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1 Introduction

1.1 Background

1.1.1 Importance of inciderdolar radiation

Surface incident solar radiation (1 SR)

radiation (lLudgagt etSRB). 200bSRZHdangestsaltfa

|l ongwave emission, surface | atent &®@&nd sens
cli mat e Waynsgt eemh. al . | 20 2.0 ANDectWaonrgk € tt @ measur
from fluxbeewees.t athodrveesvheerd, due to the | i mit

and representativeness of flux 6simaste sate
| SR on a gl obal /r egliSk aplr osdgubcbtesaVvwrataahy e s at e |
habeen pulbhleisscheidncl ude t he GI obal LAnd Surf
prod@htang e,t taHe 12r0tledr)nat i onal Sad el lite C
FI ux DatRD()(ZdhSaOhCgP e,t taHe QI0ODWUYds and the Eart
Energy SystieaWhe(lCERES)eEe &l o0baB®9E&Hhergy and W
ExperdSnemftace Radi at i-8 REBU chkeetr (a@EIWHXas z | o
and the Climate MonitorinegSAFMeaell lier dAppal .

20009t aset s.

1.1.2 Existing algorithms and satellite products

Al t houghsewnheo#lgamel SR products availabl

1



have coarseomspatead. resAdmut280 km resol ut i
fdrasdr face model s alnhde oWohrelrd aMept!eiocraot!ioognisc.a |
Organi zation 6WHNO)Y waesguiradslabhmome o lodtuica n w
for numerical weamhpropdueti Ebroagandubtlrh
Moreover, the validation ressutfi ofecurren
accuracy ( VdMOn oeergiUa iringsys & h agnl obGadcWhym ainmd i n
areas. (Gao0fl@isnidgln.ibfiiacsaenst i n t he Sout heast Ac
an@reenland feor( GEYWER, dla$@CGRtFDESWNd CERES
Zhang(20lahk)l yzedt ¢éomr| SRGEHWEB-ERBt sI-§CCD
FD, University of Maryland ShBeBAR)avwi tRmdi a
more than 1,000 observayiBal ande sArfahimvéda h(e
and the China Meteorological Administratio
over esnt ionia taiboo?di o r 1 ho Wt | Syl arteeqrr?2 @i bthedi.e r e d
measurements from more t hamaaodit, 0t0OhOe olbnsi etrevda t
States andlTad afdar warma and compared site ol
di ffeamaltysi s products, six derived product
(CERES and GOES). Their resul.,thestiRoivB8&d t ha
values of spati al bi alsiegsh wihtahfosli8tr eW dmes er v a
summer seidsgto)s.( JAInneor e accurate algorithm i
both gl obal and regional surface radiati on
Typicall ywotBerdatS&Rgesd i fmart i on from sate
obser (dtiiacmrgs et Tahle. f20s@G)d 4 yfper ods tmemat i ng |

on anal ytiacnadade qi atvieomn s an snfoes iy lareda daebll se swiatsh



i npu€@esamanos et al. 20TIHBAi sGeypebektnapprodot
used maRnwyr rloflucts, such as the Earth Radi at
CERES, arAdTheSecanétype of methods uses lapkables (LUTS) to

establsh the relationship between TOA radiance and ISR. Liang @CdI3; 2006)

releasedhe GlobalLANnd Surface Satellite (GLAS$)hotosynthetically Active

Radiation (PAR) and ISR products. GLASS provides ISR and PAR podub km

and 3 hour resolutions. A validation experience demonstrated a coefficient of 0.83

andan RMSE of 81.91 W/Aover 3 Chinese Ecosystem Research Network Glies

etal. 2013)TheMc Cl ear @Ueowrmriet teesai ma2@s3) he downw
shortwave direct and grloownd Ilievreldiumdeeers crlee
with LUTs. The Climate S-8A&DIMuietlel eAp pelti caalt.i
200i9s) charact er iozne do fb yp aar acnoei beigre azbdidoéotkamris a n d
up t.Z2bbeg (20 l&p)orted an integrated approac
mount ainous spectral radi at idont rsacnhsenmiet taanndc e
modAside from these two types of tradition
usi ng machhsakedraamplniged recéimahygy € ABR es
2016 )However, the current methods have some
pameters are not easy to estoiprhatsd,i cadpaci a
parameterization methods. Second,aruencert ai

accumulnatence process of estimati on.

