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Abstract

The purpose of this project is to investigate the solar energy
forecasting and environmental factors that affect the amounts of solar
power generation. The data for solar energy forecasting were from
Japanese Geostationary Satellite, MTSAT (Multi-functional Transport
Satellite), visible image and the environmental data were from the
Observation stations of Nuclear Energy Institute located at Longtan,
Lujhu, and Hengchun. A long period of Japanese Geostationary satellite
MTSAT visible data were used to obtain the backgrounds of Global
Horizontal Irradiance and the Direct Normal Irradiance in clear weather
situation. Under the given backgrounds, the ground Global Horizontal
Irradiance in any weather situations was computed by using the
real-time MTSAT visible data. In addition, under clear weather
situations the variations of GHI and DNI with various amounts of ozone,
water vapor, and aerosol were investigated and also their effects on

solar power generation.

Keywords: Geostationary Satellite MTSAT, aerosol, Global Horizontal
Irradiance, Direct Normal Irradiance
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Artificial Neural Networks(ANNs) -~ ANNs optimized by Genetic
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latistical error metrics for the | b ahead forecasting for the several methodelogies. The highlighted numbers identify the best performing method for a given error metric and variability period.
Hodel MAE (kW) MBE (kW) RMSE (kW) nRMSE (%) [

Ta & B B Tw B K B Ta K B ok Ta oA BB Ta B BB
ersisent 6165 6128 6690 5608 1946 2446 XS 40K 10748 10983 1006 G631 1927 2280 73 460 092 091 092 0%
ARIMA 7280 790 TRO0 SLTR 0 -050 -092 082 08D 10568 11557 142 6077 1RG5 13 1643 1058 092 00 08 0w
(NN 6192 7165 6905 M 055 23 451 445 JI6 12008 1409 407 2090 2682 1956 63 091 087 0% 0W

NN 349 6L SET6 M3 Led L6l 03 1300 823 9821 RTA3 4720 ISR 2039 I3BL 16 085 08F 085 0%
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Statistical error metrics for the 2 h ahead forecasting lor the several methodologies. The highlighted numbers identify the best performing method for a given error metric and variability period.
Model  MAE (kW) MBE (kW) RMSE (kW) nRMSE (%) R
Tt P P P To P P P, T P P B To P B P To K PP

Persistent 9112 9174 9532 BRER 4419 MM 4547 6192 16079 16433 16093 14929 2886 340l 2536 2270 083 09 08F 085
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Results for ramp forecasts. RDL and BMI are calculated for ramps with different ranges of non-dimensional ramp magnitudes during the analvsis periods.

Location Ieradiance Criteria 0.0 < RM® < 0.2 (%) 02 < RM" < 0.3(%) I3 < RM" < 0.5(%) RM™ = 005 (%)
Folsom (iHI R 2350 4340 3500 47,30
RMI 25.00 1270 24,50 30,00
DN RDI .70 43,00 4330 7380
RMI — 13,00 820 200,00 28,10
San Dicgo (iHI R 26,0600 35060 3240 3,490
RMI =21.00 —0,10 2500 28,50
DN RDI 19.40 4240 45,00 £9.80
RMI — 300 580 15,90 2510
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cos B8y = sin 8y sin® + cos &y cos @ cosh
#e¢ By:8, 080 h 4% % %M 4 (solar zenith angle)
= M # S (solar declination) ~ s /& (latitude) ~ F¥ & (hour
angle) °
A F 02014 & L R A E X B~17 pFen MTSAT # 2L &
Hc = 4 P @ (visible digital count)k 7 X FE X TR AT > H X TR 4 37
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ey 2
#H 2% 1 MTSAT § % # % feqt
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A_p »00 ApF - 01 & A o vis 7 &k tar LR 55 -
bz2 KR 45
A A4 fRR S A% 5 201502080001.vis 0 A R < | 5
288000000 bytes (=12000 X 12000X2) » H 7L 2 5%
% 12000 X 12000 i #:ghenFfl > & B 3 42 2hendkc
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HA 6 rH B PEG(R 10) > REG S
12000%12000 - j& Z & B K 45 85.005 E Fld 5
154.995 W> 2 % 59.995 N & ¥|= 5 60.005 S~ 2
& & B > & 25.505-21.755 N, kX%
119. 005-123. 005E #714 o B2 1§ ® B~ % 3451-3780 if
o & iEmP% 3501-3700 B sample > = 5& 5
4% 5% 350 (line) * 200(samples) » & # [l
(25.505 N to 21.775 N, 376 lines) °

) L84 ) Bk i Fortran #27B: tw. [

O O O 0

read MTSAT gridded file with 12000 Iine by 12000 samples
and get a subarea with 350 lines and 200 pixels per line.
The upper left point is located at 22 degree N, 120 degree
E . Grid size is 0.01 * 0.01 degree.
integer*2 m(12000)
integer*1l ml1(400)
open(unit=2, file=
" IMG_DKO02VIS_201502210201. geoss_little’, status="old’,
form="unformatted , access="direct’, rec1=24000)
open(unit=3, file=" taiwan201502210201. raw’,
status="unknown’, form="unformatted’, access="direct’,
recl=201)
open(10, file=" tw201502210201. dat’, status="unknown’ )
taiwan range 25.005~21.775 N and 119.005~123.005 E
line from 3450 to 3825 and pixel from 3401 to 3800
taiwan image size is 376 lines * 400 pixel
do j=3450, 3825
read(2, rec=j) (m(jj), jj=1,12000)
do k=3401, 3800, 10
1=k+9
write(10, 8)(m(11), 11=k, 1)
enddo
enddo
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8 format(10i6)
stop
end
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3. Bird and Hulstrom #- 3¢

FLRAE AR A g E ] (RTM) » 0§ ¥ § %

—

F,%‘l)\ ?{ZE'-& ’gg:&_’:’7]{

T
4

1
|

A | ) ' 2 2 7 s q 55
ZEE2 BBl oy

Sy

T_iEE T g &t 0 ¥ E 035 ¢ Solis model ~ European Solar
Radiation Atlas (ESRA) model ~ Bird and Hulstrom model ~ Molineaux
model ~ Ineichen model - CPCR2 model ~REST?2 model ~ Kasten model -

Polynomial fit ~ ASCE evapotranspiration model % % f& o % 7 3% 4

\ﬁr

¢ AR 23k * 0 Bird and Hulstrom $538[17 » 18] » =8 % WK

Fov RINATE R o 7 p RS o R Ao

(1) 3 & 4% P B (DNl )

DNI LR T T, Tum Tw T

cear — Toc!Rlolum 'w A (1)

Hoe o

(@)1, 5 B st F R et B b - F B & (<1366
W/m?)[19] ;

(D) Re 5 — i 1 & » i 5 b SRUEE (7 JLF IEAL %P5 93
B F A M IR A F X B IFETRT 5B R I 5

° (2)
R, =1+0.033cos(27 dn/365)

