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640720028 : Major PHYSICS
Keyword : Solar radiation, Monthly average daily global solar radiation,
AutoRegressive with eXogenous variable (ARX) model

MISS Patcharat POOMPUANG : An estimation of monthly average daily global
solar radiation using the ARX approach in the main regions of Thailand. Thesis advisor
: Assistant Professor Dr. Korntip Tohsing

This study presents a method for calculating monthly average daily global
solar radiation using an approach called AutoRegressive with eXogeneous variable
(ARX) in the main regions of Thailand. The approach is described as follows. For
January, 2018 at Nakhon Pathom station, an equation for predicting the monthly
average daily global solar radiation was created from the data of 2017 and 2018 and
then used for predicting the monthly average daily global solar radiation of 2018 at
Nakhon Pathom station. In this study the exogenous variables of each month were
selected to be a monthly average daily precipitable water, a monthly average daily
total ozone column, a monthly average daily aerosol optical depth, a monthly average
daily cloud index and a monthly average daily extraterrestrial solar radiation. The
selection is based on the reason that these variables affect directly monthly average
daily global solar radiation. These exogenous variables were measured or calculated
for January, 2018. The input variables of the developed equation were prepared and
used to calculate the solar radiation for January of 2018. For the other months of the
year 2018, the procedures are similar to that of January in 2018 at Nakhon Pathom
station. Then, the procedures similar to that of Nakhon Pathom station in 2018 were
used to calculate the monthly average daily global solar radiation of 2019, 2020, 2021
and 2022 for Nakhon Pathom station. Finally, the procedures similar to that of Nakhon
Pathom station were used for Chiang Mai, Ubon Ratchathani and Songkla stations for
2018, 2019, 2020, 2021, 2022. To validate the results from ARX, the monthly average
daily global solar radiation obtained from ARX were compared to that of the
measurements. It was found that the derived values from the ARX and those obtained
from the measurements were in reasonable agreement with the discrepancy in terms
of root mean square difference (RMSD) and mean bias difference (MBD) in range of

1.71% to 15.15%, -6.46% to 3.49%, respectively for Nakhon Pathom station, 6.30% to



12.91%, -4.98% to 3.85%, respectively for Chiang Mai station, 3.40% to 14.65%, -3.62%
to 7.69%, respectively for Ubon Ratchathani and 3.57% to 8.42%, -3.02% to 5.239%,
respectively for Songkla station. We concluded that the ARX model could be used to
obtain a monthly average daily global solar radiation at the four stations with
reasonable accuracy. As the four stations are situated the main regions of Thailand,
therefore the ARX approach is efficient enough for calculating monthly average daily

global solar radiation for all main regions of Thailand.
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nannTEnuui 1 nihgRuenamils dndieilugaiuifidenisuuns niednddenisna
RS

2) Ss@lurenan (irradiation) MUNEHIUIUNUUDINGIIUVDISIFOARY NANATENUNUT
Tugrananiiuua daegrawy anduriaial 1 9alusiazSenin Sads1edalue (hourly
. . . P [l [ 1 J ) = aa g 1 LY a J v
irradiation) Flivuisidunensiaunsaedalus wsensamlurisaan 1 Jufazisenin $9a

L g . . . . = 1 < 1 1
5793U (daily irradiation) &aiivihieidugasionsnaunsiedy

3) Fadluyasiy (radiance) 3aisiAgUTIADTIRGMNIEAT NEWUAATUINTIFDTINETN

R4
a a v v (Y a

Wumadnunly 1 vieyudusie 1 vilenunffminduyudy dnhedugadenisuns

AOALMDLILALU



2.1.4 NSUBNANLULIYDIA9DTINY (AALUAsRIN Igbal, 1983)

lun1sAuiusidonfing annTenuuusEUIUAIN 9 NeeguanusseINAlankas

NuRlan 3dUA 95 ALNUIY99929917ng VWY 99911 Tun1suandILnUavaIn1901ind Ay

Y

a Yo

fiarsaninviesiuduaimilavemsanay Midendn nssnauviesih Inefifdunadugudna

Y

Wasnvieshivwinlvguin Aslunsuenmuniivesnisefineg Jsldyuies 2 yu wseld
dulAs (arc) voamsenanyiodfn 2 druldafaiuisaszysunislalusudiusidaning
aunsauanawiInIIeingld 2 seuu el

n) ssuuilszunulunuiseaudieda (horizontal system) sruuilavendeyy 2

a

3 TunSUBNANWNLaTeIn901ng Fagun

Y

- 419735 (azimuth, y) Wuguidaanidldluganssulutuseduiid ou
senindunaiuneniing Wnefvuadt dnadinanegaung iueanyuedysianluuan
wazduiane Jumnilinduau sy -180 <y < 180 Barn

- yudafgn (altitude, o ) 1aitey . shundadunssii@eusoszninaddanniuag
o17ind flF1ann 0 fs 90 esan dmunniiegsywinsdunniuneringiFenin yuwis

(zenith angle, 6,) Famrsalivansaunisssniennglauiy lngy

9, =900 (2.1)

B o
w sy lunuiszay

JUN 2 msvansuniswesniseiing laglissunuluwunsedusnsds

< 14 a

) s2uuldszunuAudgnsdnede (equatorial system) 1uszuuildyumsodu

v

o '

lAsveansenaunaaiilunsuenduniaveneeing daandluguin 3



YU Tua

Y 2anauIngfiiruasoring

A 2/
Tuniloveantananiiesth

-

IAAFILTY

=
lasaou

i
tldvoansanawioath

JUT 3 nMsuanduwmridsvesmseindlaeldseuuaudansonsds

3 i

- inpaLUdU (declination, &) Wudulaswesisnaulve) (great circle) At sans
Yowmsanauvieainseninduaudgnsvisaihiunuiiuremiteing dr1egsening - 23 % <
S < 23% par Boilrmasilunsasfusasiiandasuudasiuauiuluseud mswasuudasd
L%sjul,ﬁ“fluqmslé’ﬁmf (Igbal, 1983)

& = 23.45sin [% (d, + 284)] (2.2)

g 8 9 JUAATLLTY (93FN)
d,  fedduvesiuluseul deegsyning 1 Ausuii 1 unsiew) G 365 Auiui
31 5UAY)

- ayudla (hour angle, w ) iusuiitaresnsinauiosih (celestial pole) windau
TAsemsenauviesinssninadusiediey (merdian) vosdaunaduisnadlngiiiannsiiumis
p1induagdisaesvomsinauviosih fanduvanifiensseniindegnisme fusonvos
woTifou waziduauidesgvenziunnveameiidou lnvannsamanuduiusseninsm

dlusfunansefindldseaunis (Igbal, 1983)
w = 15(12 — ST) (2.3)

e Ao yudalueveInieeing (a9en)
ST #® LBa1M9e1¥ng (1)
AINNOMAE (solar time) ausaAwInilaaInaINInggIUYiBadu (local standard time)

(Igbal, 1983)



ST = LST + 4(Lg — Lyoc) + E; (2.4)

do ST #e nanansending @lusunil)
LST Ao nanwasgiuvieadu (Frlusui)
Ls  f® a0339au1m3gu (9960)
Lioc A aaﬁgmaw‘hLmﬂaﬁé’mmiﬁmm GNG)

E, AD AMULANANIIZNINIAINgIARgAUNaInIseindaay (Ui

A0 4(Lg — Lioe) Inheduuniiuasaives L uay Lo uauflongninziuesn
aa I al 1 [y aa

Y043y haziduuiniiloagniwme TuanuadnTiy
na1nNeITRglazIaInNeTndadsiinuuanaiuaIuTeul lasaianuLanmaIsil

anunsaunulameaunisnal fall (Igbal, 1983)

E; = 229.18(0.000075 + 0.001868cosI' — 0.03207sinI' — 0.014615cos2T

—0.04089sin2TI’) (2.5)
Wlo B, fe mnuuanseszriisnaiasefindiunainseniindiade (uni)
r fio yuiu (day angle) (i5iiow) Bsennsadnaldanaunis
I = 2n(d, — 1)/365 (2.6)

2.1.5 Sedoinduanusseanadlan

1%

ANPNUNSIFD 1R duanusseNnTelan (extraterrestrial solar radiation) 1udaua

Y
' (% <

dAgdmsunsoanuuuwnsawad sldluanifsuuageiueiniasg 9 wenantddudu

1% & ° o o A edAL a v a4 a ¢ P
“UEJquJﬁWU%’miumiWUUmiﬂﬁm‘l/lﬁl*&mwumiaﬂ I@Ui\iaa'ﬁ/}G]EJU@ﬂUiier]ﬂqﬁIaﬂll%jqV’]’J’]@J

43

v @

& | =3 ) a A ' a
81AAUTEWINN 0.3 — 12.5 IlATiunT FIRaTIundlunnuenaua1s 9 naunasussd
219RgUBNUITENNALaNE A A1AIRISIE@D199E (solar constant) WINAU 1,366.1 TnsAD
ANTILUAT

v a a ¢ ]
n) S9FeNnguanuIsEINIALaNI BTG
USunausadeningvivaiziiaini (solar irradiance) usnussgnnidtanfinn
4 Y} 1 1

ATENUVVUTLUIUTIRIRINAUNANIIUI598017RE 2TUNUTLELA195eMINlaniun9017ne

AIAUNTS

ion = isc(ro/r)2

ED) Ion = Is.Eo (2.7)



A
o/ a 3 v (%

We I, A9 S9E0indvaenanidennnsEnussuIuifmInAunAnI U 95 9E

[y

(INARDANITINLURT)

I A9 AAdISdeTing (1,366.1 InAADAITIUAT)

I, fio szuzvnaaisseindlantunisenfind (1.46x108 Alawns)
r fio szuzvneseidlaniumsefindiinaile q @lawns)

E, fio wilAwasEmSULANaNSLUSABIS EENSEINglaniuneeing (-)

NI srUNUTUBUITEAU SIED1RENHNNTENUIULIATINTIVUSLUIUAINAIVLLTEU

Tomaaunig

I, = I;EycosH, (2.8)

Py
@ LY

[ a o
FEUNNAIMINAUNAN VBT 9T 1N AL

sy luuusedn

- \ UsseAlan

fiuirTan

a 3

JUN 4 SedFeniindnannsenuuuszuululua ey

WNU cos®, = sindsing + cosScosdpcosw luanns (2.8)
I, = I5.Eo(sin8sing + cosdcosdcosw ) (2.9)

NsNSIMoINITMIUSHIMYeSdeing dl, nnnsenulugiaian dt sauise
Weouauns (2.8) lviluglaunis

dl, = I, Eycos0,dt (2.10)

do dt Wurranadsimhiodutilue way I WumashSdefindlasfnusunamasauly
336981 1 9319 (4,917.96 x 10° 38#8R151900A5) 31NaNN1T (2.10) 98iudn cosd, Jufiv

gl () ieanuazaInlunsm Iy 1azudas dt vegluglves dw lagedeainuass



171 Walanvyuasuseu daldiian 24 9alus gudalusasddould 2msdsu vieeulugy

(%

aunislaeadl

dw 2T

T 24 (2.11)
D! dt = (E) dw (2.12)

T
Glounu dt 9nauns (2.12) wasunuen cos8, Tuanauns (2.10) azla
12 . .
dt = (?) IscEq(sindsing + cosScosdpcosw)dw (2.13)

AMNEINUYDITIdAndlutanan 1 Talus asmlalaen1sduditnge dl, Tugaenan

1 FU9P9AUNNS

I, = (11T—Z) IscEo f:i:?‘(sin(‘isincl) + cosScosdpcosw)dw  (2.14)

24

oy w; WWuyudlusifnatedalusiu ngannisduiinsaazle
’ \ 24 y s
Iy = I:Ep [sismcI) + (?) sin (Z) cosScoscI)cosooi] (2.15)
= 24 .
\{i99a1n (—) sin (1) =0.9972 ~1
TC 24

1Y

fatiuannns (2.15) Jadeuleeadl

Iy = I5.Ey(sindsind + cosdcosdpcosw;) (2.16)
21FUAUANT COS = — sm’o‘ﬂ LbAE LN 9?1}'38 mmmmﬁauammi
Wsr = cosdcosd v Wsr Wss
(2.16) TugUlnilasail
I, = Ii.Eg[cosbcosd(cosw; — coswgs) ] (2.17)

