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|O}WQwN |=yQwDmrm T-=Qr=CtU w ?}W |x} w=R |x@U=Lt R= TB Q=DWwv u}= QO
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"CU= |@ wvH xQms}v QO `k=w j]=vt |=Q@
QO xv}y@ |x} w=R uOQw; CUOx@ |=Q@ |]@=wQ 'xOWs=Hv= C=ar=]t R= |m} QO
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`WaWD CyH Q@ ,=@} QkD pv=B K]U CU= sRq |SQv= Q=Okt u} QDW}@ Ci=} QO |=Q@
p=@vO =Q O}WQwN |}x_Lr Qw]x@ xm |}=yxOvvmp=@vO R= xO=iDU= =@ Qt= u}= &OW=@ Owta
=yxOvvmp=@vO u}= CN=U |xv} Ry uOw@q=@ x@ xHwD =@ =t= "CU= Q}PBu=mt= Ovvm|t
=} 'xv=y=t 'xv=RwQ CQwYx@ =Q pv=B ?}W |x} w=R 'u; R= xO=iDU= |=Hx@ u=wD|t
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Q@=Q@ x} w=R u}= Qo}O |}xar=]t QO xm |r=L QO [1]xOW OQw;Q@ �opt = � � 15
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}}aD=OD@= xO}= u}= "CU= xOW ZQi uoty u}tR |U=mav= w |WNB V@=D pOt u}= QO
%OwW|t x@U=Lt u}vJ �Rb '2 |x]@=Q QO "OW KQ]t [16]RDQw w pD=y \UwD

�Rb =
�HbT
�Hb

=
cos(�� �) cos � sin!0s + �

180!
0
s sin(�� �) sin �

cos� cos � sin!s + �
180!s sin� sin �

(3)

!0s = min

"
cos�1(� tan� tan �)

cos�1(� tan(�� �) tan �)

#
(4)

=yu; QO T-=Qr=CtU |x} w=R xm CU= xO=iDU= p@=k |}=yQwDmrm |=Q@ =yvD pOt u}=
O=yvW}B T-=Qr=CtU |x} w=R C=Q}F-=D |@=} RQ= Qw_vt x@ xm |WwQ QO "OW=@ QiY

%s} Q=O [17]xOW
�HT
�H

= D +
�Hd
�H

�1 + cos�
2

�
+ �g

�1� cos�
2

�
(5)

%OwW|t x@U=Lt 6 |x]@=Q j@=]t x]@=Q u}= QO D Q=Okt w

D=

8<:max f0; G(!ss; !srg if!ss � !sr
max f0; [G(!ss;�!s) +G(!s; !sr)]g if!ss � !sr

9=;
(6)

%Ov};|t CUOx@ Q} R QwDUO j@=]t 6 |xrO=at QO G |xv=oxU Q}O=kt

G(!1; !2) = 1
2d2664

� bA
2 � a0B

�
(!1 � !2) �

180 + (a0A� bB)(sin!1 � sin!2)�
a0C(cos!1�cos!2)�� bA2 � (sin!1 cos!1�sin!2 cos!2)+
bC
2 (sin2 !1 � sin2 !2)

3775
(7)

%OvwW|t x@U=Lt Q} R |=yx]@=Q T=U=Q@ R}v O}WQwN !ss ?wQe w !sr ẁr] |=}=wR

j!srj = min
�
!s; cos�1 AB + C

p
A2 �B2 + C2

A2 + C2

�
!sr =

( � j!srj if(A > 0 andB > 0) or (A � B)

+ j!srj otherwise
)

(8)

j!ssj = min
�
!s; cos�1 AB � CpA2 �B2 + C2

A2 + C2

�
!ss =

(
+ j!ssj if(A > 0 andB > 0) or (A � B)

� j!ssj otherwise
)

(9)

u; QO xm
!s = cos�1(� tan� tan �) (10)

