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PREFACE

The work documented here was performed by the SERI Renewable Re-
source Assessment Branch for the U.S. Department of Energy under
Task No. 1093.00. The report compares several simple global hori-
zontal insolation models with several rigorous radiative transfer

models and describes an improved, simple, global insolation-

model. We would 1like to thank J. V. Dave of IBM for providing
data sets from his Spherical Harmonics code.
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SUMMARY

OBJECTIVE

This report presents the Bird model, a simple broadband model for direct and
diffuse insolation under clear sky conditions. The model is based on compari-
sons with results from rigorous radiative transfer codes. The model is com—
posed of simple algebraic expressions, and the inputs to the model are from
readily avallable meteorological data. This enables  the model to be
implemented very easily.

DISCUSSION

The results of a detailed comparison of five simple broadband models for clear
sky global insolation are presented here. These five models have appeared re-
cently in publications, and many of them are widely used in the solar commu-
nity. A sixth simple model, the Bird model, has been formulated that uses
parts of the formalisms of these five models. This model is expected to pro-
vide greater accuracy and is still easy to implement and use.

5. :

i

CONCLUSIONS

All of the simple models compared here provide results that agree within < 10%
with the results from three rigorous radiative transfer codes when the sun is
in the zenith position. The Bird and Hoyt models agree within 3% with each
other and with the results from the rigorous codes. However, the Bird model
is the easier of the two models to implement. Future work will include com—
parisons with carefully taken insolation and meteorological data and the
inclusion of the effects of clouds in the model. '
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NOMENCLATURE

'Absorptange parameters defined,bylﬁoft
Cafbon dioxide absorptancé'

Oxygen absorptance

Water vapor absorptance

Ratio of the forward-scattered irradiance to the total scattered
irradiance due to aerosols.

A parameter used by Watt in air mass calculations:

Solar irra%}ance on a horizontal surface from atmospheric scat-
tering (W/m“)

Direct solar irradiance on a horizontal surface (W/mz)

-Solar irradiance on awhorizont%} surface from multiple reflections -
between the ground and sky (W/m®)

Solar irradiance on a horizontal surface from scattered light (Ias"

+ ;G)
Total (global) solar irradiance on a horizontal surface (W/mz)

Extraterrestrial solar irradiance (1353 w/mz).

Aerosol transmittance for Davies and Hay

Constant used in Bird model associated with aerosol absorptance

Air mass

Pressure-corrected alr mass

Watt's path length modifier (similar to air mass)
SBurface pressure (millihars)

Ground albedn |

Sky, or'atmospﬁeric, albedo

S&rface'temperaturé (K)

Transmittance of'aerosoliabsorptance and scattering

Transmittance of aerosol absorptance

xiii
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Transmittance of aerosol scattering
Transmittance of dry air absorptance and scattering for Watt

Transmittance of lower layer aerosol for Watt

Global transmittance of all molecular effects except water vapor
for Atwater )

Direct transmittance of all molecular effects except water vapor
for Atwater

Transmittance of ozone absorptance
Transmittance of Rayleigh scattering
Transmittance of upper layer aerosol for Watt

Transmittance of absorptance of uniformly mixed gases (carbon
dioxide and oxygen) -

Transmittance of water vapor absorptance (1 - aw)
Transmittance of water vapor scattering

Amount of ozone in a vertical column from surface (em)

‘Amount of precipitable water in a vertical column from surface (cm)

Total amount of ozone in a slanted path (cm)
Total amount of precipitable water in a slanted path (cm)

Angle—between a line to the sun and the local zenith (zenith angle
in degrees)

An attenuation multiplier used by Watt

Broadband aerosol optical depth from surface in a vertical path
(broadband turbidity)

Aerosol optical depth from surface in a vertical path at 0.5-um
wavelength ‘

Aerosol optical depth from surface in a vertical path at 0.38-um
wavelength : '

Lower layer aerosol optical depth in a vertical path for Watt
Upper layer aerosol optical depth in a vertical path for Watt
Single scattering albedo--the fraction of the light lost from an

incident pencil of radiation that is due to scattering

xiv
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SECTION 1.0

INTRODUCTION

To properly design a solar energy system for a location lacking an insolation
data base, insolation models are required. This need for insolation models
has been recognized for many years. One early and widely used insolation mod-
el was published in 1940 by Moon [l]. This model is still used today in its
original or modified forms [2,3].

Insolation models have proliferated to the point where it is difficult for a
solar user to decide which model to adopt. The purpose of this paper is to
provide a detailed comparison of several simple, broadband insolation models
" that are currently in use and, based on this comparison and comparisons with
more rigorous radiative transfer models,< o formulate a simple clear sky model
for direct and diffuse insolation. This type of comparison should be helpful
in evaluating the relative accuracy of various models and give direction for
formulating a model that uses the best of each existing model.” The criteria
used for evaluating and formulating models have been simplicity, accuracy, and
the ability to use readily available meteorological data.

It should be noted that the use of the word "rigorous™ does not necessarily
mean that the "rigorous” results truly represent reality. Even though these
"rigorous” codes are very detailed in the methods used to solve the radiative
transfer problem, the representativeness of the results depends upon how well
the atmospheric model, the measured atmospheric parameters, the mathematical
methods, and other assumptions made in the codes relate to a real situation.
- However, in the absence of well-documented data, this approach of using "rig-
orous” codes-as a basis of comparison was used.
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"SECTION 2.0

DESCRIPTION OF MODELS

A brief description of the several models that. have been’compared is presented
here. Further details of this comparison can be found in Ref. 4 and in the
original publications of each author. Most of the models include the effect
of clouds, but this aspect of the models is not included here. Comparisons of
cloud-cover global insolation models will -follow (in a subsequent report) the
clear sky model comparisons reported here. Such comparisons have also been
performed by Davies and Hay [5]. '

2.1 AIWATER AND BALL MODEL

Direct and global <insolation models were published by Atwater and Ball .
[6,7]. The -direct insolation model was taken from Kastrov as discussed by
Kondratyev [8]. The equations of transfer and the transmission functions for
this insolation . model are given in Table 2-1. (The symbols in Tables 2-1
through 2-6 are defined in the Nomenclature.)

Table 2-1. EQUATIONS FOR TOTAL DOWNWARD IRRADIANCE FOR
ATWATER AND BALL MODEL

Basic'ﬁquations

I4 I, (cos Z) (Ihd - aw)\TA -

Ip I, (cos 2) (Ty = a)Ty/(1 = r,ry)

Transmission Functions

Tyqg = 1.041 - 0.16 [M(949 x 1070 p + 0.051)10-°
Ty = 1.021 --0.0824 [M(949 x 107% p + 0.051)]0:>
a, = 0.077 (um?3

Ty = exp (-T\M')

M = 35/[(1224 cos? z) + 110+3

M = PM/1013 '

The form of the equation for water vapor absorption ‘was published by
. McDonald [9]. The value of r_ = 0.0685 for a molecular atmosphere, as re-
ported by Lacis and Hansen [IOi, was used with this model. Atwater and Ball ’
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used MIE calculations to obtain Tas which is much too rigorous for a simple
model. Therefore, a value of 1, that will be described later in the Bird mod-
el was used here.

