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ABSTRACT

B P

A
'

The thesis submitted is divided into three partss

theoretical, computational, and experimental.
- - s

5]

In the fir:

[

st part, general theory of attenuation of
solar radiation in the asimosphere duc to molecular scatter-
ing, water vapour and aerosol absorptibn is presented. The
theoretical consideration jncludes integral turbidity factor
and its relation to diffevent absorption mechanisms The
calculated value due to the above absorption mechanismsand
the integral turbidity factors for Addis Ababa region, are

shown in Chapter Two.

In the second part df the thesis different empirical
formulas relating globsl solar radiation, geographical and
meteorological parameters of a given locslity are collected,
The most general formula by Salyigh et.al. 1291 has been
chosen and applied to Addis Ababa region. With constants
given by 8ayigh et. al. which sre claimed to be universai,
congiderable discrepancies were obtzined. Because of this
resson, an effort was made to determine a new set of nine
constants of the Sayigh's equation which are applicable

to Addis Ababs region.




In this process +the Gauss - Newboh method of least
squares for non~lipear regression modified by H.Q.Bartly
[30] was used. The regression was made using one year

data of the global solar radiastion pupplied in Chapter 3.

In the third experimental part,a Pyronometer based
on the thermoelectric princliple was constructed, The
instrument is simple and in-sxpensive. The description
snd compuarision measurements between the experimental
and local meteorologicnl siation Pyranometers were taken,

the results obtained arve reported in Chapter. 4.




CHAPTER 1

INTRODUECTION

1.1 The Solar Energy

The Fasrth and its atmosphere réceives continuously

1.7 x 1017 W of radiation fvom the sun. A world population
of 10 milliard with a total power hneed per person of 10 KV
would require about 1011 EKW. Taking only the iyradiance on
only 17 of the Earth's surface could be converted into useful
energy with 10 percent efficiency, solar energ§ could provide

the energy needs of all the people on the Earth.

Solar energy is the world's most abundant permanent
gource of energy. The amount of solar encrgy intercepted
by the planet Earth is 5000 times greater than the sum of
all other inputs (terrestrial, nucleavr, geothermal and
gravitational energies,) of this 30 is reflected to space,
41% is converted to low tempera%ure heat and radiation to

space and 23% powers the evaporation.

Total terrestrial radiation is only about one-third of
the extraterrestrial during s year and 70% of that falls on

the oceans. However, the rvemaining 5.4 x 1019

J that falls
on land is a prodigious amount of energy about 5000 times
the total energy usage of the world in 1878. However, only

a small fraction of this total can be used because of physical

and socio-economic constraints.




1.2 Solor Radiation

When we sponk about radintion, rolerderce lg made to the
olegtromasnatic emisaion directly from the sun's disc. This
radiation reoaches {ho oarth about eight mip tUites after the

emigsion process,

The sun'‘sm clectromapnetic radintion covers an extremely

(TEPEET L

wide range of wavelengihas from (107 u). Of the whole
spectrum, we cif sense only thoae that have approximately 0.1
to 100 micronms. Within this. 1imit, cavse our body to heal up.

Hence thess wives are callod"ihermal radiation"”. Visible

]
foia

ght ray occupy a very narrow band of the thermal radistion

spectrum.

1.3 8elay Rediaton at the Harib's Bunfece

From the peint of view of utilizeliion of nolar energy
we aro more interestod in the energy received at the Haxrih's
gurface than in the oxmterrestirisl energy. Solay epergy
re ived at the surface of the Farth igs entirely different
due to varioum rengcens. Before studying this, it is important
to know the foliowing torms. |

-,

The Solsy Radiation reschbes Lhe ground in two forus,

8)  Direch Solsy Bsdiation

ERE R

s

dolsr Radiation intercepted by the surface of the



Barth with neglegible direction change and scattering in the

atmosphere. Direct radiation is also reffered to as beam

radiation.

F

b) Diifuse Radiation

P sk e am e i e e A i e s i

= Solay radiation scaitered by aerosols, dust, and by

Rayleigh mechanism, and .. doesnot have unique direction.

¢) Globsl Radiation

~ Global radiation is the total of direct and diffuse
radiation,global radiation is sometimes refered to as total

radiation.

1.4  The Solar Constant

Refewing to Figure 1,1?the geometry of sun-LEarth rela-
tionships, eccentricity of the Earth's orbit is such that
the distance between the Rarth and the sun varies X3%4. The
characterestics of the sun and its spatial relationship to the
Farth result in a nearly fixed intensity of solar radiation
outside of the Rarth's atmosphere. The "Solar Constant',
Is is the energy from the sun, per unit time, reccived on
a unit area of surface perpendicular to the radiation, in

space, at the Barth's mean distance from the sun.




215910 % /Eif:(::i::ﬁ* EARTH

%:mmw,_,m,, DISTANCE 15 ¥ /Ogﬂ AM e ree]
L7

Fig, 1.1 ©Schemstic of sun-Barth relationships (not to seale.)

Until recently, estimales of solar constant had to be
made from ground baséd messurments of sblar radiation after
it bad been transmitted through the atmosphere, and thus in
part absorbed and seattered by components of the atmosphere.
Extrapolations from terrestriasl meazsurments, which were made
from bigh mouptains, had to be based on estimates of atmos-
pheric transmission in various portion of solar gspectrum.
Pionecring studies were done by C.G. Abbot and his colleagues

2t Smithonian institute.

However recently, the availablity of very high altitude
airverafts, balloghand spsce crafts bas permitied direct measur-
ment of selary intensitgf%ost or 21l of the Farth's atmosphere.
These measurments have been reviewed and summgrized and s new
gtandord value of solar constant i$. given by Thekaekara |1].
And more recently . . rocket and satellite measurements

make it possible fto estimate the value of I, t¢ an accuracy



of 0.5 percent or better. Iollowing the adoption of the

World Radiometric veference (WRR) 21, the preseunt and
s P

.
the most reliable value of I, is 187046W-A Z, {about 1.95

Zminml} in 81 units 6W - MTEL

cal CM&

For any mean distance between sun-Earth, the Extra
tervestrial radiation can be calculated by considering the
Earth's orbital eccentricty factor e(n) that is,

t

I, = I,e(n) (1.1)
Where approximately e(n) = 1+ 0.0 34 Cos [%EM) (1.2)

in which 'n' is the day pnumber counted from January lst.
Thesevalues are available on a table, FRANK KREITH 13{. 1in
its annual revolution round the sun, the Earth.moves not

in a circle but in an ellipse. At different times it moves
heargg or favther Irom the sun. Early in January, the Barth
rasses Lhrough the point in its orbit when it is nearest to
the sun,known as perhelion, and at the begining of July, it

passes through the farthest point, called the zpheion.

1.5 Bpectral Distribution of Solar Radiation

The extra stmospheric distribution of energy in the
solar radiation spectrum can be found either by direct measur-
ments, or by extrapol ation beyond the surface of the altmosphere,
of surface spectrometric measurement dsta. Ho far direct

measurements are taken by means of vockels.




In 1977, the WMO working groups on radisition mosaure-
ment systom of the commiasion for instruments and methoda of
observatbion (CI¥D) recopmendsad L{he vse of specitrel distribu-~
tion, summerized by Smith and Gottideb |4! and ibe accuracay

D,

of the dstz is about 2%,

The spectrsal iyradiance reachipg the Barth's surisce,
according to the abeve eonvention, is in the range of (0,29 -
4.00) um in which it constitutes 8992.12574 of the totsl solar

radintion.

The spectral radistion, nccording to their constituent

in deseribed s follows:-

Wave longth App. Xame y
range (um) o !
(0.39 ~ 0.40) Ultra Violet ] 07.872
(0.40 « 0.,78) Visible 43,806
(0,75 ~ 4.0) Infrared 37.697

Table 1.1 - Main Spectral Distribution of Solar Radiation
From the point of view of uiillization of solar energy,

we s¥e interested in the ehergy rodived st the Barth's surface
thah in the extrateresterisl anergy. bDue to the following
reamons, the solnry radistien recelved by the Barth’s surface

iz aptively diffierent.




1.6 Attenustion of Solar Radiation

The variation in scolar radiation reaching the Earth than
received at the outside of the atmosphere is due to absorption
and scattering in the atmospheve. A1l atmospheric components
contribute to a greater or lesser degree to the attenuation
of the dirvect solar radiation on its path to the REarth's sur-
face, The attenuation of the direct flux of radiation takes
place as the result of the mechanisms of absorption and
scattering which affects simultaneously all parts of solar
sveclrum. In the upper layer of the atmosphere, ithe main
process ave absorption of the X-ray and ultravioret regions
of the solar spectrum and scattering in the violet and blue

ranges.

As the radiation penetrates to lower laver of the
atmosphere, the attenuation affects the longer wavelengtlh

portion of the solar radiation.

The baéic atmospheric gases-nitrogen and oxygen mainly
attepnuate radiation in the ultraviolet visible regions of
the spectrum through molecular scatl€ring. Solar radiation
is scattered not only by gas molecules and water vapour, but
also by solid drop particles, fog and ice crystals. Diffuse
radiation constitutes a signiiicant part of the radiation

flux, while part of which goes back to space,




Lo The geometyy of Sun-farth - Time Sysiem

Inoxder to understand, enloulation of solary radiation,

gome basic torms in wzolpy radistion geoomebry arc given.

Baslc Sup Faxth Anglem.  The lattitude ¢ of a point

on the surface of the Earth dg its angular distance north

or south of the equatormensured from the center of the Earth.

The houx angle (w) iz the anglé through which the
Earth must turn to bring the meridiah of o point directly in
line with the sun's ray. At solar n@oﬁ, the hour angle is
Zero apd 1t expressen the time of the day with respect to solay
noon.  One hour ungle equivalent to %% = 0.282 rad or

i@gl = s 21
24 15 (liu}r-

The Bun's Declination (&) is the angular distance of

o A AT EERER

the sun's rays north (or #outh) of the equator. It is ithe
angle botweepn 2 Lline extending from the centey of the sun to
the center of the Barth, and the projection of this line

upon the Farth's equatorinl plane,

B o e e s e Bt s ey T

s SHINE BRAYE

- .
FQUATOR .




g

The variation of the sun's declination angle §({ the
maximum value of 6_is'at summer solstice® (+23.5%) and
winter solstice(m23.5°)) nn@hly , . ocan he found

using the equation;

2n X

565 ) (1.4)

§ = 23.5 sin (

Wnere k = 0, at March 215V

For solving practical problems in actinometry, the
position of the sun is determined most conveniently by system
of horizontal coordinstes, using the sun's elevation and
azimuth. The sun's altitude angle is determined by the direc~
tion towards the sun and the plane of the horiz on. The
azimuth of the sun ¥, is the ahgle between the local meridian

and the vertical plane of the sun.
~N

VERTICAL

HORIZONTAL
PLANE

]

Fig. 1.3 Diagram showing solar altitude angle v and
solar-azimuth angle V.