(3)
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¥ dn .- & 0% % % (day number) » & 5 1~365-
AP e T ~T ST T T 2w & F et 7 3% 5
(transmittance of Rayleigh scattering) ~ 4% ¥ 7 i% & (transmittance of
ozone absorptance) -~ & - 2 & § 4 7 % I (transmittance of
absorptance of uniformly mixed gases) ~ -k § % i 5 (transmittance of

water-vapor absorptance) ~ % * % i% I (transmittance of aerosol

absorptance) ik fic > £ & 4o T o

(c) & fl4cs 5 & 5 Te

T, =expl+ M, — M:)(~0.0903M %% (4)

- Mo i F BE D e+ § % 42 (Air Mass) >

MP:M&
o (5)
_ 1
cos(z) (6)

X3 S H o - T P S0P E M, x

71013
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T, =1-0.16110zm(1+139.48 Ozm)***** — (0.0027150zm) /(1 + 0.044 Ozm+0.00030zm*)

(7)
- 0zm=0zM , Oz % =~ § % 3 L% £ (total column ozone
amount) (at-cm) -
() B- R & FHFTHEF Tum
Tou = ©P(-0.017M°%) (8)
(f) k%7857,
T, =1—2.4950W /|(1+ 79.034W)°%%° + 6.385W | (9)

- W=PWM , PW % ¥ %% -k;7 7 & (perceptible water vapor)

b

(atm-cm) -

s—

(9) # %5 &EF Ta

N

T,=exp l(_TAO'Sn)(l"' Ta— (TAO]OSB) M 0.9108J (10)

T, =0.27587,055+0.357, 05 * Taoss » 380NM k£ F Wk § B B

0
(Aerosol optical depth at 380nm) > 7,,, = 500nm & & F "%
& E & (Aerosol optical depth at 500nm) -

(2)# % 2 p B (GHI,,)

I, cos(z)+ 1, (11)
1-AR,

GHI =
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H ¢

,‘(a) I, = DNI

claer

()1, % kT w v =x 7 % 4745 & (Sky scattered radiation
on a horizontal surface) >

. = Ds(0.5(1—Tg)+0.85(1—T, /TAA) /(1- M + M%) (12)
(c) b, % *= 7 ¥ 4T % 4r #§ # (Sky diffuse scattered
radiation) -

Ds=0.791, 0s(0.017452) T, T, T,, TAA (13)

(d) Tox F Bk # #12 % % & (Transmittance due to optical

properties of gases)

T, =exp(-0.0127 M (14)
(e) Taa 5 F " = Jz (Aerosol absorptance)

TAA=1-0101-M +M**®)1-T,) (15)
(f)R, » & & * 7 i§ &+ (Reflected sky radiation)

Rs = 0.0685+ (1— Ba)(1-T, /TAA) (16)

(9)As 5 ¥ & £ B & (albedo) -

Ly

2 RAMOQ)T E N L F ok F o F BT S

(transmittance) &~ %] ¥2 X 78 & chff % 0 4o B) 13~15 #o7 o
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Transmittance, Ozone

Transmittance, Water Vapor
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ACD, 00-04

Transmittance, Aerosol

1 1

R R g
(3) & vl ¥ %

i * it Bird Model > & A 7

I
40 50 60
Zenith Angel, degree

SEREN SRS

LN PE o 5% "J(??;“?:F‘Ba}

'z

)

NS

=g

80

% #cr 75 & (AOD, 0-0.4)

2 Fe v s
T F 5

3 o

T

FIRPREFZ2PR T RUDSET
+ - B + F- P
A R (Latitude) A% &+ | 5 & (Longitude) Lig s+
P #ic - & % A | BF%(Time Zone) - 4 +8
% (1-365)

% % (Ozone) 0-0.35(cm) | -k # (Water Vapor) | 0-6.0(cm)
F %k & F R |0-04 »ow F B OF0-1
(AOD @ 500 nm) (Ground Albedo)

BB S kF R F - kTR % TV EZ GHI




2 DNI eng it kw > (5F 40T

()9 % #l > o % 4 %

- H B - R B
47 & (Latitude) 23 2 & (Longitude) |120

(# 5 5 +) (Lg% +)
P #ic 132(5 * 13 | pF % (Time Zone) |8

)
Z. 5 (Ozone) 0-0.35(cm) |-k & (Water | 1.5 (cm)

Vapor)

F %k EFR |01 om K OB X (0.2
(AOD @ 500 nm) (Ground Albedo)

% %10-035cm- ##5 % 13 p 24

4o 16A 2 16B > L § 18’

‘IE'

18 -

P B $ R GHI cb 12

B GHI 2 DNI 4 5]

4

% (1063,1044) £ & 19 » DNI s % & % B | & 5 (939,921) £ i&

B 16A GHI ®) 16B DNI
(b)'ﬁ e #2 J\ Sf« % it o I}E)gv}t zl+ =
2 o X o
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4 & (Latitude) 23 2 & (Longitude) {120

(# % & +) (N5 5 +)
P #c 132(5 PF % (Time Zone) | 8

13 p)
4. % (Ozone) 0.3 -k % (Water 0-6 (cm)

Vapor )

F B R EFE|01 P on o B OF 0.2
(AOD @ 500 nm) (Ground Albedo)

k% 0-6cm > @51 13 p 24 ] prenGHI ~ DNI A w]4c @) 17A
2 17B p R P > & GHI hd < % ] & % (1165,1002) £

i 163 > DNI e % 2 § | & 5 (1031,885) 4 & 146 -

B 17A GHI & 1/B DNI
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(C) #ok#3» LB IER BN » B IFER

L o i W
s & (Latitude) 23 2 & (Longitude) |120

(# %5 4) (L& 52 4)
P #ic 132(5 * 13 | pF % (Time Zone) | 8

p)
5% (Ozone) 0.3 k%  (Water | 1.5 (cm)

Vapor)

F %k 8 F & 0-0.35 % K B ¥ 0.2
(AOD @ 500 nm) (Ground Albedo)

AOD0-0.35> ¥ 5" 13 p 24 -] e GHI ~ DNI 4 %] 4[] 18A
2 18B > p PR BF o ¥ GHI ensc < 8 2 & -] & 5% (1073,1003) £

® 70 > DNI e~ ® % & ] 8 5 (1017,772) £ i 245

; E" | /4» ‘
/ \ _ & ] J # i\\'
@ i i L | oo ;l i \ |

&l 18A GHI f& 18B DNI
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- F- B - H s

& & (Latitude) A i & A& (Longitude) | & & 3 +
23 120

S 1~365 ¥ % (Time Zone) | 8

2. % (Ozone) 0 k5 (Water | 0 (cm)

Vapor)
F %X EFER|O Bow oF R OF 0.2
(AOD @ 500 nm) (Ground Albedo)

Pty 2>#EnGHI 23 B % DNI 23 B > 4B 19A 2 19B - #

P T EER o AghG 2 E PN B3 8 a8 A T fF (WM

/

BI19A 2> # eGHI % 3 B

B19B > & «DNI% 3 B
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(4) P52 D

