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Abstract

Solar illuminance may be quantified by applying
relevant efficacy functions to available full spectrum
ground irradiance. Alternatively, illuminance may
be determined by applying the Photopic function to
ground level irradiance spectra obtained from the
terrestrial irradiance spectrum adjusted using rele-
vant atmospheric absorption and scattering coeffi-
cients. The Photopic function has finite values in the
wavelength range of 400 nm to 700 nm and is con-
centrated around a mean wavelength of 555 nm
with irradiance at wavelengths close to 555 nm con-
tributing to the major portion of illuminance.
Calculation of ground level direct, diffuse and hence
global illuminance is simplified as absorption of irra-
diance in the atmosphere by water vapour and uni-
formly mixed gases is negligible and may be
ignored. It is shown that due to the small variations
in the overall irradiance over wavelengths in the vis-
ible bandwidth combined with the concentration
effect of the Photopic function in this wavelength
range illuminance may be calculated, with good
accuracy, using constant extinction functions for
both direct and diffuse illuminance. Due to the con-
centration of illuminance by the Photopic function
global illuminance data were also correlated with a
simplified description of illuminance attenuation
through the atmosphere based on the Beer-
Lambert-Bouger Law using a single constant effec-
tive extinction coefficient which accounts for all
extinction processes under clear sky conditions over
the visible range of wavelengths. Constants used in
extinction functions for solar irradiance due atmos-
pheric aerosols were obtained by fitting experimen-
tal data to analytical descriptions of atmospheric
extinction while published constants were used for
ozone and Rayleigh scattering. The analytical
descriptions of global illuminance with solar eleva-
tion were compared with experimental data collect-
ed at Johannesburg over both summer and winter
clear sky conditions. Correlations of measured and
calculated global illuminance data for the method
based on extinction of various atmospheric compo-

nents was 4.47 % and 4.49 % for the method based
on the Beer-Lambert-Bouger Law, both normalised
using the terrestrial illuminance constant. While
measurements were made at a specific site in
Gauteng, the methods used to correlate the data are
general and location independent but local climatic
conditions may need to be taken into account to
quantify the extinction coefficients for specific areas.
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1. Introduction

In the USA, 35% of electrical power generation is
used for lighting during the day, and in some
regions, it may be as high as 45% (Haliburton,
2005). In South Africa, approximately 22% of the
electrical power consumed in commercial buildings
is used for lighting (Cousins, 2013). It follows that
scope exists to replace lighting powered by electric-
ity with solar illuminance.

It was reported in 2006 that atmospheric con-
centrations of carbon dioxide over the 400 000
years preceding the industrial revolution, covering
four glacial and interglacial cycles, varied cyclically
from lows of 180 ppm to highs of 280-300 ppm
(Fedorov et al., 2006). Since the advent of the
industrial revolution, carbon dioxide concentrations
have increased exponentially and at the turn of the
century were greater than 380 ppm (Fedorov, 2006;
Planetforlife, 2008; Earth Systems Research
Laboratory, 2013). In 2013 atmospheric concentra-
tions of carbon dioxide reached 400 ppm for the
first time since data were recorded (Lund, 2013). It
is becoming increasingly clear that illumination
which does not include the full natural wavelength
spectrum, and specifically the right amount of ultra-
violet light can negatively affect human health and
behaviour (Ott, 1973; Rea, 2002). Preliminary tests
carried out with a spectroradiometer indicated that
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approximately 95% of ultra violet irradiance does
not pass through either 3 mm or 6 mm thick glass
implying that in interior areas where solar illumi-
nance has passed through glass human health
could be at risk.