*Solstice means "sun standing still" of min. or nax.
diclination.
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Solar attitude and azimuith are not fundamental angles,
however they muat be relatod te the fundamental angular quantit-

ies, hour angle, lotifude and solay declination.

Considaring the spherical itrinngle of the above disgram
will have sides, (20 - 8), (90 - %L) and 5 = (00 »;Ehggxr

e e »Lﬁ;é
%ﬁ%» | ﬁ;é"p

i
o S
ke,

e e,

@o=13

@o=%)
Figure 1.4 = Shows §, L. o of the Soler Geometry 4 = (920 -~ y)
Using apherdcal trignometrics according to KELLS KERN
and BLARD . |5] and uging Napler's rule for spherical tria ngles,
"The cosine of pny eide of o spheorical tyianpgle is equal to
the product of the cosinez of, the two other sides increased
by the product of'th@ sides of the two other sides and the

cogine of the sngle inoludedbotween them. "

Symbolicslly considerlng the spherical trisngle of

Ligure (1.4)

Cog(90«y)=Cos(20=L) Cos(80~6) + Sin(H0=§) Bin (20-L) x Coslw)(1.d)
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simillarly the azimuthal angle ¥ can be computed as,

Sin (¥) = Cos (8) x Sim (w)  (1.7)
Cos (Y}

Length of the day; Another important factor for solax

radiation is the length of the day. This can be calculated

ag follows; at the time of sun rise or sun setl,; the zenth

13

angle = 90°, and hence substituting into (1.5)and solving for

(w)
» = cos (-tané tans) (1.8)

The length of the day 15 (Td) = 2u
90 = 15 Td = 2 cos - (~tang tand)
and hence Td = %5 cos™ (~tang¢ tansg) (1.9)
the length of the day Td is a function of latitude and solar

declination.

1.6 The Equation of Time

It is noted that the time specified in all of the sun
angle relationships is solar time, which does not coincide

with local time,

It is necessary to convert standared time to golar time

by applying two corrections. First, there is a constant




correction for any difference in longitude between the

location and the meridian on which the local standared

+time is based. The second correction is from equation of

time which takes into accoun . the various perturbations in

the Farth's orbit and rate of roitation which affect the time
. the sun appears £0 cross the observers meridian. This

correction is obtained from published charts. Thus, solar

time can be obtained from standard time by this

Solar Time = Standard  time + K + 4 (LST -~ LOC) (1.190)
Where £+ the eguation of time, tables in minutes, (6)

LST + the standard meridian of the local time zone.

1.0C + the 1ongitdde of the location in guegtion,

in degrees west.

Values of the equation of time for eany day in the
year can be estimated from a graph kpown as the Anelmma .

and this can be found on solar enexgy books.




ATTENUATION OF DIRECT SOLAR RADIATION MOLECULAR SCATTERING AND

2.1

CHAPTER 2

L OF DIRRCT SOLAR ) ATION M

PURBIDITY FACTOR

Introduction

In recent years roquests have come from physiclsts, engil-
neers and from bicologists for rmore information concerning
the guantity and guality of solar radiation reaching the
Farth's surface. Increasing awarness of the depletion of
the non~renwanle energy sources has stimulated investiga-
tions into new methods of converting solar enexrgy into

nseful power.
Among the major factors governing the "heat balance" at
the Earth's surface are:

a) direct solar radiation reaching the Earth's surface

after penetration of the atmosphere,
b} diffuse radiation reaching the EBarth's surface,

¢} radiation leaving the Earth's surface {(albedo o).

The sky radiation {(diffuse) includes:

i)  radiation from the extraterrestrial source including
stare, moon, planets and the dust particles causing

zodiacal light,

ii) radiation due eclectric excitation of the atoms and

molecules in the atmosphere,




111} scattered radiation - o pagsing throvgh the

atmosphere,

iv) "thexmal" zadiation from the atmospherxe.

The contribution of (i) and (1i) o heat balance are

negligible as compared to the contribution of (iii) and (iv),

Solax radiation reaches the Earth's surface eithexr directly
or after being scattered by ;tmospheric particleg. This ..
paper reports the analysis of . the méasurements in Addis
Ababa, of the molecular scattering of the direct beam radi-
ation, the integral turbidity factor calculation and the
contxibution of attenuation due to water vapour snd asxosol

concentrations.

The gpectral distribution of solaxr radiation waz first
investigated qualitatively by Langley (1881), but there
have been few asystematic lnyestigations of dixect beam
spectral ijrradiance in gpite of xeports of changes in

atmospheric transmiszion,

Various authors have reported examples of calculated spectral
digtribution based on various model atmospheres, Unsworth

and McCartney (7): meazured narrow band spectra has- also
been published, both in energy vniis, Dunkel man and

Scolnic (8).

In the calculation of the attenuation of the direct solar
radlation factors and relationd, in the atmosphere, were
found by conaidering the theoreuical transfer of heat in

the atmosphere,




A1l the atmospheric components contribute to a greater or
lesser degree to the attenuation of the direct solar radia-
tion on its path to the Earth's surface. The attenuation
of the direct f£lux of raciation takes place as a result of
the mechanigms of absorption which affect simultaneobisly

all parts of the solar spectrum,

Tn the upper layers of the atmosphere, the absorption of
solar radiatlon is caused by oxXygen, oz-one and nitrogen
oxides and, in the lower stratosphere and troposphere, by
water vapour, carbondioxide, aeroscls and other minor com-
ponents. The variations in the concentration of water
vapour and oz-one and optical characterstics of aerosols
under the influence of various processes of interaction
between solar radiation field, the atmosphere and the un=
derlying §urface result in constant f£luctuations in spectral

transmissions in the atmosphere,

Attenuation of Direct Radiation

Radiation at normal incidence recelved at the surface of the

Earth from the sun is subject to variation due to ,

1, wvariatlons in distance from Earth to sun,
2. wvariations in atmospheric scattering by air molecules,
water vapour, and dust, and

3. varjlations in atmospheric absorption by 05,05 M ,0 and CO,.




2.4
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Scattering, which resulis in attentuaition of direct nadia-

~tion by dir molecules, water - vapour, and dust, bas been
tha subidect of n number of studles and an approximate
wethods have been developed to estimate the magnitude of

the effact,

The Bguation of Rediative Transfex

Due to great complexity of the processes that determine the
vadiative transfer, the transfer eguation is complex. In
the atmogpheric radiative trangfer we usually confine the
problem to consideration of radiatlve transfer for a sta-

tionary field of unpolarized radiation, without taking

acoount of refrsction.Kondrayatev 19} .

The thermal emimnsionswere conaidered vnpolarzized and the
refrxaction in the atwmosgphare 1s neglected in the generxal

consideration of the problem.

In the derivation of the general transfer eguation for a
atationgxry fileld off unpolarized xadiati@ng-wﬁatéke. an
arbitrarly directed ray n-dircctlon and congidexr: ~ an
environmental element in the form of a cylinder of unit
section, the axis of which coineides with the direction of

the ray. Let the ray cut the basis, perpendicularly as

ahown in the Figure 2.1 E.M, Felgel'son flo, R
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Fig,2,1s Cylinderical Cross Section of lnvironmental

Atmosphere

Then, the intensity of radiation at point p and p? be

3T,
Iy(p',e) = I,(p,r) + x.=ds (2.1)

The variation of intensity from point p and p' is caused by
a) attenuation due to absorption of radient energy, which

can be expresgsed as

X, (p) T,(p,x) p(p) ds (2.2)

Where p, is the density and kh is the mass absorption

coefficlent at poilnt p,

b) Attenuation due to scattering radient energy by consi-
dered environmental element, which can be presented in
the form

”ﬁk(p} Ih(p,r) olplds (2,3)

where SA is scattering coeffclent,
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¢) Tnerease of. the intengity of radiation owing to the
congidered clement of the medium -emitting in the direc~

tion x, which can be writhon as, -

Ny plplds (2.4)

d) Increasedt theintensity of radiation resuliing from
geattering processz due to which the rays of various
direction passing through elmentary cylinder sdd. &

part of their energy to the ray of the dixection =z,

1§ we consider the ray of the direction ‘vt through an

element of smadium, 15 the par of this energy egual to
6A(p) T, {p,etleds (2.5)

will be szeattered by this element and a party

Yo sz, 2}
S (p) T, (pont) i«-‘Twm ods (2.6)
i

- L. will go in the dirvection .

i ere the oxprassion (f%)y%{prr,r’) charagterizes the scat~

tering function, and this means the total guantity of the

acatbered radiationgthe portion of (SA Ikp) equal to
(i% TﬁAIap ds) departs in the direction x. Integrating

the whole eXxpression overall possible directions, we have,

g ”%%jm S I(pext) vy (pox',2)dn'pds (2.7)
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Then sumwing over all {a,b,c,d},and

Taking into consideration all obtained resulis and redvc~
ing by ds we get

dIA &

A . ) N [o g
T oas = UPR e flh(p,r') Yk(p,r‘,r)dm‘m(kATgh)lk (2.8])

As mentioned by the relat.on, substituting

a change of variable as shown

in the diagram,
T
cos € ds = 4t Fig. 2.2 Atmospheric Thickness
. and Sun's Ray
11 Paan cos © ) (2.9)
g ds p dz ds 0 ’ dt :

where 1 is the atmospheric thickness,.