A = cos� + tan� cos 
 sin�

B = cos!s cos� + tan � sin� cos 


C = sin� sin 

cos�0 (11)

|=}=wR [8]|rU@By w u=yQOv=o [7]"OvO=O Q=Qk |UQQ@ OQwt =k} Qi; ?wvH |L=wv |=Q@
xU}=kt [7]u}W}B |=ypOt =@ =Q G}=Dv w OvOQw; CUOx@ x}mQD Q}tR= QyW |=Q@ =Q xv}y@
=ypv=B CU= sRq xOt; CUOx@ |SQv= V}=Ri= |=Q@ xm OvOQm O=yvW}B =yu; "OvOQm
OQwt QO xOW s=Hv= C=ar=]t QO "s}yO Q=Qk xv=y=t |xv}y@ |x} w=R QO x=t Qy =Q
xv}y@ |=}=wR w xOW x�=Q= ?}W |x} w=R uOQw; CUOx@ |=Q@ |}x]@=Q 'x} QwU QwWm
|=Q@ xv}y@ ?}W |x} w=R u}vJty [9]"CU= xOW x@U=Lt QwWm u}= R= |}=yQyW |=Q@
xm [10]CiQo Q=Qk |UQQ@ OQwt hrDNt |=yC}tm QF= w xOW x@U=Lt QYt QO |QyW
|=}=wR "CW=O =yx=t |NQ@ QO |y=oW}=tR; G}=Dv =@ |mOv= |v=wNty xrY=L G}=Dv
OQw;Q@ R}v =}v=BU= |=}Uvr=w QyW QO O}WQwN `WaWD u} QDW}@ Ci=} QO |=Q@ xv}y@
QO =yu; G}=Dv xm xOW x@U=Lt xv}y@ |=}=wR 'sqUr=Q=O QyW OQwtQO [11]"CU= xOW
p@=k Cw=iD =yx=t |NQ@ QO hwOQo |H}v \@=wQ R= xOt; CUOx@ G}=Dv =@ xU}=kt

[12]"O=O|t u=Wv =Q |}x_Lqt
'|[=} Q |=ypOt R= xO=iDU= w|@ QHD |=yQ=m Q@ xwqa 'uOQ= R=|k]=vt OQwt QO
R}v =t QwWm QO [13]"OW xO=iDU= xv}y@ |x} w=R |x@U=Lt |=Q@ |Q=HD Q=Ri=sQv l} R=
|wQ |SQv= |xv=y=t Q}O=kt uDiQo Q_v QO =@ =yvD u=tQm QyW |=Q@ ?}W xv}y@ |x} w=R
R= |Di=} QO |aWaWD |SQv= u} QDW}@ xm OW XNWt w [14]OW x@U=Lt |ki= K]U
ZQa =@ xm OQ}o|t CQwY |irDNt |=}=wR QO p=U hrDNt |=yx=t QO O}WQwN
xvq=U |aWaWD |SQv= u} QDW}@ Ci=} QO hOy xJv=vJ =t= 'CU}v Q@=Q@ |}=}i=QeH

"CU= l}ORv pLt |}=}i=QeH ZQa x@ pv=B ?}W |xv}y@ |x} w=R OW=@
*|}=}i=QeH j]=vt u}= |=Q@ u=oDWPo |=yQ=m QO xOt; CUOx@ \@=wQ w Q}O=kt
=@ 'xOW xOQw; R}v xt=O= QO xm u=vJ '=yu; \@=wQ R= xO=iDU= w xOw@v ?U=vt u=Q}=
|x} w=R Q@ O}m -=D Q@ xwqa j}kLD u}= QO u}=Q@=v@ "OW Oy=wN x=Qty |O=} R ,=D@Uv |=]N
|x} w=R 'pwYL p@=k |SQv= Q=Okt uOWxv}W}@ |=Q@ u; uOw@ QiY C=@F= w T-=Qr=CtU
T@] 'OR} 'R=Q}W 'OvHQ}@ 'u=tQm |=yQyW |=Q@ |O}WQwN |=yQwDmrm |xv}y@ ?}W
w xOW x@U=Lt l}DvS sD} Qwor= R= xO=iDU= =@ u=Q}= |kQW ?wvH QO `k=w u=Oy=R w
xv}y@ |=}=wR j@] |O}WQwN QwDmrm l} |=Q@ pwYL p@=k |SQv= |xv}W}@ Q}O=kt
G}=Dv Q@ u}tR T=mav= ?} Q[ Q}F-=D =yDv= QO "CU= xOW x@U=Lt 'xOt; CUOx@
R}v TQDUO p@=k |SQv= |xv}W}@ Q}O=kt w ?}W |xv}y@ |x} w=R |=Q@ xOt; CUOx@

