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a new simple model for direct and diffuse spectral irradiance on
horizontal and til ted surfaces at the earth's surf ace for clear
days.

Approved for

SOLAR ENERGY RESEARCH INSTITUTE

Roland Hulstrom, Manager
Resource Assessment and Instrumentation

Branch

j)~.~h~
Donald Ritchie, Director
Solar Electric Research Division

iii



TR-2436S=~I :_ :----------- --J,;J~l.."lD

SUMKARY

Objective

To present a new, simple model for direct and diffuse spectral irradiance on
horizontal and tilted surfaces at the earth's surface for clear days.

Discussion

In a previous report (SERI/TR-215-1781), we described a simple model for cal­
culating direct normal and diffuse horizontal spectral irradiance for clear
days. In this report, we present anew, simple model that incorporates
improvements to the simple model approach and an algorithm for calculating
spectral irradiance on tilted surfaces. The goal is to provide researchers
with the capability to calculate spectral irradiance for different atmospheric
conditions and different collector configurations/orientations using
microcomputers.

Conclusions

A new, simple, spectral irradiance model has been formulated that produces
terrestrial spectra between 0.3 and 4.0 ~ with a resolution of approximately
10 nm. Inputs to the model include the solar zenith angle, the collector tilt
angle, atmospheric turbidity, the amount of precipitable water vapor and
ozone, surface pressure, and ground albedo.
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SECTION 1.0

INTRODUCTION

In previous work [1], we presented a simple model to calculate direct normal
and diffuse horizontal spectral irradiance at the earth's surface for clear
days. In this report, we present a new simple model that incorporates
improvements in methodology as well as an algorithm to produce spectra for
tilted surfaces. The goal of this work is to give researchers the capability
to produce accurate terrestrial spectra using only a microcomputer.

The first model [1] was based on models developed by Leckner [2] and Brine and
Iqbal [3]. Since that work was completed, Justus and Paris [4] have made
improvements to the simple model approach. In the model presented here, we
refined the Justus and Paris model and extended it to calculate spectra for
tilted surfaces using methods developed by Hay and Davies [5]. Refinements to
the Justus and Paris model were based on comparisons with results of rigorous
radiative transfer codes and with measured spectra.

The new simple model and results are presented in the sections that follow.
Sections 2.0 and 3.0 describe methods for calculating direct normal and dif­
fuse spectral irradiance, respectively. Section 4.0 gives comparisons of the
s i.mple model results wi th rigorous model results and measurements. Examples
of the application of the new model are given in Section 5.0.

1
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SECTION 2.0

DIRECT NORMAL IRRADIANCE

Minor modifications have been made to the methods we reported in [1] for cal­
culating direct normal Lrr ad I ance , The changes include the addition of an
earth-sun distance factor, the use of Leckner's water vapor transmittance
expression [2] with some modification of Leckner' s absorption coefficients,
and the use of Robinson's ozone mass expression as given by Iqbal [6]. These
changes and other minor adjustments are described in this section.

The direct irradiance on a surface normal to the direction of the sun at
ground level for wavelength ~ is given by

(2-1)

The parameter HOA is the extraterrestrial irradiance at the mean earth-sun
distance for wavelength A; D is the correction factor for the earth-sun dis­
tance; and Tr A, Ta A, TWA' ToA' and TUA are the transmittance functions of the
atmosphere at wavelength A for molecular (Rayleigh) scattering, aerosol atten­
uation, water vapor absorption, ozone absorption, and uniformly mixed gas
absorption, respectively. The direct irradiance on a horizontal surface is
obtained by multiplying Eq. 2-1 by cos Z, where Z is the solar zenith angle.

The extraterrestrial spectral irradiance used here was obtained from Fr~hlich
and Wehrli [7] of the World Radiation Center. A major segment of this
spectrum that is of interest here was taken from the revised Neckel and
Labs [8] spectrum. A 10-nm-resolution version of this spec t rum is shown in
Table 2-1 for the 122 wavelengths used in this model.

The earth-sun distance factor as given by Spencer [9] is

D 1.00011 + 0.034221 cos ~ + 0.00128 sin ~

(2-2)
+ 0.000719 cos 2~ + 0.000077 sin 2~ •

The day angle ~ in radians is represented by

~ = 2n (d-l)/365 , (2-3)

where d is the day number of a year (1-365).

2.1 RAYLEIGH SCATTERING

The expression that we use for the atmospheric transmittance after Rayleigh
scattering was taken from Kneizys et ale [10] and is

Tr A = EXP {- M'/[ r~4 (115.6406 - 1.335/A2)]} , (2-4)

where M' is the pressure-corrected air mass. The relative air mass as given
by Kasten [11] is

2
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Table 2-1. The Neckel and Labs Revised Extraterrestrial Spectrum and
Atmospheric Absorption Coefficients at 122 Wavelengths

Wavelength
Extrater res trial

Wavelength
Extraterres trial

( pra) Sp~~t r~f <lw:>.. a o:>.. au:>.. ( ID) Spectru~ aw:>.. a o:>.. au f..
(Wm I.llll ) (Wm- 2 ID- )