A concern for the increase in carbon dioxide
concentrations in the atmosphere, and particularly
that due to electrically powered interior lighting is
causing some countries to ban low efficiency incan-
descent light bulbs. Australia (BBC News, 2007)
and Canada (Puxley, 2007) have announced their
intention to ban the use of incandescent lamps in
favour of more efficient light sources. The
Australian Minister of the Environment noted that
this could cut annual greenhouse gas emissions by
4 million tonnes by 2012. To reduce energy con-
sumption in South Africa, Eskom (Electricity Supply
Commission) embarked on a large scale pro-
gramme to exchange Compact Fluorescent Lights
for incandescent light bulbs (Eskom, 2013). Also, in
South Africa, the levy on incandescent light bulbs
was to be increased in 2013 (SARS, 2013), and fur-
ther, the South African Minister of Energy further
stated in December 2011 after the 17t Conference
of the Parties of the UN Framework Convention on
Climate Change (COP17) that incandescent light
bulbs will be banned in South Africa prior to 2016
(IOL News, 2014)

It follows that there are considerable advantages
to be gained by illuminating interior areas using
solar illuminance, preferably with light that has not
passed through glass. This could be achieved by
ducting the direct component of solar illuminance,
perhaps after being concentrated in a parabolic
reflector, into buildings. Problems related to the spo-
radic nature of solar illuminance may be counter-
acted by using hybrid full spectrum lighting systems
in which an electrical complementary light source is
used to maintain a constant level of illumination.
Advantages of using such hybrid systems include a
reduced overall demand for fossil based fuels.

The need for day lighting data which may be
used for interior illumination by architects com-
bined with a general lack of this data prompted the
use of available irradiance data to predict illumi-
nance. Models based on parameters including glob-
al irradiance, diffuse irradiance, solar zenith angle,
turbidity, optical air mass, and precipitable water
were developed to predict luminous efficacy
(Wright et al., 1989; Perez et al., 1987; Perez et al.,
1990; Perez et al., 1993). Luminous efficacy algo-
rithms were used with varying success in countries,
such as, New Zealand (Pohlen et al., 1996),
Garston in the United Kingdom (Littlefair, 1994),
France (Dumortier, 1997), and four European
IMDP stations (Skartveit et al., 1997). To provide
data for day lighting designers the characteristics of
sky luminance, that is luminance from the entire sky
which may be used for interior lighting, was char-

acterised by, for example, Perez et al. (1993),
Littlefair (1994), Darula et al. (2002) and Li et al.
(2007).

Dispersion and absorption of electromagnetic
radiation in the earth’s atmosphere is caused by a
number of mechanisms which are wavelength
dependent (Gates, 1996; ASTM, 2009). At shorter
wavelengths, Rayleigh dispersion of electromagnet-
ic radiation is effected by gas molecules in the
atmosphere with radii typically 1/10 of the wave-
length of the incident wave (Fishbane et al., 1996;
Gates, 1978). Such scattering is highly frequency
dependent and affects shorter wavelength radiation
typical of ultraviolet light to a greater extent than
radiation with longer wavelengths resulting in the
blue colour of the atmosphere and a tendency to
concentrate the remaining irradiance towards
longer wavelengths. Mie scattering of electromag-
netic radiation at all wavelengths by isotropic,
homogeneous, dielectric spheres (Mie scattering,
2013) is the predominant scattering mechanism
when atmospheric particles have an effective diam-
eter greater than the wavelength of the radiation
being scattered (Blue Sky and Rayleigh scattering,
2013). Scattering of irradiance is a function of
wavelength and is not uniform across the irradiance
spectrum. Methods used to correlate illuminance
data quantify the extinction of irradiance by each
relevant factor mentioned above in order to devel-
op a predictive model effective over the visible
range of wavelengths (Leckner, 1978; Bird, 1984;
Gueymard, 2001).

Since dispersion of irradiance is wavelength
dependent and since the research is aimed at char-
acterising illuminance, the illuminance was deter-
mined directly by measuring irradiance over a
wavelength range of 274 nm to 898.5 nm using a
spectroradiometer and applying the Photopic func-
tion (Commission Internationale de I'Eclairage,
1973) standard human eye response to this limited
irradiance range to calculate the illuminance. This
eliminates the practice of measuring irradiance over
wavelengths outside the visible range and then cor-
recting the data to include extinction effects in the
collected irradiance data, a method which was
prompted by the lack of spectral illuminance data,
and the availability of irradiance data, as already
mentioned.

A program to characterise levels of solar illumi-
nance was initiated at the University of Johannes-
burg. The measurements used were collected from
April to December, and their correlation with ana-
Iytical prescriptions is presented. The effect of alti-
tude and the consequent reduction in air mass was
included by using the local atmospheric pressure to
adjust the air mass.

