Extraterrestrial
1. Solar Constant

Extraterrestrial solar radiation on a surface normal to the sun’sray on the n-th
day of the year

1981

G'sc =Gsc[1 + 0.033 cos{ (n/365)(360°)} ]
where, Gsc = 1353 s m?or 429 Btu hr ft or 1.940 langleys min™

£ 1langley = 1 cal cm?

Gsciscalled “ Solar Constant” which is the average value of G’ sc
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Figure 1 (from Duffie and Beckman, 1980)
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Tablel. Extraterrestrial Solar Irradiance (Solar Constant = 1353 W/m?)

A Gees? |for” | A |Ges? |fou A |G |fos
0.24 63.0 |0.0014{0.47 |2033 |0.1817 J1.0 748 0.6949
0.25 70.9 0.0019|0.48 2074 10.1968 1.2 485 0.7840
0.26 130 0.0027'0.49 1950 (0.2115 1.4 337 0.8433
0.27 232 0.0041IO.5O 1942 (0.2260 1.6 245 0.8861
0.28 222 0.0056'0.51 1882 |(0.2401 ]1.8 159 0.9159
0.29 482 0.0081IO.52 1833 [0.2538 J2.0 103 0.9349
0.30 514 0.0121'0.53 1842 |(0.2674 2.2 79 0.9483
0.31 689 0.0166|0.54 1783 [0.2808 J2.4 62 0.9586
0.32 830 0.0222'0.55 1725 |0.2938 |2.6 48 0.9667
0.33 1059 0.0293IO.56 1695 [0.3065 2.8 39 0.9731
0.34 |1074 0.0372'0.57 1712 |0.3191 |3.0 31 0.9783
0.35 |1093 0.0452|0.58 1715 (0.3318 |3.2 22.6 ]0.9822
0.36 |1068 0.0532'0.59 1700 (0.3444 |34 16.6  {0.9850
0.37 |1181 0.0615IO.60 1666 [0.3568 3.6 135 ]0.9872
0.38 |1120 0.0700'0.62 1602 (0.3810 |3.8 11.1  |0.9891
0.39 1098 0.0782|0.64 1544 {0.4042 14.0 9.5 |0.9906
0.40 (1429 0.0873'0.66 1486 |(0.4266 J4.5 59 10.9934
041 |1751 0.0992|0.68 1427 (0.4481 |5.0 3.8 0.9951
042 |1747 0.1122'0.70 1369 (0.4688 ]6.0 1.8 ]0.9972
0.43 |1639 0.1247IO.72 1314 {0.4886 |7.0 1.0 ]0.9982
0.44 |1810 0.1373'0.75 1235 (0.5169 |8.0 0.59 ]0.9988
0.45 2006 |O. 1514|0.80 1109 [0.5602 ]10.0 0.24 (0.9994
0.46 |2066 0. 1665'0.90 891 |0.6337 [50.0 |{3.9x10* |1.0000

a Gg,, isthe solar spectral irradiancein W/ m? um averaged over asmall
bandwidth centered at A .
b: fo.,. isthe fraction of the solar constant associated with wavelengths shorter
than. From Thekaekara (1974).
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For 500 3800 nm

= a + b * +Xd+/ ¢X*#Xegf 2%
1. 83579683 b = -0.00025789
d = -1081.00849 e = 416804008969228353
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The following are the normally measured radiation wavebands and their fr
actions of the entire spectrum (0-50.0 micro-m) outside of the atmosphere.

fro®gdlYg-=28pnm= 0. 0-086m= (0. P-ZOOm= (0. 0873
fromMg2Yg-70pnm= 0. #-688m (0. 593875
Yg¢=119onm= O. ¥=389Bnm¥( 0. 9731

Waveband, micro-m (um) Fraction
Tota 0.28 - 2.80 0.9731-0.0056=0.9675
PAR* 0.40-0.70 | 0.4688 - 0.0873= 0.3815
Visible 0.38-0.78 0.4729
Spectroradiometer 0.30-1.1 0.72735
0.40-1.1 0.7395-0.0873=0.6522