1.2 Objectives

The overall pur prosesioeveltohpe tdhessmet ao do

3



esti mat e sur f arcaed idactwnowahrfdproshioalramg and geost

satellite datas Ehwpieeld eidimghed a4 &S&KRuracy and

resolution comparetfhiovs $ beeexadifdamag sgisoduct s
1) Devel oping thée goptt mmzdtoironst4d mati ng
orbitimg daatel(IMOIDI S)ev &lchong rail gotr a s bhm |t
estimate instantaneous | SR with MODI S
agaitnfield measurements.
2) Adapting the opti niiezraetnito ns eanlsgoorr i(tVhim R
conduct extensive global validation.
3y Esti mating hourly and daily | SR from
ABIl ). I n thtidet as$ okl bhdngetoswati onary
and estimate daily and hourly radiat:.
against field measurements.
4) Comparing multiple satelliwiet hesdti man ec
existingl mpr o dkilsy stl adst ehtes udagsa ifnisetl d
measurement dahme cempat ssaniedldlriiéeveeidst i n

radiatoe@uct

1.3 Dissertation Structure

Toachieve the otbhjeecdii scsoarstadstbigsoenk chapter
Chapter 1 introducesad hset rbuacctkugrreo.u n@h akpntoem! ez
opt i mibzaassteidonal gorithm with one of the most

sensor MODIGhapatter 3 develops an i mproved



condeaxt ® ngd iovbea | val i daptrioovni.dpetGhoaapdtae 0 @ h e n
generation of geoadtampoonareygy ¢ atelelsitti enat i on
under extr &€haptaeadedes ten yedmazomh | ERi dmt
and compares t he datdar iww e v le SRlzspptireorg u G tag e
summari es tared cfontcl hueseisooCkkapi @ar 2 was publ i
Remote SensindgzZoafangneilr grenrefrtd In&)d al | t he

with the super wistituwd dasmrds di scussi on



2 Developing an opinization algorithm for estimating ISR from polarbiting

satellite data

2.1 Methodology

2.1.1 Optimization of surface bidirectioneg¢flectance distribution function

parameters and atmospheric optical depth

on

opti miceatdiosnt r @b utbii

t he est

al gori

The method for t he
function (BRD&3§ naplalryamed weaelsoped f or
refl ectance, al bed o e eamrd HeODeitw.ned e r e2s0nle2d)
the algorithm for estimatindgiig@sselanwsaneous
the framework of the | SR esti mat:i
Cloud Mask Multiple TOA reflectance E Optional E
Product observations il AODand COD |!
‘ iy e :
Estimated TOA | Product
reflectance ¢ funct H Albedo |
A * . COST_ netion Climatology !
tmospheric optimized? ; ;
7 LUT i Surface i
T L reflectance !
N Yo i roduct i
Estimated albedo |~ ._._._._ ;__(_) ______ I_._._._e.S_;._._._._.I _If ................. x
i | Estimated |'|i| Optimal |!
: BRDF ||| BRDF | ISRLUT [~ ISR
' Pl i ~
| Estimated ||| Optimal ||| Radiative transfer
| AOD/COD . || AOD/COD |; simulation
L | o o S oSS 1 ‘
Fi g2¥Fer amewor k of the | SR est.i

mati on



2.1.1.1 Calculation of TOA reflectance

The spectral TOA rrsetf | seecvt earwassp eatl reahle alk serdd
via surface and atmospheric parameters thr
calcul ated TOA reflectance was used to bui |
det er mitniemurmse ofp surf azrameatderas mospheric p