2.2 DAVIES AND HAY MODEL

A model for solar .insolation (direct and diffuse) was published by Davies and
Hay [5]. The equations used in this model were partially the result of com-—
paring several existing models, and they are presented in Table 2-2.

Table 2-2. EQUATIONS FOR TOTAL DOWNWARD IRRADIANCE FOR DAVIES AND HAY MODEL

Basic Equations

I = T lees 2) (T Ty )Ty

I, = I, (cos 2) [Ty(1 = TR)Ty (0.5) + (T Tg - a,)(1 = TW B,
I ; rgrS(Id + L)/ - rgrs) |

Ip = Ig+ I+ 1,

Transmission Functions

T, = 1 - 0.02118% /(1 + 0.042X_ + 0.000323X_%)
~1.082% /(1 + 138.6X )0+89% — q.06s8x, /1 + (103.6%,)°]

X, = UM
a, = 2.9%/[(1 + 141.5%)0:63% + 5,925x 1.
X, = UM ’

- M
TA = K
rg = 0.0685 + (1 - B)(1 - TW,

The expressions for ozone transmittance, Tb, and water vapor absorption, ay,
were taken from Lacis and Hansen [10]. The transmission due to Rayleigh ecat-
tering, Tp, was presented in tabular form, and so we used the Bird model
expression for Iz in this model. The value K = 0.91 was used for data
generated here and is representative of aerosol conditions in southern
Ontario. W, = 0.98 and B, = 0.85 were used here also.
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2.3 WATT MODEL
AnotHer direct and diffuse insolation model has been constructed by Watt [3],

based partially on the work of Moon [l]. The equations for this model are
shown in Table 2-3. '

Table 2-3. EQUATIONS FOR TOTAL DOWNWARD IRRADIANCE FOR WATT MODEL

Basic Equations

Id. = Io(cos Z) TuaTasToTus TLTU
— 0.5
Ig = 1,008 r (1 + rgrs)(l + cos Z)
+ 0.5 @ gTglg COS Z + 0.5 ry cos Z]
Ip = Ig+1I,

Transmission Functions

T, = 0.93 - 0.033 log (UM,)
- 0.7
T, = 10-0.045[(P/P ) M,]
T - 10-(0.0071 + 0.01 UOM4)
o
- -(0.0095 U
T 10 wi2)
= T1M50.7
Ty = 107" M3
TL = 0-6 (TO.S - 0.01 UW - 0.03)
o, = (0.93 - 0.033 log U,) 10710:006 P/1013 + 0.4°(Ty + T,)]
r, = ag {1 - 107[0-003 P/1013 + 0.01 U + 0.4 (T, + Ty])
M = sec Z for Z £ 70° (4 = 1,2,3,4)
Mi = (thzz - thzl)/(hZ - hl) for 2 > 70° (i = 1,2,3,4)
F,5 = [[(x/hy) cos 212 + 2 r/hy + 1}05 - (r/hy) cos Z (3 = 1,2)
for i =1, hy = 0 km énd hy = 30 km
i=2, hy= 0kmand hy = 3 km
i =3, hy =15 km and hy = 25 km
i =4, hy = 20 km and hy = 40 km
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The upper layer broadband turbidity, T, was not well defined by Watt. A
value of 1 = 0.02 was used in the calculations performed here, which appears
to be an average value for lgcations in the United States. The parameter r is
the earth's radius (6.4 x 10° m).

2.4 HOYT MODEL

The equations used in the model by Hoyt [11] are shown .in Table 2-4.

1

Table 2—-4. EQUATIONS FOR TOTAL DOWNWARD IRRADIANCE FOR HOYT MODEL

Basic Equations

5
I4 = Iu (cos 7)( 1 - Z ai.>TASTR
i=1
5
I,, =1, (cos 2) <1 -y, ai)[(l - TR)0.5 + (1 - T,)0.75]
i=1
. 5
Ip = (I4+ Ias)ré(l - > ai')[(l - Tp')0.5 + (1 - T,g')0.25]
i=1
Iy =I4+ I+ I

‘Transmission Functions

a, = 0.110 (0.75 UM + 6.31 x 107%)0:3 - 0.0121

al =

ay = ag, = 0.00235 (126 M' + 0.0129)%-26 - 7.5 x 1074

a3 = (1 - T)) = 0.045 (UM + 8.34 x 10"‘)0°38 - 3.1 x 1073
ay = ag = 7.5x 1073 (u)0-875

as = 0.05 T,q

M' = MP/1013.25

Hoyt obtained air mass values, M, from Bemporad's [12] tables. The expression
for air mass of Kasten [13] was used here instead. The values of Tyg and Ty
are calculated from tables furnished by Hoyt [11]. The a;' values are calcu-
lated using air mass values of M' + 1.66 P/1013,25 in the a; expressions.
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Tpg' and TR are evaluated for air mass values of 1.66 P/1013.25 in Tpg and
Tge The table values from which Tpg is calculated are limited so that large
optical depths cannot be considered.: Large optical depths can occur from high
turbidity or from large zenith angles. In the data presented later for Z =
80°, an approximate value of Tpg was used to complete the plotted results.

2.5 LACIS AND HANSEN MODEL

The equations for the model developed by Lacls and Hansen [10] are shown in
Table 2-5.

Table 2-5. EQUATIONS FOR TOTAL DOWNWARD IRRADIANCE FOR LACIS AND
HANSEN MODEL ‘

"Basic Eqﬁatidn

Ip = I, (cos Z) [(0.647 ~ r_'

&' = 8,)/(1 = 0.0685 r,) + 0.353 = a]

Transmission Functions

rg' = 0.28/(1 + 6.43 cos Z)
a, = 1 - T, as shown in Table 2-2 -
a, = Shown in Table 2-2 with the following correction:

= x,(p/1013)0:73(273/1)0+>

2.6 BIRD MODEL

‘A model has been constructed that is based on comparisons with the SOLTRAN 3
and SOLTRAN 4 [4] direct insolation models and the BRITE Monte Carlo global
model -[14]. Formalisms in the previous models that were considered to be op-
timum were adopted here. The equations for this model are shown in Table 2-6.