9) S9denfindusnussenniAlansiadu

I v oA

ASsdoRnduanussenNIlanietuazlaaNnNNITBURNIAANNIS (2.10) AILH

AMNBNNNEVUIUDINIIDNRE K30

Hp = [ Iodt (2.18)

tSl"

= v a

Wls  Hy  fe Sedenimduenussennialansigiuvuszunulunuiseiu (Fadenisn

WASHDTU)
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[, fe Sdendinduenussemalansiedilusuussuuluwiseiu (Fadenisn
wnssiadalan)
t Ao A (Talw9)

tye A8 LaIn9e17Rguu (W1RnN)

tes D L@MgeIngan (W1KWn1)

2.1.6 ANuduusvassedonindiuauusnisusseanma
YedorfimgiiAumaiutuusssnmaundsiiuialan ¥QNOIAYTENOUAIY 9 Tudu

ussenAaaneulilag 2 nssuIunanAe 130313 (scatter) uagn1sganau (absorb) Tu

mimﬁmmm’mﬁm%’ﬁmﬁméﬁﬁuﬁﬂﬂaﬂﬁwL‘fluéfaaﬁmmiﬁmﬁ’uaaﬁﬂizﬂawm 5 Tu

FUUTTIIMALAN Feau1saesurulanasaldl

a

9IAUTENOUVBIUTIEINALAN UTTEINIElananmsakuunsiisunUatgumad

Y

AuALasls 4 9 (Andrews, 2010) 3t
1) Wnsldailes (troposphere) Wuussenaatuusn defiaugsainiiuilaniuly
Uszanas 16-18 Alawns Nusnaudans wae 8-10 Alawns Musnatalan waeinia 80%

YousseInAlaniaunvzeglulnslvaies laowa levuasduazess (aerosols) dulng

a Cs

avagluusseniatull wasnudwlnanusseinatuilasuaglaainnisganiusdending

o v

3y A Py ¢ ¢ kS | I3 | A
YeUTIIINATULNAARy taun Arsuenleeanles Lol wasduavess eeRUse noumaIill
YSinanniusnadnaiuilan uageanasdomnugaiindy wenainiusseinausnulng
WuAlanNTala g Tg9an LAIA DY 9 anaINILALINEY 188 N TN d1UUUVDY

Insluales wio nsluned (tropopause) agiA1Usgal 217 LAATU AIIULANAIIVDS

'
aaqa a v 1

& &N € 0§ Ya = a =
Qmﬂﬁmﬂwum'ﬂﬂ‘Uﬁ'Ju‘UuGUEJ\ﬂVﬁIﬂﬁW\lEJiV]']I‘WLﬂﬂﬂ'ﬁlMﬁL?Uu‘ﬂ@ﬂ@qﬂqﬁiu%ujﬂﬂ YAYIYN

AusauaniurlanTulgussenatuiine

2) ans1laailes (stratosphere) Wuussernianegdnduluaninsivaiflosauion

Y

sEAUANgUTEINU 50 Alawnsaniulan gamgiiveseiniAluussenatuilagiiumni

AMUge TnedlAraeaauseunn 270 LAaTu NANge 50 Alawnas Nelidesanlelyulu

a a 6

UsT81NAT Rl gANAUSIdfinglurranueInd usiddansilianyinliusseaniedu
anslnaileslgamiliiudy Huaressiiinainnsseidaveaguilanunsadusntaguile

q

[

3) wlwailes (mesosphere) Wuussemaniagasdulyainansilnailes

= A o
NNIENU

AMEIUTEIN 80-90 Alawnsanniiudilan gumn)ilveie N1AILanAdLloANFWTLTY

\eanegrieanituialaninn vihlvussemetuillasundenuaniniilanies
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[
1

0) wosluafles (thermosphere) Wuussenmatuuuan Tnsegdinnnuilyaflesiu
U lawnsavenvsuwalauiuou 1nganuniILiureslagsve wnesluailesagaoy ¢
anassududnmilwennamsiinszanvegidntioslueinie

TnehluazBenussernatulnsTiuailosinduussermeduans Sonussenniadu
anslnaflesuazlvaiiosinduussenmatunans wazdenussernmetumnesTuailosin
Fuvsseniatuuy Tnglunuduiideriindasleuimundiuuugauesusseinia (top of
atmosphere, TOA) agiﬁﬂ’amqaﬂizmm 100 Alawwss (Saha et al., 2008) IngnshUsAIVBY

(%

QUM THALAUAUAINAINAIVBITUUTTINIAUGLTY Uandlaraguil 5

US Standard Atmosphere (1976)

Thermosphere
(heated by oxygen absorption of solar UV)

Mesopause

Mesosphere

Stratopause

G
X
=
o
@G>
=2
c
c
[

Stratosphere

(heated by ozone absorption
of solar UV)

Tropopause

Troposphere
(heated by surface absorption of solar visible)

-2 100

AUAU (hPa)

JUN 5 M3UUIANY099 UMD ILAZANNAUATLAINENYBIUTIEINANIATIY

Y 9

(Bilings et al., 1976)
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2.1.6.1 nsaanauidaniindvasiuazaasluussenia

Auazea (aerosol) munefseyninvesudwmieveavarfinviuaseoylu
usseIA HedTudsatuninninetlvlidemaeing 9 duiiienszaneaniufunie
Ngians1y avesnndenntivmzia aveounasnenld wazavemweuvavesasiadig
Tnialuduareasdrulngazegluvsssinatulnsluailesioundaus 0.1 - 1,000
lulasiums (Igbal, 1983)

desananuansolunisanneussdoringvesuazoonialdvieain
NSEUIUNIPANAULALNISNTEIRS N1suendndruvessadorfindfianasanusaznszuiuns
yhldnn Kaiu Angstrom (1929) Fuaualuenauanunsalunmsanneussdorfindvesu
azons lngldnuaniTauanesiuazens (aerosol optical dept, AOD) daduilsiduues
FuUszdAnd aruyuiia (turbidity coefficient) uazdalareni1dar04AU811AAY

(wavelength exponent) suan13 (Angstrom, 1929)

T’aer,)\ =pAe (2.19)

P

=

e Taern AP AVUANTILAVRINUAZODI ()
B e dUUsEANSANYUIYeIUTIINNIAYRISIENTEY
(Angstrom’s turbidity coefficient) (-)

« Aa ALAVUNAIANVDI9AATDL (Angstrom’s wavelength exponent) (-)

A Ao ANUERAUYaITIEeng (lulaswms)

A1 B AvdAENTUSAUAIMUIWILYRIUSHNHYEY0RY Y1T031UIUOUNAVBEL
azoosieniamiisUsinsvesennie nanife 41 B A uN AmnumunLuvesuazessly
UFIEINAILAAININGIE M5V o 8HANNFUNUSAUVVU NV UALRBILUUNNKY NE1IAD
61 a fiddes Huavossazdvwinlve waz o fdwn Juazessaziivuinén lneuazesg
viluazilin « = 1.3 £ 0.5

Y a

NN T UATUYBIFUUSEANTNNTAEIUTIFTING @unsaleudunIsaudseans

ee

Y

nsdasuTideniindvesiuazens Invoduaunisvesdanseu (Angstrom, 1929) ladsil
Taera = exp(—BA™% m,) (2.20)

WD Taera AP duUsEAVENMIARNLSIFOIRdNANEIAGY A vosHuaveRs (1)

=
m, A8 W81 (-)
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2.1.6.2 myaamaudorfindvadlorluussennia
levufnainnissemeve fedulngsemeanngiauazaniaung
UenNTTuAnIINMSITIMETRnAIRY waznsAetvesity YSinaledrluussenniaey
7 Tuaningdainie Imaslutfumqua‘qm%ﬁiaﬁ;’]qam'w%L’;mLﬂumazagmmuﬂaNLLawum
GEERLAN
F5nsvenuiinalounluussenia denvenlusUvemisimdaiemes
(precipitable water) %’EL*‘f]‘ummgwaqﬁﬂuﬂaé’uﬁmmmmﬂ Erauuiinvili ottty

[ (% "y

v ¢ v & a = ad o | | @ o Al a N
ﬂaﬁ@iusﬂa\iaqﬂ’]ﬁﬂUWUN'ﬂIaﬂ‘UﬁuWUWﬁqu 1 Wu’)ﬁ]ﬂ’JULLUUﬂaWBLUUUWWWUN’ﬂaﬂ I@EJ@J“WU']EJ

<9

L“ﬂumuﬁmm é’fummﬂugﬂﬁ 6

- UFTUIMNA

W3 Qﬁaaamaf /

7

e

c— Wura Tan

w LHUALAT —

U 6 mMsvenUsadeinluusseinie

3 A Uia a  eal PR P
Iauq":\]g%@ﬂau5qaaqmmﬂw AINNYIINA UAN € LﬁULLﬂUﬂ’M@JS’Wﬂau

(wavelength band) lngdulngjazeglutnaanugnaauidbunsism Usinavesssdending

2
= o a s

ngnaanduvzduiuuTinaleirluusseinialaziiae1nanSideMngiiuni1amIu naves

1%
=1

A Ly a Q€ 1 1 v} v a a & g
mm@ﬂauummmLLamié‘lugmaaauUizammmqmumﬂﬂmmmammsﬁumlam

v a

(spectral transmittance) Fa.lusnsrdriuvesailnasussdorinduonlannoaunnsused

DNENNURILAN Peaun1s (Leckner, 1978)

Twa = exp[—0.2385k,,,wm, /(1 + 20.07k,,, wm,)?45] (2.21)

v a a 3

A5AINIUTIADNRNgNANNENIAAY A ¥8dtaun (-)

Do,

an

e
()]
-
s

=
Db
ﬂe

Q3]

ee

U3
kya F0 duuszdvdnisaaneussdonindfvesleun (wumiumns?)

m, A9 UI801NA ()
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2.1.6.3 N1saAnausIdanindvaslalvuluussenie

[ v

lelgudulvgazey luusseaniaduansilnailes wazdegidndaelu

[y

yssenatulnsivailes Tunisvenusunamedlelasuazaatenunisuandsunaleun 399y

feuvenluguaugevedelouiioglunedinivesussomaniiuigiu 1 mie Tagauudd
ihlelouiieglunedinivesenmatuismuansusuiiiuislanfigumgiuaraudulni (7
gaumall 15 esrwaldanasauiy 101.325 Alauianna) wasvenUsunadelsuduaiuas
vosleleuluroduiiulumbheoeufiuns (U7l 7) uazasFenuiinalolsuiiinldn Teloy

Y

ﬁgwmiuﬂaﬁmﬁmimmﬁ (total ozone column, TOC) (Frederick, 2008)

P L. UFTEINA
ToTaunavualuneamiussernis
e e #iurrTan
717&2&;37777/

JUN 7 n1suanysuiadelu

YanaNts189au1savantUsunalelaulurilgnaudu (Dobson Unit) 138
DU %ﬂwhﬁ’uﬂ‘%mmIaIezqugiJsumﬂ%mmla‘[%uﬁwmiwaé’uﬁmimmﬂﬂuwuamm@m
A8 1000 %38

1 DU = 1000 x Usunalelsunanualunaduuusseiniadusmuiing

Tolwuaiuisagandussdidunauainuenadu Mddgyfe waua1snae
(Hartley band) @aaglugiaauenindu 0.22-0.295 lulaswns lugsaugrinduilleley
A oo N 1% o o d' c{' A v a Y& v
pandussdenindlaann wenanddaduaudy q Naunsaganiusderinglaiindey
oA waudnfua (Huggins band) @eegluyianiiug1iniiu 0.32 - 0.36 Lulasiuns wazuay
wyUyad (Chappuis band) Tugasa1ue1Indudeus 0.45 - 0.65 lulasiuns 31NkaUNIS
v a v

annawmaniilnsderingluruanueninduiiddansihilewmnd (0.28-0.32 lulaswnsg)

drlnaignaandules Tolwu waglugnanuenedulaiaingngandulaelelswaniiay
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2.1.6.4 nMsaanaussdeniindvaaualuussenis

v
v A a

WaAtiNad1AYADN1TaNADITIdDTIRINNIUUTTEINIALNSINUR Lan 1ag

wglanunsanszidesidenindunsdiueenluuenusseiniAwasusaduadsnuElanlugy
Y0439dnszae Inemillweavganiussdeniindlurisainueirdusiddansililomauazuas

ainatloInuAILAANAUNINIUYIANLEIAAUSIEBUNT A (Paltridge & Platt, 1976)