Many simplified forwar dstmo@hktédrasdori nacrl didi
We a vi€9r8adn)d -o toruga m (nieitahnogd sand St rhahvlee rb eleh9 4 ,
propbsedpproxi matesradipwevee, pahamet model s
accuracy for lhdgpbeedeft hecifenmyl ati on of ra
incorporating the surface BRDF model and s
and diffusienclhhoplonemwe! | iencgt i@onnds .df oow nmwal radt i doi
i's acxlurfmawegh cal culating the reflectance ¢
formula requires n(uQierr iectal allde p2T0aDAli)saf i ec $ a

as foll ows:

h S h

"mim 7 mbm *(2-1)

Ym O mhmh m (2)

Ym0 m om (B)

. ~ i h i
Y m fm imhn M2
m |
Whemeangdenote the solid angles of the s

respecdtmimei .t he nefmattaedeby path radian

h h o s.
controll ed onl y—b—y—t—h—e—a—qu—e—%—pl]q—élrse.



controlled by the interacti on ebceotnwde etne rtnh, e
TanRdenottreamsmi ttance amduraéeBloazdance matr i
respectwhaaltdge pr esdenecbi onal transmittance &
respecdiisvehg. at mospher i"Maimy apfgrarcea | al bedo,
combi nati ons ucsfe dirraencstmianda nckcief,f respecti vel
He rdel e n dd ierse @& ntddreanldht emi s @Thheubse,m i s
di rtercatnsmi tot amces aAndfuse praeosimteiancasual h)y
tiemonsuming to calcul ate all the Taoat mospher
make comput a#ei © ntchme nseet masmpeher i c- parameters
calcul ated offline by simulation using the
(Mayer andOKwnld isntgor2zed in the LUT.
| n t etrhsesi r fdfdl @ @ did ierse & hiddreanldt emi s her e.
i anid m represent wshky ealabnedd ab,| arcekspecti vel y.
parameters can be cal crueltaetresd. wlihteh ssuurrffaaccee E
modaend the atmospheric radiative transfer ¢

2.03and 12, lrespectively.

2.1.1.2 Surface BRDF model

BRDF model s quantify angul arrefdliesdtradut i
radi ance.eVarhauvueg medn proposed to simul at
of the surface. ®DleedeiwioREBEh rneoed eMasi nc agnr ou p s,
computer simul at i-eomp,i rpihcyasli cnaold, e lasn.d Psoekntio v s K

(200 Xao,mpm)red di-ddssecenBRIErmedel st and found
8



Sparse amoddRde] dhdare besT hper Mmpr ha B keeR nsed
mod el by( M&aa @i alir2edDddR ) used t suadlackel ate t he
ani sortegfolpeaact ance:
YmmPe Q QU0 mhmbk Q0 mhmbk 25)
Whemem, amade the solar zenith, view zen
angl es, rbespmecdlikvdmdmsyed on the approxi mati or

transtfreeanfagmd, i s a kernel based on the dist

canopy sitzet@o@., o&hdane the coefficients fo

2.1.1.3 Atmospheric radiative transfer simulation

At mospheric optical parameters such as
downward/ upward transmittanmncde,o amepl patemtr a
forward si mul atl.onTousnmarkge Hcdwuedtaitame nt t hal moo
t he parametarsuwaredpre representative geo
condi AO@mmsel €l oud optical dep(thhayeCODgnd Aga
Kyl lingoROWmas) einsed he generation of the LUT.
were used as entries in the radii@8Bjve tran
at 5A intervadmgl,i® &(ileAti ngA ziemtigarhval s), r el ¢
( 0JA8%0, at 10AODn¢®ervals3d, 5, 10, 20, 30, 40
AOD at 550 nm (0.01, 0. 025, 0. 05, 0. 1, 0. 2
water vapor4%0,6a45,7830 90, 105 mm) .