* PAR  Photosynthetically Active Radiation

3. Units
Two concepts of unit systems are commonly used. They are Radiometric (
)and Quantum ( )units. Radiometric units are energy based and
guantum units are photon based
Radiometric | Quantum

flux density

Radiant flux density/ Photon flux density| W m® mol s* m*?
fluence (over a specified time period; time integral of flux density)

radiant fluence / photon fluence Jm? mol m’?

where, 1 mol = 6.022 x 10%® photons

In the literature, total radiation is normally given in radiometric units while PAR
may be seen in both radiometric and quantum units. The conversion between the two
unit systems is a complex matter. It depends on the type of radiation source,
wavebands, etc.

To convert a daylight PAR quantity in W m? to micro-mol s* m? the
multiplication factor is 4.6

A in J E = h * c |/ A
mol e A E = y* h * C
Y = = 62202252 * 10



pmo | e A
= (6. 2252 1*0 C /
h C=2.997'9n5n/ s 10
E = c¢cst |/ A
cst 6.02252 * 6°7°625% "2 2199B25B *
pmo | e A E = 119.6256 / A
i . e. umol e = 119. 8256 A
i . eumol e/ J " 8. B594 .10.
A pumo | &/
, mumo |l e/ J
400 - 700 4. 597677 Lil - COR Qua
400 - 1100 6. 269560 LIl - COR Pyr
380 - T70 A. 764865 LlIl-COR Phot
400 - 850 5.224633 PAR + Far
280 - 2800 12.873496 Eppl ey Py
Quantum Sensaqmol e/ .'s Qq
Pyranometer w/ J/ .s
Photomtric Sensor k Lux
Qw Qq Qw Wi/
700 OQwaQg/4.597677 (umole/ .s) / (umole/d) = J .s= W/
1 W/m? = 4597677 pmole/ s 4meél e/ . s
Q: Her (in W/m?) PAR mole/ s
A: PAR (in W/m? = 0.3815 * Hgr (in W/m?)
PAR (in mole/ .s) = 4597677 * PAR (in W/m?)
PAR (in mole/ .s) = 4597677 *0.3815 * Hgr (in W/m?)
Note:
1. 1997 43 2

pp.141-148
2. RW. Thimijan, R.D. Heins, 1983. Photometric, Radiometric, and Quantum Light Units

of Measure: A Review Procedures for Interconversion. HortScience, Vol 18(6) pp.818
-822.



Geometry

1. Orientation of a Point on Earth
a. latitude, | The inclined angle between OP and

the extension of its projection on the equatorial
plane OP . North being positive, south negative.

b. longitude, L Theinclined angle between OF and
OG'. Where OG’ isthe extension of the projection
of OG on the equatoria plane, and G denotes the
location of Greenwich, England. East being negative,
west positive.

2. Orientation of a Horizontal Plane
The plane tangent to the earth at point P. The ground isa
good approximation of a horizontal plane.

3. Orientation of a Tilted Surface

Specified by the direction angles of the normal line to the surface

® surfacezenithangle, Z¢c ( = ) The angle between the
normal to the surface and the normal to the horizontal plane; same as the tilted
angle.

® surfaceazimuth angle, Ac  ( )The angle measured in the

horizontal plane from due south to the horizontal projection of the normal of
the surface. East being negative, west positive.



4. Sun-Earth Angles
a. sun’sdeclination,d ( )

The angle between aline (OS) connecting the centers of the sun and the earth
and the projection of thisline on the earth ‘s equatorial plane.

d = 23.45° sin [{ (284+n)/365} (360°)] --------==mmmmmmmmmmmmmmmm e [2]
n=281 322 d=0
n=172 6/21 d=23.45
n =264 9/21 d=0
n=355 12/21  |d=-23.45
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b. direction of sun’s beam: It is consider parallel to OS at any moment for any
location on earth.

® solar zenith angle, Zs ( = 90- )The angle between
the sun’s beam and the normal of the horizontal plane. (= 90 - solar Altutude

B) 0

® solar azimuth angle, As ( )The angle measured in the
horizontal plane from due south to the horizontal projection of the sun’s
beam. East being negative, west positive.