[

Uil laasuandfey laun Anuandaasardulssd@ndnisnssids

' [ ¥
U e [y

F9ET N TUNTIENANNTENUASTIUIA (single scattering albedo) andRaitlazluduauin

[

V9309AUTENOUTDLLATAATY TALA A01UZVDIUT LAZUUINTDIALDDIUN

" ¥

2.1.7 MsyUsuiamnuussdanindnnuilanluaniniiasianaly

2.1.7.1 N15IAA28LATILDINNIANUAY

¥
[ - | [

1A309InTIETI (pyranometer) LU ngunsaliugiuluanudundsusaa

<9

UYDRANNIULITNINGIFIENS IO NI SRAIUNLATOIINTIFIUTULIMAULUU TA8WUU

®
D
=)
3
(a42N
—2
=

a <

1) n3a97n3dsmnuulsting (Robitzsch 15yranometer)

v v

wsasianuuTazunususadulany 2 unu Tasuaundaiduinasdn

v a v 1

usiunnds esedeniindmnnsgnusiuiuiadades unuddmazganiussdeniindldunniy
unudy 1 MlvusuddvgednnIusudnn) usslifnannsvenedinanaglddundou
Uil uiindauasiunsgaudandeuiidhessuulua dyaraidudinldaunse
wasnduanduaeninduedeinglilngnisasuifisuivuguniniiannsaindinnudy
$idorfindlalnense Tonveuniosinsdnauuuuiiie vhanulslaglildlvih Swanusafins

T uluaanddsliiunasinenssualid weAddasesfs HaN1sIndAUAIAAR BUEY Y191l

[y a

N312MTTINNUTBLATRRETUA UM HLIndeud dlag lUUAsuLUamann iy uan1s

[ v

YeneivakusuSad launsanauaussn1sildsuwasisinisivesninudussdeingla

Y Ao = 1% 1 [y ) 1 & = [ c{' = v a
UBNINNU SU’eJlIaVl‘UUVIﬂlﬂLLG\ﬁS’JUﬁ]SLUUﬂi"IW%’Nﬁu “NlllL‘Vi‘LlﬂWiLﬂﬁSULLUaﬂsﬂuﬁﬂﬁﬂaﬂiﬂﬁ

Y

a & 1

91edv19dusuAnInLale AN laannsTaazulaannissIunuitans1WLazLlas
[y} [~4 1w oa [y} d! =1 d' [ dl' v v a
AAUNNTUANISIAI18TUT 92T AIUARIALAADUY 10-30% SNWUEYDILASBITATIAITIULUY

TsUnduandlilugui 8
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v W

JUN 8 wnverindedvinuuulslndrasnsuimuuazdaasundany

2) w3pednisdsuuuulnlnlianida (photovoltaic pyranometer)

v o 1 =

\les91nansnedhnisesssluunion (P-N junction) aziiadne i

=% v v a

d‘ v a 4 [ :.J/ Yal o 9] ] Y 3 d‘
Wasedaindannsenu aatudaladinisuiansaanaun i Jum e s ueua3 a9insadsiu
ImaLﬂ%mi’mzﬂizﬂauﬁaaéx’a%’u%’q?{ﬁL‘l‘fJuLLsiumzma%’aﬁ'ﬁﬂuuuLLazﬁmiﬁqﬁaﬁwagﬁmdw
LI959F0NRIANNTENULNUAING? %’ﬁmﬁmé%gﬂﬂizmaﬂwuaquﬂmﬂaauua'ﬁﬁqéffsﬁwLLas
WAnnszualniidu Anssiailadaiiseidashmdusianudusideniing lngadunisaou
a [y} ~ v v A a & A a Y] o a’ljd
Wisudunsesdnssderfinduinsgu iWiesainnisiinnszialniivesansiadaundiduluniy
nann1snliamda dedusRasenesesinsedsiunuuiin uwuulnlalanida Ineviald
1A3evInTIdNULUUTNeIan18AZiNIRR VAL BT ED TN ETIA LA UATY & TuTas
Useanas 0.4-1.1 lulAsiuns F9uAuna1algnnNemauvesalnesussdsiy vinlilidaiunse
o a a v a

Tafedeniindlanseunquyianiueninduning (0.3-3.0 lulasiung) Snuazvetasoinded

sausuullalanda uanslansgun 9
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JUN 9 1asesinadsiunuulnlalian nanlaeusEnAUULounlgiuug (Kipp&Zonen)

TuAULUa (thermocoup F3en71 weslulng (thermopile)
Tagfunusy slulnalaenss wagiilauuia
AsEUAUULLI dsauuuuiilaeialuasl
Snwaursagui

= i o
30 |

I g
- -

JUN 10 wn3esinfdniuwuumesiulnaindnlneusenauduauloudg
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W90 1NRINNNTENUBKNUSIA LHUAINA1IEANENANNToUNLAAT WU

weslulng vibimeslulndfionmaligeu FwshiAsdndlnimidivesneslulng Aves

o d‘ [

FndluArmanaaiuisatiuimuaduaimiutusidenindlalaansaaufsuiupasin

v A a 3 ¥ -

$idefindu1nsgu derveunseriniid@siuwmeslulndde anusanevauswioa. Unnsused

[
[y

pindaruluglurig 0.3-3.0 lasiwes lavindu wenanddanunsavirnulaglatudy
anmianaeinntn uazlianuaziBengnaedlunsinAoutnag WilsIAAUTIaLNg

TunsANUIUMNIANPNULNSIASI @150 beaINaNNTS

\%
[ =-— 2.22
S (2.22)
Weo I AD ANANUWNTIED1TIAE (I9dnan1519%LnT)
\Y Ao Adndluinveuiinsadening (aam)
S A9 ANENINNNTNBUENBY (sensitivity) vasidnssdeniing (lulashasnaing

ADANTTINURS)

v v A a a

1A8AIENINABUAUDIIIIASIA D gz U launSaud Ut ns9d
a1indiunanlssuguan nenaludran nnevduesaziiniavdsuwlanioldnuludy
szgvliamile Lilelinsiadeyasidarfindiimiugnaeudug arsimsaauiisunIosin

v a a 6 d‘ Y1 1 ¥ Sl gj
NamwmEJLWaiﬁlmmmmgmamwaaﬂaz 1 A39

2.1.7.2 M3 luuUINaamMIANAAIEAT
1) uwuuaIaealassvredsearniion (Artificial Neural Network, ANN)
Iﬂiﬂhﬂﬂiza’mLﬁsmLﬂmzwmqmﬁmmam‘ﬁLﬂ‘ﬁsuas_ﬂugﬂiﬂit,lmmauﬁama% #1150
109N TYNUVDITTUUNNABNANI 03ZUVIAINTTUAN 9 TALIEHULUUNITYINUTDIALDS
wywdkavanunsniuldRmuam A Usinusdeindle daidulaiiuuudiasdasdig

Uszamiguanlusinsunni (Weka) (Yadav & Chandel, 2015) snlglunisaiuinuansad

(%
Y

9108 lassasisveslassrneUssamifiendslsenoulumetudunm udouanity wastu

@inm Aauanslugun 11
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JUN 11 fegnlasaingdsyamiiiey

[

TngiovinnilianiaseigdssamiinansadeulugUaunisaad

y = f(b + X wix;) (2.23)
Go  y  #e wsimvvedlaseiguszaiiivy
b AD FILUSUDNAINLILBULDYS
X; R éhl,msﬁuwwﬁ i(l=1,23,.n)

w; | Ag adn i mind S usuUTBUN |

2) BUUIIADI0ANDYVDINIBITIUNUA ILUTAIYUDNNS BLUUINABY

1@815tan% (Autoregressive with eXogenous input model, ARX) 1Juuuudiaesiilia
I3 A a ‘g a ! v Aa 2 A I a .

WINMAAaTUl RN INAUMIWINBUBNTIIRANTUSYUU (exogenous) #3BABUNY (input)

¢ 1 I3 . & o U v v Yo
ll"IWEJWﬂiﬂ,Jﬂ']GUaQL@']‘VIW‘V]SLu@u’]ﬂW (LJUﬂg, 1987) GUQLGUEJUﬂ'J"IQJaﬂJWUﬁVLﬂﬂﬂaNﬂ']ﬁ

y(®) = ary(t—1) + - +ay,y(t—ny) + byu(t —ny) + -

+bp u(t—n, —ng + 1) +e(d) (2.24)
deo  y(® Ao fthmﬁwmﬁnm t
y(t—1) .. y(t—n,) Ao ﬂ'ﬂLmﬁwqmﬁlﬁm%ﬂuaﬁm’fawé’qLam t 1

1 A1audenan t 9 n, A

'
=]

u(t —ny) ...u(t — np, — ni + 1) Ao AWILUTAIEUBNNTNAAUTEUUNTOABUNT

a1 t — ny laudsnart—ny —ny + 1
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u(t) D méfumi@uwmﬁnm t A"

a fio dudszAvsuasAneinm

b fio duuszAvSuaarnduwy

n, Ao uuAvasmniuefngaunatiy n, A1
ny, Ao Fuurveduntuefndounaly n, Al
ny fio aduAEuuYDsBUNN

e(t) D mwmmmﬂ?{aumaumﬁwm

3) nslduuudasuaulnsaa (empirical model) LHuluudianafiuans

a & o/ (Y

ANUFUTUS TENI 19 UTUTIE TR AUAIUUTNIIUTTEINIA WU AIULIIUIULAIULAR
USunauua wagaaumgiiennis luadniid1uu1dnidesie o lalauewuuitaesaulnida
dmsumnusidsuvangiuuiaetnglitoyaainuiianmig g vedan

2.1.7.3 mslidayanaiiien

aniisudldiulutagtuivansvis wu aruiieudears mudeudisg
n3nensuazanienenienine iudu doyamaiteniivanzauiunslidlunsduai
Ydorfindfedeyanneaiieugaiioniver iedwmsgaftengniouinenaztuiinamues
Tenuazsfiunequuinmmig  feiwansznulenssderadofingfinnnsenuiiuilan
Tneluanifieseniesingnannsoudsls 2 dssnn seil

1) m’;Lﬁamqv‘;ﬁau%mmLLUUIﬂasN'\uﬁdﬂaﬂ (polar orbiting satellite)
pfendssaniifuanifieiifiadassegluwuadalan (Uil 12) dosmnuasiinmidiey
Tnsandlanimileludsialanld lansenyusoudmnesanfinae Tunnlufinns Tusen ey
1 $u amidiesfsanansatufinnmasevequituiiddvjvesiiuiialan muflengniouine,
Ussnnilfidndy Wun anafies NOAA vesansgowsnuaza oy FY1 vesdu Ao
fandmihlasganniuialaniies 850 Alawns silvideyadléfimuazBondaiuigs ud
pufsuivaniaglaasinuiiuiivia q 1-2 adsetuminiu foyailédelimnyausons

cal v ]

1111 AT IF NN NIHIN1TAIUABLLI DY
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=)
AN

JUT 12 2dlpasvesnnaiisugniionineanuulagsiiugalan e N udalanwile way

S 1 Jutalanld

2) arnfisugadsuinguvvagdiundadud aifisudud ufialan
(geostationary satellite) A1aleutssianiazoguiiaiduaudansvadianyszana 36,000
Alawns (Ui 13) waglpasludiatiediumavuuseudatoestanmennuisudamviniy
Tanvilimaufleuaiiouegfuiiilafisutuiiuialan aaftadeamsatuiinamanizues
vssemaveslan o dumdadslinnialusnaendy Wesndaarunmitldazidunmues
anmevesusIBnIdaseunuitufiiiesdnuisvedan dufuesdnisgnieuinelanisls
Usza U unuUsZLnas 19 6]WﬁmaLﬁauﬂizmmfmzmaﬁuaqﬁau‘[am dielwanuise
Funansniangynagrieninerasouaguiufivialon aadsadanaalutagtu Tdun
GOES-13, GOES-15, METEOSAT-10, MTSAT-1R law FY-2D Ingnaiiosiliteyansoungy
fufhodenyTusonuavazTusendedld safeiiuiivsemealne Aesufiouyn MTSAT w9
Ussimadiu uazaniioun FY-2 vesdsumaiu ilesinandisuaztuiinnmlanls 1-4
amaetlug Feamnsafamuniaudsunlawonuald dufudeyaniuiisumaniss