The atmospheric turbidity values, TA 0.38 and TA 0.5 have been measured on a
regular basis by the National Wedther Service 115] at 0.38- and O.5-pm
wavelengths, respectively. If one of the turbidity values 1s not available,
its value can be entered as a zero in the expression for T,. The expression
for T, is based on the Air Force Geophysics Laboratory (AFGL) rural aerosol
»modelA[16]. The expression used here for Ty, was found by fitting the
expression to the results of the SOLTRAN 4 [4] code. The value of K; = 0.0933
for the rural aerosol was used here for all calculations. For the wurban
aerosol model, which contains more carbon, the value of K; = 0.385 was found
to be appropriate. From a theoretical standpoint, K; should be nearly equal
to 1 - WO, where W, is ‘the single scattering albedo. The forward-scattering
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Table 2-6. EQUATIONS FOR TOTAL DOWNWARD IRRADIANCE FOR THE BIRD MODEL

Basic Equations

Ig =1, (cos Z) (0.9662) TRT TyyT,Ta

I, =1, (cos 2) (0.79) T T, TyyTan
[0.5 (1 - Tg) + B, (1 - T,0))/[1 - ¥ + )l-02]
Ip =(Ig+ 1,0/ - rgrs)

Transmission Equations

T, = exp {- 0.0903 (M")0-8411 + v - (u)1-01y}
T, = 1-0.1611 X (1 + 139.48 x_)~0-3035

- 0.002715‘Xo (1 + 0.044 X, + 0.0003 XOZ)—I
X, =UM

Ty = exp [-0.0127 (u')0-26]

T, =1- 2.4959 X [(1 + 79.034 X )0-6828 4 ¢ 385 x 71
Xy = UM |

T, - emp [t 08 (1, - p,0-7088) 40,0108,

Ty = 0.2758 7T, o 35 + 0.35 T, o

Tag = Ta/Tap _
r = 0.0685.+ (1 - Ba)(l.O - “és)

M = {cos Z + 0.15(93.885 - z)“1-25]-1

M' = MP/1013

ratio;.Ba, is ‘related through MIE theory to a parameter <cos 6>, called the.
asymmetry factor, by

B, = 0.5(1 + <cos 6>)
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The asymmetry factor is the mean of the cosine of the scattering' angle, 0,
with the angular intensity as the weighting function. The éextreme values of

Ba are .

B =

a 0.5 for isotropic scattering;

{ 1 for all forward scattering;

0 for all backward scattering.

Table 2-7 contains- values of the asymmetry factor at various wavelengths for
the rural aerosol model and the haze L aerosol model used by Dave {17]. Two
differences in these aerosol models are: (1) the rural aerosol model is
bimodal, whereas Dave's model has a single mode; and (2) the rural aerosol
model varies the complex index of refraction with wavelength, and the Dave
model holds it constant. The values of the asymmetry factors for the two
models are in reasonably good agreement, and our calculations indicate that
the Bird model is relatively insensitive to small changes in this parameter.
A value of B, = 0.82 was used for the rural aerosol, and B, = 0.86 for Dave's
aerosol in calculations shown later. '

Table 2-7. VALUES OF THE ASYMMETRY FACTOR
FOR THE RURAL AND THE DAVE HAZF

. L AEROSOL
Rural Dave ‘Haze L
A {cos 6> by <{cos 6>

0. 325 : 0.66 - ' -
0.35 0.66 - - 0.35 0.73
0.4 0.65 - -
0.5 0.64 - 0.455 0.72
0.63 0.64 - 0.635 0.71
0.7525 0.63 0.7525 - 0.71
0. 86 0.63 - - -
0.9935. 0.63 0.994 . 0.70
1.235 0.64 ' ‘1.235 0.69
1.497 0.65 l1.61 0.67
1.8 0.68 2.1 0.63

2.198 0.71 2.198 - 0.62

It is suggested that values of B, = 0.84 and K; = 0.1 be used with this model
unless good information on the aerosol is available. All other data required .
by the model comes from meteorological measurements near the site of interest.

Ozone measurements are sometimes difficult to aobtain. Since ozone;has a minor-
effect on .broadband solar insolation, it is suggested that the method of Van'
Heuklon [18] could be used in lieu of real data. : B o
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The expression used for air mass in the Bird model comes from Kasten [13] and
was used for all of the calculations reported here except for the Atwater and
Ball model and the Watt model.

For'the convenience of the reader, Table 2-8 itemizes the input parameters
required for each of the simple models.

Table 2-8. INPUT PARAMETERS REQUIRED FOR SIMPLE MODELS

Model Input

Atwater Snlar conecﬁnt, gsenith augle, surface pressure,
and ground albedo, precipitable watcr vapor, toulal
Ball ozone, broadband turbidity

Davies Solar constant, zenith angle, surface pressure,
.and ground albedo, precipitable water vapor, total
Hay ozone, aerosol single scattering albedo (0.98

suggested), aerosol forward scattering ratio
(0.85 suggested), broadband aerosol transmittance

Watt Solar constant, zenith angle, surface pressure,
ground albedo, precipitable water vapor, total
ozone, turbidity at 0.5-um wavelength, upper
layer turbidity ‘

Hoyt Solar constant, zenith angle, surface pressure,
ground albedo, precipitable water vapor, total
vzone, rturbidity at one wavelength

Lacis Solar constant, zenith angle, surface pressure,
and surface temperature, ground albedo, precipitable
Hansen water vapor, total ozone
Bird Snlar constant, zcnith angle, surface pressure,

ground albedo, precipitable water vapor, total
ozone, turbidity at 0.5- and/or 0.38-um wave=-
length, aerosol forward scattering ratio (0.84
recommended)

2.7 RIGOROUS CODES

Three rigorous codes have been used in this study as a basis for formulating
the Bird model. One code is for direct normal irradiance and is called
SOLTRAN 4 [4]. Two other codes, which include both the direct normal and the
diffuse irradiance, are the BRITE [l4] Monte Carle code and the Dave [17]
Spherical Harmonics code. In each of these codes, a multilayered atmospheric
model can be constructed, where important atmospheric parameters are defined
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at each layer. In this way, a fairly detailed atmosphere can be constructed
that closely resembles the real atmosphere at a given time and specific loca-
tion. Each code then uses its own technique to solve the radiative transfer
problem.

These rigorous codes calculate the irradiance at a specified altitude, sun
angle, and for an atmospheric model at discrete wavelengths. For comparison
with the simple broadband models described previously, the spectral irradiance
from the rigorous codes has to be integrated over wavelength.

The SOLTRAN 3 code, an earlier version of SOLTRAN 4, was used to formulate
most of the transmittance functions found in the Bird model. This was ac=-
complished by performing a least-square fit of each transmittance function to
transmittance data from SOLTRAN 3 for each atmospheric constituent. Further
details of this operation can be found in Ref. 4. SOLTRAN 3 was used because
it was -the only version available to us when this portion of the work was per-
formed. The only difference in the two models that would be apparent in the
results would be. caused by a slight difference in the "continental” and
"rural” aerosol models that are used in the two codes.

A comparison was made between data from the BRITE code and several of the
simple clear sky global models. Based on this comparison and the author's
judgment of the best expressions used in the simple models, a model for the
diffuse lirradiance was formulated, This simple model of the diffuse irra-
diance was then fine-tuned to provide good agreement with the BRITE code as
well as results from the Dave Spherical Harmonics code.