0 .300 535.9 0 .0 10 . 0 0 .0 0 . 980 767.0 1.48 0 .0 0.0
0.305 558. 3 0 . 0 4. 80 0 . 0 0.9935 757.6 0 .1 0.0 0 .0
0 .310 622 .0 0.0 2.70 0 .0 1.04 688 .1 0 .00001 0. 0 0 .0
0 .315 692 .7 0.0 1.35 0 .0 1.07 64 0 .7 0 .001 0 .0 0 .0
0 .320 715 .1 0 .0 0.800 0 .0 1. 10 606.2 3.2 0 .0 0 .0
0.325 832 .9 0.0 0 . 380 0 .0 1.12 585.9 115 .0 0 .0 0.0
0.330 961 . 9 0 .0 0. 160 0. 0 1. 13 570 . 2 70. 0 0 .0 . 0.0
0 .335 931 . 9 0 .0 0.075 0 .0 1. 145 564.1 75 .0 0 .0 0 . 0
0 .340 900. 6 0.0 0 . 040 0. 0 1.161 544.2 10 .0 0 . 0 0 .0
0 .345 91 1.3 0 .0 0 .019 0 .0 1. 17 53 3 .4 5 . 0 0 .0 0.0
0 . 350 975 .5 0 .0 0.007 0.0 1.20 501.6 2 .0 0 .0 0.0
0.360 975.9 0.0 0 .0 0 .0 1. 24 477 .5 0.002 0.0 0 .05
0.3 70 1119 . 9 0 .0 0 .0 0 .0 1. 27 422 . 7 0. 002 0 .0 0. 30
0.380 1103 . 8 0 .0 0 .0 0 .0 1. 29 440.0 0.1 0. 0 0 . 02
0 . 390 103 3. 8 0. 0 0 . 0 0. 0 1.32 416. 8 4.0 0.0 0.000 2
0 .400 1479 . 1 0.0 0 .0 0.0 1. 35 39 1.4 200 .0 0 . 0 0 . 00011
0 .410 170 1 .3 0 .0 0.0 0.0 1.395 358. 9 1000 .0 0 .0 0.00001
0.420 1740.4 0.0 0.0 0 .0 1. 44 25 327.5 185 .0 0 .0 0 . 05
0 .430 158 7 .2 0.0 0.0 0 .0 1.4625 31 7 . 5 80 .0 0.0 0 . 011
0 .440 1837 .0 0 .0 0 . 0 0.0 1. 477 307 . 3 80. 0 0 . 0 0 .005
0 .450 2005 .0 0.0 0.003 0 .0 1. 497 300. 4 12. 0 0 .0 0. 00 06
0 .460 20 43.0 0 .0 0.006 0 .0 1.520 292 .8 0. 16 0 .0 0 . 0
0 .470 1987. 0 0 .0 0 .009 0 .0 1.539 275 .5 0 .002 0 .0 0 . 005
0 .480 2027 .0 0 .0 0.014 0.0 1 .558 272 .1 0 .0005 0 .0 0.13
0 .490 1896 .0 0 .0 0 .021 0 .0 1. 57 8 259. 3 0 .0001 0 . 0 0.04
0 . 500 19 09. 0 0 .0 0. 030 0 . 0 1.592 246 . 9 0 . 00001 0. 0 0.06
0 .5 10 1927. 0 0.0 0. 040 0 .0 1.610 244. 0 0.0001 0 . 0 0 . 13
0 . 520 1831. 0 0 . 0 0. 048 0.0 1.630 243.5 0 . 00 1 0 .0 0 .001
0 .530 1891.0 0 . 0 0.063 0 .0 1. 646 234. 8 0 .01 0 .0 0.0014
0 .540 1898 .0 0 .0 0 .075 0 .0 1. 678 220 . 5 0.036 0 .0 0. 0001
0 .550 1892.0 0.0 0.085 0.0 1 .740 190 .8 1.1 0 .0 0. 00001
0 .570 1840. 0 0 .0 0 . 120 0.0 1.80 171.1 130.0 0 . 0 0.00001
0.593 1768. 0 0 . 075 0 . 11 9 0. 0 1.860 144. 5 1000.0 0 .0 0.0001
0 .6 10 1728 .0 0 .0 0 . 120 0 . 0 1. 92 0 135 . 7 500. 0 0.0 0.001
0 .630 165 8 . 0 0 . 0 0 .090 0. 0 1 . 960 123. 0 100 .0 0 . 0 4.3
0 .656 1524.0 0 .0 0 .065 0 .0 1. 985 123 . 8 4 .0 0 . 0 0 . 20
0.6676 153 1.0 0. 0 0. 0 51 0 .0 2 .005 113 .0 2.9 0 .0 21. 0
0 .690 1420 . 0 0.016 0 .028 0 .15 2. 035 108.5 1.0 0.0 0 .13
0 .710 1399. 0 0 .0125 0. 018 0 .0 2 .065 97. 5 0.4 0. 0 1.0
0 . 718 1374. 0 1.80 0 . 015 0 .0 2 . 10 92.4 0.22 0.0 0. 08
0 .7244 13 73 .0 2.5 0 .012 0. 0 2 .148 82 . 4 0 .25 0 . 0 0 . 001
0 . 740 12 98.0 0 .061 0.010 0.0 2 .198 74.6 0 .33 0 .0 0. 0003 8
0 . 7525 1269 .0 0 .0008 0 .008 0 . 0 2.270 68 . 3 0 .50 0.0 0 .001
0 .7575 124 5. 0 0 . 0001 0 . 00 7 0 .0 2 .360 63 .8 4 . 0 0 . 0 0.0005
0 .7625 12 23 .0 0 . 00 001 0. 006 4 .0 2. 45 0 49 .5 80. 0 0. 0 0.00015
0 . 7675 1205.0 0 . 00001 0 .005 0 . 35 2 . 5 48 . 5 310.0 0 . 0 0.00014
0 . 780 1183.0 0. 0006 0 .0 0 .0 2. 6 38 .6 15000 .0 0.0 0 . 00066
0 .800 11 48.0 0 .0360 0 .0 0 .0 2 . 7 36. 6 22000 .0 0.0 100.0
0 .816 109 1.0 1.60 0.0 0.0 2. 8 32 .0 8000 .0 0 .0 150 . 0
0 . 82 37 10 62 .0 2 .5 0 .0 0.0 2.9 28. 1 650.0 0 . 0 0 . 13
0. 831 5 1038.0 0 .500 0 . 0 0.0 3.0 24 .8 240 .0 0 .0 0 . 00 95
0 .840 1022.0 0 . 155 0 .0 0 .0 3.1 22 . 1 230 . 0 0.0 0 . 001
0. 86 0 998.7 0 . 00001 0 .0 0. 0 3.2 19.6 100.0 0. 0 0 . 8
0 . 880 947. 2 0. 0026 0 . 0 0 .0 3 . 3 17.5 120 . 0 0 . 0 1. 9
0. 905 893 .2 7 .0 0 .0 0.0 3 . 4 15 .7 19 .5 0 .0 1. 3
0. 915 868 .2 5 .0 0 .0 0.0 3. 5 14.1 3. 6 0 . 0 0.07 5
0 . 925 829.7 5. 0 0 .0 0 .0 3 . 6 12. 7 3. 1 0. 0 0.01
0 . 93 0 83 0 . 3 27.0 0 . 0 0.0 3.7 11.5 2.5 0 .0 0. 00195
0 . 93 7 814. 0 55.0 0.0 0.0 3.8 10 . 4 1.4 O ~O 0.004
0.948 786.9 45 . 0 0 .0 0. 0 3.9 9. 5 0 . 17 0.0 0.29
0 .96 5 768.3 4 . 0 0 .0 0 .0 4 .0 8. 6 0 .0045 0 .0 0. 025

3
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M = [cos Z + 0.15 (93.885 _ Z)-1.253] -1 (2-5)

where Z is the apparent solar zenith angle. The pressure-corrected air mass
is M' = MP/Po' where Po = 1013 mb and P is measured surface pressure in mb.

2.2 AEROSOL SCA'lTKRING AND ABSORPTION

In our previous work [1], we used an aerosol transmittance expression of the
form

-a
Ta A = EXP (-~nA ~) • (2-6)

Values for ~ and a were derived using a rural aerosol model [12]. Two a
values were used for this aerosol model: a1 = 1.0274 for wavelengths <0.5 ~,

and a2 = 1.2060 for wavelengths >0.5 lJIll. The value of ~n was chosen appro­
priately for each wavelength interval to produce accurate turbidi ty values
(aerosol optical depth in a vertical path) at 0.5 ~ wavelength. The
turbidity in Eq. 2-6 is represented by the Angstrom formula [13], namely,

-a
~aA = ~nA n (2-7)

For some types of aerosols, it may be important to separate the aerosol
extinction into two or more segments, as we have done here for the rural
aerosol model. The form of Eq, 2-6 allows the turbidity versus the wave­
lengths on a log-log plot to be nonlinear, which often occurs in the real
atmosphere, as shown by King and Herman [14]. However, for the rural aerosol
model [12], this does not appear to significantly improve the accuracy of the
modeled results since the function is approximately linear. Also, the approx­
imate nature of this simple model approach sometimes masks the effect of
refinements such as this. When a single value of a is used to represent the
rural aerosol model, the value should be a = 1.140.