A3 iAol A AR THE B EL -k Rk T G
PR o I L ETVHIRD HE TR L2 RE 0 A2 BITE
RERIDE PP SR o T H BN R AR T2

oo JHERET A AT S BAHIEF[R20 0 21] 0 P AT

()3 & 41 = B eh 4 5 & (Declination) 6

THAFRT I 21E3 0 &d 82241 *% Fourier & ¥k
A2 o

0=23.45°sint (17)

0=Ao + Aicost + Azcos2t + Ascos3t + Bisint + Basin2t +
Bssin3t (18)
H ¢ t=360°(ng - 80)/365>ngap A 1% 1p i 1-12
" 31 p % 3655 d Fourier & # ¥ sv 2 % #i Ap=0.386470 >
A1=-0.792624> A,=0.377853> A3=0.030124>B1=23.259526 >
B.=0.131544 > B3=-0.167013 -

(b) & & % B ehpF & (Hour angle) w
B- A HEF2 LS
w =15°- (H —12) (19)

(c) 3+ & & % B e & (Elevation) o> % 78 & (Zenith Angle)
Oz > > = & (Azimuth) ¢

BER AR

Oz = cos'(cosicosdcosw + sinising) (20)

33



a= 90° - 0z (21)

= sin"t(cosdsinw) / sindz (22)

(d) & I 2> Bk i a(l)kTat 2&ifstd Geo
()2 o F 25HEHE lIc> 3)kT & 2 4t & De

Ge =D Xoso Qsy* s=12,..,6 (23)
IC = ng:ORSyZS 5 = 1121 ...,6 (24)
D.=G,.— I.cos0, (25)

# ¢ p=1-0.0335sin360(ng - 94) / 365 » y = 0z/90°- Q 2 R

I

Qo= 1.1049 Ro= 0.9864
Q.= -1.4354 R;= -0.2001
Q= -1.0720 Ro= -1.1883
Qs= 6.6849 Rs= 3.3705

Q4= -13.8990 R4=-5.7674
Qs=13.0798 Rs= 3.7206
Qe= -4.4631 Re=-0.9217

() &% Moz p 24 He

Hc= Si+ Sacost + Sscos2t+ S4cos3t+ Sssint+ Sesin2t+ Szsin3t (26)

H ¢ t=360°(ng-80)/365°ng = B 5 ; Si= Sit+ Si2Z+ SizZ%+
SiaZ3; Z=(A-12.5)/7.5+ S; % > f2t 2 4B > fhdc 5

i 1 2 3 4
26.789453 | -0.760391 | -0.265078 | -0.007734
0.092481 |-0.050012 | 0.004731 -0.006719
1.209688 |-0.025625 | -0.008438 | -0.005625
0.018456 |-0.025926 |-0.013168 | 0.015157
3.172571 |2.431523 |0.008367 -0.012203

OB WNF|n
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6 10.112969 |0.075469 |0.007031 -0.037969
/ |1-0.064616 | 0.071846 | 0.005554 | -0.037515

(f) %Pz A+ (K)o B3 75 (Ky) e
Kd:G/HC (27)

HKgE kTG benp S T hs LRI G L P fpaE s
P 2BEHELE GANY L F 2 hREDPEHE -

Ke g "gFFX < F AP 2 kg ~BiFERF 2T Siss i

A F MW TR KR E - B NS T ST BT
NK510> A4 10~ 5 FIF B FF 5 L8708 1/ gy
R SE LR LY FERE-TEE ST S

thig > iga KIE ] g 7 515 Ky

Kn = x/n (28)
FKhc 1 HFiz25%72 K 0 BT AT 2R 2

(@) ##H M a-kTa b % i@ (1)4 5 E (Gn)i~ (2)% =
5 51 8 2 0 6] (3i) ~ (3)4c 5 £ (Dn)i ~ (4)E 5 £ (In)i

(Gh)i = (Kn)ixGce (29)
Ji =1 —(lc/Gc)xcoshz (30)
(Dn)i =[1-(0.733(Kn)i? + 0.267(Kn)i*) (1-Ji)]x(Gn); (31)
(Ih)i = ((Gn)i - (Dn)i)/cosb;; (32)

FAgpeat B0  p SR Y £ & Rilic B R Bl AR 20 fror o

Mop SHECA B H B A R T R 2 2R RSV RT AR 21
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B122 5 5%+ % 2015% 6 * 1-8 pehf At > F23 5 5%
¥ % 2015 & 1

b=}

FAT B4 5 5EE F 2015 & 30 chyg
Wt o B 25 5 o #E R 2014 & g BT
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R T e
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I B AR EF R MR HF PN FERIL 2R
F REE VT ARIR A - M F A G 256 AFFE LR TR A
te i e9% fy 8 (Cosine-Corrected Count, CCC) » # - &5 2 4k

UB-CCC
UB-LB

#¢ > UB & <~E LB Gk | E d 7 Lg% h TP

(Cloud Index, Cl):+ & % @ Cl =

(2015/08/31/09/00) & fiF & 8% (4 B 26 >

IM(201508310900)

B 26 7 & B2 1%-(2015/08/31/09/00)
VR HEWRI2CIEOL Ly ch2 i Ed 7 2K K5

Vi e AR
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C1(201508310900)

MER 2P RFEAF T 2P RIDNZ A FOEE AP

GHI =GHI__ *(1-Cl)

clear

GHl s s ap e m o Bt 2 0 B0 Pl ) 24 B

R oD M27 Th s B @ AR 20 RAcR 28 -

B 28 ¥R 2P R
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ARTTHT O LT R B RSB TR 7 S R R
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+ Y 4 .
2“65‘“\.”7}[‘\\.’":1 N

[N

3R NHEr BRIHOZFREEIEFARAEE 4
7 % 2015 & 8 7 Ltiplebie & i pFen GHI BRI - B 29 5 2015
# 8 1 LAtplabe g ik pF GHI LRI E S bk GHI F 5 & i
Bl > HAnh afics 087 ¥ A#ci 620 - B 30 5 2015 # 8 *
¢OplsEE PR GHI BB B2 FE GHI F g e Bl » 2 4p
B fa#c s 085> fhA%cs 620 B o B 31 % 2015 & 8 1 [ 5 plaby
diE PG GHI gipl bk GHI £ /g @erdc B > 2 Ap i (k3
090> #c~%c% 620 B o B 32 % 2015 & 8 ¥ TCIB|sbE G & PEeD
GHI pipl e s GHI & jF eerdc v B > HAp M (283 0.89 4k &
#ics 620 B o

26 o~ 5¢ v Lk iR BRHROZAREEEFACE

Rlzb | R | RIEAR(2) | R CE) | & OCN)
oA | 466920 7.0 121. 5149 25. 03717
o 467490 85. 0 120. 6841 24. 1457
g 467410 41.0 120. 2048 22.9932
fwiE | 466990 16. 0 121. 6133 23. 9751