® hour angle (for alocation Q on earth), h  ( ) The angle measured in the
earth’s equatorial plane between OQ’ and OS'. In other words, it isthe angle
between Q' s longitude and the longitude through which OS passes. Solar
noon being zero, mornings negative and afternoons positive. Fifteen degrees
hour angle is equivalent to one hour time. 0
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5.Sun-Tilted Surface Angles, Sc

The angle between sun’s beam and the normal of the surface.
(Angle of Incidence)

a. for agiven surface at any time

cosSc=sindsinl cosZc-Sin Z¢c cos Ac sind cosl+cosd cos| cos Zc cosh
+sinZccosdcoshcosAcsinl +cosdsinZcsinAcsinh - [3]

b. for horizontal surfacesat any time, Zc =0, then S¢c = Zs

cosZs=cosSc=sindsinl +cosdcosl cosh ~ --------------momommmmmeme [4]
also,
As= (habs[h]) cos™ ([sin| cosh cosd - cos| sind]/sin Zg)  ------------- [9]
Angle of Incidence Sc
(A.=0) (A=180) (-90) (90)
=sindsinl cosZ, sds| cosz, sdsl| cosZ, sdsl| cosZ, sdsl| cosZ,
-sinZ.cosA,sindcos| |-sinz.sdc | +sinZ.sdcl  [+0 +0

cos S |+cosd cos| cosZ. cosh |+cdc | cosZ.ch|+cd c | cosZ. ch|+cd ¢ | cosZ. ch |+cd ¢ | cosZ, ch

+sinZscdchcosAc sl |+sinZ.cdchs!| |-sinZ.cdchs| [+0 +0
+cdsinZ.sinA.sh +0 +0 -cd sinZ; sh +cd sinZ. sh
Z.=0 Z.=90
=sindsinl +cosd cosl cosh |=-cosA.sindcos| +cosd cosh cosA.sin| +cosdsin A;sinh
cos S Ac =-sindcos| +cosdcoshcosl + 0
COoSZs=Cos =sindcos| -cosdcoshsinl + 0
=cos(90-B ) =sinB =0 + 0 - cosdsinh
=0 + 0 + cosdsinh
Zs S B

snB =sindsin| +cosd cos| cosh
h=0 cosh =1 snB =sindsin| +cosdcos| = cos (| - d)
snB =cos(90-B ) =cog(l - d) B =90-1+d

6. Day Length and Solar Time

a. for horizontal surfaces at sunset and sunrise, Zs = 90° and denote hss as the
hour angle for those moments, then from equation 4.

sindsinl +cosdcosl coshss=0  -------mmmmmmmmmmmm e [6]
therefore,
hss = coS™t (-tan | tan d)  =--=mmmmmmmem e [7]
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C.

u1) ‘swi] Jo uoirenb3

solar time versus standard time

E=987sn2B-753cosB-15snB

Where, B =360%(n-81) / 364, E = equation of time , in minutes

@ 1 e
Sun 15— |
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sun ion 1/28)
Slow
) = 1. 9 min
—a0 (o 211]
Mean time = standard time + E----------=-=-m-mmmmmmm oo [10b]
Solar time = standard time + E + (4 minutes) (Lg - Liog) --------------- [10c]

where,

uoou e |os Te awll] uesl 207

standard time = non-daylight-saving clock time, or

L« = standard longitude for the local time zone, in degrees.

daylight-saving clock time less one hour.

Lioc = longitude for the location in question, in degrees.
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THE ANALEMMA

X axis: The Equation of Time,

THE ANMALEMMA
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7. Sun path
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8. ET Radiation on a Horizontal Plane

Thetime integral of total radiation on a horizontal surface of unit area outside of
the atmosphere on the n-"" day of the year

” G dh = [* Ggsnp dh(inIm?
IHl G’ « COS Zs = IHl G« snB dh(inJm™)
=[(12)(3600)/1t ] G [1+ 0.033 cos (n 360%/365)]{ cos | cos d (sin H - sin Hy)
+[211 (Hz-Hj) /360] sinl Sind}  =m-mmmmm e [11]
where