201, (0, )y, (prxlE) ot ~(kyto, )T, (2.10)

and the relation Ix(p,r) > IA(T,E)

dr

AR
]
@]
w
@
4
i
for
)
o
S
e
} =2
e

J I}\ (T,I’?)Y}‘(T,f‘;r)dm'

-
=

e {k,+ou {2.11)}

SAPRESY
I# the medium is in thermodynamic equilibriun, the emigiti-
vity and the absorptivity of the medium are related by

Kirchoff's law,

Ny T Ky B}‘(T) (2.12)
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“ha? ]

where IEK(T) L U NS 2,13
A5 (Exp(hchﬂT)nJ)
/

The lower atmosphere (troposphere) generally statilsfles
the condition of the local eguilibxium, Then the eqgn.
becomas,

dIA, ' o 2 2y
Cosﬁ%a?;m <hy Cryog) AR ey (rpwex et

(2,14)

Where,  a, = g6, + &, and GS, = (o~ § K?‘) = By Oy, B“AIA =1, (0,7)
In a cloudless atmosphere the abgorption by atmospheric
gases 18 neglected and the equation becomes,

.QI N T . f o Ty | ¢ 3
Cos @ G- = 4= J I(t,x}y(v,e,v¥)dw T{t,x) (2,15)

Seperating the unknown I{(1,r) between the diffuse and the

direct radiation, we get,

I{t,rv}) = I$(T;f)‘+ II{T;:) (2,16)

Where T _{v,r) is the intensity of the parallel beam of
(=3
the sun rays determined from the above equation, for the

a __ .
direct beam we have éi? = O , thle implies,

g ar . . .
Cog & a’;% B 1(’5,!_‘) SIS _LS(,T;:C) (2:[.7)

Solving the eguation using the boundary condition

Ty () = msslx, ) (2.18)

T oge 7oty Bee @
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“ged BT . . ]
¢ e 8¢ o uging the boundary condition

il

R IS(T,r}

) omsec Ol (2.19)

i

IS(T,r) wsd (r-xg

Where sec & = m; m,the atwospheric magss and 6 is the zenth

angle determined by the relation of eguations (1.5)

and {ﬂsﬁ{r“rBY} where r=r, 1s the extrateresterial solar
radiation,

Denoting wg G(rwra)z Io extraterestrial radiation and

m = gec § , the equation becomnes,

I({t,r) = Ie(e“mT) (2,20)

And this eguation is knownm as Lambert B eer equation,

Spectral Distribution of birect Solar Radiation

The attenuation of monochromatic radiation in the direct

beam by the atmosphere may be described by Lambert-Beer's '
eguation, thus, the total energy integrated over all wave-
length in the direct solar beam at normal incidence on the

Earth's surface,

4., 0um
T = f 1{A)dx (2.21)
N/R 0, 2%um
4,0um
+ I = S T (A Exp{~m(o)t(x)}ar (2.22)

y
ViR O.290m
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whete 1,(0) extfateryestrisl padintion and miB? 45 abmos-
spherio aly masz in bhe ddrection of the zun, The radiation
1n the intevval (0.22 = 4.0} um cepstitutes 92,1258 of

the solar radiakien aveording towHO(4AYvulletin |

The inbtegiadl of egn. 2.32  cap be yritten as
¢ , e {8} 5 o
LA} = io(ﬁ}ﬂ : (2.23)

Where the atwospherie wunickpess

JESIEIE MESEEMOPELICS (2,24)

and denoting plA) = E“T{z) {2.23) where pli) 32 the itransg~

~patenty coelficient.

% . Oun
Ty e 7 Zo(AYmsplom, (0 ) (r I0) v (A 47 (2) }aA (2.28)
1R o290 0 it g

Whora , fﬂiﬁ (A),and 1{0) axe vespeciively the veritical
attéengation ¢ E igdents for molaoular scattering, absorp-

#ion by iﬁ@%ghﬂﬁw“ ganes (waker vapour, ¢arbondiozide,

epang, oxygenl} snd agroiel exiineiieon,

=

Using egn (2,25} we get,
T = 1Ay ¥ (2,27)

Shen inbegrating ovey all pussible wavelangths we g,

' ’E;Q'&}ﬂ ‘;:\ é&\;‘baﬂ )
¥ooe for{aYaa s f '%(\) zs T (%2.28)

B o, 2eum O, 280
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Then the transparency coefficlent, averaged oveyr the whole

spectrum

4 .,0um -
I =02 f Ip(A)dx =1I_p (2.29)
o T 0.29um e o m

4, 0um -
[ Io (A)py ax

0. 2%um
(2.30)

n‘k v —
o 4 ,0uwm
Fio (A)dA
o.29amn

By taking into account of the radiation due, to, molecular

scattering and absorption of radiation by water vapour and

aerosol as,

(X)) = ] Kypdh + J Jagsp pudh 4+ S agpg éh.  (2.31)

are molecular, water vapour and aerosol

5

Ahere p, pw and pd
it can he written a

concentration respectively. From (2,.31)

t(A) = Ty, f K) pdh (2.32)
S am'kpmdh f ad'xpd dh
' Quzgum
vhere TA? L I T e (2.33)
f 1<>\ p dh f K)‘ p dh

Therefore, the monocromatic direct solar radiation flux at




w3
W

a given solar zenidbh distance (givan abmospheric mass) can

he presented in the forn,

T = 0w e tm g Ky poh ) (2.34)
Setiing gl(A) = Bxp {- ﬁl pdh § (2,35)
Then for full Flux of dirvect solsr radiation Imf becomes,

R féegz?k) q(ﬁ)mmﬁdg ‘ (2.36)

0. 2%um "

£ qp and T, ake the averaged values over the whole

speagtyin we get,

‘ LU A WPy
Ly ™ 9y é TN ar = T, 9y (Z.371})
Where, T 1z the integral turhldlty factox.
X ml
m
And hence, =% = = ? {2.38)
T,

Compaxing with the expression of the “ransparency coefficlent,

we get,

I a7
yil it m
Pm I 9y ' (2.39)
o .

Solying for the integral turbidity flactor Ty, From (.39}

S TP . (2 40)
e o & Rar s ek
m m&nqm n ;Q.
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. 1 .
denoting A wharae ]

4 . - . e W T
D . 15 only molecular
ideal ? g ©

T, . 4 52
jdeal "o

scattering where qmi&as defined in (2.35) .

It can be shown that the followihg relation holdg namely,

IS ST _‘1____3-”_.___,. (2.41)
mh g _ideal
n Gm ﬁn( Io )

Substituting (2.41) into (2.40) and simplifying we get

g (x_ )y - & (1 )

. nm nUo’
T . e B (2.42)
m %nﬁlideal' gn(Io)

Where I ; ig the radiation received by the Earth dep-

ideal
leted due to molecular scattering, (Rayleigh scattering

mechaniam) .

Inorder to calculate the integral turbidity factor (2.42) ,

it is important to calculate Iiﬂ . the solar radiation

eal

due to molecular attenuation,

2.6 Molecular Scattering of Solar Radiation (Rayleigh Scattering)

The wost lmportant contribution to this field was made by
Lord Raylelgh in early 1870, who cantended that air meolecules
were the causes of light scattering. The molecular scattering
of Rayleigh is the gcattering of light caused by density

fluctuations.




The follaowing Iundamentnl anstmplbiongwere taken into consi-~

depration,

a} The dimensions of the scabtering particles (Rayleigh
partloles } which scabier the radient epergy in this
cage ape roughly less or euunl to 0.12, as compared %o

the wavelength (X)) of the solar spectrum.

b} The scattering particles and the medium are not condug-

tors and do not contain free electric charges.
¢} The particles gcatier light independently to each other.

The Rayleighis volums scatiering coefficient of standard alr,

at o partionlay wavelength A may be writien as |

| 320 %(my ~1)* 6 % Bp |
G I I e {2.43 )

b e e
3,"H 6 }pml

whexe Ng ig the number density (iole/em ) . ig the

depelarization factor and B, ig the refractivé index of

standaxd air.

The spectral solar radiation intensity reaching the Baxth's
sunface after depletion due 4o gcattering by eir molecules

may be writhen asg,
Lo(0/h) = Xy Bxp {=8(2) ml0)H) (2,44 )

Where (0= 7996m) iz the veritical heidht of the imaginsyy

homogenous atmosphara ad NIB.




Penoting the optical thickness of the atmosphere as

P

{g,s') = [ pds (2.45 )
ﬁ.}‘

where s' ig at the surface of the Barth and & at the top

of the atmosvnhere, thenwe can write,

4. Oum
1 . (e,n) = f ToayExe [=(X3)m{o)}ax (2.46 )
Ideal 0.2%um ' :

Where, t{A) is Rayleic¢h molecular attenuation coefficient and

fideal (95h>&10(l), are spectral energy at the wavelength
ae Oon the EBarthls surface and outside the Earth's surface

respectively.

And the airmass m{0) is the absolute airmass which takes
account, the stations altitude h, by means of the formula
Rodrayatev [11] .

Ph
M, (0) = ig-g {m(e8)) (2.47)

Where PPE is the pressure at the station and P pressure at

sea level,

Molecular atienuation coefficients v()), calculated from
Rayleigh's theory via (2,44 ) and (2,45 ) , were tabulated
by Pendorf |12[ and the evidence supporting the accuracy

of theory was reported by Chandra M,|13] .

The integrated effect of gaseous absorption on the attentua-

tion of solar radliation has been investigated by several
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authoxs, MacDonald |14l @ Roach [15] ; and Yamamoto |16] .

Thug, the total energy integrated over all wavelengths in
the Girect solay beam at normal incidence on the Farth's
surface, after having traversed the Rayleiush stmospbere is

calceulated via {2.46 ) .

Atmosphexic. Turbidiy

Several atmospheric turbidty coefficients have been intxro-
duced during the past decades inorder to guantify the inf-
lﬁenﬁe of atmospheric aeroscl contept on & direct radiation
received at the Barth's surface. The most curzently used
are Linke factor T, and Angstrom Coeffcient A, Torbidity
ugsually occurgin conditions of high humidity, and in the
presence of hygroscopic serosol parxticles. Variations in
atmospheric turbidity are also possible in conditiong of
low relative humidity if air contains dry aerosol particles,

netunal ox man made-origin..

In practical csloulations of the atten uvation of solar
radiation in the atmosphere due Lo aerosgol scattering,
extengive use iz mde of the method proposed by Angstrom,

expreseed as,

\ C .
aplA) = B A (2.48) ¢

whexe , 8 is the Angstrom turbidty coefficient, can ba
determihed by measuring dizect solar radiation in the band

(0-0,630) 3im , and ¢ 8 an index rolated to Almsnsions of
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the scattered particles and the nature of their size dis-
tribution, This is8 an emperlcal relationship obtained from

the observational data,

Wide band direct beam solar irradiance can be similarly
analysed interms of aerosol attenuation (turbidty).