"y

winngaulunsihunlgAuIMA1S @ ing RN uRlan
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a v LY

FUUTIEDNREAUAILUT

Uagtuinidenaneussmalingrenumanuduiusseniney

U av =

MeusssNAdy 9 TusUreauuitaesansmiatiamans dnadedslsfauinuudiassls
aunsaldnuldnniuiilaglfivusassiisasglutssanrnsBeuiuuueiomna (machine
learning) FufuuvudraesfionfunsiFeusvestoyaiioga (training) wazanunsathunly
Uizmmﬁwaq%’azﬂaﬁaasmﬁmmmﬁﬂéﬁyuﬁluamﬂmlﬁ Tagauddesing q Addnanunsoasy
vtadl

Premalatha wag Naveen (2018) loasrauuuiaedlassinglssamiiion 6 wuuinaes
Tneldiaudsduwnianan 6 fauds Sunnidululd 32 ga lunsussanaandadsanlu
Uszimaduiie wuusiass ANN-2 (Bunn 2 #auus) viunefedenfindléuiugiigaiens
sufuresteyadunnszwinmaswesg v ligeanuazsaniusadorindusnusseinia
lansneiu lnsda1m1sadia relative root mean square error (RRMSE) Gﬁl’ﬂqm‘ﬁ' 3.96% lag
wuvdaeslasaiieyssamiisuannsaliviue Sedsunefuadsdeidouldegausiug
dmsuiuiillfianniin (Premalatha & Naveen, 2018)

Peng wagAuy (2019) lavinsuszanumssdsiululsemaluneisnisiaseiieusean
ew vie ANN Tneldfaganindneaiiien Himawari-8 uasdeyanisinniafiuiu Tul a.a.
2016 wuin ArsedTlaensusEanaandeyaniiiedlagliuuudiass ANN Wiguiudeya
ns¥aniafiufuiinuaenadesiud Taeian R? uay root mean square error (RMSE)
Wiy 0.90 uag 88.86 Wm? anudidu dmiuefedsedssetalianag 0.96 uay 24.46

Wm? auanau @ msuassdsiuedesieiu (Peng et al., 2020)
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Niu uaz O’Neill (2017) lalUSeuiiigunuudnaasdmiusadsy laun wuudiaedlaseig
UszanifisauazuuudassdilinisBeusuuuiaieanasiis o Wy wuuiiassduundeyace
NABT (support vector machine, SVM) Uuud1aad ARX Uaghuudnaad ANN HaINN13
Wisuiiou wud1 uwuudiass ARX anansadwnssdsalaslidndudedideyaiiioain
wuudnaesduInmilouwuudaes ANN (Niu & O’Neill, 2017)

Silva wa Brito (2018) l¢@nwiuuudiass ARX dmfudnafedsudsinsasuulas
Jutuiuiinazna Taglidoyatsdnuiiindoiniednsluiivossiiu 17 wisafinszany
paiiuiiang o VUM iNE118 UssinAanizeiiing dedoyanniaiesingiuiu 3 tadedas
Hudeyadunmifiernnisaiauuudiass dau 14 1nsesivdeazlfidudoyalunisnaaey
LUUT1ABS INNANISANEY WUTT uFiass ARX angnsaduinssdsindiinisiasuutag

Juiufiunwaznanlaraut9f (Silva & Brito, 2018)

Silva wazane (2022) lotauaisnisussunaassdoniadlaelduuuingsd ARX way
ARXMAX I@EJmeﬁaaﬁﬂﬂ%’%’aﬁﬁmﬁﬁuﬁﬂaﬂLﬂu%’agaﬁuwmLLasLmﬁwwﬁlﬁmmwuﬁwaaq
S v a a 6 v aa v v a a s
Ao S9doinguanUITEINIALAN F9FDUNTISALULLITEAU Sednfinduanussennelanty
LUITEAU SIFNTILALSIANTLINY WUIMUUINADT ARX mmmﬁﬁmmsﬁayja%’ﬁmﬁmETuaﬂ
U3591N1ALaN SIFFUNTITAIULUITLAU haLsIdo1inguanuIsannIdlantukulse dula
UszdnSarnuinan lnadenrnupaiaeieuinasaanadowinny 2.51% 1.40% wag 7.15%
Aua1Av (Silva et al., 2022)

= a o r-:l' Ql' 4 1 o 1 v a a ¥

INANSANVIUIFENLN BV WU BUVINED9 ARX @11n50UseuuASIdD19n e Lo
a1 Janumsnzaulun s luRauILUTI1a8E@ NS UYS LU UANS 935U 19T ULRRe
o Aeuluandded fIdedsliiauiuuuiassdmsulszunuafdnuseiuaiese
weoulpglduuudnass ARX NannfiluglivdnvesUsemelng lnelisgasideadunoun1sin

wazkauIseluundnll
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una 3

23511501 0UN15I98 Ha kazn15anUTIgNa

Turuideil wiamsaniiuanusenidy 3 dw JeaenndosiuingUszasdvainis
138 lngdunvilsriensanwinisinuasmiuniudeyannudusedniuseiuaienainauain

aoilin 4 LLMQIUﬂ@JﬂWﬂﬁaﬂGU@QU'iuLVWTVL‘V]Q oA m; HJevIngnawnil e Jawindesln

Rl
@Juéq&luammmmﬂmmuaamasmmuamauma Jaminguas¥sd umInerdedaling
Fminuasugy wazquianioinernialiiliny fusen Swminawan dndiaesiensiingiz
dnuaigmeaiAvesnnautuisdnune fueiudeifounes 4 aniivdn uazdrugavnefonis
finuuaznaauuuuasidnuneiuedenefoulnslddoyaivhnsinlugfianavan

YUszwmelne lnsusazaiuisivaziden fasaluldl

3.1 MsAnvINsiaLazsIusIdayanNauiedsiusgdurissanauvasannilia 4

wisluglinandnvasUszmelng

< [

{idelaRnwinisinsederfindlutszimalne wuindeyanidunisinszezen fe

Lﬂ?@ﬂwmi’fﬂ%amwﬁ‘mmﬁ)&ﬁaﬂﬂﬂﬁ I@Bﬂﬂi?ﬂiuﬂﬂﬂLMﬁawﬁ]W’A(ﬂLGMEIﬂ%M aNIA
o a & Ao o PN Ao o va o o

G]S’Ju@aﬂLQUQLWU@WQQM?@Q‘Uaiq%ﬁqU ﬂqﬂﬂaqﬁmﬁlﬂWQWUQiﬂim LLazmﬂimwmmmm‘Ua’l

(%
@

annfiivhnsinasAndaedesinuuuiuumeslulng (thermopile) Ju CM11 uay CM21 Han
Tneusdmaudueuslaund (Kipp&Zonen) Tagsumisiisg ﬁzmnmﬁi%’sé’fayuaLLaﬁquszmﬁ
Y851 U8YA LARIRanNsIeTl 3.1 wavdnvazeunsesinsludmesluusavaniil wanads
gﬂﬁ 14-17 wp3eefaiiduiniossnsedsaunuumesiulng (thermopile pyranometer)
annsanavaussaUnasusdeniingdulnalugie 0.3-3.0 lulasuns Tnedlessdenfingan
NIENULHUTUTE wHudinanzaemauseulyduneslulng vilvimeslulnddoungd
qﬁu FaawhliAadndliiitiesmeslulng Ardndlnihdananaunsatufuandu
Aranudusidenfindldlasedurinisneuaues (sensitivity) voun3osiadildainnisaey
[euiuiedesinsdenfindunsgiu laoindesindesdsamnuumeslalndfinuandifiddy

[

N

=De

1) Hin3adsiu 11955IUsERU World Secondary Standard (ISO 9060: 1990) wuu
waslulng

2) @1UN50IAANNNSIFDRRILA LY 19AINNEINAY 285 — 2,800 WILULIAS
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Aadd A.f. 1995-2022 (Hawidrannflunsuguavindaust a.e. 1987 fadaqtu uddeya
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a1unsavinunIeinlagean (maximum operational iradiance) 91 4,000

[

AARDAITIUAT

AIVBINITABUAUBY (response time (95%)) dimnulhilunisinan Adeenin 5

U9 uag (response time (63%)) dmulilunisinan idesnan 1.7 Jud

ﬁwmuiuﬁd’mqmugﬁ (operating and storage temperature range) 1 -40 94 80

IRy

D

=

dn1dasivviaglddeyadusifaunnsiny U a.e. 1995- Suinan U A.a. 2022) A1

a a
SHALLDYALUNITIN 1

M3NT 1 TeazBenvestayaniiundiasieiludwd a.e. 1995-2022

. . VAN
a1y a0l — -
azayn (°N) | @82933n (°E)
1| audenilesingimamile Jamingeslng 18.78 98.98
2 | audgnduuinginiangiuesnidvaunile
V), 5 15.25 104.87
MOUAN FIMINBUATIYEN
3 | annfluasugy 13.82 100.04
4 | gudgndouiveinialainyivesn Jmin
7.18 100.60
GRGR




JUN 15 wp3aalnslufiwes Ju CM11 U380 Kipp&Zonen wasanniguasvsiil
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JUN 16 in3edlnsludives Ju CM21 USEn Kipp&Zonen wasan1iuasusgy

JUN 17 wn3aalnslufiwes Ju CM21 U3EM Kipp&Zonen wasaniiasuan
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3.2 MadlnzidnunsnesAveseududsuneiueiusoiiauvasanilia 4 wis
lugiinnananvasuszmalneg

fAdelivinnslineideyansaiiivesanuituivdnune fuadereiieuvesanii
fn 4 wislugdreseunsunaesiddnuneiuaisdadou Inedudunisdad thdeya
arudufadsiuse 10 wiit iudandusedalus mndusuasedilusimuenasariaiy
TuudazTuiftowadiidussdnuneiunisdeieulumiemnzgadensaums (MJ/m?)
udnhefadnunefuededeifousniBounsminsulseseninsdanandudadsuse u
wasseoutunaluusazanll (hsdivesaniunsuguaslidoyadl am. 1995-2022 1ileas

leSeuiteuivaniidu 9) lngnadilouandlugun 18-21

30
Chiang Mai : 1995-2022
25 -
20 -
£
g 15 4
E=
10 -
5 4
0 T T T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12
Month
U7 18 msudsAnsedsiuetueeseiiouiiaaniifesiniluriel a.a. 1995-2022

(FukwIRaanin1skusa1 H anaade = 15D Lile SD AsA1Auileduuannsgu)
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25

20

]

15

H [MJ/m

10

Ubon Ratchathani: 1995-2022

5 6 7 8 9 10
Month

11

12

29

JUN 19 nsudsASsdnuseiuniedomeunanauanysiluyid a.a. 1995-2022

30

25

20

]

15

H [MJ/m

10

JUN 20 MsuUsAnSsEnuTeTutudedsunanfiuasuguludnd a.a. 1995-2022

Nakhon Pathom: 1995-2022

5 6 7 8 9 10
Month

11

12
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30
Songkhla: 1995-2022
25
20 -
E
S 15 -
=
E=
10+
5 4
O T T T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12
Month
U7 21 msudsAn$edniusefuaselouiiaandasanlutad am. 1995-2022