2.3 WATER VAPOR ABSORPTION

We adopted the water vapor transmittance expression of Leckner [2], which has
the form

TWA = EXP [-0.2385 aWA WM/(1 + 20.07 aWA WM)0.45] , (2-8)

where W is the precipitable water vapor (cm) in a vertical path and 8wA is the
water vapor absorption coefficient as a function of wavelength. The water
vapor amount W is not temperature- or pressure-corrected because this has been
accounted for in the form of Eq , 2-8. We modified Leckner' s values of aWA
somewhat and added several values to achLeve bet ter agreement wi th experi­
mental data. The coefficients are given in Table 2-1. In our previous model,
we used a misprinted version of Leckner' s expression, which necessitated
modifications to the expression and to the absorption coefficients to obtain
reasonable agreement with rigorous model results. The correct form, shown in
Eq. 2-8, gives better results.

4
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2.4 OZONE AND UNIFORMLY MIXED GAS ABSORPTION

Leckner's ozone transmittance equation [2] was used, which is

(2-9)

where aOA. is the ozone absorption coefficient, 03 is the ozone amount (atm­
cm), and Mo is the ozone mass. We used Leckner's ozone absorption coef­
ficients shown in Table 2-1. The ozone mass expression of Robinson as given
by Iqbal [6] has been adopted. The ozone mass is given by

Mo = (1 + ho/6370)/(cos2 Z + 2 ho/6370)0.5 • (2-10)

The parameter ho is the height of maximum ozone concentration, which is
approximately 22 km, The ozone height varies with latitude and time of
year. If one does not have ozone measurements available, the ozone amount can
be estimated using the expression of Van Heuklon [15]. Since the total ozone
amount is an approximation, using 03Mo rather than 03M may not be an
improvement.

Leckner's expression for uniformly mixed gas transmittance is used, and it is
expressed as

TUA. = EXP [-1.41 aUA. M'/(l + 118.93 aUA. M,)0.45] , (2-11)

where aUA is the combination of an absorption coefficient and gaseous
amount. We used Leckner's values of aUA shown in Table 2-1 with a few addi­
tions and modifications. Final adjustments were made in the gaseous
absorption coefficients by comparing the modeled data with measured data, as
described in Section 4.0.

5
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SECTION 3.0

DIFFUSE IRRADIANCE

The diffuse irradiance is difficult to determine accurately with the simple
parameterization methods that were used to calculate direct normal irradiance
in the previous section. We used tabulated correction factors in our previous
research [1] to make the simple formulation for the diffuse irradiance of
Brine and Iqbal [3] match the results from a rigorous radiative transfer code.
Justus and Paris [4] changed the diffuse formulation somewhat and obtained
reasonable agreement with rigorous code results without using tabulated cor­
rection factors. We examined this new formulation and made some minor adjust­
ments which we believe improve its accuracy. The correction table approach is
still valid and may be the most accurate approach; however, this new formu­
lation is more flexible and is easier to implement.

In addition, we examined different simple formulations for producing spectra
on inclined surfaces. We obtained reasonable success with this effort and
report our results here.

3.1 DIFFUSE IRRADIANCE ON A HORIZONTAL SURFACE

The diffuse irradiance on a horizontal surface is divided into three compo­
nents: (1) the Rayleigh scattering component Ir~' (2) the aerosol scattering
component Ia~' and (3) the component that accounts for multiple reflection of
irradiance between the ground and the air Ig~. The total scattered irradiance
Is~ is then given by the sum .

If we consider the Rayleigh and aerosol scattering to be independent of each
other, the following expressions would be approximately correct:

(3-2)

(3-3)

In these formulas, we have assumed that half of the Rayleigh scatter is down­
ward regardless of the zenith angle of the sun, and that a fractionFs of the
aerosol scatter is downward and can be a function of the solar zenith angle.
The transmittance terms Taa~ and Tas~ are for aerosol ·abs or pt i on and aerosol
scattering, respectively. In our previous model [1], we used the assumption
of independent scattering, and Eq. 3-3 has the following form:

(3-4)

6

where Wo is the aerosol single scattering albedo at one wavelength and Fa is
the aerosol forward scattering fraction which is independent of the sun posi­
tion. We found that this formula significantly underestimated the scattered
irradiance for Z >600 •
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In the new simple spectral model reported here) we used modifications of the
Justus and Paris expressions [4] for diffuse irradiance. Comparisons with
diffuse irradiance calculated using a rigorous radiative transfer code (BRITE)
[16] indicated a tendency for the Justus and Paris model to overestimate the
energy in the UV and visible portions of the spectrum. This overestimation
increased as the turbidity and air mass increased. By slightly modifying the
expression, we were able to obtain closer agreement with BRITE results.
Table 3-1 gives examples of the results of these comparisons. The modified
expressions are

IrA. = HOA. D cos Z Toll. TUA. TwA. TaaA. (1 - TrAO.95) 0.5 Cs

IaA. = HOA D cos Z TOA. TUA TwA. Taa A TrA.
1• 5

(1 - TasA.) Fs Cs

(3-5)

(3-6)

IgA. = (IdA. cos Z + IrA. + IaA.) rSA. r g A Cs / ( 1 - rSA. rgA.)

rSA. = T~A. T~A T~aA. [0.5 (1 - T~A.) + (1 - F~) T~A.(l - T~SA.)]

TasA. = EXP (-wA. 'taA. M)

(3-7)

(3-8)

(3-9)

TaaA. = EXP [-(1 - wA.) 'taA. M]

F = 1 - 0.5 EXP [(AFS + BFS cos Z) cos Z]
s

(3-10)

(3-11)

AFS = ALG [1.459 + ALG (0.1595 + ALG 0.4129)]

BFS = ALG [0.0783 + ALG (-0.3824 - ALG 0.5874)]

ALG = In (1 - <cos e»

(3-12)

(3-13)

(3-14)

F~ = 1 - 0.5 EXP [(AFS + BFS/1.8)/1.8]

wA. = WO.4 EXP {-w' [In (A/0.4)]2}

(3-15)

(3-16)

C =s
(A. + 0.55)1.8 for A. ~0.45 lJID

1.0 for A >0.45 lJID • (3-17)

The parameter rgA. is the ground albedo as a function of wavelength, rSA. is the
sky reflectivi~y, and the primed transmittance terms are the regular
atmospheric transmittance terms evaluated at M = 1.8. wA. is the aerosol
single scattering albedo as a function of wavelength, w

O•4
is the_ single

scattering albedo at 0.4 ~ wavelength, w' is the wavelength variation factor,
and <cos e> is the aerosol asymmetry factor. For the rural aerosol model,
Wo 4 = 0.945, w' = 0.095, and <cos e> = 0.65. The equations for TasA. and Ta A.
ensure that TaA. is equal to TasA.-TaaA. and that the wavelength-dependent singfe
scattering albedo is correctly defined by wA. = saA/(saA. + kaA.)· The
parameters sail. and kgA. are the aerosol scattering and absorption coefficients,
respectively. In a homogeneous medium, the optical depth is related to these
coefficients by 'taA. = (saA. + ka A) L, where L is the path length in the medium.

7
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Table 3-1. Diffuse Irradiance (W m~2 ~-1) at Selected Wavelengths Calculated
Using the BRITE Code, the Justus and Paris Code, and the It>dified Justus and
Paris Code. (Model parameters for (a) and (b) are a = 1.14, ground
albedo = 0.2, 03 = 0.344 atm-cm, and H20 = 1.42 em.)