H.A. McCARTNEY and M, HUNSWORT " }17| used an-. integral
turbidty coefficient, T(Akl , to describe aerosol attenua-
tion in a finite wave band, AX , by analogy to Lanbert-

Beer's law (2.20).

t(A) = [2n(1,(AN)) = en{T(AN)}|/m, (@) (2.,49) ¢

Where T(AMX) 1s the direct irradiance in the wave band A}
and T ,(AX) is irradiance emerging from an aerosol free

atmosphere,

Linke Turbidity Pactor:

In piactice, the charactersgtic of atwospheric transparency
is widely used;: . turbidity factor (Trubungs Faktor )

denoted by T was proposed by Linke (Sutton) [18].

The turbldity factor is defined as the ratio of the coeff~
cient of total extinction of solaxr radiation in a real
atmosphere to the coeffcient of extinction by the component
of ldeal atmosphere, i.e., by molecular scattering and

selective absorption by ozone, oxygen and carbondioxide,
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The turbidity factor glves a clear idea of radiation extinc-
tion, gince it charactarizel’ varilable extinction in the
rasl atmosphere relative to conghant extinction ip ildeal

atmogphefe,

Recalling (2.33 ) and denoting,

e I?WAA. Ou ??

- . 4h
i J‘de&od :

- ¥ R = - AT S i il (.2.50] {
f ky p dh J ky o db

A

We get, T = (L4+ W R) (2,51} -

Corresponding to selective (wWater vapour) and aeroaol
extinction of solar radiation, 3he turbiﬂity factoxr, os
might be expected, shows marked variations with tirme and
place. Tha greétast changs® in variation of atmoaphexia,

turbhidlty are those which arige from atmospheric pollution,

From the definiéian factor it follows that T = 1 4f the
atbenvation of solar radiation is caused by molecular
geatiening only, The mecond tenm & the xighi~hand side of
{2.51) , the valve of W, 14 called humid turbidity factor,
and chaxractexizes the Influence of shgorxption and scattering

by water yapour on the attenuation of solar xadiation.

The thizxd term R, iz known ag the residual turbidity factor,
dstormining the effent of radiation attentuation duve to
abscrpt;ﬁn and scattering by dust and a@rcsoi particles. It

la posgible Lo valewlate the zexosol and watey vapour stienua-

tion as,
Rost e 3 = 0 (2.52) ¢




Where W= 0,5 e ' » and e absolute humidity Sivkov|19].

2.8 Results

The calculatlonsg for radiation depleted due to Rayleigh

scattering mechanism and the integral turbidity factor were

calculated using (2.46) and (2,42) .

a)

Molecular S cattering of Solar Radiation

The attentuation of solar radiation due to molecular
scattering can be theoretically calculated for any
locality. And this value can have a slight differenée
from place to place, considering the atmosphere to bhe
ideal or the constitution of the gases in the atmosphere

has the ideal perxcentage,

The variation only comes due to the airmwass varlation
calculation from place to place. As it has been seen in
(2,47 ) the airmass is dependent on the pressure value
at a glven place, which in turn takesinto consideration

the altitude of a given locality.

In our calculation for the A,A. region of the year 1983,
the atmospheric pressure wag in the interval (76,660.36
- 77,060.32) Pa. according to MMA* compared to the
(X01,325) Pa. at sea level. Thils has introduced a diffe-
rence in calculation of the alrmass at sea level and in
Addis Ababa of altitude 2,408 wm above sea level,

*®

NMA, National Meteorologlcal Agency.




The attenuatlon of the dixéct golar radlation due to

Rayleigh atmosphere waw. calculated using (2,461 ., Fox
the range 0.2% 0o 4.0p, in gsteps of 0.0lu between 0.2
and 0,8y, in steps of 0,1y from there on upto 2u , in

steps of 0.5 between 2 and 4y .

And the values Io(R) . extypaterrestirial dnd (i), atte-
nuation coeffcient for the respective wavelength was

cohgidered in the csalculations.

The integrations for the mentloned equation was carried
on by Simpson's integration rule with the abowe steps.
The input datz used in the célculationaadirect solar
radiatioh, pressuve of each day, (fouvrce MMA) and dec~
lination angle (8§ and Farth's elliptic orbit eacentri-
elty HX) {are shown on appendix A, The direct solar
radiation was measured by Eppley: pyrheliometer, The
wavelangth iﬁterval (A), she Rayleigh molecular attenu-
ation coeffcient t(A) , extratexrrestrial radiation:ré(A}
for the spectrum in the interval (0.29 - 4.0) u are

shown on appendix A.

Three different airmass at 13:00, 14:00 and 15:00 hrs
L8T were conaldered in the calculation and three alrmass

uging (2,1%) and (2.47) are tabulated on Appéndix B.

The calculation of solaxr radiation received by the
Earth's surface due to Raylelgh scattering mechanism,
nsinyg (2{%5) was.carxied on by a computer for the days of
the year 1983 of A.A. reglon, and calculated values are

reported on Appandix C.
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The values are in the interval (931,71 ~ 1,012,98)

e

, corparing this with the extraterrestrial
radiation I = 1,370 * 6 w-M"% shows that (26,05 -
31.95 ) % of the extraterrestrial radiation was depleted
due to molecular scattering. The annual evolution of

the monthly mean values of this scatttering is shown

in Figqure (2.3).

The Turbidity Factor 'T!

The turbhidity factor was also calculated using (2,42) .
The values for 335 days of the year 1983 of A.A. region
were calculated by having the corresponding values of

Im maasured, and these are on appendix A, Iideal calcu-
lated for each day. In calculatiﬁg the turbidity factor
the value of I (extraterrestrial radiation ~the recent

value IO = 1,370 + 6 W+ Muz) according toW MG Tech-

nical Note was adopted,

The values of the turbidity factor for each day of the.
whole year are reported on Appendix C and the annual
evolution of 'P' wonthly mean values are shown in
Figqure (2.4) . The integral turbidity factor as might be
expected, shows marked variations with time and place,
There Are usual variations in éummer and winter, but. the
greatest changegsare those which arise from the atmos-~

pheric pollutions,
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Ag 4% has beon dens fox the molaoulay scabiering, the

¥

direct radisbion massurad wes conglderad only for itns
tige (13:00 = 15:00) ¥OT. 7This has baen ‘closen due

to alrmass varlstion ia negliglble, however; the molo-
aulanly seattered padiatlen recnived by the Haprth was
paloulsted at thine different hour angles and averagaed
values aye tsbhulated on Appendix. C for the whole year.
This work could have beén sontinued to édvaluate serosol
aontantration using {(2.52) , howsvar, lack of data of
shrelute humidity has hindered the process.Correlatien
of turbldiiy factoks gould bave alac huen done by &
linvar regraigion £ = o %'ETEEQ;Eﬁtﬁ'IZQig but lack
‘cf measired valuen of Iﬁiiﬂ & dlffarent wave bhands, has
&leg hindexed the ppoceasn, |




Estimation of Global Sclar Radiation

From Sunshine Hours,

Geographical & Meteorological Parameters

3.1 Lstimation of Glaobal Solar Radiation With Various
Brapivigul Formulas

- S BA LR K KRV R IS wTE Amr i A PR b £ bW s S BR Fes T 4T WY G AT e me e e e aTR G e

For the proper planning of the utilization of solar
energy, it is necessary to know the total radiation falling

in a particular region.

There are various methods for estimating the global
solar radiation but it seems no single form of eguation is
applicable to all atmospheric enviroments and their applic-~

ablities should be tested for a particular region.

The possible approches; . in estimating the global

solar vadiation can he made employing one of the following:

i) Using equalions relating global solar radiation

to number of bright sunshine hours.

ii) Using eguation relating global values to other

mete orological parameters.

Many authors have proposed various eguations by using
the first, the second approches. The latter considers a large
number of metorological parameters, and is more dependent

on the considered area.




[es3
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These formulas were fesied at vablous places, most of
the squations are, conversion from daily sunshine duration
10 daily global raddation by Angairom and schuspp fotmula.
3/

G = Q0o (o + b (V8o) ) Apgstrom  (3.1)

G=n b h sor 1+ Faodr¥ achuepy (3.2)

Where 8 snd 3o are dasily hours of bright sunshine,
moimum possible dally hours of bright sunsbine hours and

Go; cleay sky global radiation, raspectively.

Using (2.1) R.H.B. Bxeel {21 A.J.Bigs [22],
A.T.Fundieh |23] and make use of 2.1 and 3.2 Dby
Cesen |24] working group, P.Kuliek |256], T.D.M.A. Samuel
26] snd T, Kasten [27] had used these equetions for
various raglong ip the world snd reporizd Lhe regression
constants (a' and.*b‘} determined for thelr localities.
However, more fécently using (3 1) detérmination of regroesg-~
lop conmtants 'a' snd 'L, bhaded on 11 year solax raﬁiation
data &t Trieste, found substantizl temporsl and spatial

moattering. P. C. Jain | 284,

However, estimation of solar radiation from meteorclog-
i¢al dats, such as humidity, bemprature and geographical
factor lattitude and otiitude are move related to solax

radintions Ope haa to consider all the parsmeteora, snd
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deleting some of these may bound o an error. using these
parameters, A. M. Sayigh et.a. |29 in 1975 deduced a
formulsa, that can predict solar radlation on a horizontal
plane,

1/3

R 1

G = 1.53 K Exp {¢ (D “4T0 e ) (3.3)

max
Where, ¢ is the lattitude of the place in radians,
B is relative humidity, D, relative sunshine hours to

12 hrs., T maximuin temprature of the day in °C.

¥

a

I3

and K (az + Cosé ¥ij ) x 10% (cal + cm - dayhi)

A

i

0.2/(1+0,14¢)

%, the length of the day, ¥i]j seasonal factor.

The seasonal factor has 3 = 1,2,3 stands for inland
station, coastal station and hilly station respectively.
d = 1,2,83 ~~- 12, number of months starting trom January.

The monthly value is given on table (3.1)

ot rm it ex s

12

v,11.28]1.38]1.5411.7712.052.30/2.4812.41/2.36]1.73|1.38

¥,01.46]1.7712.05(2.15{2.05]2.0512.10]2.17/2.14}1.96]1.60

1.17

1.43

¥11.6001.81]2.00{2,17(2.25]2.2612,2412.20]2,10]1.92 1.74

Table 3.1 Monthly seasonal factor values

1.60
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The seledtion of 4ha gonsonsl factor valiues uaing

the ahove eriferis o

nd Bumidity (annual) of fLiwe glven loo-

plity ghould be tak @;-

The agubbion

(3;:_} }3”’ S%?S,?jl oh. 2l hap Leen uged

£6 obtnis dally globsl &ilsy rediation, bBY considering the

corresponding data of

Addle Abebs yemion,

daily mepsured velus
Hovovor,

obtaintd betwesn the

redintion,

meberenridloglenl paramatess Loy (he
The resitlis Weye compired wiish the

of gobhznl #oler padistion.

wordpaneise ranging {30 - 300)F% were

adlevinbed and measured glolsl aolay

Therefore, the following senern) fopm of ihs

Sayizh et. 8). otushion wes considersd.