N5 MNITRUIAITenS BTN eTwRAnaieutUsause 9 WU nTuUs
Afadrunetuedoreifeu dwivannddedwi anlguasivsni waranniuasusy o
dnuaiznisudsafiadiefu nanifeatrnududidsnneuniodedousinsulsa e 9
dndudusidousnsaukasfiiigeaadeusiey Induidianandndosauiaion
fuensuuazfoudanaundenaiay Metaufuand wazees 4 Mududnos wir3sanag
snasuihanel dnsuaniawaaziignvarnsiUsauaniimnniasu q Taes
amnudusedsueiuedesoiieusuiings iesanaaldfiumisasAgadisn dnwas
anmonadagaieuisd WendsAauduidnunefuaisrodou 4 anid nud
Uszimealneddneamiundnuisdnudeuinigs lnemmiudusdenindneiuaieszey
g1ivesantifedlniiiawvindu 17.36 wnzgasenisiauns andguasiysiididanvafy
18.03 nggasdensnaung aaiiuasugudaviniu 18.31 Wneasrensnuuns wazaniil
awanfiAnindy 19.24 wnzgaremaaans WeRarsandeyaninis 4 aniiia wudh

ANULNTETINTTuRGYdeReullAYIU 18.24 LUNZAMDATINUAT
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3.3 NSNAIUILAZNAFAULUUINADI59A5U518MUR AR LR aulag It dayaninn1sInly

Y

fiinAnanvasUszinalng

PAIIINAITIATIEA NYEULN AT RAVDIANUTUSIATINT18TULRAUABLADUYDIANT

[ a o o

T 4 aonindnludsemelng fITelaaniunsiauiwasnag suLuUIIa S UAILINAT

Y o Y a A o o
Anudusedsueuadesieiou Inedlivunaudil
Tunsiuwuudtaeaeansiend Idelavinnsyivsudeyadiudsdunnuaziiuys
11vinm agUsznoumesiuUsnig o fesialuil
Y v A [ a ! N a v % dy a e
- anudusedniungiundeseieunlaainnisinniaiuiu (H)

va o

Y 19 v ) a oA 44' a ¢ 1
E‘p"\]EJVLG]TTU53MT@H§333§3N3783ULQ@8@9L@@u‘i]']ﬂLﬂi@ﬁiWi'ﬂumL@@i ?Ll CM11 uae

€

Y

CM21 %9 4 ganiindn deseasdesnnaniiudlumde 3.1 Tudael a.r. 2017-2022 Tag

e

Toyadlddmiuinuiuuiiaesdisgasdundssialuil

a

» [doyat A.A. 2017 uag 2018, Tumsasnsauns time series ¥a¢U A.A. 2018

YV

« Iivoual a.a. 2018 way 2019, Tunsas19@unis time series ¥89U A.A. 2019

RV

 Tueuat A.A. 2019 way 2020, TuN15857198:n15 time series Yol A.A. 2020

&

< lgvauall a.6. 2020 kay 2021, Tun15a5198uns time series ¥89U A.A. 2021

Y

« [9oyal A.f. 2021 Az 2022, lunsas19aums time series voeU A.f. 2022

' [
=2 a v A

lumsvihneasedsiuseiuadesenouasld exogenous variables gafldisil

1) ArAuaniTuasvesuazans (aerosol optical dept, AOD) (Uun1sinAinis
] 1 v a a a1 1 1 o & a ! & ' b4 =
deinuvesTideindndeshuuavesmandauialan A1 AOD U anunsausuenlims1uis
USinausednsannaseniindiignuinanulageuniafiuiiuasseglueinianeuilagdadings
fufu luswddell {33uldldrn AOD finnueiady 500 wiluwns 1vn1sinaleiaies
Fulnladiines (sunphotometer) 8ve Cimel $1 CE-318 @sfinnagian1ilinvie 4 uvs f

wandluguin 22-25 Yoyaanniazesindinaizgnussaianalagiasene Aerosol Robotic

Network n5e AERONET wazaiuisanidyivandoyanana 19u1ud uled

http://aeronet.gsfc.nasa.gov/ Ua9@IANTUIYY (NASA) Useinaansgoisni wansnagun 26

[y

Fulutoyarawvunediluumazseiu lnedidelmhaseiuuiduinmar AOD wagly

Judunnveanuudnass


http://aeronet.gsfc.nasa.gov/
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JUN 24 inesduliladiines Fafinfee
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AERONET Data Display Interface Version 3 Direct Sun Algorithm

Level 1.5 Data:
The following data are cloud cleared and quality controls have been applied but these data may not have final calibration applied. These

Aerosol Optical Depth  [eaakae At

1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
2019 2020 2021 2022 2023

+Home

To zoom the map click on it.
Back to World Map

Sites: ® permanent O campaigns
Total Data (Years): @ o O 05 O>1 Os2 O3 O35 Os7 O»10 O»15

AOD Level O Level 10 @ Levei 15 O Level20

O, o (51
ELL‘TE'E'-_%%?
+ SYSTEM DESCRIPTION

(5
AERONETDATA ACCESS
DATA SYNERGY TOOL
+ Data Display

AEROSOL OPTICAL DEPTH (V3)
SOLAR

+ Data Display

+ Download Tool

+ Download All Sites

5U7l 26 lA3e%18 Aerosol Robotic Network ¥3® AERONET

2) U%mmlaﬁﬂugﬂsuaa precipitable water 518 undusaifou (W)
loviluussenna (precipitable water) vsngfls ihilegluaniuginmdaunsniogly
Fsinszninlauanavesinedu v luduvssernia Inedlvglevhaznszarefmuszuy
flafeing 7 iy UTsEIN I LLazmﬁmﬁuumawiﬁizéﬁ’ummqﬁzij 2 Mawnsvile
fuilan levhdenautFlunisgandundenuidinaiofinsludseruemaduiadai

JounTeaddunsuIn wevihlioamginuiilanliseunsevunauiuly lunwidell §3dy

T4 W annesesdulnlniimesvoaniotns AERONET

3) Usinalelwuluzuves total ozone column 18 uindesioliiou (0y)
IaiszjuL‘ﬁus?hLLUiﬁﬁﬂﬁ’@Tuﬂﬂsamﬂﬁu%’aﬁé’amﬂﬂaLam TolgudiuuInagnszane
o8 19muuulszaIa 85-90% ey lutuusssniafiseduaugaseana 20 89 30
Alawasnniuialan Tneilunmsuenyiualelsuiifinasonisanneuaudussdoniing
sndsuvenluguarumunvedlolsusiunaonsiauufsluusseinia (total ozone column)
Tnvauuiinileloununaoauuinansuiuituilaniguad 15 ssmwadoauayi

ANUNABINTA 1 UT581NA WA Tarugslunilswuiunvisenidienaudu (Dobson, DU)
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lngn T9ela i lnandeya 0391010190788 OMI/AURA W 1uniavd uled
https://avdc.gsfc.nasa.gov/pub/data/satellite/Aura/OMI/V03/L20VP/OMTO3 n157A
Usmalelsusiudemaiisndumsiamesmumessvorlnamileduussernealanves
296015 NASA Usslendvaanisnsiatadenauiion Aelideyadsiuifinuaztaelivnay
nsasunlasiindu arudflen Aura Susudunisasiniaadusndied 2004 wazdendld
suanisiagtu aufisudingt daadeie esTafidedn OMI (Ozone Monitoring
Instrumnent) el msuTaausinalelsusefuiilan ndnnsviauvesiaiesin OM
Iesuniswannuasuuuglidumhiaiiyuuesniis annsatanisnszideesisdorfinduns
Tn 9 Tafuszoyymemuuuiueu 2,600 flawns wagil spatial resolution Wiy 1 o960

a a ) = o a
agmﬂ@ x 1 E]Qﬁqaaqfﬂﬂﬂ ANWULUDIAINYN Aura LLE‘WNGNEUV] 27

SUT 27 anidies OMI/AURA

4 UsunauualugUvesiviluy (cloud index) eiulaiesalnou (1)

a v

Tusdded d3deasldardviiaiadudivsvanusunanuafiunaguvisaiinly

(%

suvisannilinng 4 aanil laglddayaninareniiionainyesdyarauasadng (visible

[

channel) ¥83n11781811373 8 (Himawari-8) Fadunniiisngniieuinewuvegfuiiile

U s

Wigunusundsuulan (geostationary satellite) aA1igusenaegmiloidunudans

Y

Y

Uszanad 36,000 Alaluns 1a093a 140°E aneuilivessudyyrnuluginiuginiu


https://avdc.gsfc.nasa.gov/pub/data/satellite/Aura/OMI/V03/L2OVP/OMTO3
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N9 9 16 YosdeygIn 1neT1eazdunvDItRIdy QY 1MeInNLAEN Himawari-8 LanIRin1T19
N2

MIINT 2 F18aBnT0ITUAYYIMTDIAITEN Himawari-8 (SSP: sub satellite point)

§ Az SeAT T §
AIUYIAAU L AUITIAAUNAN
(lulasiums) PO > (lulasims)
(Alatums)
0.47 1 1 0.47063
0.51 2 1 0.51000
0.64 3 0.5 0.63914
0.86 4 1 0.85670
1.6 5 2 1.6101
2.3 6 2 2.2568
3.9 7 2 3.8853
6.2 8 2 6.2429
6.9 9 2 6.9410
7.3 10 2 7.3467
8.6 11 2 8.5926
9.6 12 2 9.6372
10.4 13 2 10.4073
11.2 14 2 11.2395
12.4 15 2 12.3806
13.3 16 2 13.2807

v 1 a = au Jguy ' ' = . .
Poyan neneaineuililuanuideil lideyaludeuasainswemiiioy Himawari-

Y

8 Favhnistuiinammnn o 10 w1l Aseupguiundnvilveddanuazaiusadunaiungy

fouvauauwyiasinla Asetgeuandlusun 28
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SUN 28 frpgrannanenleainaitiey Himawari-8

Y

ya o

A1 MEAITEUAIGLIAT 9.00-16.00. 1. NYeadayey1auaeail 2 (e

adu 0.51 Tulasiuns) vesnnaiiguudldlunisiuin deyanilianaruienduteyaiines

o

10 On dyarasnnmilliasuszneuemiietsafianignsenii finwa (pixel) Tnafiaay

AzlBYATSUT (spatial resolution) el MunrisUseAlngauIn 3x3 A1T19ALALUAS

lunmsldanudeyaninegg Himawar-8 fadglidruvesnmaigniiisufinseung

Wuledunz Tuesnideslazazaseuaquituniuseinalne iflasanaminlaainaidiieueylu
JUve3 satellite projection @avziuludiulAmatanuazssezrasnimiliulsmusses

Va v =

vuiudy ﬁaﬁaasﬁﬂugﬂﬁ 29 mnﬁum%mﬁﬁmiﬁ@lﬁmﬁaLawwﬂizmwﬂwmazwdau
vasUseinatinfgs udinsuuadveglugy cylindrical projection Welildszasuuning
wUsanlaeasaiuszeruuiuialan mnduihfifavessemelnesndeusiuuun nlagly
TsunsuasuRamas nisususnuiilinsetunmatsafisulaelduumet wazinie

J Id 1% a = A o o a £9 d'
7119 9 10ugAen98e Fanmdvinsaiiunisudiuanslugun 30



38

h ¢

JUN 29 Tayanmeneniieuiinseunauiunussmalnegluglves satellite Projection

JUN 30 deyanimaeafiguiviinismiiauadlusy cylindrical projection



39

NUWIASUUAIANTEAUANIINIUS B gray level vosunavinwadaduaidiaui
ag3¥ning 0-1023 MWegluguuuresduussavansasviousadeindniouviaawiaunlong
NYUANNIENUVRITIFTNG au sunianfeansiiluldlunisadsuasnegeuiuudiaes
MNIIMENUILANE N T NDUVBIUTIOINIALAE N URILAN (earth-atmosphere reflectivity,

° ! d A o a Y = Y ! ..
pea) Ingn1sihnnaneafisuialunisuaidelaiduan pseudo-reflectivity (Ppseu) J

91NN 19ERULTIE UVBIRNEAA T

a £ 1%

A 1 .. |~ 2 v a ¢ A

\{19991nA1 pseudo-reflectivity (ppsey) UUANENUSEANTNTAETIOUTHRN TS LilD
Fadonfindannsznudsanduiuiialan wianmialused enfindasannsenuiialandieyy
| & [y o | A o | .. [N~
A9 9 TuAusunyaziial A uiedasvinnisulasAn pseudo-reflectivity Tilu

a £ Y v a s A v ¢ A o a
UUTLENTNTALNDUTIFDNAE AT pEAIm8ﬂﬂi%ﬂiﬂ?8FﬂIﬂTﬁHﬂ@ﬂglﬂ%Hﬁ@ﬂﬁMﬂﬁiw 3.1