7 2015 # 8 7 LA-iplbs g EpE e GHI BB E
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104/8 CWB-466920(Taipei) GHI ground observation Unit:W/m" 2
lday hour(01 [02 [03 |04 |05 |06 |07 o8 |09 |10 11 12 13 |14 15 {16 |17 18 [19 |20 |21 |22 |23 |24 |MAX
01 0] 0] O] O] O] Of 136.14] 375.08| 569.57| 786.29| 825.18| 997.45|1000.22| 902.98| 641.81| 341.74| 244.5| 102.8 Of 0] Of 0 Of 0] 1000.22
02 0l 0] O] O] O] Of 11391] 338.96| 547.34| 677.93| 697.38] 864.08] 791.84| 627.92| 297.29] 263.95| 169.48| 116.69 Of 0 0 0 0] Of 864.08
03 0] O] O] O] Of Of 11947 272.28| 561.24| 766.84] 891.87| 741.83] 769.62] 650.15| 202.82| 375.08] 166.7 71.8 Of 0 0 0 0] of 891.87
04 Ol 0 Of O Of 0] 127.81] 361.19] 541.79] 583.46] 758.5| 989.11] 964.1| 891.87| 102.8] 111.14] 52.79 0 Of 0] Of 0] Of 0] 989.11
05 Of O Of O] Of 0] 125.03] 352.86| 555.68| 647.37| 616.8] 972.44| 733.5 402.87 38.9] 80.57| 125.03] 108.36 Of 0] Of 0] Of 0] 972.44
06 0] 0] O] O] 0] O] 15559 305.62| 575.13| 611.25] 925.21| 944.66 978| 952.99] 791.84| 539.01| 325.07| 100.02 O 0 O 0 of 0 978
07 0] O] O] O] Of Of 86.13] 316.74] 641.81| 736.28| 941.88] 655.7| 830.74] 494.56] 527.9] 261.17| 94.47 5.56 Of 0 0 0] 0] Of 941.88
08 0l 0of of of of 0 0 2.78] 75.02| 127.81] 177.82] 172.26] 275.06] 280.62| 166.7) 88.91 0 0 Of 0] Of 0] Of 0] 280.62
09 Of of of of of 0 0 0 83.35] 250.06] 502.89] 430.65| 494.56 219.49| 172.26| 169.48] 166.7 5.56 Of 0] Of 0] Of 0] 502.89
10 Ol 0 Of O Of O] 102.8] 350.08] 402.87| 455.66] 666.82] 800.18] 761.28| 577.91| 550.12| 158.37] 41.68 0 0 0 O 0 of 0 800.18
11 0] O] O] O] Of Of 14448| 341.74] 552.9| 744.61| 694.6] 897.42] 925.21| 661.26] 405.65 8.34 0 0 Of 0 0 Of 0of of 92521
12 Ol 0f Of 0of Of 0] 91.69] 288.95| 536.23] 750.17| 922.43] 908.54] 661.26] 686.26] 327.85] 27.78 0 0 Of 0] Of 0] 0of 0] 92243
13 Of O Of O Of 0] 69.46] 366.75| 555.68] 733.5| 908.54] 989.11] 508.45| 33.34 0 8.34] 122.25[ 33.34 Of 0] Of 0] Of 0] 989.11
14 Ol 0 Of O Of 0] 2501] 250.06] 511.23] 897.42| 691.82] 647.37| 136.14| 288.95| 227.83| 291.73| 158.37 0 0f 0 Oof 0 of 0 897.42]
15 0] 0] O] O] Of of 2223 252.83| 530.67| 666.82| 777.95| 822.41| 672.37] 294.51| 333.41| 238.94] 166.7| 47.23 Of 0 0] Of 0f of 82241
16 0l 0of of of of o 0] 166.7| 341.74| 533.45| 327.85| 255.61| 102.8] 133.36] 166.7] 166.7) 166.7) 50.01 Of 0 0 0 0] Of 53345
17 Of of of of of o0 Of 52.79] 227.83| 297.29| 441.77| 275.06] 708.49] 564.02] 436.21| 294.51| 177.82] 66.68 Of 0] Of 0] Of 0] 708.49
18 Ol O Of O Of 0] 141.7] 61.12] 352.86] 591.8] 491.78] 333.41| 397.31] 269.5| 41.68 0 0 0 0f 0] Oof 0 of 0 591.8
19 0] 0] O] O] O] 0f 133.36] 369.53| 589.02| 780.73| 922.43| 964.1] 847.41| 905.76] 680.71| 280.62| 305.62 108.36 O 0 0 0f 0] 0 964.1
20 0] O] O] O] O] Of 147.26] 383.42| 472.33| 733.5] 927.99| 994.67] 997.45| 950.21| 786.29] 525.12| 291.73 71.8 Of 0 0 0 0] Of 99745
21 Of Of Of O] Of O] 130.58] 344.52| 583.46] 605.69| 847.41]|1011.34] 644.59| 689.04] 672.37| 427.87| 255.61| 72.24 Of 0] Of 0] Of 0] 1011.34
22 0l 0of Of 0] O] 0] 97.24] 352.86 489] 614.03[ 880.75| 877.97| 702.94| 891.87| 505.67| 516.78| 241.72 2.78 Of 0] Of 0 Of 0] 891.87
23 Of Of of of of 0 0] 113.91] 91.69] 347.3| 280.62| 180.6| 380.64| 480.66| 144.48| 72.24] 13.89 [1) Of 0] 0] 0] 0] Of 480.66
24 0l 0of of of of o 0] 50.01] 172.26] 305.62| 294.51| 652.92| 730.72| 380.64| S558.46| 600.13| 252.83| 105.58 O 0 0 0 0] of 730.72
25 0 0 0 0of 0of 0 0) 0 0| 188.93] 277.84| 500.11| 394.53| 427.87| 602.91| 372.31| 200.04] 11.11 Of 0] Of 0] Of 0] 60291
26 0l 0of of of of 0 Of 141.7] 186.15| 422.32] 441.77| 486.22| 211.16] 316.74] 302.85| 166.7| 108.36 0 Of 0] Of 0] Of 0] 486.22
27 Of 0of of of of 0 0 0] 125.03] 211.16] 338.96] 505.67| 141.7 0 0 0of 61.12 0 Of 0 0 0] 0] Of 50567
28 0l 0] O] O] O] 0f 69.46] 166.7] 180.6] 250.06] 166.7| 213.94] 116.69] 72.24 0 0 0 0 O 0 0 0] 0] Of 250.06
29 0 0] 0 0of of 0 0 0] 155.59] 166.7) 372.31| 591.8] 558.46] 230.61[ 122.25 71.8 0 0 O 0 0 Of 0f 0 591.8
30 0l 0of of of of o0 O 180.6] 166.7| 311.18] 313.96] 286.18] 113.91 191.71 71.8] 144.48 0 0 Of 0] Of 0] Of 0] 313.96
31 0 0of of of of o 0f 83.35] 113.91] 83.35] 86.13] 94.47 150.03] 91.69] 58.35 77.8 63.9 [3) Of 0] of 0] of o 150.03]
AVE 0 0 0 0 O 056371 127.77 188.11 209.12 245.19 263.56 258.88 250.42 214.86 148.95 88.202 39.412 0 0 0 0 0 0
2015 August CWB-466920(Taipei) GHI ground observation VS GHI satellite retrievals
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2015 August CWB-467490(Taichung) GHI ground observation VS GHI satellite retrievals
(Unit:W/m~n2)
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2015 August CWB-46710(Tainan) GHI ground observation VS GHI satellite retrievals
(Unit:W/m"2)
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2015 August CWB-466990(Hualien) GHI ground observation VS GHI satellite retrievals
(Unit:W/m"2)
1200