Zs= solar zenith (in degrees)

B = solar Altutude (in degrees)

H. = hour angle at the end of the period ; less than or equal to the
sunset hour angle (in degrees)

H, = hour angle at the beginning of the period ; greater than or equal
to the sunrise angle (in degrees)

The daily extraterrestrial total radiation on a horizontal plane of unit area,
Hoin Jm?day™, becomes

Ho = [(24) (3600) /1t ] G [1+ 0.033 cos (n 360°/ 365)]
{cos| cosd sin hg + [211 hss/ 360] sinl sind}  ------------ [12]

PAR (in mol m?) = (0.3815) (0.0000046) Ho  --------xrm-rmmemmmemmcmmeeces [13]

9. ET Radiation on a Vertical Plane

Thetime integral of total radiation on a vertical surface of unit area outside of the
atmosphere on the n-"" day of the year

" Gesnzedh = [P o dh inJm?
-[Hl s SN Ls = -[Hl < COs3 (inJm™)

Terrestrial

1. radiation on a horizontal plane

The average daily total radiation (but not PAR) on a horizontal plane, H in Jm™
day™, for many locations can be found in the literature.

® (daily total radiation clearnessindex, kr =H/Hp ------------------om--- [14]
® daily total radiation direct and diffuse components
H=Hp+ Hy = e e [15]

where, Hp isdirect radiation and Hy is diffuse radiation.

14



define kq=Hg/Hg  —m=mmmmmmmmmm e [16]
then  kq=0.31 Ky +0.3198in (264.7°K)  --=mmmmmmmmmmmmmmmmmmnee [17]

These equations alow the calculation of Hq on the basis of measured H and
calculated Ho (eq. [12]). Notethat ky/ kr=Hq/H

The next Figure can be used to determine r; and rq4, which then can be used to
estimate hourly solar radiation on horizontal surfaces based on daily solar
radiation on horizontal surfaces. i.e.

P (O o B [18]
L B o F T [19]

where Hy, and Hgn are hourly total and diffuse radiation, respectively.

It ld,

r=mn/l24* (a+b* cosw) (cosw - coswg)/(sinws - (2* t* wg/360)* cosws)
where, a=0.409 + 0.5016 * sin (ws - 60)
b =0.6609 - 0.4767 * sin (wsg - 60)
rq=m/24* (COSW - COS Wg)/(Sin Wg - (2* 7* Wg/360)* cosws)
where, w : hour angle, ws: sunset hour angle in degree

rq e a=1,b=0
H Ho Kt eq.17 Ky eg. 16 Hd
It I, eg. 18, 19 Hn, Han

15



2. Radiation on a Tilted Surface

Hourly total radiation on atilted surface (I) has three components

direct from the sun, diffuse from the sky and reflected from the foreground,

ot measu red

;'fl This diffuse
/f:‘ f}:ﬂdiatiﬂnis

a

89 10 1 1z 13 4 18
B HB B %0
&0 7 30 o8 120

HEZNMRAE, o, &

&
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Hourly total radiation on atilted surface (Ir)

Ih=(cos S/ cosZy) (riH-rqgHg) + ([1+cosZy) / 2) (rq Ha)
+([1-cosZg]/2) p g(rtH) mmmmmmmmmmmmm e [20]
where p gisthe reflectivity of the foreground.
3. PAR vs. Total Wavebands VS.

Ting and Giacomelli, 1987, Availability of Solar Photosynthetically Active
Radiation, Transactions of the ASAE 30(5): 1453-1457.

SunExe (Shareware)
SunExe

Transmission in a Greenhouse

1. Covering Materials
Aldrich and Bartok, 1985, Greenhouse Engineering, pp2.14-2.15, University of
Connecticut.
"Glazing"
2. Structures
1. Giacomelli, Ting and Panigrahi, 1987, Solar PAR versus Tota
Transmission in a Greenhouse, ASAE paper no.87-4549.
2. Rui Rosa, AnaMaria Silvaand Antonio Miguel, 1989. Solar Irradiation
inside a single span greenhouse. Journal of Agr. Enging. Res. 43, 221-229.