BRITE (1) Justus/
Paris (2)

Modified
justus/Paris (3)

Ratio,
3/1b

(a) '{; 0.27, Z = 600

0.31
0.35
0.40
0.45
0.5.0
0.55
0.71
0.78
0.9935
2.1

11.9
172.6
307.2
382.7
306.6
260.6
173.6
141.9

51.9
1.85

25.5
243.3
343.5
419.8
351.8
301.3
169.7
130.0

60.4
2.3

17.7
174~5

268.5
368.0
317.0
278.1
163.9
126.7
59.8
2.3

2.14
1.41
1.12
1.10
1.15
1.16
0.98
0.92
1.16
1.24

1.49
1.01
0.87
0.96
1.03
1.07
0.94
0.89
1.15
1.24

(b) '{; 0.51, Z = 800

0.31
0.35
0.40
0.45
0.50
0.55
0.78
0.9935

0.28
37.9
80.3

125.2
126.0
115.0
81.0
44.6

0.34
71.2

114.8
160.8
149.3
135.0

89.5
48.2

0.26
56.8
92.8

133.6
122.6
113.3

83.9
47.0

1.21
1.88
1.43
1.28
1.18
1.17
1.10
1.08

0.93
1.50
1.16
1.07
0.97
0.99
1.04
1.05

aRatio of Justus and Paris data (2) to BRITE data (1).

bRatio of Modified Justus and Paris data (3) to BRITE data (1).

The only adjustments that we made to the Justus and Paris model [4] were to
take Tr A to the 0.95 power instead of to the 1.0 power in Eq. 3-5, to take Tr A
to the 1.5 power instead of to the 1.0 power in Eq. 3-6, and to multiply by Cs
in Eqs. 3-5, 3-6, and 3-7. As mentioned previously, we also changed several
absorption coefficients.

It is important to note that the parameters used in the simple spectral model
for the comparisons in Table 3-1 were selected to match the atmospheric
conditions used in the BRITE code. This includes the use of the rural aerosol
model and parameters that represent it. Since the rural aerosol model was
used in a rigorous fashion in the BRITE code, our modifications to the Justus
and Paris model are based on realistic aerosol data as well as ' other realistic
atmospheric conditions. Some model comparisons could be misleading if suf­
ficient attention is not given to the details of the parameters used. This
could be the case for comparisons with the Dave aerosol models (17). A
constant complex index of refraction for all wavelengths is used in these

8
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models, which i s no t repre sentative of r ea l a erosols and has an ef f e c t on the
singl e s ca t te r i ng a l be d o as a f unction of wave leng t h .

It should a l s o be no t ed that w~ is di f fi cult to dete rmine and i s quite vari­
able in the r ea l world. J u s tus [18] ha s derived an express i on for w~ for the
urban aeros ol model as a function of relative humidity. This parameter
affects only the diffuse component, so the gl o ba l r adiation at the ground
should not be overly sensitive to the values used. This is not the case when
the upwelling radiation at the top of the atmosphere is calculated as Justus
and Paris did.

3.2 DIFFUSE IRRADIANCE ON INCLINED SURFACES

There have been several a l g or i t hms pr od uc e d [5, 19-22] that convert the
broadband g l oba l horizontal irradiance to the broadband global irradiance on a
tilted surface. Most of these convers ion algorithms require the direct n ormal
and the diffuse on a horizontal surface a s input. Several algorithms have
been evaluated wi th measured data [ 23-26] in recent years. Some of them
appear to be quite accurate for broadband applications f or east-, west-, and
south-facing surfaces. Perez et ale [ 26 ] found that the algorithms were
s ornewh a t inadequate for north-facing surfaces. This is partially because
there i s less irradiance on north-facing slopes.

We us ed thre e of thes e simple convers i on a lgor i t hms to produce spectra l
irradi ance on tilt ed surf a c es by using the spectral direct and dif fuse
irradiance calculations of t he previous se c t Lon a s inputs to the conversion
algorithm. We obtained the best ag r eement with rigorous model ed da t a for
clear-sky conditions using t h e Hay and Da vies [5] algorithm. This was s ome ­
what s urpr is i ng beca u s e the way in which the alg or ithms we r e formulat ed would
fav or the Temps and Couls on [21] a lgori thms ove r the Hay and Dav i es [5 ] and
Kl u cher [ 21] a l go r i t hms for c l e a r -sky a p plicat i ons ... The Hay a nd Dav i es
algori thm is pres e n ted i n this s ec t ion and the r e s u lt s of comparis on s wi.t h
rig orous c ode r e s ults a nd meas ur e d da ta a re p r e s e n t e d i n the next s ection e

The spectral g l o ba l ir r adia nce on an i n cl i ned surface i s r epresented by

Id~ cos e + Is~ [( Id ~ c os e/(Ho~ D cos Z»)
+ 0 .5 (l + cos t ) ( 1 - Id tJ ( H o ~ D) )]

+ 005 IT~ r gA (1 - cos t) ,

(3 - 18 )

whe re e is t he angle of inc idence of the: dire c t beam on the tilted surf a c e and
t is t he tilt angle of the inclined s u r fac e .. The t i lt a ngle is zero fo r a
horizontal sur f a c e and 90 0 for a vertica l s u r f a c e . The fol l owi ng re l a tionship
ho l ds f or the spectral global irradiance on a horizontal s ur f ace:

I TA = IdA cos Z + Is~ • (3-19)

The fi r st term in Eq , 3-18 i s the direct component on the i n c lined surface.
The s econd t erm has two co mponents: t he f i r s t is the circumsolar or aureole
and the s econd is a di f f use skylight compone nt. The thi rd ter m i n Eq , 3-18
represents the isotropically reflected r adiation from the gr ound . A component
that is missing from this mode l is the horizon-brightening radiation. There

9
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are arguments that could be made as to why this algori t hm should not be
accurate, but the fact that it is reasonably accurate for the cases that we
have checked cannot be ignored. It is somewhat surprising that a broadband
model can be used for spectral data.

10
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SECTION 4.0

COMPARISONS OF THE NEW SIMPLE MODEL
WITH RIGOROUS MODELS AND MEASUREMENTS

Comparisons of the new, simple spectral model with results of rigorous rad­
iative transfer codes and with measured data are given in this section. These
comparisons give the reader some measure of the accuracy of the simple model.

4.1 COMPARISON WITH DAVE RAYLEIGH SCATTERING DATA

Dave [17] produced several data sets us ing the Spherical Harmonics method of
solving the radiative transfer equation. One of the data sets was for a
Rayleigh atmosphere (no aerosols) with molecular absorption. The a t mos ph e r i c
model that was used (the Midlatitude Summer model) contained 2.93 em of pre­
cipitable water and 0 . 3 1 atm-cm of ozone. A comparison of Dave's results with
the r e sults of the model presented here (SPCTRAL2) is shown in Tables 4-1 and
4-2 at a few wavelengths throughout the spectrum. Table 4-1 compares the
direct normal irradiance for three solar zenith angles, and Table 4-2 compares
the di.ffuse irradiance for the s ame s olar zenith angles. The direct normal
irradiance was produced using Eq. 2-1 with Ta A = 1. 0 and D = 1.0. The diffuse
hori zontal irradiance was found using Eq , 3-5 wi.t.h D = 1.0, Ta a A = 1.0, and
Cs = 1.0 ..