It is appropriate to comment here that there are problems with the expressions
used for the diffuse irradiance model. The general formalism for the diffuse
transfer equation of some of the simple models was adopted even though it may
not be as acceptable, based on the physics of the problem, as one would
like. For example, a cosine of the solar zenith angle is included in the dif-
fuse transfer equation. This implies that all of the diffuse radiation
behaves just like the direct normal component. . The cosine is used to calcu-
late the irradiance falling on a horizontal surface. However, it is well
known that the diffuse irradiance 1s much more complex than this. An example
of a more rigorous but fairly simple formalism for the diffuse irradiance is
found in Ref. 19, in which the diffuse radiation is divided into three
- components: an isotropic term, a term resulting from horizon brightening, and
a circumsolar term. . The circumsolar term is the only one that behaves very
much like the direct normal radiation. For tilted surfaces, a ground reflec-
tion should be added to this diffuse model. Another problem with this formal-
ism is associated with using transmittance expressions for diffuse radiation
that were derived for direct radiation. ‘ '
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SECTION 3.0

MODEL COMPARISONS

Each of the simple models described in Section 2.0 was programmed on a com—
puter to produce data for comparison. A comparison of the aerosol transmit-
tance, the transmittance after molecular (Rayleigh) scattering, the water
vapor (Hy0) transmittance, and the ozone (03) transmittance will be presented
first. Then, a comparison between the direct, .the diffuse sky, the diffuse
sky/ground, and the global radiation for three different atmospheric models
will be shown. Comparisons are made, where possible, between each of the sim-
ple model results as well as the results from the rigorous models.

3.1 TRANSMITTANCE COMPARISONS

To become orilented as to the relative importance of each atmospheric constit-
uent in atmospheric transmittance, the broadband transmittance versus the se-
cant of the solar zenith angle (approximate air mass) for each constituent was
plotted in Fig. 3-1. This figure was generated with output from the SOLTRAN 3
code for a Midlatitude Summer (MLS) atmaspheric model. Table 3-1 shows the
amounts of H,O0 and O3 from sea level to the top of the atmosphere in a
vertical column for the two altmospheric models=-MLS and USS (U.S. Standard)--
used in this comparison.

Table 3-1. AMOUNTS OF Hp,0 AND
03 IN A VERTICAL .
COLUMN FOR THE MLS
AND USS ATMOSPHERES

H4,0 0

2 3
(cm) (cm)
MLS - 2.93 0.31
Uss 1.42 0.34

An examination of Fig. 3-1 shows that COp and 0, are the least important at-
tenuators, and this is why they are not included in some models. The next
element exhibiting increased attenuation is O3, followed by Hy0. . Molecular
scattering dominates the total molecular absorption at large zenith angles and
has a greater effect than most individual molecular species at all zenith
angles. The most significant attenuator at all zenith angles is the aero-
sol. The aerosol modeled here was the continental aerosol model [16] with a
sea level meteorological range of 23 km. A 23-km meteorological range is con-
sidered to be a moderately clear atmosphere. This aerosol produces an optical
depth of 0.27 (basc e) at 0.5-um wavelength.
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Figure 3-1. Transmittance versus Secant of Solar Zenith Angle for
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The data in Fig. 3-1 indicate the relative effect that the atmospheric
constituents have on the direct irradiance. However, when global irradiance
is being considered these results can be misleading. A large fraction of the
radiation lost in the direct beam by molecular and aerosol scattering is re-
gained in the diffuse component. As a result of this, changes in aerosol op-
tical depth through the atmosphere have less effect on the total global irra-
diance than on the direct irradiance.

Figures 3-2 and 3-5 present transmittance data for the USS atmosphere from
several of the models. It should be pointed out that the broadband turbidity -
expression from the Bird model was used in the Atwater and Ball model. A
similar effort could have been made with the aerosol transmittance term in the
Davies and Hay model to produce identical results. One of the strengths of
the Bird model 1is that it is based entirely on algebraic expressions for
transmittance calculations rather than tabulated data. This makes the use of
the model considerably easier and provides more flexibility.

The comparison made here for one model atmosphere is not really indicative of
the accuracy of each model. Since a wide range of values of turbidity, Hy0
amount, and O3 amount are required for real atmospheric conditions, the model
must be able to accommodate these changes. Additional comparisons are pre-
sented in Ref. 4 for a range of these parameters. As was stated earlier, the
transmittance expressions in the Bird model were derived from comparisons with
SOLTRAN 3 results, but the comparicons made here are with SOLTRAN 4 results.
This should have an effect only on the aerosol transmittance shown in
Fig. 3-2. The transmittance comparisons shown. in Figs. 3-2 through 3-5 are
rather self-explanatory, and so no further discussions are presented.

3.2 TIRRADIANCE COMPARISONS

The global solar irradiance has heen divided into three components: the di-
rect irradiance on a horizontal surface, the diffuse sky irradiance on a ‘hori-
zontal surface, and the diffuse ground/sky irradiance on a horizontal sur-
face. The diffuse sky irradiance is the total diffuse radiation present when
the ground has zero albedo (completely absorbing ground), and the diffuse
ground/sky irradiance is that amount added to the total diffuse irradiance
when the ground albedo is not zero. :

Figures 3-6 through 3-9 present comparisons of the global irradiance at sea
level in the USS atmosphere from all of the models as well as comparisons of
the three components of the global irradiance. For this atmospheric model,
the Bird, Hoyt, and Monte Carlo models produce very similar results. The mod-
el of Atwater and Ball significantly underestimates the diffuse sky irradi-
ance, and the Watt model overestimates the diffuse sky irradiance. The
results of the Davies and Hay model would have shown mch better agreement
with the Monte Carlo results if a more reasonable value of the aerosol trans-
mittance had been used. The Bird model Rayleigh transmittance was used in the
Davies and Hay model. ‘

It is instructive to examine the relalive magnitude of each component. For a

solar zenith angle of zero (the sun directly overhead), the direct component
provides approximately 81% of the total, the diffuse sky approximately 17%,
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and the diffuse ground/sky approximately 2%. The calculations are for a tur-
bidity of 0.27 at O0.5-im wavelength and a ground albedo of 0.2.

In Figures 3-10 through 3-13, a similar set of plots is presented for the MLS -
atmospheric model with an atmospheric turbidity of 0.27 at 0.5-pum wavelength
and a ground albedo of 0.8. The larger ground albedo increases the diffuse
ground/sky component by a factor of four. It is evident that the simple
models begin to deviate from the Monte Carlo result for the diffuse ground/sky
component. However, since this component is so small, the global result is
still in close agreement. The relative agreement of the results from the
different models is nearly the same as with the USS atmosphere. This is
principally because the aerosol model is identical in both models.

