciency for the direot component of golar radiation over
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rive the values

'hig is important i view of the geaveity of illumination
per the author presents the compuletd rosulig of linmiinous
varicdsolar altitudes and atmospherio turbidity conditions.

This will enable the computation of tho oxternally refleoted duyl ightin buildin
The luminous ofliciency of dilfuse radiation will bo dealt with in o later paper.

gs which is congiderable in tropics,

from the sunlit surfaces such as opposite building
facades and other surfaces in front of g window.
Tn tropics the contribution of reflegted sunlight
heing considerable (Narasimhan et al, 1 970, Tlap-
kinson and Petherbridge 1958), 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 efliciency of direct solar radiation
will provide useful information about ineident
sunlight on various reflecting surfaces which ean
b subsequently utilized for the cemputation of
extemally reflected illumination.,

The data on luminous efficiency of diffuse
raiation which will enable the computation of
daylight from visible sky is also being investigated
and will form the subject matter of aseparate paper,

2. The computation of direct solar radiation and illumination

For theoretical determination of huninous efli-
ciecney of direct solar radiation, the values of
direct illumination and direct radiation should he
first computed for identical conditions. This
requires detailed understanding of interaction of
the direct solar heam with the atmospheric cons-
tituents. The direct solar heam, while traversing
through the terrestrial atmosphere, is depleted in
intensity due toscatbering by the air molecules and
acrosols and absorption by ozone, water vapour,
carhon dioxide, oxygen and other less important
gascous elements.  In the case of air molecules
whose radii are much smaller compared to the
wavelengths of solar spectrum, - z.e., roughly
<0-14, the attenuation of energy is caused in ac-
cordance with the Rayleigh geattering law, But
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TABLE 1
The luminous efliciency of direct solar radiation

* (K luxfealfem?/min)

Precipitable wator, w (cm)

B 0 lem 3 em - b om 7 em
Station ht & (m) [Station ht & _(m) Station ht A (in) Station ht h(
) . 0 5000 0 5000 0 6000 0
0-05 5 22.6 31-1 241 33-2 251 345 S
7 33-3 416 35-3 44.2 36-7 45.9 374
10 44-8 517 47-4 547 489 56-4 509
15 65-8 60.5 585 63-5 60-2 653 615
20 61-3 646 64-3 67-8 66-1 69-7 67-3
30 666 68-5 695 716 713 733 2.6
45 69-3 70-3 725 73.5 74-0 76-1 762
60 704 710 734 741 74-9 75.6 76-1
75 70-7 71-3 737 74-2 753 758 764
90 70-9 714 738 73 754 75-9 765
0-10 5 119 167 12-7 17-8 13-2 18:5 o
7 219 27-0 22.5 287 23.4 29-8 237 3
10 33.2 39-0 35°1 41.2 36-2 426 37.2 ,
15 464 51-0 487 53-5 50-1 55 51-1 56.2
20 53:9 57-3 56-5 601 581 61-9 69-2 6
30 61-4 63-5 641 G6-3 65-8 68-0 67-0 6
45 658 67:0 6588 70-1 70-3 71-5 714 b
60 67-6 68.4 70-5 71-3 710 72-8 731 7
5 683 63-9 -1 71-8 727 73.3 737 7
00 685 69-1 71-3 71-9 72-9 73-5 74-0 7
0420 6 2:9 4.1 3.1 44 3.2 4.6 e i
7 7.8 10.1 33 10-7 86 111 88 11:3
10 17-0 203 18-0 215 186 2.2 19.0
15 307 34-3 32.2 3.1 33.2 37:1 33-9 370
20 40-3 436 423 457 43.5 47.0 . 44-3 47-9
30 51-4 53-6 636 56.0 55-0 57-4 560 58
45 587 60 2 614 63.0 62-7 643 637 05
60 61-9 63-0 64-6 65-7 659 67-0 670 (i73
75 632 64.1 658 667 673 632 68-3 69-2
90 63.7 64-5 662 67-1 67.7 686 687 69:
0-30 5 05 0-8 06 0-9 06 0-9 =
7 2.6 3-3 ‘2.8 3.6 2.9 3.7 2.9 38
10 8-1 98 86 10-4 89 1047 : 9.1 11-0
15 194 219 204 23.0 21.0 23.6 21.4 24. L
20 29-2 318 30-7 334 316 34-3 32-1 3610
30 42.1 443 44-0 46:3 5.1 475 46.0 83
45 51-8 534 642 55-8 653  57.0 56.2 67:0
60 562 674 687 59-9 59-0 61-1 60-8 62:1
75 58°1 59-1 605 61-6 618 62.9 62-7 638
90 58-8 59+7 61-1 621 625 635 634 044