P’

Byyi 4 %
and %k

pensral conzianta.

ook Bxp Ate” (31EP & o1 . gy B

I
f1Ax

@ 519 ﬁg. ﬁl@ ?33 {1% Qa Eia }‘;} (35@) a¥io

Tme to the abovée ressohs an cffort wam done 40

detarmive {he gonernl conpbtante uwiling the glebsl aslay

yaddation, and metan

#ologiesl parsmeters of the venr 1BEQ

for thﬁ Addda Ababn regioh,
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A mathematical method mndifiedby H. 0. Hartley {30],
"The modified (pauss - Newton method for fitting of non-linear
regression functions by least squares" was used in determin-

ing the above nine constants for Addis Ababa region.

3-2 The Formulation of the Regression

The formulation of the non-~linear regression problem

was, given for n sets of Yobserved" (k + 1) tuples, Yh; L1h,
X2h, «-- XKh.
h = (1,2,3 -~- n)

G (X,8) = 6 (X, === X, 0g, ~== 0m) (3.7)

19

k?

It is required to determine, a set of aj for which the

sum of the squares:
n
Q(e) = &

(y1 ~ G{xh,0))? = Min. (3.8)
h '}

1

Where, Y, is the measured global solar radistion.
h

i) Introducing the first divivative of G(X], ek) with

regard to ei as.

%gi == Gi (X,8}), we get, nine sets of equations.
i
Gl (%, o) = HE®) oy oon a11® Bn® 4 cin® + B1 P (3.9)

da




B ¢

ey 3 = - L] = - . -[.‘."
Ga (A, 9) = Shpfatl e ek RN ¢ CIRY + BLI)) X

B

31° + c18+ p19”) 3 (3.0

éa (%, 9 = 25 L00 o G ut o) mep (Gt m® 4 e1n®
G

¢’ o+ Bty 1 (a1t

Gacx,0) = LD o ap (RS mapt anh (1D 4

cir® + n1r¥y 1) (3,12)

v 8l
65 (%, o) = 2E 0 ek mrp (ann®y P+ ek 4+ ma®) x

i )y g

66 (x, o) = 28800 o ox mep  (arr®y n® 4 016 s BT x

A B A
a1 ein® + 01C * BT (S INGLYY) (3.14)

38 Cx 00 o ux mme (A01h 10?4 e+ BT =

ab

e
ha ¢

i

(X, 92
A osan y 1P 5
CALL™ BL>  an (D) DY) (8.15)

A B C

68 (%, ¢y = JEEB) o (o mep (2324 (BOP + c1r® 4 e x

eC o
(i g1y F RN R RT L (3.36)
£ ’ . .
39 (B, 8) = ﬁgméﬁzil = (el Exp {(AZLA (BEDB . ClRC . EiTE)}

at. LA B x A (D) 15 (3

Theon vsing the above defindtions of (3.8} it is possible to

wWrito.,
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¥
8 Q ‘ , . , ,
et G ;) = -2 3 CGLY 5 0)) G (X, 6) (3.18
51 oL (x5 ) 2 2y (Y, ~ GLE s 600 G (X, ©) (3.158)
: h=1
The modified Gauss - Newion lteration:- We start with initial
values of the constants 001 = (ac, Al., A,, Ble, C,y Els, Eg)

The first step is compuie "Corrections' to the elements
o8i of the starting vector ,6. These correction will be pro-
portional to the solutions Pl of the Gauss - Newton equation

corresponding to (3.8)

Expanding G (X, 0) by Tayvlor's series at 8 = .6
and considering upto the linear term and substituting into

(3.8) we get:

mn
2 5 {2G, (X, 08) G, (X 083} P. # - Q, (X 170 8) (3.18)
t. 1 h J h 5 J 1
j=1 ¢}
Where Pj = (1ai ~ 0@l) for our case i = 1,2 -—- 9§ (3.20)
and,

b
g

-3 Q (X, 00) = ({61 (Xl,06) GI (X1, 00) + w=vmmme
| Gl (¥365,08) GI (X365, 06)) PL +

| ((G1 (X1, 08) G2 (X1,00)) + —mw +

| (G1 (X365,00 ) G, (%365,60 )) P2 + —we &
| (GL (X1, oe) G (X1,00) # =wwm +

| G1 (365, 00) G (7365, 00)) P9 (3.21)




P~
=N

~} Qy (X, 08) = (09 {ﬁi? 00) GL (Xh, 08) % rmeee + 9
(X365,008) % 61 (C865, 060)) PL + wermm
(G2 (XE, 00) GF (Kb, 08) + wew #
GS (X 365, o@) GB(X385, 08)) P8 (3.22)

and where Qi are determinad os:

~3 QL (X,0) = (((¥ (1) - G{X1. o8) GL (X, og}) + (Y(2) -~ G
(X2, 00) x Gl (R2, 98) + ~rwom . b
(Y (385) ~ G (X365, o06)) (G1 (X365, o8))
-4 ng(x,e> = ((¥1 ~ Q{X1, ©8)) G2 (XL,00) +
(Y2 ~ G{XZ2, og)) G2 (i, 0g) + =~ +

(Y365 - G(X365, 00) G2 (X365, 08))

=4 Q9 (X, 92 = (Y1 -~ G (X1:86)) (GY (Xl,00) +
(Y2 « G (32, 00)) (GS (32, 06) + ~om +
(Y365 - Q(X365, o0e) G8 (X365, 06)) (5.23)

By this we get systems of linear equations of nine
variables namely (Pl, PR e fg). The determinant of
linear equation (2.18) - 1 thug ean alwiys be solved yellding
the elements Pi of the vechtor P as molutions.  C{(onsidering
the funchion:

Q (V) = Q(%, o8 + Vo), for Oz Vs 1 (3.24)
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and denoting V the value for wihdich 9 (v) iz miaimwn on
the interval 0sVsl, Defining the vector

] o ,

10 = 00 + V'P {(3.26)

with eleoments gi = o@ad + V'Pi  (3.26)

1
ATter getting Pi, the next stage is to determine, the

minimum value of Q we proceed by av approximate method:~ we
evaluate @ for V = O, V = § and V = 1 and determine the level
of V for which the parabols through Q (o), @ (), @ (1)

attains its minimum from

Vinin = § + E‘ (o) - Q(1)/(Q(1) ~ 2Q(3) + Q (o)) (3.27)

365
In this formula: @ (o) = ¥ (Yh - G(Xh, 0ay)?, and {(328)
hﬁi H
365
Q (i) = } {Yh - G‘(X} 3 .15 8))? (3@29)
hei g i
Where 461 = oei + § Pi, V = 4
365 :
and Q (1) = & (Y¥Yh - G (Xh, iei)? (3.30)
h=1

Where 1gi = ood + Pi , V = 1 (3.31)

By doing So Vmin is calculated, then the next set of
constants

161 = g8 + Vmin P1i
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; ] - ,
hewy, 17 = o + Vmin P1

1AL = ALD + Vmin PY
| |
| oo
| t
l l

18 = Fo + VYmin PQ -

The whole procegs is repested with (Zd,,fAigliA;ilBig
a3, 1 Te, 18
1'51'.!-13‘ 2 =

o6 i. Carrylng in this manner, several cycles can be done

snking the stsriing trial place of

until the new set of constants has no apprecizble diZference
with the preceeding cycle selt of constants., In other words

having Vmin and (Pi, P2 ~--« P8) to be small.

3.4 Data fnalysig and Compubntion
The determination of newgemral constants of Sayigh's
equation was cakried on by writing'a computer program based
on the above method. The progyrom is attached in appendix

(D .,

The global solar rsdiation for the yvear 1983, of Addis
Ababa reglorn, measured by Hppley iptegrator wasm uged. 'The

corresponding day meteorological parameiers, munshine houvrg
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(measured by campbell stokes sunshine recorder), relative
humidity B, aond maximum temprature of the day Tmax, all
measured by NMA,* were taken in the caiculation.

Due to power interuption and mslfunction of the
recording instruments, in the regression the data available
were only for three hundred fifteen (315> days of thq vear .
Thege values with the corresponding day meteorlogicsal
parameters are in appendix ( ). In the determination of
new sets of constants the cycle in which the whole iteration
to be repeated was seven times. The set of congtants
determined by each cycle and solutious of the linear equa-
tions (3.21) are shown in table (3.2). The regression
was started by arbitrary sets of constants which were close

to Sayigh's constants.

The final set of constants which were determined by
the last (seventh) cycle are 2lso given in table (3.2). It
follows from this,the solar radiation in Addis Ababa is

given by the empirical expression:

4 e 52

G(X, 6) = 2.65 x 1077 K (4.184 x 10%) Bxp {1.46 4°

3 38 (.43

0,52 (MY 23 . 5.17%:38 L §.38 Tiax Y (3.33)

*
NMA - National Meteorological Agency
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i

Where G (X, 0), is in JoMTO - dayml, 4, lattitude of the
place in degrees, D relative sunshine hours to 12 hrs, R
relative humidity, Tmax maximun temprature of the day and

K as it was defined in (3.3).

The daily solar radiation calculated by (3.3), (3,34)
and measured values are plotted on figures (3.1) -~ (3.11).

. s s -2
A converting factor for the radiation value from cal - cm

Lo g -n™? - day"l

2

was considered since the measured

- dayﬂl.

- day"~

values are in J - m

(3lobal solar radiation calculated via (3.3) and (3.33)
were compared with the measured value and the percentage

deviation calculated by,

(Gcal - Gm)

o 100 (3.34)

are shown in appendix ¢ 7).

The new set of constants has made the maximum temprature
of the day to play a dominant wrole in the ecalculation of the
global solar radiation. A change of 1°C in the temprature
while the other parameters bheing constant can result a consi-
derable change in the radiation. The relative sunshine hour
(D) is the second important variable in

the determination of the radiation. The least important is
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Fig.%.,1 DATLY MELGUTLD AND £STIMATED GLOBAL SOLAR RADIATTON
OF ADDIS ABEBA REGION FOR THE MONTH JANUARY 14573,
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the relative htmidify. Slnes the conntunis were detemmined
for @ﬁé 1oeality, it was not pesaible to see radintiop
dopendence with lattitude.