"CU= xOW |UQQ@

|[=} Q |=ypOt "2
TQDUO QO ,qwtat |ki= K]U l} |wQ O}WQwN pm `WaWD x@ \w@ Qt C=aq]=
"OQm x@U=Lt =Q Q=O?}W Kw]U x@ xO}UQ |SQv= u=wD|t u; R= xO=iDU= =@ xm CU=
ẁtHt =@ Q@=Q@ �xv=RwQ Q}O=kt xv=}y=t u}ov=}t =} xv=RwQ u}ov=}t�HT xv=RwQ pm `WaWD

%CU= |U=mav= V@=D w |WNB V@=D 's}kDUt V@=D

HT = Hb +Hd +Hr (1)

l}B wQDwR}= VwQHT uOQw; CUOx@ |=Q@ VywSB u}= QO xO=iDU= OQwt VwQ u}rw=
%u; T=U=Q@ xm [15]CU=

�HT = �H
�

1� �Hd
�H

�
�Rb + �Hd

�1 + cos�
2

�
+ �H�g

�1� cos�
2

�
(2)
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"l}DvS sD} Qwor= pL=Qt "2 pmW

Q=O?}W K]U x@ xO}UQ `WaWD "CU= xOW xO=iDU= xQw_vtlD l}DvS sD} Qwor= R=
|@=}xv}y@ |=yQ}}eDt u=wvax@ pv=B T-=Qr=CtU w ?}W |=}=wR w hOy `@=D u=wvax@
|=Q@ [2]u}at xR=@ QO x=wNrO OOa 20 uOQ@ Q=mx@ =@ |R=Uxv}y@ "Ov=xOW xDiQo Q_v QO
"OwW|t u}}aD O=Oa= u}= x@ xHwD =@ xO}UQ |SQv= Q}O=kt w OwW|t R=e; Q}eDt wO u}=
1pFt O}rwD pta w xOW ?=NDv= QO=t w QOB u=wvax@ |k=iD= CQwYx@ w[a wO TBU
"�2 pmW� OwW|t s=Hv= �� xR=@ u=ty QO O}OH OOa 2 uOQw; OwHw x@ pt=W ��
TBU "O@=}|t V}=Ri= Q}eDt Qy |=Q@ OOa 40 x@ xvwtv |=[i C}atH ?}DQDu}O@
O=Oa= R= |NQ@ |=H x@ xR=@ u=ty QO xOvm =QB |=yOOa O}rwD pt=W '2VyH pta
CQwYQO w xOW s=Hv= |}=Qosy uwtR; s=Hv=QU "OwW|t s=Hv= '|k=iD= CQwYx@
s=Hv=QU "OwW|t Q=QmD xQ=@ wO ?U=vt=v w[a 20 hPL =@ C=}rta |Q=QkQ@ sOa
hOy `@=D Q=Okt w xv}y@ Q}O=kt w xDi=} xtD=N C=}rta |W}=tR; \}=QW |Q=QkQ@ =@

"CU= xOW xO=O u=Wv 2 pmW QO pL=Qt u}= [19]"OwW|t XNWt

G}=Dv |UQQ@ "4
OvtR=}v Q=O?}W K]U l} |wQ |Di=} QO |aWaWD |SQv= u=R}t |x@U=Lt |=Q@
u=tR=U R= Q}O=kt u}= "s}DUy |ki= K]U l} |wQ |Di=} QO u=R}t R= xO=iDU=
|=yQyW QO �2005 =D 1983 p=U R=� xr=U wOwCU}@ |xQwO l} |=Q@ |U=vW=wy
=yQyW u}= |}=}i=QeH ZQa "Ov=xOW xDiQo u=Oy=R wT@] 'OR} 'R=Q}W 'OvHQ}@ 'u=tQm