Finally, a comparison is made of the models for rhe MLLS atmoophecre with the
Haze L aerosol model of Dave [17]. The Dave atmosphere modeled here consists
of 15 homogeneous layers instead of the 32 exponentially varying layers that
were used in the previous MLS atmosphere. Tn addition, the Haze L asrousol
model is significantly different from the rural aerosol model used previ-
ously. Not only are the particle size distributions and complex indices of
refraction different, but most importantly the number density of the aerosol
as a function of altitude is very different. The turbidity of this model is
0.0996 instead of the 0.266 used previously in the vicinity of 0.5-um wave-
length. - Calculations with SOLTRAN 4 show that a turbidity of 0.0996 in the
rural aerosol model corresponds to a sea level visibility of nearly 250 km.
This is an extremely clear atmosphere. Figures 3-14 through 3-17 illustrate
the comparison results for this atmospheric model.

It is readily apparent from the recultos ohown in Figs. 3«14 through 3-17 that
the Atwater and Ball model is based on a very clear atmosphere, since it
agrees much better with the Dave data. Similarly, the aernsnl parameter,
K = 0.91, used in the Davies and Hay model is for a very «lear atmosphere.
The Lacis and Hansen model appears to be in slightly clnser agreement with
this c¢lear atmosphere also, but it does not have provisions for changes in
turbidity.

The clear sky diffuse irradiance of the Atwater and Ball model as shown in the
figures. presented here may be slightly lower than fthe model intended because
of the way the calculations were performed. This model is really composed of
two separate models: one for the direct irradiance and one for the global ir-
radiance. The clear sky diffuse irradiance was obtained by running the model
for a ground albedo of zero and then subtracting the direct horizontal from
the global. If the direct horizontal irradiance is slightly high, as it ap-
pears tu be, then the diffuse term would be slightly lower than expected. The
real evaluation of this model should be made on the global horizontal irra-
diance.

It will be noted in Fig. 3-14 that there is a slight difference between CLhe
Monte Carlo global and the spherical harmonic global results of Dave (~3.67% at
a zenith angle of 0). Figure 3-15 shows that a large fraction of this dif-
ference is in the ‘direct component. Since the direct component of the Monte
Carlo code is deterministic in nature rather than statistical, these differ—
ences are most likely due to differences in the molecular absorption
coefficients used and the band absorption models used. Dave used an older set
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of molecular absorption coefficients from AFGL than was used in the Monte
Carlo code [20]. TFigure 3-18 is a comparison of the spectral direct irradi- -
ance for these two codes. It is evident that there are some weak absorption
bands present in the Monte Carlo code that are not present in the spherical
harmonics code, and the shape of some of the bands is significantly different
for the two codes. SOLTRAN 4 is based on the same absorption data that Dave
used, and similar differences in the direct normal irradiance occur between
SOLTRAN 4 and the Monte Carlo code. These differences are shown in Fig. 3-19,
which has 31 more data points in the Monte Carlo results than in Fig. 3-18.
This increase in the number of data points increases the apparent spectral
resolution. The SOLTRAN 4 code provided approximately 600 data points in this
figure. Our conclusion is that most of the differences in the results from
the rigorous codes are due to differences in the molecular absorption
coefficients used.

A final observation is that many of the simple models have been based on actu-
al measured data rather than comparison to rigorous models. This fact can
make a difference in the direct normal irradiance or the diffuse irradiance
but should not affect the total irradiance. The reason for this is that pyr-
heliometers measure the irradiance in a 5.8-degree field-of-view, which in-
cludes some diffuse or circumsolar irradiance. . The rigorous codes include
only the direct normal irradiance with no circumsolar. This means that the
direct normal irradiance calculated with the Bird model will slightly under-
estimate the irradiance mecasured. by a pyrheliometer. On a normal clear day,
one is talking about less than a 1% underestimation. Let us reiterate that
the total insolation should agree. '
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SECTION 4.0

- SUMMARY AND CONCLUSIONS

Five simple broadband models for clear sky global horizontal insolation have
been compared with the spectrally integrated results from three rigorous spec-
tral codes. As a part of this comparison, a sixth simple broadband model has
been formulated. This sixth model, designated the Bird model, uses parts of
the formalisms from the other simple models and has been fine—tuned to provide
good agreement with the rigorous codes. The Bird model was constructed so
that readily available meteorological data could be used in it. It is based
entirely on algebraic expressions rather than look—up tables, which greatly
simplifies the use of the model.

The comparison of the results from each of the simple models with the results
of the rigorous codes indicates the following:

@ The Atwater and Ball model is applicable to extremely clear atmospheric
conditions with an atmospheric turbidity (base e) near 0.l1- at 0.5-um
wavelength. For turbidities near 0.27, this model underestimated the
global irradiance by approximately 8% for air mass 1 (AMl). This model
is extremely simple but does not have a good method of treating aerosol
transmittance.

e The Watt model is relatively complicated and appears to overestimate
the global insolation for AM1 conditions by approximately 7%. This is
a complete model based on meteorological parameters. However, the up-
per air turbidity required in this model is not readily available.

e The Hoyt model provides excellent agreement with the rigorous codes.
However, its use of look-up tables and the requirement to recalculate
transmittance and absorptance parameters for modified air mass values -
causes this model to be relatively difficult to use. -

e The Lacis and Hansen model is extremely simple. It tends to overesti-
mate the global irradiance by approximately 8% at AMl, and it has no
provisions for calculating direct irradiance.

e The Davies and Hay model could possibly provide good agreement with the
rigorous codes. However, it uses a look-up table for the Rayleigh
scattering transmittance term and does not have a good method for
treating aerosol transmittance. The aerosol transmittance through a
vertical path used by Davies and Hay for southern Ontario (K = 0.91) is
for an extremely clear atmosphere. ’

e It ic hoped that the rigorous codes and accurate simple models will
provide results that will agree within t+ 5% with quality experimental
data on clear days. Cloudy days are much more difficult to model accu-
rately, and clouds can have the greatest effect on the total irradi-
ance. Models that address cloud 1influences for irradiance will be
examined at a later date. -

27



S=R{} * =

Ve

e It should be recalled that the basis of comparison/evaluation of the
simple models is the much more rigorous radiative transfer codes—-as
opposed to a comparison with actual data. Because of a lack of suit-
able, high-quality data, comparisons with actual data are impossible at
this time. The greatest deficiency has been the lack of meteorological:
measurements accompanying good insolation data. However, efforts* are
currently underway at SERL and several universities to provide such
data. As this data becomes available, comparisons and improvements
will be made. Until then, it appears that both the Hoyt and Bird sim-
plified models yield results in good agreement with the rigorous tech-
niques. However, the Bird model is more flexible and easily used.