As it has bobn ot by various authors in cnlenlating,
the globpl soler vadiation ¥ia (3.1) mnd (3.2}, neods
dotermination of vegression coeficlents which have mpatianl
yarintions, |

3 Feonthouzh, the constante of (3.3) were sald to he
univermal by the anthors, the insdequeney for sstimating
the radistion was shown by Figures (4.1 ~ 3.311) and
parangotopn et al. [81] have slee reporied é@cenﬁly
vhe inadequenoy of (3.3). And henoo it ie cssentisl to
doterming b nev é@t'éﬁ aonatanta 20k overy pogidn, however
4% gould be possible to ume the cohatants for exibrapolatisng

for othue veglons with the same geography snd slimate.
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CLAPTER 4

4. CONSTRUCTION OF SIMPLE SOLAR

RADIATION MEASURING DEVICE

4.1 Introduction

Solar radiation measurements were originally made in
early ninteenth century for the purpose of basic research
in radiation physics. This research centeved largely on
measurements of sunlight intensity and later on the spectral
intensity of sunlight. The Smithonian Institute of Washington

D.C. was active with such research.

Radiometers are finding extensive application in the
masuremenF of total and net exchange radiation and for evaluat-
ing the thermal efficiency of solar collecting devices. In-
general, the instruments for measuring solar radiantion can be
divided into three types,namely thermoelectric,photovoltaic
and calometric type. In comparison with the thermoelectiric
and calometyric type, the pholtovoltaic has disadvantage in
that the spectral response is not linear, cven though its

response rate is very rapid.

4.2 Solar Radiation Instruments

The most commonly used instruments for determining the

available solar energy are 1) Pyrheliometers - for measuring




s

the intensity at normsl incidence of the divect radiastion
from the solayr disk. The zepsor of this insirument has 2
¢lock driven motor for tracking the sun'ls direction.

2) Pyranometers - are used for messuring the global radia-
tion (direct plus diffuse) which falls ol 2 horizontsl
surface. If thelsensor isg shieldeé from the direct sunlight
it measures the difusé solar xadiafion.

a

4.3  The Duration of- ‘Sunshine Instruments:

&

~Are instrumenis used for messuring the graction of time
during the day the solar disk iz not hidden by clouds. Sun-
shine duration 1= important in characteriéing'the elimate of
o given location, its value is also used in roughly &edueiﬁg
the fiux of aolar radiation on s horizontal surfsce at locsa-

tions for which no Pyransenmetric dsia aye avalilable,

These inkitruments Pyreldeliometers, Pyranométers and durstion

of sunshine instruments, come }n many formby different moan-
ufacturing companies and sre claszfied by the commission for
instruments and methods of ohservation of the vorld meteorological
organization (Geneve) as stondard, first, second and third

clags sacokding to 8 certain criterin. And thesge were summ-

grized by Kinsgell L. Culson [321].
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A radiometer was constructed by making use of semi cone-
ductor type thermojunctions but this type of rad-
iometer has less sensitivity. Soldered Constantan Manganin
strip was also used.Monteith [32|. But this has a disadvant-

age of high cost in production.

Simple and in-expensive sensitive radiometers can be
obtained in two ways. One way is to use a thermoplle
material with high thermoelectric power, and another way is

to place a thermocouple.

Using thermopile by plating Copper on Constantan has
also being used and its design feature and its comparison
with standar.d radiometers developed at central building

research, Roorke,was alsc reported by K.N. Agaraval l35|.

However, a simpler radiometer that operates on thermo-
electric principle by measuvring, heating and cooling rate
of the sensor, Constructed by S$. X. CHENG [36] was adopted
in our work. The experimental and theoretical analysis 18

as follows:

4.4 The Experimental Pyranometer

The Photo of the Experimental Pyranometer is shown in
figure (4.1a2).A Schematic diagram showing the ¢onstruction

of this Pyranometer is given in figure (4.1h).
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The gensuyr of the Pyrapimoater is, o blackened red coppery
dizk, 9.1 puibick and A¢ min in diammeter. A 0.1 mm constantan
and 0.47 mm copper, thermocouple is zoldered Lo the back of
the disk for temprature messurpents. The senzor iz #suspended
by four threads ingide = glass tubing to minimize conduction
loss. The sensor:is placed 2t the center of spherical glass

covey 140 wmm in dismeter.

4.5  Theory of the Measuring Technique

S

‘The measuring Hechiniquo presenied in this werk has made

pumber of assumptionz sz follows:

1)  Copsidering the heat capacity of the mensor is
small and that of the spberical gloss cover is lavrge, in a

eycle of heating and coolipng processes the temprature of ithe

glass cover cap be considered {o he conntant.

22 In heating and cooling process, the temprature of

the sensor ig uniform &8t sny given time,

Let ¢ be the total solsy vadistlion absorbed per uniit
time by the genszor whon 1% 1s exposed 4o the gun, and hence
G ke formuplated am,

6 = a0 g 0, (0,9)5500,97 T (8,9) 8ine Coge dedp dA (4.1)

o o 4] # Ay

Y
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Where IA is the spectral intensity of total solar
+ndiation, TA is the spectral transmittance of Lhe glass
sover to total solar radiation, oy is the spectral absorpltance
i the sensor to total solar vadiation, » is the wavelength,

is area of the sensor, 8 and ¢ are the angles of incidence
coopolar and azimuthal directions respectively.

Knowing that thé global wradiation is composed of beam
a3 diffuse parts which have different épectral distribu-
+ions, it is necessary to consider the contributions

fefined as follows:

G = ay Ty Gq A + ay (80, ¢0) o (8o, fo) G CoS8GA. (4.2)

b

Where the first term on the right of the equation
don0tes, the difuse energy absorbed by the sensor, the second

srm 15 the beam radiation absorbed at 6,50, directions,

-y

i, is diffuse irradiance. When the radiation is incident
. the blackend sensor, the energy balance of the sensor can

e Written as:

G=cM (5, + Qg ¢ Q

o o ) (4.3)

Q

conv cond

Where M and Cp are specific heat and mass ol the sensor

at

ruspectively., (5?)h iz the temprature slope at any given




a3

Time during the hcaiing process and

: s and Q
rad, “cony, 0O

“eond
represent the heat Josg by radiatien, convection, and conduc-

tion rempectively.

When +he sensor lg shielded from the radiation the
gensoyr dndergoes  f coeling procegss. The following energy

valance equation can e written for this process.

: g a7
- ot = UMk om0 4 1 + '
pM (dT)G LPM ‘iﬁrl>g Qrad Qconv : Qcand (4.4)
i ’ = dT LY + » ', Py . K N
.VWhere (E?’c i the temprature slope at any given time
g ceold ; B fag R and Q) represent  the
during ccoling process, rad, Seonv and Apong FERresent he

heat Jozg for the ceoling process.,

The temprature-time bhistory of the sensor can be plotted

as ghown in figure (4.2). Regardleas of the henting and cool-

identicnl, Becsyse the zensor is at the same temprature.
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Pig, (%:2) Temprature - time histopy of the senszor in fhe
hesting and cooling brocess.
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whese ecaualions enable the heat loss Lerms in {4.3)
ke g wreh b LR Ak %

and (4.3 to De cancelled out there by resuliing:

iy T o, (}-. A ﬁb (0@5 Ci(,-) T-b (Tog (;10) Gb (JGSSOA =

+ \;ﬁf-{‘) D (4.6) .

Geing the following relationships to account for the

s
e
i

soce dn materials spectreal response to beam and

(2. can be wiitten as:

Gy, CO8 (4.8)

aT
i k4 vl

ar, G, 6, 008, = (pPey (G
L3 £x(x 'b T ;!] Lo




The phyaionl mwening of (4.8} and

4,8 opn be
axyisined ag, 1€ thavé iz only diffuee radiation {hat i

Gy = O, 3t follows f¥om (4,8) that:
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I aan e ealibrated.

K]

Nousured Nesull
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The glohi) solsr redistion dada measured by the newly cob
gtructed insirument angd loanl weteoorologieal siation sre
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skon during (12.00 am. - 14.00

o

The megsurameni wags

P, ) agnomay 2%, 19855, These values are ploittied on figure
deviation of the measured data

Kozt

(4.3). The maximuom reistive

frowm that of 2 local meteoroiopgicnl station is about 19

percent.




-

Conelusion

It ds important Lo know the atftenunation of solax
radistion, for 2 pariiculsr place, and which attenustion
mechaniam affects the rediation move. BSpecially the
integral fturbidity Sfachor, which predicis the solar
radiatlon attonvation via (2.51) is very imporiant. As
*it hag been secn in Figure (Z2.4) the maximum montily mean
7va1ue is in Auvgust, which is by 507 less than that of
gre%t Britain; where we do have moan made aerosol pellution.
In addition, these molscularly atﬁenuéﬁed rgdiation and
Intogral turbidity faotors are inmportant in meteorological

predietions,

In the estimstion of global solar rsdintion,the newly
determined set of copstants would have bHetterly estimated
the radiation fox Addis Ababa, hrd we used seversl consecutive
years of dets. However the discrepancies between the
mosaured and eatimsied, have reduvced considerably, and
these constants con be used for estimating the future

yasrs global solar radistion of Addiz Absba region.

For routine measurement of global solar radiation,

the instirupient in discussien of Chepter Four, san he




These types of lngstruments can he used to replace
the expensive opes apnd can also he dnstalled, in plsces
where standard Pyranometers are pot availnible. These
ipstruments can 2180 be wade as Pyrheliometer, by mounti-
ing the sengor on clocik driven motor for iLracking the
Sun's dimec. The experimental instirvumeni’s ovi pul can
alsg'be directly connected to a micro-computer, having
inner built =solar rediatlon apalysis program, 1o process

the molar rasdistion measurement.
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DAY

12
1%

Lu.