Ppseu
= 3.1
PEA cos0, 3.1
We  ppa A9 dUUTEENSNIINIHIRIUOIUTTINIALAENWRAlan ()

b

Ppseu A pseudo-reflectivity (-)

0, fAeo yUWlsUaIn909ng (89e)

3

NUUYNTATUIUABELUL. (1) A2ENIS AIEUUTEANTNITEZNOUVDIUTTINFAKAY

NuRlan pga TIUAUANUTZANINTALNOUVBINILAN Py TIAALEDNLIAINAT gray level 7
AanLarduUsEANSN1TaLNeUGIANVONUL Prax WAEAALIBNUIINAT gray level N1

AgeEn NsAwINAgeEInsmwIlaanainisaasialuil (Cano et al., 1986)

n= PSAT—Pmin (3.2)

Pmax—Pmin

A [

44' =~ A | ]
LB n 3] mﬁi&MQQUUiiﬂﬂﬂﬂﬂ NﬂW@§§8WUWQ 0-1()

o))}
©
ﬁe

Prmin UsgAnonsagvieuvefiuialan ()

UseANTN15aLYaUVDNNY USTEINA kaziuitan ()

o))}
©
ﬁe

PsAT

UsedvSnisagvieuasanvaue ()

o))}
EE

pmax 9

A3delaldAnduUseAnsnisasiousing 9 fananainaniiien Himawari-8 lagly
BnsALIMYee UJanjai et al., 2015) naunisaziiulain lunsiviesiusnaannuaaiay
WINUAT prmin Y11 WA n iU 0 wagnsAINAnWatugNUNARUAILLUATanUn A1 psar A%

[ 1 o P I v 1 =% v ad a 14
WINAUAT Pmax M1HAAT N 10U 1 fetdua n JedudvddvenUsunasusluusseiniale



40

5) SedeniindusnusseaniAlansieiueunsifiou (Hy)
AusuUsunamuusidefindusnussenniAlanaulsaAI Ui le ANaNN1S
famalull (Igbal, 1983)

H, = % IscEo [1%0 wgs(sindsing + cosScosq)sin(oss)] (3.2)

L3

e Hy  fie Aaudiuidenvindusnussennidlan (3asennsnaunsdedv)

'
! =

Isc  AB A1AIYRISsdoNding (solar constant) (FafER151941AT)

3

E, Ao ALIANESEINSULANAINATIUTAIUDITEEEN19TENINlaNAUAI

91908 ()

(og]
o))}

9 YuAPGLUTUYRINIENTRg (939A1)

8 afAgATaMUNUINNAITAI (89A17)

<
o)

'
[

9 yudaluninseinden (aeen)

o))

Wgg

Sevihmsdnniaudunneng 4 Bouseoud fideinstauinuuiiassseniiend
Tnoiiuusdunlunsdlvesnisanamanduddsuns fudedoiieuvest a.a. 2018
leun Yadnuneuedgrofeuest aa. 2017 esderinduanussenalansnefuiade
felfouesd A.A. 2018 AIMINANTILAYeIUAZaDIT s TIRAYreLFouYesd A 2018
Alelueiuadeaidouuast) a.e. 2018 Uinalleviseiuaiedeifeuvesd a.a 2018
uayAdeTeuwaiadodouued o 2018 lddluluwuudaseaisiond Tassuys
owinmiliies 1 duUsie amnadudsdsuseiuaddeiiou (F) veed a.a. 2018 lng

AIDELHLANYBIIHUTBUN AL YN VA S URUUTIa04e151aNg LansisguRl 31

Exogenous variables H

- -
1 1
I |
) |
| ! |
i |
I |
) |
| |

o () ARX |

=l

JUN 31 FRE 1N UNINARIFILUTBUNTLAZAILUTE IV IMUUTIA10015:0Nd



41

dunsunuudnasdunsiivest a.a. 2019 2020 2021 wag 2022 Asiiunsiudnuaed
A8 UAULALUUTIABED15ENTE TS UAUIAIANULLS IS8 TURAUADLA DUV 4
anfiinlugiiniavanvesUsemalneg nuuITelasiudeyadunvuazioninnaindoya
FANANIBALATWINAIAUINSIFTINS18TURAes ooy (H) va9U A.6. 2018-2022 Tagly
° & fal o 1
WUUINABUDDISLBNTNNAILNUY
fawd i Telavimsiauiwuuassmam s i iuaisemaulay
fRTUFIUTAN 9 NRUTIEINANdRasoaudusdeindudd agelsinugideagii
N1INTIVABUANALLBEAYNABITDIULUUT RN TRIUTUlAET s U UAIANNINTE T
U Ql' 1 = d' o ¥ o U 1 Ql' ¥ v 1
MefundsdapeundwnlanniuuIassiuefliannsin lnsuansauuwanenslugy
YOIANTINTADIVDIAIAIIULANANAAI@AAY (root mean square difference, RMSD)

wardleaUnRag (mean bias difference, MBD) @agnunsamuiadlasaunismebuil

1

RMSD (%) = s

— - 2
Zin=1(Hi,m0del _Hi,measured)

X 100% (3.3)

lyn g
n4i=1"imeasured

lwn (5 =
HZi=1(Hi,model'Hi,measured)

MBD (%) = X 100% (3.4)

lyn [,
h ~i=1 "limeasured

44' a i Y o a Y] a0 A an v ° 2
o Himoder A A dusidsiuseiuadssoipounldainuuudiass (MJ/m?)

Hi measured A9 A1ANUTLSIETINS 19 IUadsdomauiiliainn1sdn (MJ/m?)
n Ao Fnudeyanvun ()

Ya o a

HAYINANTHAILILULT189L89135L8N9 AA39EINITOTIUANNITNNALAAERSYD

Y

° s 4 = v Y a [ & ° ) a o | ~
LUURNADILDBNILDNY NIUVBITIFIINUINYIULAN UW@L@@U&WW?U&GWUWSQIWN GIAMA”]

= =~ ~ Yo PN o w
Quaiwmu amuum‘ﬂgu LS ANIUAIVAN LLﬁ@\ﬂ(ﬂ(ﬂﬂ(ﬂ’ﬁ?\‘]‘W 3-6 MUY
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AN 3 AUNISNNANNANENSINNBUUINEBIDD1SLaNTUBIAN LT 9l

U aun1sildvinune

H(D) = 0.0295H(t — 1) + 0.0257H(t — 2) — 6.42A0D(t) + 0.003105(t)

2018 ~1.116W(t) — 16.18fi(t) + 0.785H,(t)
At = 0.0723H(t — 1) — 2.929A0D(t) + 0.046605(t) — 0.59W(t)

2019 —23.21i(t) + 0.334H,(t)

H(t) = 0.0157H(t — 1) + 0.0135H(t = 2) — 2.64A0D(t) + 0.035605(t)
2020 +0.128W(t) = 3L.777(¢) + 0.43H,(t)

H(t) = —0.156H(t — 1) + 0.0005H(t — 2) + 0.012f(t — 3) — 5.44A0D(t)
2021 —0.025405 () + 0.745W(t) — 31.65A(t) + 0.949H,(t)

H(t) = 0.20197H(t — 1) — 10.34A0D(t) — 0.019205(t) + 1.695W(t)
2022 —33.477(t) + 0.694H, (1)
A Ao menudusidnuseiuaionoisuvotiousiiansan (MJ/m?)

Ho(t) Ao A1IANMTUSIAIINUDNUTIEINIALANT 18T ULRA UA DLA B UVDILA BUT]

P15 (MI/m?)

AOD(t)Aa mIAMLANTILAveIUAreRITIuTuREsatlouTa AU ()

05(t)
W(b)
fi(t)
t
t—1
t—2
t—3

Ao Usunalalwusieiundgsanauaufaunnansan (DU)

=Y

Ao UsunaleunsneiundsainauraLiauinaisan (cm)
A9 AT L IULRRYADLABUTBILABUTNNINTUT ()

& & o aa

A wieudagduniaisan

Ao nanlusindaunasly 1 hau

Ao nalusdndaunadly 2 sy

Ao nalusfindaunadly 3 oy
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M50 4 AUNITNNANAAIERTIINKUUTIRDLBDISIENDVDIAn R UATIvE1H

U dunsildviune
H(t) = —0.0803H(t — 1) — 0.1299H(t — 2) — 5.21A0D(t) + 0.048605(t)
2018 —2.04W(t) — 17.480(t) + 0.563H,(t)
H(t) = 0.0596H(t — 1) — 2.768A0D(t) + 0.083505(t) — 1.20W(t) — 8.05f(t)
2019 +0.095H, (t)
H(t) = —0.0356H(t — 1) + 0.0319H(t — 2) — 1.225A0D(t) — 0.00705(t)
2020 +0.406W(t) = 35.747i(t) + 0.694H,(t)
H(t) = —0.0305H(t— 1) — 1.398A0D(t) + 0.00205(t) — 0.199W(t)
2021 —20.230(t) + 0.569H,(t)
H(t) = 0.1016H(t — 1) — 6.98A0D(t) + 0.010805(t) + 0.3235W(t)
2022 ~29.297(t) + 0.565H,(t)
H) fo AreudussdswsisSuedonoioumeusoudiiansan (My/m?)

Ho(t) A9 @1AnlitasIdsiuuenuIsonn1rlans1adulaf unoli o uundta o udl

N840 (MJ/m?)

AOD(t)A ANAILANTMANDINUALDBITIL TR UADI DUV UNDUNNINTAN ()

03(t)
W(t)
n(t)
t
t—1
t—2
t—3

Ao USunalalous1eiueagsaLf auaLaeunnansan (DU)

=

Ao UsunadlethsneTuedesemouveiouiiionsan (cm)
Ao sedwassiundsreouveaioufifiorsan ()

fio ieutlaguiifiansan

Ao natluedndounadld 1 ey

Ao natluedndounadld 2 ey

Ao nalusfindaunadly 3 oy
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M3 5 @UNITNNANNAIENTINNWUUTIRBDD15HNTVDIAAHUATUTY

U aunsiildvinung
H(t) = 0.0601H(t — 1) — 2.591A0D(t) + 0.028305(t) — 0.791W(t)
2018 —9.6761(t) + 0.47H, (t)
H(t) = 0.0309H(t — 1) — 0.0487H(t — 2) — 0.0016H(t — 3) — 2.628A0D(t)
2019 +0.086805 (t) + 0.366W(t) — 19.547(t) — 0.084H,(t)
H(t) = 0.0205H(t = 1) — 0.0662H(t — 2) — 0.9265A0D(t) + 0.02105(t)
2020 —0.294W/(t) — 24.391(t) + 0.486H,(t)
H(t) = 0.0675H(t = 1) + 1.52A0D(t) + 0.009605(t) — 0.3091W(t)
2021 ~26.325(t) + 0.52H,(t)
H(t) = 0.2104H(t— 1) — 0.0021H(t — 2) +2.927A0D(t) — 0.01705(t)
2022 —1.086W(t) — 11.877(t) + 0.825H, (1)
do  H(D) Ao meudissdnusieiuaisreiouvesioufifionsan (MJ)/m?)

Ho(H) A9 A1ANNTNSIASINUNUTIEINIALANT 18T ULRA UA OLA B UVDILA B U]

Narsan (MI/m?)

AOD(t)fD AIAUANT LAV UALERIT T URAYADII DUV UNDUNNINT ()

0;(1)
W(t)
n(t)
t
t—1
t—2
t—3

Ao USunalelwus e undgsanauraufaunnansan (DU)

=

Ao Usunadlethsnefuedeseidouveaiouiiionsan (cm)
Ao sedwassiundsreouveaioufifiorsan ()

fio ieutlaguiifiansan

Ao nanluedndounadld 1 ey

Ao nanluedndounadld 2 ey

Ao nalusfindaunadly 3 oy
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AN 6 AUNITNNAMAFIENSAINLUUINADILDD15LONTYDIFDRAIVAT

4 aun1sildvinune

H(Y) = 0.0634H(t — 1) + 0.1516H(t — 2) — 0.0331H(t — 3) + 1.319A0D(t)

2018 —0.0250;(t) — 1.367W(t) + 1.041H,(t) — 35.66@(t)
A = 0.2723H(t — 1) — 0.2175H(t — 2) — 1.257A0D(t) — 0.060505(t)
2019 +1.963W(t) + 0.772H, (t) — 25.397(t)
H(t) = 0.0335H(t = 1) + 0.0559H(t — 2) — 1.3A0D(t) + 0.035805(t)

2020 —0.559W () + 0.536H,(t) — 38.777(t)

H(t) = 0.0314H(t— 1) — 0.009H(t — 2) +0.0275H(t — 3) — 3.061A0D(t)
2021 +0.02240,(t) + 0.346W(t) + 0.522H(t) — 31.250(t)

A() = 0.0098H(t — 1) — 2.41A0D(t) — 0.072505(t) — 0.0412W(t)
2022 +1.163H,(t) — 22.40(t)
dlo  H@®  feo memudusidviseiueissoiiouraaiouiiiansan (MJ/m?)