Data were correlated with two analytical meth-
ods. The first was based on calculating illuminance
by applying the Photopic function to spectral direct
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and diffuse irradiance reaching the earth’s surface
after Rayleigh scattering, absorption by ozone, and
scattering and absorption by aerosols in the atmos-
phere (Leckner, 1978; Bird, 1984) were taken into
account. The second was based on the Beer-
Lambert-Bouger Law (Beer-Lambert Law, 2013;
Beer’'s Law, 2013) to obtain a single effective coef-
ficient to describe the extinction of electromagnetic
radiation through the atmosphere.

2. Analytical background

Method based on wavelength specific
scattering and absorption

Direct illuminance

The analysis is based on a simplification of that pre-
sented by Leckner (Leckner, 1978). An analysis
based on Bird (1984) gave similar results provided
corresponding atmospheric constants were used.
The extinction of direct terrestrial irradiance
(Thekaekara, 1973; Bird, 1984) through the atmos-
phere has been quantified (Leckner, 1978; Bird,
1984, Gueymard, 2001) by providing extinction
coefficients for Rayleigh scattering, ozone absorp-
tion, absorption by uniformly mixed gases, water
vapour absorption, and aerosol attenuation over an
irradiance bandwidth of 290 nm to 4000 nm. The
direct spectral irradiance on a surface element nor-
mal to the sun’s rays at a wavelength A; is given
(Leckner, 1978) as:

Ei = EOiTrifoziTgiTwiTai (1)

where Ej; is the extraterrestrial spectral irradiance,
and the extinction coefficients 7,;,7,,,7g;, 7, and
describe Rayleigh scattering, ozone absorption,
absorption by uniformly mixed gases, water vapour
attenuation, and aerosol attenuation respectively.
[lluminance at a wavelength 4; is given by:

I, = FE; (2)

where F; is the Photopic function multiplier at
wavelength A; (CIE, 1973).

The irradiance bandwidth relevant to illumi-
nance spans a wavelength range from approxi-
mately 400 nm to 700 nm. The illuminance loss
due to extinction through the atmosphere for each
of the five factors at a wavelength ; included in
equation (1) may be calculated using:

Al = FE(1 - 7) (3)

where 7; is the extinction coefficient for the compo-
nent of interest at the given wavelength. The total
illuminance loss for each component would then be
obtained by numerically integrating equation (3)
across the illuminance spectrum. Based on the
extinction coefficients given by Leckner (1978) and
Bird, (1984), it may be shown that extinction of

irradiance due to water vapour and mixed gases in
the wavelength interval of 400 nm to 700 nm is
zero and negligible respectively and extinction of
illuminance by these two components may be
ignored in the visible bandwidth. The variation of
illuminance extinctions with wavelength due to
aerosols, ozone, and Rayleigh scattering, calculated
using equation (3), are presented in Figure 1 for an
elevation of the sun of 90° and an atmospheric
pressure of 101.3 kPa, that is, for an air mass of 1.
The ratios of these illuminance extinctions to the
total are 47.4 %, 43.3 %, and 9.3 0% for aerosol
extinction, Rayleigh scattering, and ozone respec-
tively. These percentages are weak functions of the
elevation of the sun and atmospheric pressure and
while they are functions of these parameters the
percentages are similar for a wide range of solar ele-
vations and atmospheric pressures indicating that
illuminance extinction due to water vapour and
gases may be ignored for all atmospheric and geo-
metric conditions of interest, and the major contrib-
utor to illuminance attenuation in the atmosphere is
due to aerosol extinction and Rayleigh scattering.
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Figure 1: Variation of illuminance extinction
with wavelength

Since only the effects of ozone, aerosols, and
Rayleigh scattering are significant in the visual
wavelength band, equation (1) may be reduced to:

Ei = EOiTrirozirai (4)

Substituting the equations for the extinction
coefficients t,;, 7., and 7, presented by Leckner
(1978) into equation (4) gives:

E, = Eyye~0.00873527*%*m g —kiim o ~BA7 “m (5)

where m is the air mass, k; is the spectral absorption
coefficient for ozone at wavelength A;, [ is the total
amount of ozone in a vertical column at normal
temperature and pressure, Pis a turbidity
coefficient, and « a wavelength coefficient relevant
to aerosol extinction (Leckner, 1978). (The expres-
sions are valid for wavelengths given in um).
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The air mass m is a function of altitude and path
length of irradiance through the atmosphere and is
given by:

p
Pysin(y) (6)
where P is the atmospheric pressure, Py is the
atmospheric pressure at sea level, and y is the solar
elevation. At sea level P = P0 and for the sun ver-
tically above a location y = 90°and m = mg = 1.