4.2 COMPARISONS WITH BRITE CODE RESULTS

Ex a mples of c ompa r i s ons between BRITE [16] code results and r esults of the
SPCTRAL2 cod e a r e pre s ented in Figures 4-1 thr ough 4-4 for global i r r a d i ance .
Figure 4- 1 i s f or a hori z ont a l s urface wi th zen i t h ang le (Z ) = 0 .00

,

Table 4-1. ni r e c t Normal Spectral Irradiance Comparison of Dave Results
with SPCTRAL2 Results for a Rayleigh Atmosphere with Molecular
Absorption (03 = 0 . 3 1 atm-em, H20 = 2.93 cm)

z = 00 z 600 z = 80 0

-----------
A( llm) Dave SPCTRAL2 Dave SPCTRAL 2 Dave SPCTRAL2
----_..._---...._---_._~_. -------,---_.
0 . 3 1 105. 4 10 3. 0 16.1 15.8 0. 01 0 ., 0
0. 36 60 7 . 7 607.1 345. 8 3 4 6 ~ 3 41.5 45 .. 6
0 . 415 129 9. 0 1298. 0 951. 0 951.7 294. 5 310 .2
0 . 51 5 1591 .0 1590. 0 1381. 0 1380.0 811.5 832 .0
0 .6 15 1469. 0 1469 .. 0 13 34. 0 13 34 . 0 9 2 6 ~ 7 9 53. 7
0. 7035 1292 . 0 129 1 . 0 123 1. 0 123 0. 0 1032. 0 104 2 .0
0 . 72 5 1125 . 0 1119 .0 1033.0 10 28. 0 793 ~4 803 .1
0 . 993 5 /'4 3 ., 4 73 1 . 8 730 .5 714 . 5 689. 8 66 7 ~6

2 . 1 83 . /~ 70. 7 80 .0 75. 2 72. 2 63 .. ~
------._...~-

1 1
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ozone = 0.344 atm-cm, water vapor = 1.42 cm, ground
pressure = 1013 mb, and a turbidity at 0.5 urn of 0.1.
for the horizontal spectra shown in Figure 4-2 are
turbidity of 0.51 was used.

albedo = 0.2, surface
The only differences

that Z = 80.00 and a

Table 4-2. Diffuse Horizontal Spectral Irradiance Comparison of Dave
Results with SPCTRAL2 Results for a Rayleigh Atmosphere with
Molecular Absorption (°3 = 0.31 atm-cm, H20 = 2.93 cm)

Z = 00
Z = 600

Z 800

"'(!lm) Dave SPCTRAL2 Dave SPCTRAL2 Dave SPCTRAL2

0.31 75.5 94.9 21.5 28.5 1.1 0.8
0.36 222.2 221.2 167.7 175.4 72.9 88.1
0.415 234.5 227.7 199.8 198.0 118.0 124.6
0.515 108.1 103.8 99.9 96.3 75.6 73.1
0.615 46.6 44.9 43.7 42.1 34.6 33.0
0.7035 23.4 22.6 22.7 21.8 20.6 19.3
0.725 16.7 17.3 15.6 16.1 13.9 13.0
0.9935 3.3 3.1 3. 2. 3.1 3.2 2.8

r-,
N
Ll)

o
o

2.31.9

Legend

0 = SPCTRAL2
0 = BRITE

1.1 1.5

Wavelength (lim )

0.7

800

600 (

400

20: j ---,-- .
0.3

N

E 1200

S 1000

Figure 4-1. Comparison of Global Irradiance Calculated Using the SPCTRAL2
and BRITE Codes for 'ta (0.5 tJDl) = 0.10, Z = 00 , and Tilt = 00
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2.31.9

Legend

0= SPCTRAL2
0= BRITE

1.1 1.5

Wavelength (J.lm)

0.7

..-----r-----,=----4I~~--~_,.._.4..Y.---___,

200

175

E 150
:::t
'" 125E
S

100
(1)
o
c 75ro
-0
ro 50"-
"-

25

0
0.3

Figure 4-2. Comparison of Global Irradiance Calculated Using the SPCTRAL2 and
BRITE Codes for 'ta (0 ..5 lJDl) = 0.51, Z = 800

, and Tilt = 00

Legend

1 -

2.3

0= SPCTRAL2
0 = BRITE

D J!.......---.. -
j

1.1 1.5 1.9

Wavelength (J.lm )

0.7

Figure 4--3. Comparison of Global Irradiance Calculated Using the SPCTRAL2 and
BRITE Codes for 'ta (0.5 ~) = 0.27, Z = 48.19°, and Tilt = 37°
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2.31.9

Legend

0= SPCTRAL2
0= BRITE

1.1 1.5
Wavelength (Jim)

. 0.7

1800

1600

1400
E
:- 1200

~ 1000

8 800
c
ro 600

"'0ro
t: 400

200

O...------r-----.--~___,_--~::'>...."'O!!_~-___,

0.3

Figure 4-4. Comparison of Global Irradiance Calculated Using the SPCTRAL2 and
BRITE Codes for "ta (O.S lJIIl) = 0.27, Z = 37°, and Tilt = 60°

Figure 4-3 is a comparison of BRITE and SPCTRAL2 results for a surface tilted
30 0 from the horizontal for Z = 48.19° and turbidity at 0.5 I.Jll of 0.27. The
spectra compared in Figure 4-4 were produced with the same parameters as those
of Figure 4-3, except Z = 37° and the surf qn.- ~~ tilted 60°.

4.3 COMPARISONS WITH MEASURED DATA

The measured da t a used to make final ad j . .t s to gaseous absorption coef­
ficients in the model were taken with a uf l _oiae spectroradiometer [27,28] and
an automatic sun photometer [29,30]. Several comparisons between the spectra
produced with the new simple spectral model and measured data are presented
here to indicate the extent of agreement.

The first comparison was made with a global horizontal spectrum taken on
5 August 1981 in Golden, Colorado. This site is at 39.750 north latitude and
105.156° west longitude. The spectral measurement was made at 15:09 mountain
standard time (MST), and the sun photometer measurements were made at five­
minute intervals throughout the day, as illustrated in Figures 4-5 and 4-6.
The following parameters were determined:

Solar zenith angle
Turbidity at 0.368 ~

Turbidi t y at 0.500 ~

Turbid 1.t y a t 0.862 pm
Precipi t able water
Surface pressure

44.8°
0.39
0.28
0 ,,13
2.25 cm
829.6 mb.
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0.58 r-----------

0.48

I
15

I
14

I
13

0.38
C
"'0

-0
~

:J
~ 0.28

0.18

008LL~~, e-J
5 6 7 8 9 1a 11 i 2 -'-----.L.._-'----'-----l~..4___ 16

Time (MST)

Figure 4·-5. Turbidity at 0.5 ~ vs - Time of Day on 5 Au.gust 1981, Golden, CO

Figure ~ -"6 u Pr'ecLp'l.t ab I.e Wa t e r 'lapOI' VB ~ Time of Day on 5 August 1981,
Gol den s CO
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The rural aerosol model used in the BRITE code for a turbidi ty of 0.27 at
0.500 um wavelength produced turbidities of 0.37 at 0.368 pm wavelength and
0.14 at 0.862 um wavelength. From this we can infer that the aerosol present
during the 5 August measurement was nearly identical to that in the rural
aerosol model, which adds validity to this particular comparison.

The ozone amount was assumed to be 0.31 atm-cm. The results of this compar­
ison are shown in Figure 4-7, and the agreement between experiment and model
is extraordinary. There is a slight wavelength calibration error evident in
the measured data at the infrared end of the spectrum. This calibration error
is due to the linear wavelength calibration procedure, which requires that a
slope and intercept be determined. The spectroradlometer system determines
both slope and intercept in real time in the visible wavelengths. In the
infrared wavelengths, only the intercept is calibrated in real time; the slope
appears to have changed slightly between laboratory calibration and the time
the measurement was taken.