3 — Anggtrom’s turbidity cocflicient, 0 — Solar altitude (Degrees), w— Trecipitalle water (em), % — Station altitude (mefre)



16 case of aerosols, the large solid and quui.cl
jolos suspended in the nbmosphere, thoe purti-
?ﬂ.]ii ave much larger vanging from about 0-4p
" hout 10:0n.  The seabtering of solar heam
uch particles is governed by the more cnmpl.i-
ol theory of  seattering of  clectromagnetic

fiation propounded Dby Mie (1908), The use
is theory is hampered due to lack of authentic
formation on the density and size distribution of
cosols and vertical extent of their distribution
0 the terrestrial atmosphere as also the compli-
aated nature of the theory itself. Thus in practical
utations Angstrém’s analytical formula (Ang-
: 1964) may be used for caleulating the at-

yspherio extinetion of solar radiation by aerosvls.

TUnlike scattering which is a continuous function
“wavalength, the atmospheric absorption of
ar radiation is selective in nature. Ozone ab-
hs almost all solar radiation in the ultraviolet
on below aboit 030, Tn the visible region
the solar spectrum also there is a weak ozone
bsorption. The absorption due to precipitable
er, catbon dioxide and oxygen are more im-
tant and are particularly confined to near
arcd region of the solar spectrum,

aking into consideration the latest informa-
on extraterrestrial speetral irradiance (The-
kackara 1973) and scattering and absorption eco-
efficients of atmospheric constituents which sig-
nificantly attenuate the speetral solar irradiance
(Penndorf 1957, Ghast 1960 and Yamamoto 1962),
author had recently made computations of
ot solar radiation and illumination normal to
1 rays on the earth’s surface for different solar
itudes and combinations of atmospherie tur-
idity conditions. These values compare well with
18 exparimentally measured values. The final
ations for these quantities are :

9.0
N (01 h: ﬁ, 'w, Z) —1 J. I(].’l 1.::‘::'] (9) ’
0-20
; m, (6)
(rﬂ.\ Tpd T2\ ) A (2)
i 0.78
EN (0’ h' ﬁ’ z) = -Kmaxf I(]r\ 14 (I\) .Tﬂ;}' (6) .'
0.38 ¥
m (G)
('rﬁ)( . Tz).) / ANt (3)

Where 1, (0,7, B, w, z)and By (6, %, B, 2) are direct
Solar radiation and illumination normal to sun TaYys
00 the earth’s surface and are functions of solar
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albibucde 0, station height above mean sea level 7,
sl other paramotery like Angstronts turbidity
coellicient g, precipituble  water w and ozone
content z, which affect the overall transmissivity
of the atmosphere; Iop i3 the extra-terrestrial
spectral irvadiance at the wavelength A; 7,4, T8,
mox and 7z ave the atmospherie transmissivities
for the zenith sun for airmolecules, acrosols, pre-
cipitable water eto and ozone respectively; m, (0)
and v, (0) = m; (6) p,/py are the relative and
absolute airmasses, p, and p, heing air
pressures ab station lheights & and 0  metres
above mean sea level; V() is the relative
speetral luminosity funetion for human eye for
photopiec vision and K, e» i a constant of
multiplication for V(A) for obtaining absolute
values of spectral luminosity function. The
value of I, .y is 680 lumens/watt or 4756 K lux
calfom®*/min (List 1958). The ecomputations of
apectral transmissivities cte and the numerieal
inbegration of equabions (2) and (3) were curried
out with the help of a computer.