1100 n=620
1000 R=0.8870
w
; 900
E 800 .. = 5 & ..i.&:”l
L 700 & = w_.o o
: 600 . 3 . .:‘f'““ ‘
E ol :..'.l. .‘.hx =
E) 500 ., :'...!:.:.: .F.‘.' .:,
K 400 - }' .;;' & .‘.;[.. ‘..
— 300 . gac® LA
S Pept ” 0 o
7oy

200

L ]
’o. i oe + :
100 ?.‘.i '.'\. '.. o *oe

0 100 200 300 400 500 600 700 800 900 1000 1100 1200
CWB GHI ground observation

Bl 32 % 2015 # 8 * fwifiplxby o e GHL BLpl £k GHI
Foidenscm B - Hph thdics 0.89 2% 5 620 B o

B 33 &1 2015 & 8 * » GHI (MJ/m"2* month) &% & 7 B~ #
Bl EiT o~ 59 ~ 082 CHEr B g BRI OFEFIFEAS
] % 421.90 - 384.70 » 417.90 4- 452.7 (MI/m~2) - % 8 A 2014 &
99 3 2005 & 8% SAr 5P 0 % e BE G P GHI 2
FLB) A B (MIIMA2) o (B E F iF B8 Bp] v BT ¢ AR S M
BPlxk o Fh F R EME 87% ; ApEt o ¥ BP0 WA F R ER

0.6% ; Ap ¥ S BRI - FhE F FEKE 8.8 % ; fpfticiL
BLplsk > FEF FEB G 17% d LM ESETHFLEF FESE G R

RIEARE - X Fl FEhenk FE AR S hPRPAApF T Feho

44



2015 Aug Global Horizontal Irradiation (MJ/m*2 month)

GrADS: OOLA/IGES
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onth 2014 | 2014 | 2014 | 2014 | 2015 | 2015 | 2015 | 2015 | 2015 | 2015 | 2015 | 2015
Station /19 /10 /11 /12 /1 /2 /3 14 /5 /6 17 /8
Taipei 547.4 | 3827 | 2631 | 1851 | 2617 | 270.7 | 2817 | 4223 | 3765 |537.3 | 6065 | 462.4
Taichung 4583 | 488.2 | 337.4 | 260.8 | 3643 |363.1 |369.8 |516.2 | 3926 |5495 |489.4 | 3823
Tainan 563.1 | 598.4 | 428.1 | 310.9 | 400.4 | 416.7 | 4839 | 600.2 | 5415 |7222 |572.0 | 458.2
Hualien 5325 | 377.0 | 2762 | 1381 | 1983 | 2202 | 2756 | 3427 | 446.7 | 6014 | 606.8 | 445.0
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Abstract

One year Multifunctional Transport Satellite (MTSAT) visible data,
from September of 2014 to August of 2015, were used to retrieve the
Global Horizontal Irradiance (GHI) over Taiwan area. The Ineichen
simplified SOLIS model was accepted to find the clear GHI, and the
cloud index method was used to calculate the transparency of cloud.
Combining the above two techniques, the observed satellite visible data
were to converted into the GHI value for each pixel in the satellite image.
There are four ground solar GHI stations’ measurements were used to
validate the satellite-derived GHI. The results show that the satellite GHI
retrievals and the ground observations have a good relationship, with the

correlation coefficients large than 0.85 for Taipei, Taichung, Tainan, and
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Hualien stations. The monthly satellite GHI retrievals are all
comparable with those of observations under 9% difference for the

above four stations.
Keywords: satellite retrieval, GHI, global horizontal irradiance, solar
zenith angle, aerosol optical depth, air mass

1. Introduction

The climate of the world was changed significantly in the past few
decades due to the global warming caused by the increasing carbon
dioxide amounts produced by burning fossil fuels [1]. Carbon dioxide
should be cut down by using renewable energies, like solar energy, wind
energy, and reducing the usage of fossil fuel for human’s sustainable
developments. However, due to the unstable characteristics of the solar
energy, the prediction of solar radiation will become a major issue in the
integration of the upcoming solar energy resource into existing energy
supply structure. Typically, the solar energy forecasting is divided into
three kinds of terms according to time range, including very short term
(sub-hourly), short term (sub-hourly to six hours) and long term (six
hours to two days) forecasting. For very short term forecasting, a total
sky imager is required to obtain cloud amounts and then calculate the
cloud index and surface solar irradiance with given aerosol and haze

amounts information. For example, Chow et al., [2] used a rooftop
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mounted TSI (Total Sky Imager) 440A to estimate sub-hourly direct
normal irradiance forecasting at the UC San Diego (UCSD) solar energy
test-bed. Chow made a conclusion that the use of sky imagery to assess
the solar resource for solar energy applications shows much potential for
augmenting the spatial and temporal resolution provided by satellite and
numerical forecasting methods. For short term forecasting, geostationary
satellite images are required to estimate cloud amounts and consecutive
images to derive the wind direction and speed. For example, used
Heliosat method, a semi-empirical method to derive solar irradiance
from satellite data. For long term forecasting, a numerical weather
prediction (NWP) model is needed to provide cloud information,
including cloud amount, cloud type and cloud motion [3-5].

Cano et al. [6] presented a statistical method for the determination
of the global solar radiation at ground level by using data from
meteorological satellites. These results clearly demonstrate that satellite
data can be used successfully for mapping both the global radiation at
ground level and the cloud coverage over very large areas, with a ground
resolution of 5 km x 5 km. The scheme was then upgraded by Beyer et al.
[7], Hammer et al. [8], Rigollier et al. [9], and Durr and Zelenka [10].

Taiwan is a small island with 36,000 km? area but has a total of 23
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million population. Though owning limit natural power resources, it is
active in industrial production and economic activity and therefore
makes huge energy consumption, resulting in more than 98% of energy
needs by imports. Facing the global climate change, as one of the
members of Earth village, Taiwan is asked to reduce the production of
carbon dioxide. Therefore the government in Taiwan raises one "Sun
roof of one million" project , aiming to produce 847 MW, 2120 MW,
and 6200 MW photovoltaic power generation capacity in 2015, 2020
and 2030 respectively. The goal of this project is to create green
industrials, to protect the global environment and to have a sustainable
development of people’s life in Taiwan. Fortunately, Taiwan is located
between 22 °N to 25 °N, belonging to sub-tropical climate regions,
having abundant solar energy resources, and thus brings the residents of
a profound expectation: solar energy can replace a large part of future
energy demand.