Several comparisons were also made on 19 August 1981. A global horizontal
spectrum was measured at 10:44 MST, a direct normal spectrum was measured at
10: 56 MST, and a global spectrum on a 40° south tilt was measured at 13: 42
MST. The atmospheric pressure was 832 mb for these measurements. The meteor­
ological and geometrical parameters are shown in Table 4-3 for these
measurements.

Results of these comparisons are shown in Figures 4-8 through 4-10. The
agreement between the modeled and measured data is very good for these data
sets. One has to keep in mind that the circumsolar scattered radiation within
a 6° field-of-view (FOV) is included in the direct normal measurements. This
could add 1%-5% to the irradiance in the 0.5 l~ region and could explain why
the measured direct normal irradiance is larger. Differences similar in
magnitude but in the opposite direction have been observed in measured and
modeled diffuse radiation. The circumsolar radiation is missing in the
diffuse measurement, which causes the opposite effect.

Table 4-3. Meteorological and Geometrical Parameters on
19 August 1981 at Golden, Colorado

Spectrum
Zenith Turbidity Turbidity Turbidity H2O
Angle 0.368 um 0.500 pm 0.862 un (em)

Global 31.9° 0.180 0.149 0.042 1.36
Direct 30.8° 0.176 0.148 0.042 1.35
Tilt 34.66° 0.269 0.200 0.065 1.35
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Figure 4-7. Comparison between Global Horizontal Irradiance Measured on
5 August 1981, Golden, CO, and Modeled Data Using SPCTRAL2
(0 on the graph)
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Wavelength (,urn)
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Figure 4-8. Comparison between Global Horizontal Irradiance Measured on
19 August 1981, Golden, CO, and Modeled Data Using SPCTRAL2
(0 on the graph)
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Figure 4-9. Comparison between Direct Normal Irradiance Measured on
19 August 1981, Golden, CO, and Modeled Data Using SPCTRAL2
(0 on the graph)
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Figure 4-10. Comparison between Global Radiation on a South-Facing Surface
Tilted 400 , Measured on 19 August 1981, Golden, CO, and
MOdeled Data Using SPCTRAL2 (0 on the graph) .
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Another comparison (Figure 4-11) was made on 18 August 1981 at 13:22 hours for
the global horizontal mode. The parameters for this measurement are as
follows:

Solar zenith angle
Turbidity at 0.368 ~

Turbidity at 0.500 ~

Turbidity at 0.862 ~

Precipitable water
Surface pressure

30.11 0

0.320
0.225
0.069
1.97 cm
830 mb.

The agreement between modeled and measured data is not as good for this set of
data. The reason for the disagreement is unknown, but possibly indicates the
accuracy limitations of the modeled and the measured results. Additional
measured data will be gathered in the future to verify the model and to assess
the accuracy of modeled versus measured data comparisons. Justus and Paris
have shown that the use of urban rather than rural aerosol parameters can
account for differences of the magnitude and type shown in Figure 4-11. It is
not known whether or not urban aerosols from nearby Denver, Colorado, were
present during these measurements.

CXl

~
a
a

2.31.91.1 1.5

Wavelength (jim)

0.7

1800

1600

c: 1400
E
:::t 1200

N

~ 1000

Q) 600o
c
co 800
"0co
~ 400

200

O-f-----,------,r---~::.,L-..,__---..-..Jo.l...,...-....,;.--____,r__==

0.3

Figure 4-11. Comparison between Global Horizontal Irradiance Measured
on 18 August 1981, Golden, CO, and Modeled Data Using
SPCTRAL2 (0 on the graph)
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SECTION 5.0

EXAMPLES OF THE APPLICATION OF THE NEW
SIMPLE SPECTRAL MODEL

The primary goal of this work on simple spectral models is to give researchers
the capability to calculate spectral irradiance using microcomputers. The
spectra can then be used in models to evaluate solar device performance. For
example t scientists can produce spectra by varying input parameters such as
air mass, atmospheric turbidity and water vapor, and day of year, and use the
spectra to examine the performance of spectrally selective photovo1taic
devices under different conditions.

Examples of spectra generated using the simple model for clear days at the
equinoxes and solstices and three different turbidity and water vapor combi­
nations are shown in Figure 5-1. Spectra were calculated at 60-min intervals
that are symmetrical about solar noon from sunrise to sunset. Only the
morning spectra are plotted since the afternoon spectra are theoretically
identical. These spectra were produced for a south-facing surface tilted 37 0

from the horizontal at sea level for latitude 370 and longitude 1000 • The
spectra may not be representative of a particular site, but serve as examples
of differences in spectral irradiance under different conditions. Of note in
these spectra are the effects of high turbidity and air mass on the visible
portion of the spectrum and the difference in spectral content at different
times of the year due to differences in air mass values.

These spectra can easily be converted to photon flux per wavelength or to
photon flux per electron-volt if this format is more useful for particular
applications. Examples of conversion results are shown in Figures 5-2 and
5-3.
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figure 5-1. Global Irradiance on a South-Facing Surface Tilted 370 for the Equinoxes (days 80 and 266)
and for the Summer and Winter Solstices (days 172 and 356). (AM is air mass and Z is zenith
angle.)
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APPENDIX

PROGRAM LISTING

The FORTRAN listing of the computer program SPCTRAL2, used on a Control Data
Corporation Cyber 750 computer, is presented here.

PPOCRAM c P. l;TRI.':> (I~ F'UT., OUTPUT., TAP ES"" INPUT., TAPE 6=OUTPUT )
+TAPEt )TA~ r:. L:..)TAPE3 .

CHECK THE INPUT PARAMETER S ON THE SECOND LINE OF TAPE1 ) ESPECIALLY
TAUS) W) TILT , SPR, NDAY. Z AND AI ARE READ IN THE "DO 15 LOOP" .

i =I RRADI ANCE PER WAVELENGTH
2=PHOTON FLUX PER WAVELENGTH
3=PHOTON FLUX PER ELECTRON VOLT

(MODE) 1=GLOBAL NORMAL AND DIRECT NORMAL
(TRACKING FLAT PLATE/CONCENTRATOR)

2=GLOBAL TILT (FIXED FLAT PLATE)
3=GLOBAL HORIZONTAL

( NUNITS)

INPUT PARAMET ER D
EXTRATERRESTR IAL SPECTRAL IRRADIANCEj ABSORPTION COEFFICIENTS.
OUTPUT FIL.E
TERMINAL SCR EEN

OUTPUT UNITS

NUMBER OF SPECTRA (NUMSP T)

IN THE FIRST LINE OF INPUT ON TAPEl ) CHOOSE FROM THE
FOLLOWING OPTIONS :

COLLECTOR MODE

******* THE PROGRAM *****
DIMENSION WV(6) ,R( 6)

***** TO RUN THIS PROGRAM *****

Z

******** INPUT VARIABLES ********
AI ANGLE OF INCIDENCE OF DIRECT BEAM ON FLAT SURFACE (DEG)
ALPHA= POWER ON ANGSTROM TURBIDITY EXPRESSI ON (1.14 FOR RURAL)
NDAY JULIAN DAY
NW NUMBER OF WAVELENGTHS FOR THIS RUN
03 OZONE AMOUNT (ATM CM)
RHO GROUND ALBEDO
TILT TILT ANGLE OF SURFACE FROM THE HORIZONTAL (DEG)
SPR SURFACE PRESSURE (MILLIBARS)
TAUS THE AEROSOL OPTICAL DEPTH AT 0.5 MICRONS (BASE E)
W PRECIPITABLE WATER VAPOR (eM)
WV(I) ~ R(I) GROUND REFLECTIVITY