21
24
27
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CLINAT-ION AGLEs—Diric{ -k UF AJA. -Hew [l

T~NPUT DATA OF . IRECT SOLAR RADIATIONs DU{Ilsy PRESSUR:Zs-P{i -—AND D
For HEYEAR DS -

SEEE. = (1) Pt I) LELI) DA (I (1) {! .( U s SIS D) PLl)
3372 096867 575.0 =23,.0607-—..3 5107 0.9667 - 278.0 -22 3913 . . ‘ 4474 UetbO? 57843
23800 00,9669 576.5 =22.6949 6 857 0.9669 577.3. 22 536" 233 U. 3669 Hr7rH¥,U
5571 G669 .77el =224349B—— - 5., . 5407.-0.9669 .57..,8 =22.2215.. J b te - H.9671 5704
3686 049671 577.5 =21 .9451 12 4326 0.9671 57L.9 - L.7:72 4 w904 V.02 57544

BLE 06 T70..8575..0.=21.,4820 1.9 2 304 0 Q. W6Z7  574,5. =20 5834 . Sded U382 575,45
1481 0.7682 "577.0 =20.1809 23 3192 0.9682 5 5,0 =-149.7545 24 141 Wb 2 572.0

466 04969, 578.0 =19.3046-——....26 ... 1056 . 0496932..377.0.. =14.0711 27 Tod.  U.94693 STa.u |
1394 0.9693 577. -18, 5872 29 2381 0.9693 578.0 ~18.3369 30 2546 U.9693 STT.u

930 Q.9693 5770 =17.82.1 .. . l.... . 505..0.9708 _..%27.0...-17.5538 .2 R R ¢ D" Iy Y1 573.u

8 0.970. 574.0 =17.0056 4 4100 0.7708 579,080 =~16.7239 g 4392 U.9723 578 .u
4952 0L 972 L7 =1f. Y457 7 3837 0. 9723 _8572.0 . ~15.8494 A edd3  0.3223 0 5Pn.0

1711 049723 575%5.0 - -15.24 7 10 4304 00,9738 574.0 =-14.9326 Tl 1978 w.9738 570.v

2469 . 0.97308 5771 -=14.299) e i 1685 049738 576.0._=13.97860. ... 14 700 Ul9738 B77.u

6533 0.2 757 575.0 =13.3174 16 500 9.7575 577.0 =-12.9821 17 3208 L9757 575.u
1389 . 0.9757 5 H.0. . =12.23002 . 2002342 ...0.8777...977.0 . =1ll.6036.__. .. .21 183U.. U.9777 978.u
2450 0.9777 579. -10. 8933 23 5499 0.9777 579.0 ~10.5333 24 3333 V.3ITT? HT78.u

L5450 0.9 748 w728 .0 ~Q9_RN'Q 22 an] 0.9798 578.0 -9 N430 1 gm0 iRty St
1060 0.9819 579.0 —-7:5497 4 4210 0.981l9 578.0 ~7¢ 1655 5 2925 0.IB4F 5T73.0
2827 (.9842 770 ---=b6.39089. ... 7 3033.-0.9842.-577.0.. -.=5.0007.. . P - VadB42 H78B.u
2050 0.9842 578.0 -5.2150 10 3441 0D.9864 578,0 -4,8199 11 1864 V.9¥8o04 HI17.0
1234 049864 57740--=4.0253 ... .. 13 544 . _0..9564._578.0 .. .. =3.5262 . 14 L. 7. U.98b4 BT7T.u

773 0.9892 576.0 —2.8248 16 174 0.9892 577.0 -2.4228 L7 13:3 0.9892 977.0
B3P DV 9BG e 5180 =1 . 6167 19 375 0,.98Q2 £27. =1.,2120 21 19n 01,992 N ZH.0
4106 0.9620 577.0 —0a 4044 22 L8894 0.9920 576.0 (. 0000 2% 3431 0L.9920 HT7.0
5090 0.9920 57340 . —. 0.8089 . .. .. 25... 1081 _0.,9850...578.0.. . l.2131.. . 20 LaUl3 0 UW.9YE0 S5T7b.U
1144 00,9950 577.0 2.0202 28 1120 0.9950 577.0 24229 249 470 V.3950 5760
2985 0.9950 57540 —3.2261. ... .31, 1780._0.98350. .576.0...._..3.6263 Sl .. 2828 (0.9986  97D.o
31394 00,9986 577.0 444233 3 1076 0.9986 577.0 4.820u 4 B33 J.9%do S 70.U

2428 1,0013.__875.0 5. 6088 f 585 1.0013 5772.0 DL Q0A - 7 ay9n 10013 57n.il

126 1.0013 577.0 b. 7793 9 35 1.0013 576.0 7.1l657 1l 34 L340 576.0U
3566 1.0040 5/3.0 . Ba3114 13, 3390..1.0040._577.0 . d.bdB85 L4 1b61L L.o04t  L7d.0 |
2398 1.0C67 577 9. 4350 16 1612 140087 857840 9.5041 17 23 Lo’ S578.u =1
1969  L.0C67 573.0 10,5334 19, 4623 .1.0067 578.0 lu.8934 20 cldd  L.ouY9s H9T7oau
1n75 1.004% 573.0 11,2503 22 23 1.0096 577.0 11.6037 23 444 Loy 975,
4495 .. 1...096 . 577.0 12.30013 25 1187 _%101?5”.??hlq. 12 A6T 7 D S AT T S S




INPUT DATA. OF DIRECT_SOLAR RADIATION, D(IJ),. PRESSURE, P(I)s . AND OSCLINATION ANGUEs DEL LI L Uk dede Kubll
FoR THE YEARTBS. -

DAY DI L1} P} DELA(I) DAY DI} (1) P} JELI} DAY el (1 P}
27 1655 1.,0125 578.0  13.3175 - . 28 ~ 37156 1.0125 3578.0 13,6434 29 6437 1.0125 577.v
30 5034. 1.0125 577¢Qu-.. 1442992 —— 1. 1. 3522..1.0155527..0.. .14.618L 2. ._.3796.. l.Ul55 ._5758.u
2 133 1.,0155 575.0 ~15.2428 4 915 1.0U155 578.0 15.5484 5 303 L.all7 577.u
2 4934. . 1.0177 577.0... 16414577 . .. 46084 1,0177 _8577.0 .. 16.4323. . 4 _ 2233 1L.0177 . .578.0
9 1754 1.0177 577.0 *17.0056 10 4646 1.0199 578.0 17.2823 L1 4016 L.1199 57b5.U
L2.....3208 1 .0.189 8250 17,8202 13 3482 1.0196 R75.,0 18,0313 14 L UTn 1.1 199 ALY
1% 2168 1.0220 575.0 1845872 16 2599 1.0220 57640 18.8320" L7 1037 L.iédu  576B.Y
1 1641 L.0284. 570 .0 2129452 e 20 67410284 57700 220866 .. 3_.. .. 4625. 1.02¢4 . 575.u
2 4710 L1.0284 576.0 22.3499 5 3154 1.0296 575.0 '22.4715 0 1471 l.u29s 576.U
7 3875 1.029 .576.0 —_22.6949 o B _ 4407 _1.0296 _578.0.22.7965 _ 9. ..._2{05.. 1l.U29 _577.u
L 1424 1.0308 576.0 22,9794 11 3996 1.0308 577.0 ~23.0607 12 40U0 L.O308 576U
L3 _.14b65 1.0308 871.0 23,2023 14 53372 Y . .0308 5780 2. 2h38 15 2940 11017 w270
16 1601 1.0317 577.0 23.3641 17 1319 1.0317 579.0 23.4041 Lo 2370 L0317 57246
) 1351. L.0317 578.0 . 23.4632. .. .. 20.. 178L.1.0327...578.0....23.4324 _ 21 . 218%. 1.9327 578.U
¥ 1748 1.,0327 577.0 23.4998 23 1798 l.0327 577.0° 23.4981 24 2745 1.,0327 578.u
> 4 2721 1.0332 577.0 ..23.4737 . ._...26... 1782..1.0332..578.0._...23.4510 27 ...llb5. 1.0332. 577.0
50T 7150 1.0232 576.0 - 23.3850 . ... 29 _.__305..1.,0332_.576.0._"23.3%1¢s CT3iTTT 35U . 1.0U332 578.0
] 2578 1.0337 578.0 23.2339 2 2119 1.0337. 578.0 23,1698 3 3366 1.0337 576.U
A 1797 0 1.0337 .. 573.0_.0.23.0209 in oo B 3810140337 572740.. 2249362 b o...2602 . 1.0337. 577.0
7 903 1.0337 577.0 - 22.7465 8 2059 1.0537 577.0 22.6416 9 JU02 1.0337 578.0
. 0) 2708.._1.0.237 577..0 22.4115 11 2109 1.0337 517.0 22 2RES 12 9 1337 sPu 0
L3 2271 1.0337 577.0 22,0167 14 989 1.0337 576.0 2L.8720 15 1250  L.9331 575.u
L A 1137...L.0331 875.0....21a5632. . 17 _1157._.1.033)1_ 57740213992 . .. .13 ._....917 L.u2321l .57c.Uu
LG 1585 1.033L 577.0 21.0522 20 537 1.0324 57740 20.8693 il o L.u32a 578.u
X 8 1.0324. 576.0 ...20a4851 i 23 . .343...1.0324 . 577.0_._ 2042838 ... . 24-_.. 47d&. L.0324 .578.0
)5 1032 1.0316 576.0 19.8633 26 6508 1.0316 577.0 19.6442 27 477 1.03l6 577.0
1ALl 1.02)a. 526,019,188k 29 1131 1 .06 5727,0 13,9523 30 ST 1.03X6 S TA.u
) } 69 1,031 578.0 18,4620 L. 294 1.0300 577.0 1842098 2 1761 L.U3u  H70.U
3 147 L.0300 577.0 17.6870. . _ . 4. _ . . 3. 1.0300_578.0._ 17,4187 . .5 _._638L .LlL.o248 H577.y
X 1341 1.0288 5780.0 17. 1446 7 742 1.0288 578.0 lo.3654 $ 4 L.d2on 57s.0 3
) 2603 L.0285 573.0 16.2921 . . 10 2614_._1.0272..576.0 . 15.9982 ... Ll.. .57 ir.0272 H1l.u
¥ 190 L.027¢ 5727.0 15,3961 13 13 1.0212 577.0 15,0383 14 By La27¢ 57 Latieas

K 11l sR7 827 L0 14.4%92  1s A7..1.N287  R"7A.0  14.13H] )3 fiiemd 1.1 257 w2 o

»
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WAVELENGTH{LAM) s RAYLEIGH MOLECULAR ATTENUATION __COEFFICIENT. THOU(LAM)y EXTRATER&SESTRIAL.
SCLAR RADIATION I(L¥OR THE SPECTRUM IN THE INTERVAL (290 = 400U )MH