The turbidity (amount of aerosol integrated ver-
tically through the atmosphere) coefficient is
(Leckner, 1978):

m =

B = Bo0.513 (7)

where f is the Angstrom turbidity coefficient and
a is the wavelength coefficient. The Angstrém tur-
bidity coefficient at 30° N can vary from 0.047 to
0.187 (Leckner, 1978). Power et al used weather
station data collected over a period of some 27
years in South Africa to compute Angstrém turbidi-
ty coefficients at eight locations for all weather con-
ditions including both clear sky and overcast condi-
tions (Power et al., 2001). Calculated Angstrém tur-
bidity coefficients for Pretoria (closest location
recorded to Johannesburg) at latitude 25.7° S var-
ied from 0.027 to 0.071 for all months of the year,
including the rainy season. Turbidity coefficients are
typically lower in the Southern than Northern
Hemisphere (Power et al, 2001). The mean turbid-
ity coefficient for the dry months of April to August
in Pretoria was 0.0333 and for the year was 0.047.
Power et al noted from their analyses of South
African data that the highest turbidity coefficients
occurred at the main centres of Pretoria, Durban
and Cape Town and less at smaller townships. This
could be ascribed to augmentation of atmospheric
turbidity by anthropogenic aerosols (Power et al.,
2001). The Angstrém turbidity coefficient for the
recorded data was obtained by minimising the stan-
dard deviation between the illuminance obtained
using Leckner’'s method (Leckner, 1978) and the
measured data. This gave an Angstrém turbidity
coefficient of 0.055 which was higher than the val-
ues obtained for Pretoria during the dry season but
could be explained by the greater anthropogenic
effects possible over Johannesburg.

Typical wavelength coefficients & occur mainly
in the range of 1.3 to 2 (Leckner, 1978). The
maximum value of o = 2 in this range was used as
the standard deviation between the Leckner
derived and measured data equalled the minimum
obtained.

Equation (5) may be rewritten as:

E = EO'em(f0.0087352;4'°8~k,-l—ﬁﬁ;a) (8)
L L

The variation of the term:

e MKo — e—m(0.008735}.:4'08+ki[+ﬁli—a’) (9)

with wavelength form = 1,1 = 0.25 (typical in trop-
ics (Leckner, 1978)), By = 0.055, and a= 2 is
shown in Figure 2 together with a normalised
Photopic function amplitude distribution.

At a wavelength of 555 nm, the wavelength at
which maximum eye response occurs, k; = 0.095
(Leckner, 1978; Bird, 1984) and mK, = 0.2302;
Exp(-0.2302) — 0.7944. The difference between an
average value of Exp(-mK;) over a wavelength
band extending from 495 nm to 605 nm is 1.4 % of
the value at a wavelength of 555 nm. It is reason-
able to assume for illuminance extinction that a
mean constant extinction coefficient of Ky = 0.2302
(m = 1) at an effective constant wavelength of A =
555 nm may be used. Under these conditions,
direct illuminance is given by:

700
—moKy
100 FEo€ da

(10)

700
I'=[,00 FEoT;To;TadA =

where F is the photopic function, my = 1 is the air
mass at sea level with the sun vertically overhead
(Gates, 1966; Leckner, 1978; Beer’s law, 2013),
and K is defined in equation (9). For the limited
bandwidth considered Ky may be considered to be
constant over the interval of interest.

The direct illuminance is then given by:

700
400

-mK,

I=e FE dA = Iye ™ (11)
where | is the terrestrial solar illuminance constant.
Equation (11), which excludes the diffuse illumi-
nance and has a form which would be obtained by
applying the Beer-Lambert-Bouger Law (Beer-
Lambert Law, 2013; Beer's Law, 2013) to the
extinction of irradiance in the atmosphere.