AT SPECI FIC WAVELENGTHS
= SOLAR ZENITH ANGLE (DEG)

c
c TAPEi
C TAPE2
C TAPE3
C TAPES
C
C... THIS CODE WAS WRITTEN BY RICHARD BIRD AND CALCULATES SPECTRAL
C IRRADIANCE OR PHOTON FLUX ON A TILTED OR HORIZONTAL SURFACE.
C MODIFICATIONS TO THE CODE TO CONVERT SPECTRAL IRRADIANCE TO PHOTON
C FLUX PER WAVELENGTH OR ELECTRON VOL T WER E MADE BY CAROL RIORDAN.
C COMMENTS AND PROGRAM I NSTRUCTI ONS WERE ADD ED BY RIORDAN 8/84 .
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C . ..
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

C
C. . . READ INPUT .

READ(l,l) MOD E,NUNITS )NUMSPT
READ(1)2) TAUS,ALPHA )03)W)TILT)SPR)NDAY )NW
READ ( 1 ) 3) WV ( 1 ) , R ( 1, ) ) WV (2) ) R(2) ) WV (3) )R(3) ) WV (4) )R(4) ) WV (S) ) R(S) )

+ WV (6 ) )R( 6 )
C
C.. . THESE CONSTANTS ARE NEEDED TO CALCULATE PHOTON FLUX.
C

XH=6 .626l76*(i O.**( -34 .»
XC=2.997924S B*(10 .**8 . )
EVOLT=1 .602le92*(10 .**(-i9 .»
CONST=(1 ./(XH*XC»* (lO .**(-10. »
XC=XC*(iO .**6 .)

26



TR-2436
S=~I ! ;.~ , ---------~---------------

C

c .. . RADI ANS PER DE GR EE
RPD= .01 74533

C

C.. . ERV I S THE EARTH RADIUS VECTOR - CORREC TION FOR SUN DISTANCE
TT=6 .28318S*CNDAY -1) /36 S.
rT 2 =2 . *TT
ERV=i . OOOi 1+ . UJ 422 1*COSCTT) + . 0 012 8*SI NCTT )

+ + 000719* COS CTT 2 )+.0000 77* SINC TT2)

c
C " WRI TE nUT INITIAL C() N D n I U N ~;

I FCMOD E . EQ i ) WRITECS , 20 )
I FCMODlEQ 2 ) WRIT EC S,2i)
IF CMOD E . EQ . 3 ) WRITECS; 2 2)
WRITECS,4) NUNI TS ,NUMSPl
WRITE C S ~ S) NDAY )ERV
WRIT E CS , '7) TAU -::) ,ALPHA,W,[B
WI<I TE C5 ..13) WV C1 ) > RCt ) , WV C:~ ) .. 1< C~:' ) .. WVC3 ) ) RC3) ) WV C4 ) ) R C4 ) )

+- WV CS ) ) R C5 ) ) WV C6 ) .'R C6 )
C
C OM EG AND OM Ee p AR E USED I N THE S I NG LE SCATTERIN G ALB EDO
C CALCULATI ONS . J USTUS HA S A FORM OF OM EGL THAT VAR I ES WITH
C RELAT I VE HUMIDITY AS WELL AS WAV ELEN GTH.
C

()MEC=O. '145
OME GP ::O. 09 Cj

C
r .. r s AND F SP AR E lH E FOR WA RD/TO TAL SCATTERI NG RATIOS AS
C A FUNCTI ON ()F ZENI TH ANGLE . CAIR MASS FOR FSP IS FIXED IN TH IS CODE;
C FS I S I N THE "DO 1~:"j LOOP " . GC I S THE AER O !.~OL ASSYMETRY
C FACTOR CO. 65 USED FOR RURAL ) .
C

CC=\l .6S
AL.G :::ALO C( 1 . - c r»
AFS=ALG*Cl .45 9+ALG* (O .1 59 5+-ALG*O .4i 29»
BFS=ALC*(O 078 3+ALC* C-O .3824-ALC*0 .5874»
FS P=1 . - .S *EXr ( CAF S+BFS/ i . 8 )/ 1 . 8 )

("'

C . . RR I S USED IN THE OZONE MA SS EXPRESSION IN THE "DO 15 L.OOP" .
RR == 22 ./6370 .

C
C .. . THESE EXPRE SSIONS DEPEND ON ZENI TH AND INCIDENCE ANGL E AND
C AND SHOULD BE I NSI DE THE LO OP THAT CHANCES Z AND AI .
C
C .. FOR GLO BA L NORM AL SPE CTRA CMODE=1) , I NCI DENCE ANGLE CAI ) =O AND
C TI LT= Z . FOR GLOBAL HOR I ZONTAL s rt c TRA
C CMO DE=3 ). INCID EN CE AN GLE ( AI )=Z AN D TI LT=O.
C
c . . . 00 LOOP FOR SEVERAL SPECTRA (NUMSPT )

DO 15 KK =1 ) NUM SPT
READ Ci )iO) I ) AI
IF ( MODE . EQ . 1 ) AI "' O.
IF ( MO DE . ED. 1 ) TI LT=l
I F CMODE EO. 3) TI L. T=O
I F CMODE . ED. 3) AI =Z
COSTLT=CO S CTILT*R PD )
C1 =' COS ( AI*R PD)
ZCOS"'CUS(l*r~ PD)
Z!3I N= r:iI N( Z*I<P1»
FS=l - O S*EXP CCAFS+- BFS* ZCOS ) * ZCOS )

C
C . . RELATT'JE OPTI CAL AIR H(~ !; ! ; .

AM =1 . / ( l e OS+ . 1S* C93 . 88S- Z)** ( - i . 2S3 »
C . . . PRESSUR E COR RECTED AI R MASS .

AMP':::fiH*SPR/ j lJ 13 .
c
C . . . DZO NE MA S ~3 .

AMO=C 1 . +RR) / ( ZCOS**2 .+2 . *RR) ** S
c
C . . WRI TF OU T I NI TI AL CONDITI ONS 10 TERMIN AL SCREEN.
e

WRITE ( S ,i 7 ) I, TI LT ,AI
W R I T E C5 ~ 6 ) A H )SPR ,~ MP , A MO

c
c . . . I NI TI ALl ZE THE INTERPOLA THlN CO UNTEI\ F Of\ RHO .

N f~ <~
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C .. , REWI ND THE 1APE WITH ET SPECTRUM AND ABSORPT ION COEFFI CI EN TS FOR
C EACH SPECTRUM.

REWIND Z~

C
C . . . 00 LOOP FOR NUMBER OF WAV ELENGTH S CNW )

DO :1.4 1=1 .. NW
READC2 , 9) WVL .. HU1AW, AO , AU

C
C. . . CORR ECT EXTRATERRESTRI AL I RR ADI ANCE FOR EARTH RAD I US VECT OR .