WL (LAM) THOUCLAM) CI0(LAM)Y WL{LAM)  THOU(LAM) 10(LaM)

C¢.290 0.141100€ 01 | ____5.240_ _  0.300 . _0.122000E°01 _ _6.184 . B
0320 0.166000: 01 64350 0.320 0.952000E 00 7.810
L0330, 0,812700E..00 9,000 0.340 0.716400F 00 8.940
0.350 0.6324100E 00 9.490 0360 0.563400F 00 104510
'0.370 0502300 00 _ ___10.400 _. . 0.380 0.449400E5 00 .. 9450
0.390 0.4C33C0E 00 11.340 0.400 0.363000E 0V 16.310
0.410 0W327700E 00 . __17.000 ...  0.420..  0.2966Q00E 00 _  _ 18.590 .
0+430 0.269100E 00 16,720 0.440 0.244700E 00 19.230
Q0 4b0 0,223 00E_00 20,060 0,460 O.EOBBOOE Qo L9.35580
0.470 0.L86500E 00 19,890 - 0. 480 0.171100E 00 16.88%
0.490 . 0.157200€ 00 __ . 19.560 o 04500 . . 0.144700E 00 . _1l9.020
0.510 0.133500E 00 18.310 0.520 0.123300E 0O 18.590
0.530 0.114000E 00 __ _ 19.170 . 0.540_ __0.105700E 00 __ 1B.560 )
0.5590 0.980500E=-01 18 .410 0.560 0.9 1L1000E~0L 18.280
04570 1 .847700E-01 18.340 0,580 0+.789700E~-01 18.080
0.590 0.736700E-01 17.630 0.600 0«688000E~01 17.410
Q.610 . 0e643300E~01 __ .. 17.050 _ _ 0,620 ___ 0.602200E=0L . _ _18.580 R
0.630 0.564300£~01 16.330 0.640 0.529400E-01 15.99)
0.650  0.497100E~01 15.200 = G.660_ 0.467300FE-01 15,550
D670 0.4397C0E=-01 15,160 Ue680 0.414100E-CL 14 .89
e 00680 04.390300E=01) 14,500 0.700 0.368200E-01 14,164
0.710 0.347700E=01 13.850 0.720 0.328600£-01 13.580
0.730 0.3107C00E-0L____ _13.160 0.740__ _0,294100E=-01  12.840
0.750 0.278600E-01 12.650 0.760 0.264100E=~01 12,350
0.770 0.250500E=-01 . __12.070 0.780 _ _  0.237800E-=-01 _  11.830
0.790 0.225800E~01 11.610 C.800 0.214700E=01 101.174
o 0800 0.13350QE=0L 814560 1,000 0.873600E~02 6520
1.100 0.565500E~02 54560 1.200 0.4198300E-02 4,640
1.300 De304400E=02. ... 34850 .. . 1400  __C.2261l00E=02.. _ _2:670. . . ._._..
1.500 0.171500E-02 3.230 1.600 0.132400E-02 2.140 -
1.700 0.1 03800E=02 1.750 ‘ 1,300  0.8257006-03 CLled4 ©
1.500 0.664900E-03 1.200 2.000 0.541400E~03 . 0.%50
2.500___ D221500E-03 0150 3,000 0: 106700803 PNER] e

3.500 0.576100E-04 0.530 4.000 0.000000 0.00u
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N ’ ! . . ' } _ . . ' . R T N - ). ‘A. 3-LL‘ ‘
ﬁiiﬁk%%d?%ﬁ?ﬁ{%hfﬁé&ﬁﬁ&NTaHDUR-ANG-ES."MH{H,TH&TRllL PLIJ/PQA(SINITHETALL ) FOR Tro LLL; la.4 B

DAY MH(TITAL) MA{TITA2) MH(TITA3) DAY - MH(TITAL) AAITITAZ) MHITITAS)
2077 TOLTSG30T 00 T 0.3 91708 00 5.10928E 01 21 "0.79693E GO U.3B893E 00 0.1089LE wli

22 0.79461E 00  0.8B622E 00 _ 0.10855E.01 .. 23 0.79508E.00  D.885663E.00 .. .0aludsle w1 ..
24 0.79560E 00 0.B88709E 00 0.10859E 01 25 0.,794778 00 V.B8HBE05E 00 Cueludéde L

26 0.79125F 00 . . 0.88200E 00 ,0.10792E QL. _27  0.79188FE Q0. Qed82%%E 02 _Golu(93E oy

28 0.79119E 00 0.88170F CO 0.1078lE 01 29 0.78910E 0O 0.879338 00 OlU7498 ol

e 30 N.787YBFE NQ 0 B770YFE 00 0,10717: 01 31  0,78798F 00 Dy B7775E 00 0. 10724 1]

L 0.78745: 00 0.B87708E 00 0.10712E Gl 2 0.78832E 00 O.37794% 00 CelU?7.20E ul

3 . D.787BYE 0C._. .. 0.B87733E.00 . 0.107098.0} __ 4. _ 0.78610F G0 . 0.875240 00 _ Oeluboli ol
5 0.78436F 00 0.37319E 00 0.10653E 0L 6 0.78676E 00 J.B75750 00 Ju.luodlie ul

7 . Q.78510E CO . 0.87379E_0Q. _ 0.10655%E_0L__ 8 __ 0.7862LE 00 _.__0Q,3249L1E 0 ... O.lGoo%t L. .
9 0.78462E 0C 0.87305€ 06 0.10640FE 01 11 0.78429E QO 0.872460 00 O.10be7e ul

12 .. 0.78691% 04 0.37526F 00 0.10658F 01 13 0, 78547F_ GO 0. B87356E QO Golun Bl ui

14  0.78&679E 00 0.87492E 00 0.10648E Ol 15 0,.78542E 00 0.87329F U0 UelUL2GE <1l

16  0.78680E 20, . .0.87473E 00 . 0.1064lt 01l 17 0.78686E 50 __ 0. 874098 00 G luod? i

18 0.78695F 0C 0.87468E 00 0.10635E 01 19  Q.78706E QU 0. 7471 00 0 100328 Ui

20 0.78434E 00 . 0.871687.00 ... 0.10596E.01__ 21 _ 0,7872LE 00 ____0.87477C 00 . 0,Llou3li ol

22 0.78603E 00 0.37336E 00 0.10611LE 0L 23 0.73350E 0OU 0.87046E 00 Uelub 736 1
24 0.78646E 00 0.87364E 00 0.10609E8 0L 25 0.7B808E 00  0.375358 00 OelUuz7t ul

26 0.787008 00. . 0.874056 00__ . 0«l06Q9E.01L 27 0.78867E 00 - 0.87581E 00 _ _ 0,l0028& ul . _

28 0.78900E 00 0.87608E 00 0.10629E 01 29 . 0.7879%9E 00 - (0.874878 00 Gellolle ul

30 . 0.78636E.00 0.87519¢ Q0 0,106135 01 1 0,78875E QO 0.87553E5_QQ U,l06L5E !
2 0.78779€ 00 0.87438E OU 0.10599€ 0L 3 0.78685E 00 0.87325E uo 0.10543E 01
4 0.79141F 00.. 0,87822E.00 _ OC.l064LE QL. - 3 0.29050FE 00 0.37713E 00 _0.,10625¢ ul _ _
6 0.79098E 00 . 0.87757& 00 0.10628E 0L 7 0.79147E 00 0.878038 00 0.10032E UL
3 0.79334E 0C . 0.88003E.00 . .. 0.10654E 0L 9 0.79248€ .00 . _0.87900F 00___0,10039c vl .
10 0.79438E 00 0.88102E 00 0.10662E 01 11  0.79217E 00 0.87849C 0C 041029t ul -
12 0.79271F 0Q 0.87901¢ 00 0.10633F 01 13  0.79188E 0) 0L B7H0YE_ Q0 G, 1Gn19E ul
T L4 0.79380E 00 0.880088 00 04206426 01 15  0.79298E 00 0.87903E Q0 0.10029: 0L
166 0.79492E .00 ... 0.88LL7E 00 . ..0.10652E 0L 17  0.7%548E.00. . .. 0.H88172E Q0. . 0.l00%7k
1 0.80340E 00 0.88964E 0U 0.10731E 01 2 0.80524E 00 ~  G.89164E 00 0. 107548 L
3 6.80288: 00 .. 0.88899E.00 . 0.107210 01 ___4 ... Q.80489E_.00 . _ 0.B90950 40 = G.lu/43E oL
5 0.80368E 00 0.88981E 00 0.10729E 0L 6 0.80546E 00 0.89174¢ 00 O lufole L
7 _..0.,805826 w0 0.806210F 00. . 0.10752L 0l 8 0.HO636F ud (. d9555E 00 L1075 ol

3 i




ATR*ASS AT ThrLk DIFFERINT HOUR ANG_ES. MH(H.THETA L) = P(IJ/PO(SIN(THoTHid) E Tl foae Lrad owit o

A h. REGION, (P0=76OEIM) _ S ‘ |

MACTITAL) CUHITITAS) DAY MH(TITal) AATITA2) R R

MH(TITAZ)

e
[N >
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ARSIV B
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¢ 3CONTINUE
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5CONTINUE
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CONT INUE
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!
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CONTINUE o
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CONTINUE
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B B R B S TN I Rk o 0 e l —
8 COMNTINUE )
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1 CONTINUE :
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T CONTINUE
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CT(I)=0.D0
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222 CONT INUE
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36CONTINUE
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A1CONTINUE
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o4 b=, %)
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S0CONTIRUE 7 777 T e o S T T e
DN 1119 I=1,1T : B
TTRUITTECLTU
S CONTINUE - -
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SLCONTIRUE ™ ~
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S5CONTINUE L
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O owRITEU3210)(23S(1Yy1= 13y T T T T '
20 FRMATLIX, 3D12.5)
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SU T OUTINE RESS (M1 4,05
s

MR R O.%T0
Coead /ey :
973 013 i1=1.°70 , .
=33y =0 5 0
ZZ(1)=(2.D0/15.00)Y#E£(1) '
B CONTINUE
AZ2=0,00
BH=0 e
DO 4 I=1,8T0

. M=MN4Y . I . —

1?7
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- S U3 66 J=1417F o . R,
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A9 LCONT IMNUE
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i TUII=4(8, 0T}

CARD.

ISR oY TME L oS BN o
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