Ho(t) A9 AANI0NSIaI20UNUITENNALANT 18T UIRA UA OLA D UVDILA B U]

NI4T (MJ/m?)

AOD(t)fe APUENTEIVD N LA BBITIETURTYADII DUV UNDUNNINT ()

0;(1)
W(t)
n(t)
t
t—1
t—2
t—3

Ao USunalelwuseiuRagsanaulaLnaunnansan (DU)

=

Ao Usunallethsnefuedesefouveaiouiiionsan (cm)
Ao sedwassiundsreouveaioufifiorsan ()

fio ieutlaguiifiansan

Ao natluedndounadld 1 ey

Ao natluedndounadld 2 ey

Ao nalusfindaunadly 3 oy
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A33891N15US U UAIAUIdNSIET N1 TURA BRBLA B UAINKUUTIABLDDTS
nduazannisianan el anndavasivend anduasugu wazanifasval lu
513U A.f. 2018-2022 HANSWUIBUBULAASATIUN 32-35 udeu tasadnawansnsly
5U RMSD uaz MBD va4An59d5iuseiuaisdaiounlaainuuuinasdenisiendiaza

NNN5IAve 4 @anil anunsaagulanannsen 7
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@ Chiangmai, 2018 (b) Chiangmai, 2019
25
.
o 20
- il NE
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S 15
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RMSD = 8.49% 10 RMSD = 6.30%
MBD = 3.13% MBD = -4.98%
N=12 5 N =12
---1:1 line ---1:1line
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5 10 15 20 25 30 0 5 10 15 20 25 30
Hipeas IMI/M’] . MI/m?]
30
© Chiangmai, 2020 (@ Chiangmai, 2021
25
20 !
_ [ IS
- «
£ of
[ | e -
RMSD = 10.55% 10 RMSD = 8.05%
MBD = -1.59% MBD = -0.08%
N=12 5 N=8
---1:1line ---1:1line
0
5 10 15 20 25 30 0 5 10 15 20 25 30
Hineas MI/m?] .. M/m?]
30
(e Chiangmai, 2022
25
20 -
- .
g LI %
=15 L
I=
10 RMSD = 12.91%
MBD = 3.85%
5 N =11
---1:1line
0
0 5 10 15 20 25 30
H. . [MI/m2

meas

a7

= a ) v v a v a ! = o s -4
E‘U‘VI 32 MSUSYUMBUANULVUSTIATINTIYIURAUABDLADUIINLUUINADILDD1TLBNT LAY

N siafiaaideduivesd A, (@) 2018 (b) 2019 () 2020 (d) 2021 (e) 2022
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30
@ (b) Ubon Ratchathani, 2019
25
20
AL €
i £
A =
A 2 15
x
<
1T
10
RMSD = 6.60% RMSD = 7.94%
MBD = 3.38% MBD = -3.62%
N=12 5 N =12
---1:1line ---1:1line
0
10 15 20 25 30 0 5 10 15 20 25 30
— ) —
H,pens [MI/M?] Honens [MI/m?]
30
() ; (d) .
Ubon Ratchathani, 2020 Ubon Ratchathani, 2021
25
20 y
e
A 3 p
3 s 15 :‘*
o % M
g
p |z
10 e
RMSD = 11.76% RMSD = 3.40%
MBD = 7.69% ' MBD = -0.15%
N=12 5 N=11
---1:1line ---1:1line
0
10 15 20 25 30 0 5 10 15 20 25 30
Hipes IMI/M?] Ao, MI/m?]
30
(e Ubon Ratchathani, 2022
25
20
_ JAL
Z 15 A
Iz e
10
RMSD = 14.65%
MBD = 6.40%
5 N=12
---1:1line
0
0 5 10 15 20 25 30
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uasUgulngldlasadneussanniiu*
A method for estimating hourly solar radiation under partly cloudy sky
condition at Nakhon Pathom using an artificial neural network
$9de17ing (solar radiation) iundsnuivasgeenuianaeindluguvesniu
1 < N A 1 v a a ¢l = 1 v a G4
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v a . . . a v v a 1 v

398@N5¥91¢ (diffuse radiation) LagLIYNNATINYBITIANTILALTIFNTLINYIN 98594 (global
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witdesannisiauiuuudiasdlulusunsy MATLAB fWaundeadeuldn (code) ¥inlsii
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wiugnnnniuuusaeseulndda 3nisdamsoirvldinumudusiderfindluiiui
u q filanuuansdnynizgiionnauazgiilseineldd
TneUsinauusiinrguiesiinagiimaadsunlastufunauazanui doudrsgeh

Y

TidsnanonuliugUeILuUdIa 09 kATINOUITETRHIuLEU ey T nsRa s dans
weludoyadunnlaefansaanizlunsiviesiinusianwe seiuluaided {3dedas
MASHAILILAZNAdaULUUINaaalagly ANN #usSulseunmuanssdoine luan 1nyiaanidl
| =~ & o A a ° ¥ o Y oA a s L A
LU U19E U WU Uk VU AR NSNS uUsT U AN 98 o1 n g lunatg i ug Tae
o Ql' % dy r-:’l’ Y v v a a 6 U r-:l'd 1 v a a ¥ 1 a r-:l'
wuudnaeanswuduilliveyasedorfinduasiiuusniinadasedeoniindlawn Usuauuad
UnAguyiadin A1ARanwawaIresduazens Usualolyu dazUsualown Gavinising
WInedefauIng Yminuasuse uazdayamindsniaannsAtamung el o yuw
Usvaemseniing uazeArsadeniinduanusseinielan laeazliteya 5 U Tul a.m. 2017-2021
gj Q’lj dl' ¥ o r-:l' o o 1% v a v 1 49{} -'-NI
nitelrlauuudassiianusathlumuaanudusidoniadluanmiosidiang o Tuiui
laiinsdn welnladeyassdorfinddmsuiiluuszynaltlunuiundsnusely

(Y 3 a v
MQUILEIANITIVY

el o

1. Anwmsinlarmiuniudeyaniudusdenindniminuasusy

(% a

2. AATIENANWULNEDAVDIANUUSIADN AR IS UNTU 09N T LU UdIUN

Jminuasugy



79
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Aauseevianun tnglusuidediideldveyalSinanuanunaquyiasin (cloud cover) 1

dau 09 9 du Ineseg e o Tl sE@IuLEnS N 3(2)

U7 1 1edeslnsilufiees Ju CMP11

U7 2 1AaesaanIwviasdl (sky view)
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3 2981901871 9IW1INIAT B9 18AINT 091 (sky View) n) nsElEN NI
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A) Ndlan e anAgUAENIVIe (overcast sky)

1.3 AnuanBauasvesiuavead (aerosol optical depth, AOD) Usunadlaluu way
USuailerh

{idelaldeyanudniGuamwesuazessiinueindu 500 Wlumng uaz

Usmnadlethivhnstalneiedosdulnlafines (sunphotometer) Btfa cimel Ju CE-318 4
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)

07 Aoyuwiisveiniteiing (asen)
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cos0, = singsind + cos@cosdcosw (2)
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3. Inseveuszamiien (Artificial Neural Network, ANN)
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(1) AN @DIUDIAIAINUANAIIAIGId891aA 8 (Root Mean Squared Difference,
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1
\/Z Y (ANN;—0BS;)?

RMSD = x 100 (4)

1
52&1 OBS;

(2) d@udeauuady (Mean Bias Difference, MBD) Weulanaaunis

1
- 2i=1(ANN;~0BS;)
1
n ?:1 BSi

x 100 (5)

MBD =

(3) AduUsyanoandunus (Correlation coefficient, R?) WaARIAIANNTT

) 4 N2
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ANMARNUIN A

Comparison of prediction accuracy between ARX and ANN for a solar radiation

system based on data from Nakhon Pathom station in Thailand*

Models of a system are important to the systems [1]. For examples, a model is
needed for investigating the influence of a parameter of the system on the
performance of that system. The model is also required for an optimization of the
system. Modeling approach could be broadly divided in two categories: models
based on physical approach and models based on machine leaning approaches [2].
For the physical approaches, modelers need to know the physical process occurring
in the system. This approach has advantage in terms of knowing the physical process
inside the system. However, some system parameters may be difficult to find. For the
machine leaning approach, modelers do not need to know the physical process
taking place in the systems, only input and output from experiments are required,
making it to be easier to model. For later category, artificial neural network (ANN) and
AutoRegressive with eXogenous variables (ARX) are quite popular due to their ease
[3] and their accuracy [2]. Even they are in the same category, the accuracy of each
approach is different. Silva et al. [4] have studied the ARX approach and ARXMAX
approaches for the solar radiation system in Brazil-and reported that the use of the
linear models (ARX and ARMAX) to predict solar radiation data was efficient for
extraterrestrial normal, infrared, and extraterrestrial horizontal radiation with the
mean square error equal to 2.51%, 1.40% and 7.15%, respectively. Piri et al. [5] have
compared the performance ANFIS-ARX and empirical approaches for solar radiation
system in Iran and found that ANFIS and NN-ARX performed better than the empirical

models in estimating daily solar radiation.

*This part of the thesis has been submitted to RAST
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To the best of our knowledge, there is no published report on the performance
comparison of the ANN and ARX approaches of the solar radiation system at Nakhon
Pathom station, Thailand. Therefore, the aim of this work was to compare the
prediction accuracy of the ANN and ARX approaches for a solar radiation system at
Nakhon Pathom station in Thailand.

1. Materials and method
1.1 Materials

The main materials used in this work are various dataset. The details of each
dataset are as follows

1.1.1 Global solar radiation dataset at Nakhon Pathom

In this research, the global solar radiation data measured from a
pyranometer (CM21, Kipp&Zonen) was collected for the period of the year 2017 -
2022. This pyranometer is capable of measuring solar radiation spectrum in the range
of 0.3-3.0 pm. The detector transfers heat to the thermopile causing a voltage at
thermopile junction. Accuracy. to the voltage, it can be used to calculate the solar
radiation intensity based on the responsivity of the pyranometer with cloud be obtain
by calibrating it with a standard pyranometer.

1.1.2 Aerosol optical depth (AOD) dataset

The aerosol optical depth measured by a sunphotometer (Cimel-318) at
Nakhon Pathom station for the period of the year 2017-2022 was gathered. The
sunphotometer belongs to our laboratory and it is a member of AERONET of NASA.
The data from measurement were sent via the internet to AERONET Head Quarter for
the analysis. The optical properties of aerosols data were posted on the AERONET

website (http://aeronet.gsfc.nasa.gov/). We downloaded the AOD at 500 nm for use in

this work.
1.1.3 Water vapor dataset
In this work water vapor in terms of precipitable water was acquired.
Precipitable water obtained from Cimel sunphotometer available at the AERONET

website http://aeronet.gsfc.nasa.gov/ of NASA was downloaded for use in this work.
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1.1.4 Ozone dataset

Ozone is an important parameter in solar ultraviolet absorption. About 85-
90% of ozone is concentrated in the atmosphere at an altitude of about 20 to 30
kilometers above the Earth's surface. In general, the amount of ozone that affects
solar radiation attenuation is usually expressed in terms of the total ozone column
(TOQ), assuming that the total ozone along the vertical is combined, at the Earth's
surface at a temperature of 15 °C and a pressure of 1 atmosphere, then the height is
measured in centimeters or Dobson units (Dobson, DU) representing, the amount of

ozone. In this work, the mount of ozone was derived from OMI/AURA satellite.