HO=HO*ERV
C
C
C. . . OME GL IS TH E WAVELEN GTH DEPEND EN T S I NGLE SCATT ER ING ALBEDO
C

OMEGL=OM EC*EXP( - OM EGP*(ALOC(WVL/O .4»**2 .)
C
C. . . THE FOLLOWI NG STATEME NTS PRODUCE THE WAVE LENGTH DEPENDENT ALBEDO
C

IF(WVL . GT. WV(NR» NR=NR+l
SLP=(R(NR) -R(NR -l»/(WV(NR)-WV(NR-l»
RHO =SLP*CWVL-WV (NR -l»+R(NR -i )

C
C . . . CALCULATE TRANSMITTANCE

TR=EXP(-AMP/(WVL**4.*(1i S.6406-i .33S/WVL**2 .»)
TO=EXP( -AO*03*AMO)
TW= EXP( - ,238S*AW*W*AM/(i ,+20 .07*AW*W*AM)** .4S)
TU=EXP(-i.41*AU*AMP/«1 .+118 .93*AU*AMP)** .4S»
DELA=TAU S*(WVL/ .S)**( -ALPHA)
TAS=EXP(-OMEGL*DELA*AM)
TAA =EXP( -(1 .-0ME GL)*DELA*AM)
TA =EXP(-DELA*AM)

C
DIR=HO*TR*TO*TW*TU*TA

C.. . CALCULATE DIRECT COMPONE NT OF IRRAD IANCE ONTO SURFACE .
DIRSUR =DIR*C I

C
C. . . DRAY ~ DAER HAVE BEEN MODIFIED BY BIRD. NOTE POWER ON TR TERM .
C

DRAY=HO*ZCOS*TO*TW*TU*TAA*(i . -TR** .9S)* .S
DAER=HO*ZCOS*TO*TW*TU*TAA*TR**1 .S*(1 . -TAS)*FS
TRP=EXP( -i .8/(WVL**4 .*(liS .6406-1 .33S/WVL**2»)
TWP =EXP( - . 238S*AW*W*1 . 8/«1 . +20 .07*AW*W*1 .8)**.4S»
TUP =EXPC-l .41*AU* 1 .B/« 1 .+ 118 .93*AU*1 .8>** .4S »
TASP=EXP(-OMEGL*DELA*i .8)
TAAP =[XP( - (1 . -0MEGL)*DELA*i .8)
RHOA=TUP*TWP*TAAP* ( . S*(i . -TRP )+(i . -FSP)*TR~*(i.-TASP»

DRGD=(DIR*ZCO S+(DRAY+DA ER»*RHO*RHOA/(l .-RHO*RkOA)
DIF =DRA Y+DAER+DRGD

c
C. . . CRe I S A U\) CORRECTIO N FAC TOR
C

CRf>=i . O
I F (W VL . LE . . 45 ) CRC= CWVL + S5 ) **1 . 8

c
C... DIFFUSE ON A HOR I ZONT AL SURFACE

DIF =D I F*CRC
C
C . . . TOTAL ON A HOR I ZONTAL SURFAC E .

DTOT =DIR*ZCDS+DIF
C.. . MAI< E DI FS=D IF TO USE FORMAT i ? FOR GLOBAL HOR I ZONTAL CASE.

DIFS ="D I F
IF(MODE EQ , 3 ) GOTO 79

C
C. . . GROUND REFLECTED COMPO NE NT .

REFS=DTOT*RHO*( 1 .0 - COSTLTI / 2 . 0
C
C. . . THE THR EE FOLLOW ING STATEME NTS AR E TH E HA Y TILT AL GOR ITHM
C
C . . . AN I SOTROPY INDEX.

AII =DIR/ HO
C
C . . . CIRCUMSOLAR AND IS OTR OPIC COMPONE NT (WEIGHTED BY DIF*AII AND
C DIF*,i-AIl I .

DI FSC=DI F*AII*CI / ZCOS
DI FSI =DI F* (i.O -A I I)* ( 1 0+CO STLT) /2.0
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it

C
C
C . . . .
C
C

c
c .. . DIF FUSE ON TILTE D SURFACE.

DIF S=DI FSC+DI FS I +REFS
C
C.. . TOTAl ON TI LTED SURFACE .

DTOT ::::I)IR *CI +D IFS
C
C. . . PHOTON FLUX CALCUL ATI ONS.
C
C . . . WRI TE SPECTR AL I RRADI ANCE OR PHO TON FLUX OUTPUT TO TAPE3 .

79 I F (NUNITS . EQ . 1) GOTO 12
PFWVGL=DTOT*WVl*CON ST
ENERGY=( XH* XC) / WVL
E=[NERGY / t:::'JOLT
PFEVGL=(PFWVCL*WVL)/E
PFWVDN=DIR*WVL*CONST
PFEVDN=(PFWVDN*WVL)/E
PFWVDS =DIRS UR*WVL*CONST
PFEVDS=(P FWVDS*WVL)/ E
DECIDE IF USING DIF OR DIFS
PFWVDF=DIF*WVL*CONST
PFEVDF=(PFWVDF*WVL)/E
IF (NUNITS . EQ. 2 ) GOTO i 1
WRITE(3 ,i 8) E, PFEVGL, PFEVDN
GOTO 1.3
WRITE(3,i 8)WVL,PFWVGL ,PFWVDN
GOTO i3 ' . .

12 WRITEC3 ,16) WV L ,DTOT,DIR ,DIF S
13 CONTINUE

C
i4 CONTINUE
is CONTINUE

C
C****** FORMAT STATEM ENTS *****
C

FORMATCH S)
2 FORMAT(6F6 .3, 2I S )
3 FORMAT <i 2F6 . 2)
4 FORMAT (2X, "NUNITS= " , 16 , :5X, "NUMSPT = " , I6n
S FORMAT(2X ,"NDAY = 1, I 7 ,3X, "ERV :: 1I ,F7 . 4)
6 FORMAT (2X, "AM ::-= 1 , F7. 2 , 3 X, "SPR =1 ., F7 . 2 ) 3X., "AMP = " ,F7 .2 ,3X,

+"AMO :::1I ..F7 .2 )
7 FOR MAT ( 2 X, II TAUS :: II , F'7 . 2, 3X , II ALP HA = II .' F7 . 2 , 3X.. II W :: " .. F7 . 2,

+3X,1I03 :: II, F7 . ::.n
8 FOR MAT (~~X , II W1= " .' F6 .2 ., 2X, "Ri ::-= II , F6 . 2/2X, II W2= II , F 6 .2 .. 2X)

... IIR 2= ", F6 . 2/2X, IIW3 ~-= " , F6 . 2,2X, "R3= II I F6 . 2/2X, IIW4:: II I F6 . 2 , 2X,
+ IIR4 =" ; F6 . 2 /2X., "WS= " , F6 . ~~ , 2X) "RS=" , F6 . 2/2X , IIW6= " ) F6 . 2 .. 2X)
+IR6=" ,F6 . 2/)

9 FORMAT (SF 10 . 4)
10 r ORMAT( 2Fi O. 4 )
16 - F OR M ~~ T ( F 7. 4 ) 3F i O. 4 )

17 FORMAT(2X .. "Z ::: " , F 7. ~? , 3 X , " T I L T =- " , F7 . 2 , 3X, "AI ::II,F7.2)
18 FORMAT(F10 . S , 2EiO .4)
211 FORMAT(1X," GLO BAL NORMAL AND DIRECT NORMAL")
21 FORMAT( 1X~ "GLOBAL TIL T" )
22 FORMAT<iX ,IIGLOBAL HOR I ZONTAL. ")

STOP
END
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