%R= Ov=CQ=@a h} QaD j@] a; a0; b; d |=yC@=F u}vJty
a = 0 4090 + 0 5016 sin(!s � 60)

b = 0 6609� 0 4767 sin(!s � 60)

a0 = a� �Hd
�H

d = sin(!s)� �!s
180 cos(!s) (12)

Hd |x@U=Lt |=Q@ =ypOt u}= QO "Ov=swUwt KT pOt x@ 12 =D 5 CqO=at
16 =D 13 \@=wQ R= �`WaWD |xv=y=t u}ov=}t� �Hd w �`WaWD |xv=RwQ u}ov=}t�

%CU= xOW xO=iDU=
KT = H

H0
(13)

for !s � 81 4�

Hd
H

=

8>>>><>>>>:
1�0 2727KT +2 4495K2

T�11 9514K3
T +9 3879K4

T

forKT < 0 715
0 143 forKT � 0 715

(14)

for !s � 81 4�

Hd
H

=

8>>>><>>>>:
1 + 0 2832KT � 2 5557K2

T + 0 8448K3
T

forKT < 0 722
0 175 forKT � 0 722

�KT =
�H
�H0

(15)

for !s � 81 4� and 0 3 � �K � 0 8
�Hd
�H

= 1 391� 3 56 �K + 4 189 �K2 � 2 137 �K3

for !s > 81 4� and 0 3 � �K � 0 8
�Hd
�H

= 1 311� 3 022 �K + 3 427 �K2 � 1 821 �K3 (16)

%O};|t CUOx@ 17 |x]@=Q R= R}v H0

H0 = 24� 3600Gsc
�

(1 + 0 033 cos 360n
365 )(cos� cos � sin!s+

�!s
180 sin� sin �) (17)

xDiQo Q_v QO 0 2 pO=at q=@ \@=wQ QO ��g� u}tR T=mav= ?} Q[ OwW|t Qw;O=}
"CU= xOW xOQw; 1 pmW QO K]U w ?}W |=}=wR uO=Ou=Wv Qw_vtx@ "CU= xOW

l}DvS sD} Qwor= "3
OQ@ Q=m |UOvyt hrDNt p�=Ut QO |R=Uxv}y@ |=Q@ |Q=R@= u=wvax@ l}DvS sD} Qwor=
Ovrwy u=H \UwD VwQ u}= "CU= |a}@] pFt O}rwD w l}DvS sra Q@ |vD@t w OQ=O
xaUwD nQ@Orwo O} w}O s=vx@ Vv=OQo =W R= |m} \UwD TBU w `=O@= 1975 p=U QO
xv}y@ |=}=wR u}}aD w O}WQwN `WaWD u} QDW}@ uDi=} |=Q@ j}kLD u}= QO [18]"Ci=}
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}}aD"u=Oy=R w T@] 'OR} 'R=Q}W 'OvHQ}@ 'u=tQm |=yQyW QO |ki= K]U l} |wQ |Oq}t |=yx=t QO pm |aWaWD |SQv= |xv=RwQ \UwDt Q}O=kt "1 pwOH
H �MJ/M2� H �MJ/M2� H �MJ/M2� H �MJ/M2� H �MJ/M2� H �MJ/M2�

n x=tT@] R=Q}W u=Oy=R OvHQ}@ OR} u=tQm
11 56 13 92 13 38 13 59 13 07 12 52 17 x} wv=S
13 84 15 64 16 33 15 83 17 33 15 83 47 x} Qwi
16 80 18 00 18 93 18 84 18 96 18 36 75 TQ=t
21 40 22 21 24 27 22 00 23 24 23 00 105 p} Qw;
23 86 25 24 26 15 26 36 26 95 26 83 135 xt
26 11 27 72 27 18 27 56 29 73 28 54 162 uwH
25 83 25 91 27 97 28 13 28 79 28 10 198 |qwH
24 18 24 83 25 93 26 74 27 04 25 90 228 Cw=
21 50 22 82 23 99 23 74 24 56 23 58 258 Q@t=DBU
17 49 18 56 19 20 17 97 20 20 19 32 287 Q@Dm =
12 84 13 95 15 12 14 05 14 07 15 20 318 Q@t=wv
10 84 13 32 12 68 12 99 11 91 13 19 344 Q@t=UO