*As part of the "U.S. Department of Energy's Insolation Resource Assessment
Program.
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Three sets of tabulated data from each simple model are presented here, and
each set represents one of the atmospheric models discussed in the main
text. The parameters listed at the top of each table are:

I, = Solar constant (W/mz)

o = Precipitable'water vapor in vertical path (cm)
U0 = Ozone amount in vertical path (cm)

PR = Surface pressure (mb)

TAUS5 = Turbidity at 0.5-um wavelength

TAU38 = Turbidity at 0.38-um wavelength

RS = Ground albedo

TEMP = Surface temperature (K)

CONST = Constant K used in BIRD model
BA = Torwdrd to total scattered irradiance ratio
= Broadband turbidity

TAUB

The parameters at the top of each column of data are self-explanatory for the
transmittance and absorptance terms. The remaining parameters are:

DIRH = Direct horizontal irradiance (W/mz)

DITSH = Diffuse sky horizontal irradiance (W/mz)

DIFGI = Diffuse ground horizontal irradiance (W/m?) .
DTOT = Total or global horizontal irradiance (W/m%)
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TABULATED DATA FROM SEVERAL MODELS FOR THE

USS ATMOSPHERE

RMASS
.999%
. 0634
.1536
L4972
552%
.9927
.8997
.807&6
.5790
.3163

ATWATER MODEL

.9723
L9749
.968%
.9645
.9582
. 9456
.92sy

TMD
.93814
.93%86
L9349
.9195
L9176
.9038
.8795
.8s8s
.8233
.7472

MODEL

103
L9764
.975%6
.9749

HODEL

AW
.1000
L1024
L1049
1144
.44SR
.1258
.1422
.1553

D

19.
18.
16.
12.

14

Table A-1.
10 = 1353.0000
uw = 1.4200
Jo = .3400
PR = 1013.0000
TAUS = . 2661
TAU38= . 3538
RS = .2000
TEMP = 288.1000
CONST= .0933
BA = .8200
TAUB = .1907
“ ZENITH Al
0.0000 .
20.0000 i
30.0000 1
48.4900 i
S0.0000 i.
&60.0000 1
70.0000 2
7S.0000 3
80.0000 -3
" 85.0000 i0
ZEN TA au
0.0 .B264 .08%5S
20.0 .816d .0872
30.0 .8024 . 0893
48 .2 L7513 .0966
s0.0 .7434 L0977
60.0 . 6832 .10S3
70.0 .S736 L1479
75.0 .4806 .1284
80.0 .3382 . 14414
8S5.0 . 1249 .17%2
WATT
ZEN TA TH20A TH20S8
0.0 .B8653 .9250 .9694
20.0 .8590 . 9244 . 9675
30.0 .8503 .9229 .9648
48.2 .8187 .9192 .994S
S0.0 .8138 .94i86 .9528
60.0 .7770 .9150 . 9398
0.0 L7092 .9096 .9132
75.0 .6544 9056 .8873
80.0 .5620 .9000 .8373
85.0 . 3961 .B8904 .7074
HOYT
ZEN TAS AA
6.0 .B317 . 04146
20.0 .8220 L0414
30.0 .8084 .0404
48.2 .7588 L0379
S0.0 L7311 L0376
60.0 . 6926 L0346
70.0 .58%9 . 0293 .
75.0 L4956 .0248
ZEN DIRH DIFSH
0.0 842.7127 185.2787
20.0 776.0445 183.3879
30.0 695 .2566 180.8148
48 .2 482 ,1123 171.6728
50.0 4527 .2772 170.2822
60.0 3432352 159.84L04
70.0 167.1730 144 .5303
*7%.0 99 .695S 126.4744

DIR
888.
84i7.
732.
S06.
480 .
327.
i172.
100

40 .

4.

TAIR

.9016
.8974
.8917
.8714
.8683
.8451
.8029
.7702
.7442
.6123

H

2846
A250
1165
4300
1187
3209
0532

.5358

7697
9225

DIFSH

64

Si

22
i3

DIRH

923,
.888
774 .
548 .
.831
.969
210.
135,
67.
i6.

854

S22
369

© ACO2
.007s
L0076
.0078
.0084
.008%
.0094
L0404
.0409

IFGH
8473
4825
8257
4167
.8978
. 8494
.6278
. 0258

33

1047.
977.
892.
666 .
639
494 .
314.
2390.

a8s

205
932

444
596
205
82

DTOT

8387
8849
8972
2018
L4573
9533
33144
1957

. 9349
62.
60.
.2334
S0.
41 .
30.
.3903
.2023
3.

8348
0704

0430
7589
0747

5038

DIF
176.
174
165.
147.
145.
133.
148,
144
103,

?4.

AO03

. 0268
. 0275
.028S
L0347
L0322
. 8357
. 0447
.0466

SH

DIFGH

i3
i2
11
7
7
S
2
i

483’

.361

065
788
694
040
758
100
151
951

.2405
.2298
.0037
L7461
. 3637
L1268
.8076
.707s
.7497
.1470

DIFGH
i1.272
19,680
9.957
7.9%96
7.76%
6.352
4.789
3.963
3.117
2.255

AD2
.007S
.0079
.008S
.0107
L0140
L0137

.0490

.0242

DTOT

?66.4600

892.6897

803.1906
565.409S
537 .4954
374.2064
204.9324

124.633S

54.7216
8.5433

DTOT

1111,
1036.
946.
704,
676.
509.
333.
250.
173.
113,

639
929
227
747
286
361
994
659
473
888

TR
L9170
L9425
.9063
. 8840
.8807
L0560
.8138
.7784
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Table A-1. TABULATED DATA FROM SEVERAL MODELS FOR THE
USS ATMOSPHERE (concluded)

LACIC MODEL

I ih) A03 vivl
ot 0.0 .1089 .0234 1134.0234
20.0 L1109 .0240 1059.6338
30.0 L1135 .0249 969.0372
48.2 .1220 .0283 725.75S40
S0.0 .1233 neeg 696.0444
A0 D ATLO L0327 YL 1T
70.0 L1485 .0403 339.5933
75.0 .1559 .0474 244 .5878
80.0 L1714 .0602 150.9857
~ 85.0 .1969 L0906 63,4795

DAVIES MODEL

ZEN DIRH DIFSH DIFGH DYOT

0.0 964.60414 131.3493 18.2102 1114.1335
20.0 893.1822 129.3640 17.4608 1039.7040
30.0 806.4406 126.730S 15.8783 749.0494
48.2 575.4248 117.7340 12.3977 705.5564 .
S0.0 $48.2303 116.4077 i1.9791 676.6474 .
60.0 388.6184 106.7746 9.4598 S04.8698
70.90 221 .5297 90.5842 6.608S 348.7493

' 75.0 140.8761% 77.6703 S.0465 223.5929
80.0 68.5779 S8, 6464 R 6@ £30.5533
8%.0 16.178% 29.9684 1.5249 47 .6749
BIRD MODEL