Diffuse illuminance

Diffuse radiation from a clear sky may be based on
the difference between a direct beam of radiation
and a fictitious beam subject only to gaseous
absorption Leckner (Leckner, 1978). Using the for-
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Figure 2: Variation of e "*° and the photopic
function with wavelength
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mulations presented by Leckner for diffuse radia-
tion from a clear sky and including only extinction
functions which affect the visible part of the irradi-
ance spectrum the diffuse illuminance may be writ-
ten, based on Leckner’s formulation (Leckner,
1978) as:

Inis = KDsin(l)fF(Eoroz —E)dar (12)
Again, noting the small changes of the extinction
functions over the visible wavelength bandwidth,
this equation may be written, assuming mean val-
ues at a wavelength of 555 nm as:

Inis = Kpsin(A)(Iyty, — 1) (13)

where K = 0.5 is a constant which gives ‘the
magnitude and spectral distribution of diffuse radi-
ation from a pure Rayleigh atmosphere with a non-
reflecting ground’ (Leckner, 1978).

The global illuminance is given by the sum of
the direct and diffuse illuminance as:

IG=1+ IDif =1+ KD(IOTOZ -1) sm(y) (14)

Substituting the spectral transmittance functions,
as given, global illuminance is given by:

I; = I,[e ™o + kpsin(y) (e KM — e~™Ko)]

(15)

It is accepted that later descriptions of spectral
transmittance functions exist (Gueymard, 2001;
Gueymard, 2004) but the data of Thekaekara
(1973) and Leckner (1978) proved to be adequate.

Single term extinction function based on
Beer-Lambert-Bouger Law
This method is based on the Beer-Lambert-Bouger
Law (Beer-Lambert Law, 2013; Beer’s Law, 2013)
and is similar to the Langley method used to cali-
brate sun photometers (Shaw, 1983). The form of
equation (9), combined with the experimental data,
indicates for atmospheric conditions at a particular
site scattering and absorptance of illuminance may
be expressed by a single representative constant
and global illuminance is a function of the elevation
of the sun modified by the air mass, which is relat-
ed to the distance irradiance has passed through
the atmosphere. This is further supported by meas-
urements (Tsikaloudaki, 2004) which indicated that
efficacy is a function of the elevation of the sun.
The extinction of luminous intensity in an
atmosphere where the composition of the atmos-
phere remains constant, but the number of particles
per unit volume, or the density, varies, and the
attenuation of illuminance is proportional to the
illuminance as given by Beer-Lambert Law (2013)
and Beer’'s Law (2013):

% = Kpds (16)
where [ is the illuminance, K is an effective ex- tinc-
tion coefficient, p is the density of the medium
through which the illuminance is passing, and s is
the distance measured along a ray of sunlight.

The relationship between altitude and the light
path length is given by:

dh = sin(y)ds (17)

where y is the elevation of the sun. This is a reason-
able approximation for solar elevation angles
greater than 18° (Gates, 1966). For smaller angles
of elevation corrections should be made for atmos-
pheric refraction (Bemporad, 1907., cited in Gates,
1968). In this work, the actual measured angles of
elevation were used as most of the measurements
were taken at elevation angles greater than 18°.

Combining equations (16) and (17) and inte-
grating across the path length through the atmos-
phere gives:

I = IOeeK fowpdh/sin(y) - IOe e—Kmo/sin(y) (]_8)

where mg = 1 is the air mass (Gates, 1966;
Leckner, 1978; Beer's Law, 2013) at sea level for a
beam which is perpendicular to the surface of the
earth and I0e is a terrestrial solar illuminance con-
stant derived from the measurements.

The illuminance at altitudes other than sea level
with the sun at an elevation of may be obtained by
including equation (6) in equation (18) to give:

[ = [yekm (19)

A convenient form of this equation for determining
the measured constants and from experimental
data is:

In(I) = 1n(ly,) - Km (20)

3. Experimental equipment

Sun’s elevation

While it is accepted that the elevation of the sun
may be calculated accurately, for these tests it was
measured using a simple sextant to assemble a
comprehensive experimental data set. Elevation of
the sun could be read to 0.5°. The variations of
global illuminance with elevation of the sun were
checked using calculated elevations (Stine et al.,
2012). Differences in correlations of global illumi-
nance with elevation of the sun using the measured
and calculated elevations were found to be negligi-
ble. This could be attributed to the fact that the data
scatter was due mainly to the illuminance readings.