There are some researches on solar radiation in Taiwan. For example,
Lin and Su [11] developed a simply method to estimate the monthly
solar radiation for the purpose of physical environment design of
architecture. They evaluated the solar radiation with 6 radiation

observation measurements and concluded that there is a high correlation

57



coefficient ( 0.75 ~ 0.96) between observations and predicted values.
Chang [12] and Kao [13] both used the ground radiation measurements
of Central Weather Bureau in Taiwan to study the properties of monthly
averaged solar radiation and found that in temporal distribution the solar
radiation has maximum value in July and minimum in January, in
spatial distribution the south of Taiwan is greater than the northern. Kao
[14] also combined the ground solar radiation measurements and
photovoltaic (PV) systems observations to create a predicted model for
the generated electric energy of photovoltaic systems. Though there are
some researches on the properties of solar radiation and predicted solar
energy, it is still not enough for the requirements of modern industrial
needs. Now, we need accurate solar radiation forecasting in hours, days
ahead. Therefore, we need numerical weather forecasting model to
predict the coming solar radiation and photovoltaic energy. Due to the
limitations of current NWP model, the cloud motion forecasting is still
not accurate enough to conduct the solar energy forecasting. In the
current development of solar energy forecasting in Taiwan, we focus on
the Global Horizontal Irradiance (GHI) satellite retrievals and will make
a qualified satellite-derived products to evaluate the GHI products from

NWP model.
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The objective of this research is to estimate the global horizontal
irradiance distribution on the Taiwan areas and validate the
satellite-derived GHI by the ground observations. Data set and
processing was described in section 2. Methodology was explained in
section 3. Section 4 will show the results and do some discussions.

Finally, the conclusion and future works will be done in section 5.

2. Data set and processing

(a) MTSAT satellite

The satellite data used in this study is from Multifunctional Transport
Satellite (MTSAT) gridded data provided by the Center for

Environmental Remote Sensing, Chiba University, its ftp site is at

ftp://mtsat.cr.chiba-u.ac.jp/grid-MTSAT-2.0. The specification of
MTSAT is as follows : one visible channel centered at 0.725 ¢ m at
four infrared (IR) channels centered at 10.8, 12.0, 6.75, and 3.75 um,
respectively. The spatial resolutions of visible and IR channels are one
and four km, respectively. The original MTSAT visible data set is a size
of 12000 lines by 12000 samples with 0.01 by 0.01 degree grid size,
ranging from 80.005 °E, 59.995 °N (upper left corner) to 159.995 °W,

60.005 °S) (lower right corner). Due to our interesting in Taiwan areas,
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only the data set between (119.0 °E , 25.0 °N ) and (123.0 °E, 21.25°N)
are saved. The satellite visible data used in this study is from

September of 2014 to August of 2015.

(b) The digital terrain model data

For pressure-corrected air mass, the digital terrain model data of
Taiwan area are used in this study and its gridded size is interpolated to
0.01 by 0.01 degree for matching the same grid size with satellite visible
data. The contour lines of terrain of Taiwan is shown in Figure 1. In the

current status, we just use the following formula to finish the correction

[15]
Ps — PDE—D.DDDBEZH (1)
Ps
Mp = MF
° )

where H, B,, B, M, and M, are terrain altitude, standard sea level
pressure 1013.25 mob, station pressure, air mass and pressure-corrected
air mass, respectively.
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GrADS: OOLA/IGES 2015-09-27-17:29

Figure 1 The image of digital terrain of Taiwan (Unit in meter).

(c) The Global Horizontal Irradiance data

The Global Horizontal Irradiance (GHI) ground observation data are
provided by Central Weather Bureau in Taiwan and used to validate the
satellite GHI retrievals. There are 31 ground solar radiation observation
station in the Taiwan island and its neighbors. The distribution of station

is shown in Figure 2.
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Figure 2 The site distribution of ground solar radiation observation.
The red circle symbols show the site locations. Stations with symbols A,

B, C, and D are Taipei, Taichung, Tainan , and Hualien, respectively.

3. The Methodology

The semi-empirical satellite method was accepted in this study, its
basic principle is that the fundamental observation that the visible Earth

radiance seen by the satellite is approximately proportional to cloud
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opacity and to the cosine of solar-zenith angle [16]. There are two major
parts needed to deal with : one is to find the clear sky irradiance
background, and the other is to find the cloud attenuation superimposed
on the background.

In the current status, for fast application usage, the Ineichen
simplified SOLIS model was used in this study. This model is based on
the typical exponential of direct beam irradiance:

DNI = I, e{~%/=n"(=)) (3)
where b is a parameter modified by air mass and the e is the elevation
angle of sun. For the GHI, modification of the direct beam by the sine
of the solar elevation provide a first estimation of the GHI as follows
GHI = Lo el7%/#5*®)sin (&) (4
where the parameter t_is GHI optical depth. The results of regress
analysis of 1., t,, b, t,, and g for elevations between sea level and 7
km, total precipitable water vapor from 0.2 to 10 cm, and aerosol
optical depth between 0.0 and 0.45 were 1618, 0.606, 0.491, 0.464, and

0.402, respectively!®],

(@) Cloud attenuation : cloud index

Before calculating the cloud attenuation, we should deal with the
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digital count for every pixel to have the same solar view. The first step
iIs to find its solar zenith angle and then correct the digital count by
dividing cosine of solar zenith angle. The solar zenith angle is dealt
with the following formula

cosB, =sind, sin®@ + cosd, cos@cosh (5)
where 6, &,, @, h are solar zenith angle, solar declination angle,
latitude of pixel, and hour angle, respectively. The solar declination

angle used here is by Cooper [17]

360(284+ N
&, = 23.45 Q]

@ ) 365

(6)
where N is the day of year. The hour angle are 15 degrees per hour with
negative value before solar noon and positive after solar noon.

The cloud index was defined as follows 1%

CCC — CCLR

¢ = CcLp—cair ™

where CCLD, CCLR, and CCC are the digital count representing the
deepest thickness of cloud, the digital count of clearest sky, and the
cosine-corrected count, respectively, for a specific month in Taiwan
area. The dynamic range of CCC is between 0 and 1024.

4. Results and Discussion

(a) The determination of CCLD and CCLR

Before determining the cloud index for each pixel of satellite
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observation, we need to find one set of CCLD and CCLR values. For
simplicity, here we just take one set values in the whole research area
and all of the observation time. In the next step, we will find CCLD
and CCLR values for a specific small area and short time period,
month or season. Figure 3 is an example to find CCLD and CCLR
values. It was found that the CCLRs vary with day, but the change is
quite small. On the other hand, the variation of CCLRs are large,
depending on the sky situations and cloud types and thickness.

Table 1 shows four different ground observation stations, Taipei
(466920), Taichung (467490), Tainan ( 467410), and Hualien
(466990), representing the northern, central, southern , and eastern
parts of Taiwan, respectively, used for validation of satellite-derived
GHls.