ZEN TA TO3 LY ™ TAS AW . TAA

0.0 .8127 .ygaz2 .9874 L9437 .8271 .1032 . 9825
20.Q .8029 .98144 .9872 094 . 8400 .1048 .¥B1b
30.0 .7B8%s . 7803 . 9869 .9033 .805% .1068 .980%
48.2 .7440 .9763 .7840 .8816 .7603 L1134 9746
S0.0 L7336 . 9756 . 9859 .8783 .7541 .1144 .9728
60.0 .6778 .9709 .9849 .8531 .7029 .1209 .9643
70.0 .5785 .9649 . 7834 .B074 .6126 L1312 .9444
75.90 . 4959 . 9537 .9822 .7684 - .543%5 .1389 .9124
80.0 .3704 L9394 .9803 .7078 .4494 .4499 .8242
85.0 .1757 .9086 L9770 . 6157 . 4256 .1684 L4130
ZEN DIRH DIFSH DIFGH DTOY

0.0 844 .2037 168, 9023 - 20.5954 1033.7014
20.0 777 .9394 166.1341 19.5137 963.586%
30.0 697.7136 162.3802 10.1816 878.2754
48.2 485.8908 149.7404 14.5168 650.4480
S0.0 461.1879 147, 43224 14,0423 b22.6523
60.0 317.680S 133.6742 11.2868 462 .6445
70.90 174.6204 110 5402 0,0237 290 2144
75.0 103. 9955 90.4434 6.0414 200.4786
80.0 46.5685 | 59 .8652 S 3.6917 140.1254
85.0

9.0703 12,5752 L7707 22.4162
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Table A-2. TABULATED DATA FROM SEVERAL MODELS FOR THE
MLS ATMOSPHERE

10 = 1353.0000 ) N
uw = 2.9300
uo = 3100
PR = 1013.0000
TAUS = L2664
TAU38= .3538
RS = .8000
TEMP = 294.0000
CONST= L0933
BA = .8200
TAUB = .1907
ZENITH AIRMASS >
0.0000 .999S
20.0000 1.0634
30.0000 1.1536
4B8.1900 1.4972
$0.0000 1.552S
60.0000 1.9927
70.0000 2.8997
75.0000 3.8076
80.0000 $.5790
85.0000 10.3163
ATWATER MODEL
ZEN TA AW ™D DIRH " _DIFSH DIFGH DTOT
(U] .B264 L1063 .9381 865.0702 64,9349 53.9190 983.9241
20.0 .8163 .1083 L9355 795.6702 A2 . 8348 49 .7737 - 908.2787
30.0 .8024 L1140 L9319 744.7362 60.0704 44,7474 816.5538
48.2 L7513 .1200 .9495 490.5418 51.2334 31.4406 573.18S8
So0.0 .7434 .1214 L9176 464.7946 50.0130 29.8474 544.56547
60.0 . 6832 .1308 .9038 315.5108 41 .7589 20.7435 377.9832
70.0 .8736 .146S .8795 164.4570 30.0747 14.2782 205.8069
75.0 .4806 .1592 .858% 95.3030 22.3903 6.8235 124.54168
80.0 .3382 .17%0 .8233 37.9910 13.2023 2.9680 S4.1644
85.0 .1249 .2477 [7472 4.2961 3.5038 .4522 8.25214
WATT MODEL
-ZEN TA TH20A TH20S 703 TAIR DIRH DIFSH DIFGH DTOT
0.0 .8836 .9146 .9379 .9768 .9016 903.09%1 220.790 S8.727 1182.608
20.0 .8779 .9437 .934% 9763 8974 834.479 244.383 §5.738 1104.800
30.0 .8704 9425 .9287 .97%7 .B947 754.725 206.S06 S2.083 1040.345S
48.2 .8417 9088 9083 .9733 .B8744 S31.559 184.892 42.468 758.619
S0.0 .8373 .9083 .905% 9729 .8683 S05.732 182.27% 40.978 728.982
60.0 .8038 .9047 .8797 .9698 .B8451 354.684 166.444 33.849 5S54.970
70.0 .7443 .8992 8291 .9635 .8029 197.827 148.573 25.932 372.332
75.0 .6%904 .8953 .784i3 .9%58b6 .7702 1P4.0A4 130.992 21.7%0 285.586
80.0 .6032 .8896 6933 .9489 ..7i142 $9.236 129.047 17.457 20S.740
.B5.0 .4434 .8800 .4896 .9309 .6123 12.842 148.790 13.085 144.716
. HOYT MODEL
ZEN TAS AR AW ACO2 AO03 AD2 TR
0.0 .8317 . 0446 .1272 .0075 .0258 .0075 L9170
20.0 .8220 .0441 .1298 L0076 .0264 .0079 .942S
30.0 .8084 .0404 . .4333 - 0078 ©.0274 .008S .9063
48.2 .7588 .0379 L1454 , 0084 .030S L0107 .8840
S0.0 .7514 L0376 L4469 Angas L0340 L0110 .8807
60.0 .6926 . 0346 .1592 .0094 .0344 L0337 .85460
70.0 .585¢9 . 0293 - . 1796 . 0404 -0401 .0190 .8438
78.0 4956 .0248 .1960 .0109 .0448 .0242 .7784
ZEN DIRH DIFSH DIFGH . bpTOT
0.0 815.7084 179.3445S 72.9249 1067 .9718
20.0 750.5957 177.3810 67 .8237 995.8004
30.0 671 .8142 174.7484 61.6398 908.1724
48.2 464 .2596 165.3157 45.245% 674.7908
S0.0 440 1194 163.9930 43.286S 647 .2989
60.0 300.3540 153.29414 31.9775 485.6256
70.0 159.251v 134.8242 20.083¢9 314.1600
7% 0. 94,4394 119.806S 14.2080 228.4540
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Table A-2. TABULATED DATA FROM SEVERAL MODELS FOR THE
MLS ATMOSPHERE (concluded)

LACIS MODEL

ZEN AW AD3 pTOT )
0.0 L1327 J02r4 1118, 0910
20.0 .1350 L0231 1063.0223
30.0 .1379 . 0239 971 .6311
48.2 1475 . 0270 726.4310
S0.0 .1489 .0275 697 .3221
60.0 .1585 .0312 52474679
70.0 1734 .N3R2 338,2250
7.y .184% .0448 2430373
80.0 .2012 . 0568 149.4940
85.0 2282 . 0054 62,4267

DAVIES MODEL

ZEN DIRH DIFSH DIFGH DTOY

0.0 936.3334 429.04414 - 74.52S53 1139.899%
20.0 866.5097 127.0680 70.2349 1063.8126
30.0 781 .7525 124.4193 64.9933 974 .1654 -
48.2 556.3066 11S.3767 S0.7790 722.4623
$0.0 529.8009 114.0456 49 .0708 692.9473
60.0 374.4382 104.3899 38.7949 S17.6234
70.0 242.2479 88.2198 27 .1739 327 .6414S
75.0 134.2798 -75.34692 20.8053 230.4543
80.0 b4 .7464 56.4768 13 9067 135.1298
85.0 14.9323 28.3066 . 6.3442 49 . 5R32