Measurements

1. Sensors:
Photometric sensor, Pyranometer, Quantum sensor, Net Radiation sensor, etc.

2. Dataloggers: spectroradiometer (LI-1800), Campbell 21X, CR-10, etc.

3. Diffuse Component - Shadow Band

17



()

Angle of Incidence

©)

€ >0
P=0 P =180 P =90 P =90
cosB |=cosB cosy sin |=cosB cosp |=-cosPB cos |=-cosB sin |=cosB sin@
€ +snB coss |sine +sSiNB  |@ Sine +sSin (@ Sine +Sin |SiNE +SiNB
cose B cose B cose cose
Cosy = cos (¢ -0) |cos (¢ - 180) [cos(ep +90) |cos (¢ -90)
Cos(@ -y ) =|= cosp = - COS(p =-sing =sing
B (0} (AM <0 PM>0)
€ ) (E<0 W>0)
y = -
e =0 e =90°
cosd =sinf3
=sin(90-Zy)  |=cosP cosy = cosB cos(e - W)
=Ccos Zs
=cosB cos (¢ - 0) =cosB cosp
Zs =cosB cos (¢ - 180) = -cosp3 cosyp

=cosf3 cos (¢ +90) =-cosP sing =-cosdsinh

=cosf3 cos (@ - 90) =cosP3 sing =cosdsinh

snf =

cosl cosdcosh+snlsind

sng =

cosdsinh/ cosp

Total Radiation on atilted plane

A. For ahorizontal plane, cos S.= cos Zs

Hi

hour angle when sun rise, H,

H2 H? hss
_[ GcosS.dh=G'« I cos S;dh- 2G' « _[ cos S: dh
HL HL 0

hour angle when sun set

ZG’scjohsscossth = ZG’scjohss(sndsinl + cosd cos| cosh)dh

=2G' «[sindsinl (hss- 0) + cosd cos| (sin hs - 0)]




G« Jsec-m?

[sindsinl (hss-0) + cosd cos| (sin hg - 0) ]

[ ]/mx180/15=[ J/mx12=

2G'«[ ] 12/m 3600 = ET radiation Jm?
24/t 3600 1353 [1+0.033cos(n 360%365)][sindsin| hs
+cosd cos| sin hs] = Ho, horizonta eT - 24/ 3600 G’ FO, horizontal ET

B. For avertical plane Z.= 90°( )

cosS.=-cosA.sindcos!| + cosdcosh cosA:sinl + cosdsin Acsinh
H1:Sf, HZZSS
H 1 y H2 , hss
Ho, vertica T = .La G cosS.dh=G'« IHl (:osSthZZGSCJ'0 cos S.dh

hss . . . .
=2 G« IO (-cosAcsindcos| + cosdcosAcsinl cosh+ cosdsin Agsin

h)dh
=2 Gy [-cosAcsindcosl (hs) + cosdcosAcsinl sinhg + cosd sin A¢ (-cos
hss'l)]

—(24/mt) 3600 G's [-cosAcsdcl hested cosAc gl sinhg - cd sin Ac (€os hss
+1)]
—(24/t) 3600 G Fovertica eT

C. For aplane aways normal to the sun-ray

2 1 1 4 i)
Hon= [ Gxdh=Gg [~ dh-2Gxhs
=24t 3600 Gg hs

D. For ahorizontal plane at solar noon (h=0)

Given sinf =cosl cosdcosh+sinlsind

Duetoh=0, thus, sinf =coslcosd+sinlsnd=cos( -d)

Weknow that sinB =cos(90- ),thus, 90-3 =I-d

Derived: [ =90-1 +d

Whenin , d=0, thus, B =90-I by definition 3 =90 - Zs,
Thus, Zs=1 for ahorizontal plane at solar noonin and

19



Daily Total E.T. Radiation on a tilted plane

Ho=24/t 3600 G Fo Fo

Z:>0

l:0,general =

Fo norizonta =sds|
hs + cd ¢l sin hg

-cos A sdcl hgs + cd ¢l cosAc Sl sin hss - ¢d sin A (cos hss +1)

20




()