(b) Pattern comparison of GHI

For understanding the accuracies of GHI satellite retrievals in a
whole view, we compared the image of visible channel with that of
satellite-derived GHI distribution to make sure the entire pattern is
correct. Figure 4 shows the MTSAT visible image at 12:01L (local
time) on June 1, 2015. It is a cloudy day case. There exist some thin

clouds in the north, heavy clouds in the central mountain areas and
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relatively clear in the south. Figure 5 shows the distribution of
satellite-derived GHI (W/m”2) at the same time with Figure 4. The
GHI is ranging between 200 and 600 W/m”2 in the north, 100-600
W/m”2 in the central mountain areas, 600-1100 W/m”2 in the south
and east of Taiwan. It is very obvious that the two images have the
same distribution pattern, and the GHI satellite retrievals are
qualitatively reasonable. For quantitative evaluation, the ground solar
observation data are used to compare with. At this time the ground
GHI observations of Taipei, Taichung, Tainan, and Hualien stations
are 344.4, 402.7, 836.1 and 538.9 W/m”2, respectively. The four
points are located in the reasonable color bars.
(c) Quantitative comparison of GHI

In order to have an objective comparison between the
satellite-derived and observed GHI. We use the whole month data of
August, 2015. Table 2 shows the hourly ground GHI observation in
August of 2015 at Taipei station. August is in the summer season with
more sunny days. The ground GHI measurements are almost from 7
a.m. to 8 p.m.

Figure 6 shows the scatter diagram of satellite GHI retrievals and

the solar ground observations at Taipei station for the whole month.
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The correlation coefficient between them is 0.8664 with 620 samples.
This shows that there is a good relationship between them.

Figures 7, 8 and 9 are the same as Figure 6, but for Taichung,
Tainan, and Hualien stations, and their correlation coefficients are
0.8540, 0.8990, and 0.8870, respectively. From the comparison of the
four ground observations, it is evident that the quantitative evaluation

of satellite-derived GHI is done well.
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Figure 3 The sample of CCLD and CCLR determination by its
digital count distribution in the research area. The lowest and the

highest counts represent the clearest and the heavy cloudiness skies.

Table 1 Four ground observation stations’ name, location and
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altitude.

Station Station | Station altitude | Longitude Latitude
name code (m) (°E) (°N)
Taipei 466920 7.0 121.5149 25.0377
Taichung 467490 85.0 120.6841 24.1457
Tainan 467410 41.0 120.2048 22.9932
Hualien 466990 16.0 121.6133 23.9751

Figure 4 The MTSAT visible image at 12:01L on 2015/6/1.
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Figure 5 The distribution of satellite retrieval GHI (W/m”"2) at

12:01L on 2015/6/1.

Table 2 The hourly ground GHI observation of August, 2015 at Taipei

station.
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2015 August CWB-466920(Taipei)
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Figure 6 The scatter diagram of GHI satellite retrievals verse the

solar ground observations at Taipei station for August of 2015. The

correlation coefficient between satellite retrievals and observation is
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0.8664 with 620 samples.

2015 August CWB-467490(Taichung) GHI ground observation VS GHI satellite retrievals
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Figure 7 Same as figure 6, but for the Taichung station. The

correlation coefficient between satellite retrievals and observation is

0.8540.

2015 August CWB-46710(Tainan) GHI ground observation VS GHI satellite retrievals
(Unit:W/m"2)
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Figure 8 Same as figure 6, but for the Tainan station. The correlation
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coefficient between satellite retrieval and ground observation is

0.8990.

2015 August CWB-466990(Hualien) GHI ground observation VS GHI satellite retrievals

Figure 9
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Same as figure 6, but for the Hualien station. The
coefficient between satellite retrieval and ground

is 0.8870.

Figure 10 shows the distribution of monthly satellite-derived GHI

(MJ/m”2* month) for August, 2015. The four points retrievals close

to the Taipei, Taichung, Tainan, and Hualien observations,

respectively, are 421.90, 384.70, 417.90, and 452.7 MJ/m”2 . Table 6

lists the monthly ground GHI observation (MJ/m”2)from 2014/9 to

2015/8 for the four stations. Comparing the observations, the retrieval
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values near the four stations are underestimated by 8.7 %,
overestimated 0.6%, underestimated 8.8 %, and overestimated 1.7 %,
respectively. The results show that the satellite-derived and ground
observation values are quite consistent and the application of satellite

retrievals in power management is feasible.

2015 Aug Global Horizontal Irradiation (MJ/m*2 month)

25.5N B

24.5N

2350]

119.5E 120E 120.5E 121E 121.5E 122 122.5E

GrADS: OOLA/IGES 2015-09-27-09:49

Figure 10 The distribution of monthly satellite-derived GHI (MJ/m"2 *

month) for August, 2015.
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Table 3 The monthly ground GHI observation (MJ/m”2)from 2014/9

to 2015/8 at Taipei, Taichung, Tainan, and Hualien stations.

onth | 2014 |[2014 | 2014 |2014 |2015 |2015 |2015 | 2015 |2015 | 2015 | 2015 | 2015

Station /19 /10 /11 /12 /1 /12 /3 /4 /5 /6 17 /8

Taipei 5474 | 382.7 | 263.1 | 1851 | 261.7 | 270.7 | 2817 | 4223 | 3765 | 537.3 | 606.5 | 462.4

Taichung |4583 |4882 |337.4 | 2608 |3643 |3631 |369.8 (5162 |3926 |549.5 | 4894 | 3823

Tainan 563.1 | 598.4 |428.1 | 3109 | 4004 | 4167 | 4839 | 600.2 | 5415 | 7222 | 5720 | 4582

Hualien 5325 |377.0 |276.2 | 138.1 | 1983 | 220.2 | 2756 | 342.7 | 4467 | 6014 | 606.8 | 445.0

5. Conclusions and future works

This study has successfully finished the GHI retrievals by MTSAT
satellite data from a whole year dataset, September of 2014 to August
of 2015. The distribution of satellite-derived GHI has the same pattern
with that of ground observation. The point to point comparison also
shows a good relationship between them. The correlation coefficients
are all great than 0.85 for all four stations. Also, the monthly satellite
GHI retrievals are all comparable with those of observations under 9%

difference for the above four stations.

For the future power supply requirement, we need to forecast the
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solar energy using numerical weather prediction model, like Weather
Research and Forecasting (WRF) model. But in the current status the
GHI forecasting is not good enough and need more improvement. Figure
11 is an example of GHI 36-hour forecasting at noon on June 1, 2016. It
was shown that the forecast GHI values have a overestimation situation.
The qualified satellite-derived GHI values are suitable for WRF model

to improve its accuracy.