Illuminance
Global illuminance was measured using an Apogee
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Instruments Inc. model UV-Par Spectroradiometer
S/N: 07030922. The Spectroradiometer incorp-
orates a 2048 pixel, 14 x 200 um microelement
array used to measure the electromagnetic energy
in the nominal wavelength range of 300 nm to 850
nm. Readings for this set of experiments were taken
over the wavelength range of 274 nm to 898.5 nm.
The spectroradiometer was calibrated by the
manufacturer with a LI-COR LI1800-02 Optical
Radiation Calibrator, S/N ORC-394. The lamp
(radiation source) inside the LI1800-02 is an FEV
200 W quartz tungsten halogen lamp operated at
an approximate colour temperature of 3150 K. The
lamp model number is LI11800-02L, S/N ORL-996.
It was calibrated against a working standard lamp,
1000 W quartz halogen lamp. The wavelength
range is 300-1100 nm, with accuracy specifications
of 5 % for 300-350 nm and 1000-1100 nm, and 4
% for 350-1000 nm. The lamp output (spectral out-
put) is stable to 1 % for 50 hours of use with the
constant power regulator in the LI1800-02.
[lluminance is calculated from the irradiance data
using the CIE photopic function. The spectrora-
diometer was calibrated by the manufacturer nine
months before the illuminance was measured.
[lluminance readings are obtained by multiplying
the measured irradiance with the Photopic function
built into the software of the spectroradiometer.

4. Experimental procedure
All readings were recorded at latitude 26.17°S, lon-
gitude 28.14° E, at an altitude of 1715 m, where the
atmospheric pressure was 83.5 kPa. At this latitude,
the maximum elevation of the sun at the summer
solstice is 87.3°. The data set is comprised of 1261
readings taken over summer and winter conditions.
Measurements were taken at 10 minute intervals
on cloudless days over the measurement period.
For each global illuminance measurement the
probe was aligned to face the sun by aligning the
shadow of the top of the probe with its base. The
integrating time constant was set at 20 ms to ensure
that the thermopile was not saturated. Saturation of
the thermopile was evidenced by distortion of the
irradiance curve on the computer screen at wave-
lengths around 550 nm.

5. Results

Method based on wavelength specific
scattering and absorption

As already described, the method is based on con-
stant scattering and absorption coefficients over the
visible range of wavelengths with the constants
being equal to those at 555 nm. For this work, the
values used were k = 0.095, | = 0.25, By = 0.55
and o = 2 (Leckner, 1978. The turbidity coeffi-
cients for aerosol extinction are strongly dependent
on atmospheric conditions (Leckner, 1978) and
these were adjusted to optimise the fit of equation

(15) to the measured data. In effect all the constants
affect the value of Ky and the net result was to
adjust K to give a good match between the pre-
dicted and measured values of illuminance.

The variation of the global experimental illumi-
nance data and those predicted using equation (15)
together with the extinction coefficients with 1/m
are presented in Figure 3. The predicted results are
presented as a white line for clarity.
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Figure 3: Variation of illuminance ratio with 1/m

The standard deviation of the differences
between the measured and calculated illuminance,
normalised using a terrestrial illuminance constant
of 136700 Im/m? (Johnson, 1954) is 4.47 %.

Method based on the Beer-Lambert-Bouger
Law

For this method, the experimental data was used to
obtain the constants [y, and K in equation (20). The
natural logarithm of the illuminance readings were
plotted against the air mass m in Figure 4 allowing
extraction of the constants using a linear least
squares method.
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Figure 4: Variation of In(l) with m

The linear least squares least fit yielded:
In(I) = In(lp,) - Km = 11.893 - 0.20958 m (21)
with R? =0.8773. The effective solar illuminance
terrestrial constant for the experimental data set,

and K are:

In(lp,) = 11.893 — I, = 146200im/m?  (22)
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K = 0.2095 (23)

A standard method for measuring the terrestrial
irradiance constant is Langley Extrapolation (Shaw,
1983) which is based on Beer’s Law (2013). The
method is based on measuring irradiance on a
cloudless day over a short period; say a morning, in
which it is assumed that the physical state of the
atmosphere is constant. The experimental data
used here was collected over a period of eight
months and as such constitute average scattering
and absorption coefficients.