( ) Julian Day

1/2]3]4|5]16]7|8[9]10]11]12]13][14]15

1 1 2 13 4 |5 |6 |7 8 |9 |10 Jj11 [12 |13 |14 |15
16 (17 |18 |19 |20 |21 |22 |23 |24 |25 |26 |27 |28 |29 |30 |31

2 32 |33 |34 |35 |36 |37 |38 |39 |40 |41 j42 |43 |44 |45 |46
47 148 149 |50 |51 |52 |53 |54 |55 |56 |57 |58 |59

3 60 |61 |62 |63 |64 |65 |66 |67 |68 |69 |70 |71 [72 |73 |74
75 |76 |77 |78 |79 |80 |81 |82 |83 [84 |85 |86 |87 |88 |89 190

4 91 [92 193 |94 |95 |96 |97 |98 |99 [100j101102|103|104|105
106(107]108|109|110§111|112|113|114|115}116|117|118|119|120

S 1211221123 |124|125]126 127128129 130131 |132|133|134 135
136137138139 |140§141 |142 143|144 |145]146 |147 |148 149 (1501151

6 152153154 155156157158 |159|160 |161 162|163 |164 |165 |166
167(168|169|170|171§172|173|174|175|1/6)177|178|179|180|181

7 182183184 |185|186|187|188 /189|190 191192 |193 194|195 |196
197198199 200|201 J202 |203 |204 |205 |206J207 |[208 |209 |210 (211212

8 213|214 215|216 217218219 |220 | 221 |222)223 |224 |225 |226 | 227
228|229 230|231 |232]233 234 |235 |236 | 2371238 |239 | 240 |241 | 2421243

9 244 245 |246 | 247 |248]249 |250 |251 | 252 | 2531254 | 255 |256 |257 | 258
259|260 261|262 |263|264 | 265 |266 |267 2681269 |2/0|271 272|273

10 274275276277 |278]279|280 281 | 282 |2831284 | 285 |286 |287 | 288
289(290 (291|292 |293294 |295 |296 |297 |298]299 |300 |301 |302 |303 1304

1 305|306 |307|308 3091310311312 3133141315316 317|318 319
320(321 322323 324325326 |327 |328 |3291330 331|332 |333|334

12 335|336 |337 338 |339]340 341|342 |343 3441345 |346 |347 |348 349
350(351 |352 353|354 355|356 |357 |358 | 3591360 |361 | 362 | 363 |364 |365
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115 | 2/15 | 3/15 | 4/15 | 5/15 | 6/15 | 7/15 | 8/15 | 9/15 | 10/15 | 11/15 | 12/15
N =
hSS
(h:m)
locdl time
(Zy)
B) (Ao)
3/21 6/21 9/21 12/21
Zs | B | A | Zs | B | A | Zs Ac | Zs | B | Ac
5:00am
6:00am
5:00pm
6:00pm
(Y axiss0-90 )
(X axis: -160 -160 )

Daily variation and the year-round average of the daily ET solar

radiation on a horizontal surface in the northern hemisphere for the locations at 0,
40 and 80 degree latitude. Y axisin MJm? and X axis is from day 1 to day 365.
There are 6 curves on the graph, 3 for daily variation and 3 for year-round average.
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5. Geoclock Windows

(2). (declination, d) 3/21 9/21 d>=0
(2). 0 Greenwich, England
(3). at solar noon, 235 ( +235 )
=90- +d=90-25+23.5=88.5
(4). at solar noon, 235 ( -235 )
=90- +d=90-25-235=415
(5). at solar noon, ( 0 )
(6). at solar noon, (Zenith)= =90-
25 65
(7). 4 (
0 0 )
(8). Time contral, 1 update
(9). Time contral, 24 (1day) update
(10).Time control, 720 (1 month) update
(11). Time contral, 3/21, 6/21. 9/21, 12/21
(12). Time control, 3/21, 5:58
(13).
(14). Time control, 6/21, 5:05
(15).
(16). Time contral, 12/21,
(17).
(18).Map lit, 1,2,3
(19). 3/21, 9/21

(20). 6/21, 12/21
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