T=U=Q@ |Oq}t p=U hrDNt |=yRwQ |=Q@ T-=Qr=CtU |xv}y@ |x}w=R "3 pmW
|O}WQwN `WaWD COW |xv=RwQ u}ov=}t R}v w xv=RwQ Q}O=kt |xv=y=t u}ov=}t

"OR} QyW |=Q@

T=U=Q@ |Oq}t p=U hrDNt |=yRwQ |=Q@ T-=Qr=CtU |xv}y@ |x}w=R "4 pmW
|=Q@ |O}WQwN `WaWD COW |xv=RwQ u}ov=}t w xv=RwQ Q}O=kt |xv=y=t u}ov=}t

"OvHQ}@ QyW

=@ "OvDUy xHQO 29 28 w 33 36 '31 54 '29 32 '32 52 '30 15 ?}DQDx@
TQDUO p@=k |aWaWD |SQv= R= u=wD|t |O}WQwN |=yQwDmrm |xv}y@ |=}=wR u}}aD

"OQm xv}W}@ |xO=iDU= j]=vt u}= QO
|=Q@ w OW xDiQo |U=vW=wy u=tR=U R= xv=RwQ |=yxO=O 'Q[=L |xar=]t QO
|xv=y=t u}ov=}t "CiQo Q=Qk xO=iDU= OQwt xv=RwQ |xv}y@ |=}=wR uOQw; CUOx@
1 pwOH QO "OW xO=iDU= xv=y=t |xv}y@ |=}=wR u}}aD |=Q@ w x@U=Lt xv=RwQ |=yxO=O
K]U l} |wQ |Di=} QO |O}WQwN `WaWD COW |xv=RwQ Q}O=kt |xv=y=t u}ov=}t
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0 2 lWN w CNr u}tR
0 3 Q=RutJ lWN u}tR
0 4 |v=@=}@ |=yuW

0 5� 0 8 |iQ@ u}tR

|x} w=R u}tR T=mav= ?} Q[ V}=Ri= OwW|t xOy=Wt 7 pwOH QO xmu=vJ
Q=O?}W K]U x@ xO}UQ |SQv= |xv}W}@ w x_Lqt p@=k Qw]x@ =Q ?}W |xv}y@
|xv}W}@ Q@ |Q}F-=D ,=@} QkD Oa@ x@ 0 4 ?} Q[ R= w 'OyO|t V}=Ri= R}J=v Qw]x@ =Q

"OQ=Ov Q=O?}W K]U x@ xO}UQ |SQv=

=]N `@=vt "5
K]U l} |wQ xOW |Q}oxR=Ov= |aWaWD C=aq]= x@ \w@ Qt G}=Dv Q@ QF-wt |=y=]N
u}= OW=@v R=Ht |xOwOLt QO `WaWD |Q}oxR=Ov= |=yx=oDUO CkO Qo = "CU= |ki=
|SQv= Qo = ,qFt "OwW|t |ak=wQ}e G}=Dv O}rwD x@ QHvt w 'O}OWD CqO=at QO =]N

84



"""w
u=}@

=Qyt
|ra

Qi_
t'x

O=R|
@r=]

u=}w
B �MJ/m2�

�MJ/m2� |WNB |O}WQwN `WaWD COW |xv=RwQ Q}O=kt xv=y=t u}ov=}t % �Hd
�MJ/m2� |WNB |O}WQwN `WaWD COW |xv=RwQ u}ov=}t %Hd

u}tR R= T=mav= |O}WQwN `WaWD COW |xv=RwQ Q}O=kt xv=y=t u}ov=}t % �Hr
�MJ/m2�

|v=vw} s�qa "2"7
p=U RwQ %n

��� �O}WQwN p}t� h=QLv= |x} w=R %�
��� T-=Qr=CtU |x} w=R %


��� �O}WQwN p}t� O}WQwN ?wQe |Da=U |x} w=R %!s
��� �O}WQwN p}t� O}WQwN ẁr] |x} w=R %!sr
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