The difference of 6.9% between the measured
terrestrial illuminance constant and the 136 700
Im/m? (Johnson, 1954) cited can be attributed to,
apart from lumping the direct and diffuse illumi-
nance together, factors such as variations of the
atmosphere with latitude and atmospheric altitude
and consequent atmospheric variations along light
paths to the location on the earth and averaging the
results over a lengthy period. The terrestrial illumi-
nance constant may be considered to be an overall
effective terrestrial illuminance constant suitable for
the method presented. The extinction coefficient ()
for the method based on the Beer-Lambert-Bouger
Law gives a larger rate of extinction than that
obtained for extinction of the direct component of
illuminance based on the method of Leckner’s for-
mulations (). This could be attributed to account for
extinction of the diffuse component of illuminance
which is added in the latter method.

Rather than present a direct comparison of the
measured illuminance with those predicted using
equation (19) a comparison is presented of lumi-
nance predictions using equations (15) and (19) in
Figure 5; which in effect gives the comparison.
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Figure 5: Variation of illuminance with 1/m - for
both methods

The standard deviation of the differences
between the measured and calculated illuminance
for this method, normalised using the terrestrial illu-
minance constant is 4.49 %.

The standard deviation of the differences
between the illuminances calculated for figure 5

normalised using the terrestrial illuminance constant
is 1.56 %. The two approaches essentially give the
same result which is not surprising as the direct
component of illuminance is described by a form
similar to equation (18).

The effect of the elliptical orbit of the earth
around the sun on the fit between the measured
and predicted illuminance was checked to deter-
mine whether the 3.4 % amplitude annual variation
in terrestrial irradiance (Stine et al., 2001) was evi-
dent. A correlation of the data on an annual basis
did not yield an annual variation and it was found
that a constant terrestrial constant gave the best fit.
While it is possible to incorporate the changing dis-
tance between the earth and the sun the data yield-
ed inconclusive results and the effects of the chang-
ing distance between the sun and earth are not
included

5. Conclusions

It was shown that by limiting the derivation of illu-
minance to irradiance data within the visible range
of wavelengths and including only scattering and
absorption coefficients which affect irradiance in the
wavelength band relevant to illuminance combined
with the concentration effects of the Photopic func-
tion to a bandwidth close to 555 nm, a simplified
formulation for both direct and diffuse illuminance
using Leckner’s method may be obtained.

The major contributors to extinction of illumi-
nance in the atmosphere are by aerosols (47%) and
Rayleigh scattering (43%). Ozone absorption
accounts for approximately 10%. Extinction of illu-
minance by water vapour and gasses may be
ignored allowing for a simplified formulation for cal-
culating illumiance at ground level.

The standard deviation between the measured
illuminance data and that predicted using the spec-
tral analysis based on Leckner’s formulations nor-
malised with the terrestrial illuminance constant was
4.47%.

Due to simplification of the physical processes
affecting extinction and absorption of irradiance in
the visible bandwidth the Beer-Lambert-Bouger
Law for electromagnetic extinction in a variable
density atmosphere was used to present a simple
formulation for correlating global illuminance with
elevation of the sun.

The standard deviation between the measured
illuminance data and that predicted using the latter
method normalised with the terrestrial illuminance
constant was 4.49%.

The standard deviation between the illuminance
predictions of the two methods was 1.56%. Either
method may be used to correlate local illuminance
data with solar elevation and air mass to good accu-
racy.

An effective terrestrial illuminance constant
measured over a long period was 6.9 % greater
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than the constant of 136 700 Im/m?. This was attrib-
uted to the greater variation in atmospheric condi-
tions occurring over periods much longer than the
fraction of a day used in Langley Extrapolation.

Simplified methods for calculating direct and dif-
fuse illuminance which may be used for day lighting
calculations have been presented.
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