Fig. 1. a) The pyranometer for measuring global solar radiation and b) sunphotometer
for deriving the AOD and water vapor at Nakhon Pathom, Thailand.
1.1.5 Cloud index dataset
We derived the cloud index from HIMAWARI-8 satellite using the method
described in [6]
1.1.6 Monthly average daily extraterrestrial solar radiation (Hg)
A daily extraterrestrial solar radiation was calculated from a method of Igbal
[7] as follows.

Hy = 2—1: IscEo [% wg(sindsing + cosScosq)sinu)S)] (2.1)
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when Hj

1.2 Method
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HO - i N2 HO (22)

ny,—n, <M1
is daily extraterrestrial solar radiation [MJ/m?]
is monthly average daily extraterrestrial solar radiation [MJ/m?]
is solar constant [MJ/m?]
is sunset hour angle [°]
is eccentricity correction factor [-]
is declination angle of the sun [°]
is latitude of the station [°]
is day number [-]
is day number at the beginning of the month [-]

is day number at the end of the month [-]

An autoregressive with exogenous variables (ARX) is a powerful tool for modeling

and analyzing the behavior of dynamic systems. The ARX were based on the concept

of linear time-invariant systems, which are systems that can be described by linear

differential equations. In‘an ARX model, the input and output of a system are related

by a linear equation, and it is represented by the following equation:

y(®© = a;y(t — 1+ +ap y(t=ny) + bjult =ny) + -

+by, u(t=n, —ng + 1) + e(t)

(2.3)
When y(t) is output terms in the past
N, is number of needed for modeling
Np is number of zeros
Nk is number of input terms in the past need for modeling
y(t-1) ..y(t-n,) is previous outputs on which the current output

depends

u(t-ny) ...u(t-n,—np+1) is previous and delayed inputs on which the current

e(t)

output depends

is the error
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Artificial Neural Networks (ANN) are algorithms based on brain function and are
used to model complicated patterns and forecast issues. ANN algorithm accepts only
numeric and structured data. In this study, there are three layers in the network
architecture: the input layer, the hidden layer (more than one), and the output layer.
The structure of ANN method is given in Fig. 2. [7]

For the ARX approach, it is described as follows. Firstly, prediction equation for
all months of 2018 was developed from the data of 2017. The inputs of ARX namely
H and exogenous variables (W, AOD, 1, O3, Hy) were delivered in to the model as
shown in Fig. 3. Then, the monthly average daily global solar radiation (H) of January,
2018 using the prediction equation was estimated. Finally, the calculated H from the
ARX was compared to that from the measurement and the discrepancy in terms of
RMSD and MBD was investigated [8]. For H of February, March, ..., December, 2018,
the procedure similar for January, 2018 was applied. These procedures were repeated
for the year of 2019, 2020, 2021 and 2022.

In the ANN approach, the input consisting of W, AOD, i1, 03, Hy from
2017 was used as a training data and the output was H, which was used to calculate
H of all months of the year 2018. The similar procedure, the data from 2018 was
applied as a training input data for obtaining the output H of the year 2019. The
similar steps were performed for consecutive year of 2020, 2021 and 2022. The
accuracy of ANN was evaluated by comparing H derived from ANN and that collected
from the measurement. After that the discrepancy in terms of RMSD and MBD was

estimated. Finally, the RMSD and-MBD.from the two approaches were compared.
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Fig. 3. The schematic diagram of ARX approach applied in this work.

2. Results and Discussion

The monthly average daily global solar radiation at Nakhon Pathom, Thailand
encompassing the year 2018-2022 was predicted using the ARX and ANN. The
comparisons of calculated H and the measured H from ARX and ANN for combined
data were presented in Fig. 4. In other to compare the prediction accuracy between
ARX and ANN of a solar radiation system, the discrepancy between the ARX prediction
and the measurements, as same as the discrepancy between the ANN prediction and
measurement in terms of RMSD and MBD of each year and the combined data were

shown in Table 1.



95

30 30
a) RMSD =9.71% b) RMSD =11.58%
MBD =0.15% MBD =0.67%
25 N=60 25 N=60
&8s
20 w0 ® 20 %A
_ o Asx _ X : A%
E * &A N E % a
=S 15 = N
= = R _
= A 1:1 line z A A 1:1 line
& z
= 10 o 2018 = 10 o 2018
! 2019 2019
2020 2020
° A 2021 5 A 2021
! x 2022 X 2022
0k 0 k2
0 ° oo 230 0 5 0 15 20 25 30
Hypeas [MI/m?] Hipeas [MJI/m2]

Fig. 4. Accuracy comparison of a) ARX and b) ANN.

Table 1 the discrepancy in term of RMSD and MBD from the predictions and from the

measurements for ARX_and ANN using data from Nakhon Pathom station in

Thailand.
Discrepancy
Year
RMSD (%) MBD (%)
2018 7.68 3.49
2019 15.15 -6.46
ARX 2020 3.39 0.77
2021 1.71 -0.14
2022 6.41 -0.60
Combined data 9.71 0.15
2018 8.37 3.43
2019 16.96 -11.71
ANN 2020 10.45 8.78
2021 8.21 -1.62
2022 10.82 5.30
Combined data 11.58 0.67

From table 1, the RMSD and MBD for combined data using ARX were 9.71% and
0.15%, receptively. The ANN gives RMSD and MBD for the combined data of 11.58%
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and 0.67%, receptively. It was clearly seen that ARX has RMSD and MBD less than
that of ANN. This might be due to the fact that ANN requited more data for training
to arrive at the same accuracy as that of ARX.
3. Conclusion

In this work, the monthly average daily global solar radiation calculated from
ARX and ANN approaches in Nakhon Pathom, Thailand during 2018-2022 were
presented. The input variables were the monthly average daily global solar radiation
in the previous year and the atmospheric parameters such as aerosols, water vapor,
ozone and clouds. These input data can be obtained from both ground- and satellite-
based data. The prediction accuracy in terms of RMSD and MBD between the ARX
and ANN for the solar radiation system has been compared. It was found that the
ARX predicted the monthly average daily global solar radiation more accuracy than
ANN for this system in Nakhon Pathom, Thailand. Comparing result of the ARX is
recommend that ARX cloud be used to predict the monthly average daily global

solar radiation.
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AMANUIN 9

Development of a method for calculating monthly average daily global solar
radiation using the ARX approach based on data at Nakhon Pathom station

during 2018-2022

Solar radiation data are usually required for designing solar energy systems [1]. As
solar radiation varies according to atmospheric conditions, usually the average values
of solar radiation is required. Usually design method monthly average daily solar
radiation incident on collector surface per unit area in J/m? is needed [1]. This
quantity could be obtained by converting the daily radiation on horizontal surface to
the collector surface [1]. Therefore, monthly average daily global solar radiation on
horizontal surface is an important quantity. Although this quantity could be obtained
from measurements, the measurements are quite spare, especially in developing
countries. The quantity is usually obtained using a modeling approach. A lot of
models have been proposed to obtain monthly average daily global solar radiation
on horizontal surface. Angstrom [2] proposed a model for estimating daily solar
radiation from sunshine duration data [3]. A member of scientists proposed to
estimate solar irradiation from cloud cover data [4]. Many researches developed
models for estimating solar irradiation from air temperature data [5]. However, the
accuracy of the calculation from each model depend strongly on location under
consideration. Up to now, there is no general model for estimating monthly average

daily slobal solar radiation exists.

*This part of the thesis has been submitted to RAST
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In this work, we proposed to estimate monthly average daily global solar
radiation on horizontal surface H by using the ARX approach as it is rather new and

very limited work in this direction has been done. [6]

1. Materials and method

1.1. Materials

The materials used in this study are various group of data. The first group is global
solar radiation data collected at Nakhon Pathom station (13.82°N, 100.04° E) during
2017-2022. The second group are monthly average daily precipitable water of all
months at Nakhon Pathom station during 2017-2022. The third group is data on a
monthly average daily aerosol optical depth (AOD) at 550 nm at Nakhon Pathom
station for all months during 2017-2022. The fourth group is data on a monthly average
daily total ozone column (Os) at Nakhon Pathom ‘station for all months during 2017-
2022. The fifth group is the data on a monthly average daily cloud index for all months
of the year 2017-2022 at Nakhon Pathom station. The last group is data on monthly
average daily extraterrestrial solar radiation (Hy) at Nakhon Pathom station for all

months during 2017-2022.

For the exogenous variables, we choose them to be a monthly average daily
precipitable water (W), a monthly average daily aerosol optical depth (AOD), a
monthly average daily total ozone column (03), a monthly average daily cloud index
(1) and a monthly average daily extraterrestrial solar radiation (Hy). The reason for

choosing these variables because they have direct influence on the solar radiation.

2.2 Method

We proposed the model of H as follows

H(t) = a;H(t—1) + a,H(t—2) + -+ a,H(t — n,) + b;W(t) + b,AOD(t)

+b303(t) +b,a(t) + bsHy(t) (1)
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where H(t) is monthly average daily global solar radiation of that month

t is the actual month

(t—1) is the quantity at one month before the actual month
(t—2) is the quantity at two months before the actual month
(t—ny) is the quantity at t — n, months before the actual month
n, is number of the output terms

ai,ap, ., a, are coefficients of the input terms

by, by, .. b,  are coefficients of the exogenous variables

The method used in this work is described as follows. Firstly, the predicting
equation of H of the year 2018 for Nakhon Pathom station was developed from input
and output data for the year 2017 and 2018. For 2018, we used only the variables of
exogenous variables as input data. Secondly, ARX for the year 2018 was validated for
all months of the year 2018 obtained from the predicting equation and those from
the measurements. Thirdly, the predicting equation-was used to estimate the
monthly average daily global solar radiation. Then, the procedure for January, 2018
was use for of February, March, ..., December, 2018. Finally, the procedure was

repeated for the year 2019, 2020, 2021 and 2022.

2. Results and Discussion

2.1. Modeling results
The ARX approach was implemented by using the MATLAB software. The

predicting equations for 2018, 2019, 2020, 2021 and 2022 is shown in Table 1
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Table 1 The predicting equations of monthly average daily global solar radiation H

for 2018, 2019, 2020, 2021 and 2022.

Year for which the
predicting is used

The predicting equation

H(t) = 0.0601H(t — 1) — 2.591A0D(t) + 0.028305(t)
2018 —0.791\%/(0 £ 0.47H,(t) — 9.6760()

H(t) = 0.0309H(t — 1) — 0.0487H(t — 2) — 0.0016H(t — 3)
2019 —2.628A0D(t) + 0.086805(t) + 0.366W(t)

—0.084H, (t) — 19.54f(t)
H(t) = 0.0205H(t — 1) — 0.0662H(t — 2) — 0.9265A0D(t)
2020 +0.0210,(t) = 0.294W(t) + 0.4%6H0(t) —24.390(t)
H(t) = 0.0675H(t— 1) + 1.52A0D(t) + 0.009605(t)

2021 20.3091W(H) + 0.52H,(t) — 26.320(t) -
2022 HO = 02104H(t ~1) — 0.0021H(t — 2) +2,927A0D(1) ©

—0.017405(t) = 1.086W(t) + 0.825H,(t) — 11.871

* t  means the quantity of the actual month

(t — 1) means the quantity at one month before the actual month

(t — 2) means the quantity at two months before the actual month

(t — 3) means the quantity at three months before the actual month
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Comparisons between H from ARX and that from the measurements is shown

in Fig. 1.
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RMSD of the value of monthly average daily global solar radiation for all
months and all station is 1.71% to 10.93% and MBD is -2.94% to 3.49%. The author
researcher [6] did not predict H. Therefore, we could not compare their results with
ours. The means that the ARX model could be used to estimate monthly average

daily global solar radiation with reasonable accuracy.

3. Conclusion

ARX model has been developed for estimating monthly average daily global
solar radiation for all months of year 2018, 2019, 2020, 2021 and 2022 for Nakhon
Pathom station in Thailand. The model could be used to estimate the solar radiation
at these station with the RMSD 1.71% to 10.93% and MBD -2.94% to 3.49%. We
concluded that are model performed with reasonable accuracy in estimating monthly

average daily global solar radiation.
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