In the future, the Ineichen SOLIS model will replace the current
simplified model, and the MODIS AOD products and total precipitable
water vapor products will be put in the SOLIS model. This effort will

improve the accuracy of GHI retrievals.
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Figure 11 The distribution of GHI (W/m”2) 36-hour forecasting by

WRF model at 12:01L on 2015/6/1
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iR LR B F 4 F7 7 srfortran 72 U 48 sla-correction. f

C

read MTSAT gridded file with 12000 lines by 12000

samples and get

C a subarea with 350 lines and 200 pixels per line. The
upper left
C point 1s located at 22 degree N, 120 degree E . Grid size
1s 0.01
C *(0.01 degree.

character®37 fn

character*16 fncor,monthcase

character®17 fno

character®17 fnc
C oimg 1S the original 1mage
C cimg 1s the image after solar zenith angle correction
C coast 18 the position of coast line in image coordinate
system
C

parameter (1xmax=400,1ymax=376)

integer*] oimg(1xmax,1ymax)

integer*] cimg(1xmax,1ymax)

parameter (1po1nt=888)

integer 1xcoast(ipoint),iycoast(ipoint)

parameter (1casemax=1000)

real corm(ixmax)

integer*?2 ny,nm,nd, 1numday

real sdecli,hangle,slat

parameter (1reclraw=24000)
C the record length size 1s 24000 bytes , so there are
12000
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C 2-byte-integer
integer*2 m(12000)

C process many cases in one run

C write(*,*)'key 1n the month case name 1.e.
(20140311ttle.1st)’

C read(5,80)monthcase

c&0 format(alo)
open(15,file="l1ttle.1st",status="old")
open(l1l,file="twcoast.dat',status="'old")

C----- read 1n the position of coast line in the image of

interesting
do k5=1,1point

read(11,51)num,sslon,sslat,ixcoast(k5),1ycoast(k5)

write(6,51)num,sslon,sslat,1xcoast(kd),1ycoast(kd)

enddo
51 format(15,2f10.3,215)
c--- run all the case in one month

do icase=l,1casemax
read(15,25,end=99)fn
open(unit=2,file=fn,status="old"', form="unformatted",
$ access='direct',recl=ireclraw)
C taiwan range 25.005~21.775 N and 119.005~123.005 E
C line from 3450 to 3825 and pixel from 3401 to 3800
C taiwan 1mage size 1s 376 lines * 400 pixel
C write(6,10)fn
read(fn(13:16),'(14)"'),ny
read(fn(17:18),'(12)"'),nm
read(fn(19:20), '(12)"'),nd
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10

read(fn(21:22),'(12)"'),nh

convert GMT to local time

Taiwan areas located in the 120E, and need add 8 hours
nh=nh+8

read(fn(23:24),'(12)"'),nmin
write(6,20)ny,nm,nd,nh,nmin
fncor=fn(13:24)//"'.cor"'
fno=fn(13:24)//"'o.raw’
fnc=fn(13:24)//'c.raw’
open(10,file=fncor,status="unknown')
format (5x,a4?2)

open(unit=25,f1le=fno,status="unknown', form="unformatted"',

access='direct',recl=400)

open(unit=26,fi1le=fnc,status="unknown', form='unformatted',

20
25

access='direct',recl=400)
format (5x,516)
format(a37)
call dnum(ny,nm,nd, inumday)
calculte the day number of year
call declination(inumday,sdecli)
call hourangle(nh,nmin,hangle)
l1ne=0
slathigh=25.505
do ;=3450,3825
line=line+l
slat=slathigh-0.01*(line-1)
call zenith(sdecli,slat, hangle,value,angle)

read(2,rec=j) (m(jj),31=1,12000)
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c----save origin image before solar zenith angle correction

71=0
do kk=3401,3800, 1
jl=31+1
corm(j1)=m(kk)/value
c-- oimg 1s the origin image
c-- cimg 1S the 1mage after solar zenith angle correction

oimg(j1,line)=m(kk)/4
cimg(j1l,line)=1nt(corm(j1)/4)

C write(6,*)' slat j ori cor', slat,jl,
m(kk),corm(j1)
enddo
write(10,8)(corm(11),11=1,1xmax)
enddo
C----- replace the value of 1mage 1n coastal line with the

account of -1
do ml0=1,1point
1xx=1xcoast(ml0)
1yy=1ycoast(ml0)
write(*,*)ml0, 1xx,1yy
oimg(1xx,1yy)=-1
cimg(1xx,1yy)=-1
enddo
C----- replace the value of longitutde of 120 E, 121 E, and 122
E with the account of -1
c---- the responcing 1x are 100, 200, and 300
do mll=1,1ymax
oimg(100,ml1)=-1
cimg(100,ml1l)=-1
o1mg(200,ml11)=-1
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cimg(200,ml1)=-1
oimg(300,ml1)=-1
cimg(300,ml1)=-1
enddo
C-mm-- replace the value of latitude of 24N, 23Nand 22N with
the account of -128
c---- the responcing 1y are 151, 251 and 351
do ml2=1, 1xmax
oimg(ml2,51)=-1
cimg(ml2,51)=-1
oimg(ml2,151)=-1
cimg(ml2,151)=-1
oimg(ml2,251)=-1
cimg(ml2,251)=-1
oimg(ml2,351)=-1
cimg(ml2,351)=-1
enddo
c---- output the original and solar zenith angle correction
1mages with
C coast line
do m20=1, 1ymax
write(25,rec=m20)(oimg(m7,m20),m7=1,1xmax)
write(26,rec=m20)(cimg(m8,m20),m8=1, 1xmax)
enddo
close(2)
close(10)
close(25)
close(26)
enddo
3 format(400£f7.1)
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99 stop

end

subroutine dnum(1y,m,1d,numday)

C calculate the day number of year

¢ For Feb. there are 29 days for leap year and the other
1s only 28

C days

C i1f the year can be the divided by 4 and 400 completely,
then the

C year 1s laep year

integer*2 numacc(12),nl,n2,1y,m,1d
data
numacc/31,59,90,120,151,181,212,243,273,304,334,365/

nl=mod(1y,4)

n2=mod(1y,400)

1f(nl .eq. 0 .and. n2 .eq. 0)then
numday=numacc(m-1)+1d+1

else

numday=numacc(m-1)+1d

end1f

return

end

subroutine declination(knumday,sdec)
C the solar declination angle 1s calculated by the

following formula
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the author 1s Cooper, 1969

real sdec,d2rc

pi=4.0*atan(1.0)

d2r=pi1/180.0
sdec=23.45*%s1n((360.0/365.0)*(knumday+284)*d2r)
return

end

subroutine hourangle(kh,kmin,hang)
calculate hour angle

in the morning the hour angle 1S positive
and in the afternoon negative

one hour correspond to 15 degrees

if (kh. 1t. 12)then
hang=15.0*(12-kh-(kmin/60.0))
else
hang=-15.0%(kh-12+(kmin/60.0))
endif

return

end

calculate the zenith angle for the viewing point

subroutine zenith(solarde,rlat,ha,cosvalue,ze)

pi=4.0*atan(1.0)

d2r=p1/180.0

r2d=180.0/pi

cosvalue=sin(solarde*d2r)*sin(rlat*d2r)+
cos(solarde*d2r)*cos(rlat*d2r)*cos(ha*d2r)
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ze=acos(cosvalue)*r2d
write(6,*)'value zenith _angle',cosvalue,ze
return

end
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