BIRD MODEL

ZEN TA T03 TU ™ TAS Ald TAA

0.0 .8127 7634 9874 9437 .8d7) 1219 .993%
Bo.0 .Bu29 . 9836 L7072 .yuva .B8480 .1235 .9818
Ib.0 .7895 . 9816 .7869 .9033 .80S8s .1257 .9804
48.2 .7440 .9778 .7860 .0615 .7603 .1330 .9746
S0.90 .7336 .9772 .9859 .8783 L7544 .1340 .9728
60.0 L6778 .9727 .¥849 .8534 +.7029 L1414 .9643
70.10 .S78% . 9643 .9834 .8074 .6126 +.1520 .9444
75.0 . 4959 . 9566 .9822 .7684 .5435 .1604 .9124
80.0 .3704 .9430 .9803 .7078 . 4494 L4747 .8242
85.0 L4757 L9416 .2770 6157 . 4256 .1907 4130
ZEN DIRH DIFSH DIFGH . DTOT

0.0 827 .6234 165.5850 86.0094 1079 .2176
20.0 762.5S02 162.8477 81 .5689 1006.9668
30.0 603 7850 15%.4308 76.4007 ?19.0243
48.2 478.9279 146.6700 61.0603 683.6503
S0.0 451 .6994 144 .3891 $9.1048 655.1932
60.0 3141.0063 130.8658 47..72834 489 6554
70.0 167 .9332 108.1927 34.3338 310.4597
75.0 104.7433 88.4834 26.Nn750 216 ,8770
0o0.0 4% . 9637 58 .%873% 156.12463 120.2635
85.0 8.885% 12,3494 . 3.3810 24,5857 ‘
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TABULATED DATA FROM SEVERAL MODELS FOR THE

DAVE MODEL 3 ATMOSPHERE

Table A-3.
10 =  1353.0000
= 2.9300
up = .3100
PR = 1013.0000
TAUS = 0999
TAU38= L0979
RS = .0200
TEMP = 294.0000
CONST= .0933
BA = 8600
TAUB = .0620
ZENITH
0.0000
20.0000
30.0000
48.1900
50.0000
60.0000
70.0000
75.0000
80.0000
85.0000
ZEN o TA .
0.0 9399 A
20.0 L. 9362 .4
30.0 9340 1
4a8.2 .9113 1
S0.0 9084 .1
60.90 .8836 1
70.0 .8348 R
75.0 7881 1
80.0 7034 A
85.0 .5087 .2
ZEN TA  TH20A T
‘0.0 .9762 .9146
20.0 .9743 .9137
30.0 .9746 .9125
48.2 . .9609 '.9088
S0.0 .9592 .9083
60.0 .9452 .9047
70.0 .9iS7 .8992
7%.0 .8921 .89%3
80.0 .84S57 8896
85.0 .7602 .8800 ..
ZEN TAS
0.0 9324 .0
20.0 .9279 ;0
30.0 . .9220 .0
48.2 .9000 .0
50.0 A965 .0
60.0 .8692 .0
70.0 . 8455 .0
75.0 7650 -0
ZEN . "DIRH
0.0 908.3464
20.0 8416283
30.0 760.6718
ag.2 545 .5922
50.0 520.3379
60.0 372.5084
70.0 218.1138
75.0 142.9609

Al

O U (N s e

-

RMASS
.999S
.0634
. 1536
. 4972
.552%
.9927
.8997
.B076
.5790
.3163

ATWATER MODEL

AW

063
083
110
200
214
Jug
465
592
790
177

WATT

H20S

9379 .
L9344
.9287 .
.9083 .
.9051 .
.8797 .
.82914 .

7813

L6933 .

4896 .

HOYT

AA

466
464
461
450
448
435
408
383

DIFSH
98.2025

TMD
.9381
. 935S
L9319
.919S
L9476
.9038
.8795
.858%
.8233
.7472

MODEL.

T03

9768
9763
2757
9733
9729
7698
9635
9586
9489
9309

MODEL

AW
.1272
.1298
.1333
L1454
.1469
.i892
.4796
.1960

97.2454

95.878S
91.1694
90.4580
05.1644
76.0972
68.9767

DIRH

983.
94i2.
82S.
S94.
$67.
408.
239.
156.

78

17.

TAIR
.9016
.8974
. 8917
.8714
.8683
. 8451
.8029
L7702
7142
.6423

9334
4993
7971
9837
8034
0434
3498
2876

.9828

4954

DIF
73.
72.
6%,
62
b1.
S4.
43
36.
27.
14

DIRH

997

606

244

ACO2

.007S
.0076
.0078
.0084
.008%
L0094
. 0404
.0409

DIFGH

1.2750

.790
926.
839.
.839
579.
417.

307 -
372

33s
053

.378
161,
a3,
22.

344
044
047

SH

8574
0609
6973

.4416

0969
0058

.7662

7479
4474

.2687

DIF
158,
154
148 .
133,

SH

878
267
600
046

134 .7160

i19
106
400.
7.
8S.

AD3

.0258
. 0264
. 0274
. 0308
.0340

1344

.769
L9144

017

.064

480

0401
.0448

DTOT

1007.82

1.1857

1.0773

940.02
857.62

.7888
.7548
.5554

. 3449

637.5S%
611 .5S
458.22

294 .55

L2407

37

212.17

40
9S
76
04
08
79
14
82

DIFGH

1.
i.
i,

45412 1
3507
2285

.?04S

.8628

. 6339

. 3884
.2648
.1460
. 0436

DIFGH
1.029
.974
.907
.72%

.703

.872
.428
.354
.273
.493

A2

.007S
L0079
.0085
.0407
L0110
.0137
04990
.0242

pTOY
059 .24
985.91
896.72
658.02
629.76

283 .50
193.27
106.57
31.80

DTO
1457.
1084 .
988,
740
711,
537
354
261.
176.
107,

T
.94
.91
.90

13
09
S0
by
28

$462.6827

44
03
62
77

T
697
S48
879

L6410
198
. 395
.747

680
179
689

R

70
25
63

.8840

.88
-
-84

07
&0
30

.7784
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'Téll)].e 1\7'30
ZEN
6.0
20.0
30.0
48.2
50.0
bU. U
70.0
75.0
80.0
85.0
IeM D
0.0 936
20.0 866
30.0 781
48.2 S56.
S0.0 S29.
60.0 374,
70.0 212
75.0 134
80.0 (LN
85.0 14.
£LEN
0.0 .9
20.0 .9
30.0 .9
48.2 .0
S0.0 .
60.0 .8
70.0 .8
75.0 7
80.0 N
85.0 .5
ZEN D
0.0 930
20.0 871
30.0 789
48 .2 574
0.0 845
60.0 393
70 0 441
75.0 155
80.0 83
85.90 2s

TABULATED DATA FROM SEVERAL MODELS FOR THE
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