8. The luminous efliclency of direct solar radiation

The luminous efficiency of directsolar radiation
may he defined as the amount of solar illumination
available for unit amount of solar radiation and
may be expressed in the units of either lumens/
wabt or I luxfoal/em?/min. From the values of
computed direct solar radiation and illumination

as described in previous section, it is possible -

to caleulate the luminous efficiency of direot solar
radiation Ky, (6, %, B,w,2) from the formula :

Ei\' (63 k: ﬁ) Z) (1)
IN (9: k} ﬁs w, 2)

Ky, kB, w2 =

The computations were carried out for the solar
altitudes of 6, 7, 10, 20, 30, 45, 60, 75 and 90 degrees;
Angstrom’s turbidity coeflicients of 005, 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 (2=0-34 cm) was con-
gidered 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 efficiency.

4. Resulis and discussion

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 scen from this table, for solar altitudes
below about 30 degrees the variation in the values
of luminous efliciency is very rapid and above it the
variation is slow attaining almost near constane

above 60 degrees. Quite obviously this cost of
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vatiation in Juminous eflicicncy is due to corres-
ponding vapid changes in aivmass with solar al-
titudes. Coming to the influence of Angstrom’s
turbidity cocflicient, with its increasing  values,
the luminous efficiency values decrease. But with
increasing precipitable water the luminous efli-
ciency values are tound to _increase.  The
inerease i luminous eflicicney  with increas-
ing preeipitable water is due to water vapour
absorption in the infrared region and the conse-

quent inerease in the relative proportion of visible

partin the integral radiation. There is also increase
in luninous cfliciency with inereasing station .
altitudes above mean sea level, This is due to the

reduced number of air molecules and acrosols at

higher stations and subsequent less atbenuation

in the visible region where molecular scatlering

is more prominent. Due to inverse fourth power

dependence of Rayleigh soabtering cocflicient on

wavelength, molecular attenuation in the infrared

region does not change significantly at ligher

stabion altitudes. Here also the higher changes

at lower airmass are attributable to rapid changes

I airmass at low solar altitudes.

5. Concluding remarks

In view of the searce availability of illomination
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 re ricns,
In this dircetion the knowledge of luminous efii-
ciency of solav radiation is an essential prerequisite,
It is expected that the caleulational results report-
edin shis paper will be helpfulin better understand-
ing the dependenee of luminous efliciency of direct
solar radintion en the atmosplieric twrbidity condi-
bions.and henee in such practical conversions with
a greater degree of reliance,

Acknowledgements

"LThis paper forms part of the regular researeli
activities of the Central Building Research Ingti-

M. CHANDRA

[

@

0-05

w3
|

(=]
1
Tt ——
b

(K. LUX‘lcaL./cma/min_)

u,‘
5
O

CHANGE IN LUMINOUS EFFI
~rn

—Rod
st

) SC IS O M I IO T
0 20°30 40 s0 60 70 80 90
SOLAR ALTITUDE DEGREES

Tig. 1. Change in, luminous eflicieney of divcet ‘solar

radia-
tion at an altitude of 5000 m over that at m.s.l. 3

tube, Roorkee and ig published with the pexmissicn
of the Director. The author is thankful to Dr. B. K,
Saxena for Tis keen interest and discussio. 1: (1.
the cowrse of this work.

REFERENCES o
Angstrom, A, 1064 @'ellus, 18, 1, pp. 6467,
Gast, P, R. 1960 Jandbdol: of Geoohysics, U. 8. Airforco, Now York,
Chap, 16, pp. 23-26. T

IIopkingon, R. G, and’ Petherhridge, . 1953 Proc. Conf. Tropical Arch., p. 63.
ICI RN i ++ 1968 C.LE. publication No, 14B, p. 448.
List, R. i 1958 Smithsonian Mcteorological Tables, p. 452.
Mic, G n AR ! M " 1908 tun. d. Phys., 25, p. 377,
‘Nhrsiin]mn, V., Saxena, B. K. and ; 1970 " BUILp Tuternational, 8, 9, pp. 251-253..

Maitreya, V. K. ? 1) 1 ;
Ponndorf, R, ©. 1957 J. Opt. Soc. Amer., 47, 2, pp. 176-182.
T'hekackara, M, P, 1973 Solar Energy, 14, pp. 109-127.

Yamamoto, (. 1962 J. atimos. Sci., 19, p. 182,