lus edc onhtei-aileemoralel] t o estSUWRRRAD SsRi tags tahme

the Antarctic model-Neto Ristesnatkond SRaah ¢ hhec
9



solar/ viewing geomet r AO&nntd 5a5 0monsspkhyeorri cc |peaarr

conditiongs | om dgODdi brons), radiative trans
genedapath reflectance, upward/ downward tr

for each of t helusseevde nacMQDllS shiatned se.l evati on
SURFRAD @a&ET sites. With Itchad caitl mda £mh @ rhiec sluU
broadbanmnd adtbmdeop RO cd | QQR)x f(rom the optin
process. | SR coul dsp éaiefoineetc alesuluai edg whee
radi ationchb&ftelout ht ed the | SRS8R®BrO0t he sp

nm to match meetfiel d measur e

2.1.1.4 Cost function and optimization

The TOA spectral refl ectancSe cctalocnusl at ed
2. 1211 . w8as used to buildcup otnhe foll owing ¢
0w Y ® Y ®0 Y ®© Y ®© 0 0w
0 0 0w 0 60w 6 O 0w 0 O w
0O 0O 0d © (2-6 )
) 6 YOYOMM YO ® ('@ 0 @M O  (2-7)
A GU® O OO (2-8)
WheNB s the numbaemasNO sp & citer anlu-mkgr of c |
obser vB(aBRBiosnsa set of BRD¥OkReC@Q@irtelpar amet er s
AOD and COD values of corresYpamamiMi ageobserv
sat eolblsietreved TOA reflectance and simul ated

transf é&@&ormodel band and one geometdry (sol ar

10



relative azimuth angles), respectively.
The terms in the square brackaé.s are o
Owis the calculated surface shwad WBRRF br oc¢
parametéeriss t@ame broadband albedo climatol o
used to constrain the retrieving procedur
annual changes in surface al bedood.l eMutletd yteoa |
generate trhee tsgpmpgaradlllyy acont i muwoius tahdedo
calculated AOD ias 6b€ NMOGDI EanNEMMOD/ MY DB4 AOD <
the calcul ©®t eds €O, MODd S MOD/ MYDO&n COD dat
COD products werehesedtrtioevae mmmgs tprraadcne dtur e
paramédenetes the penalty part of the cost

i f the reflectance or al bedo cal cudmted fr

onég¢s set to a d.arlgre tphiing tfirvemevadruk, t he A
t hepbyduct of | SR when they are not avail ab
were provided as input, they coul dveserve a

t he accuracy.

HerXedd,enot es panmlkmewrer s within the time wi
cl s&kry @aisegl uded surface BRADF gosasruampettieans wac
madenat the surfaaed B&OFopal amegptelres wteir me st a
wi ndow. | 8 ktyh ec aasdesy upgbaurrafmet er s wer e usually
BRDF parameters oktyi miazsed fwedomoabear as i np
included the COD.

I n one single time step, eteheBRDIFknown pa

11



parameters for eachtmpephreahODg®dDpared etrls (
while the information number was equal to
was needed to make Ubeatbhpey jcnhitahsan e foaftc esol vab
muchower than that Ipft dhkaseshut nmeods pthhearte ,t haen ds u
BRDF parameters r eaatiwimreld occw.n blanp htehhigsi t h me

window was eight days to obtain enough <cl e

Evol ut itohnimDaulagio reitwaasl .u s1e9d9 4t)o s earch for the

2.1.2 Calculation of instantaneous ISR

The | SR was estizxatatid with Equations

O o — Or * (29)

oh 0o O ‘ (210)
WherfCe', is the radiation without any cont
O ‘' an® ‘ denote the direct and sditfhfeuse par

surface fles|l tlce asplleirhetatosil bedof t he sol ar
angODes the extraterrefstriisalt hseo |ltkartaanlc etardni aasnn
For each combination o0®‘' gdomeddr'y wamag opti c
prcecal cul ated by r adi atnidv es ttorraerds fi enr tshiemdlUart. i
the integration of the fzted BRDM R&80amet €8:

AOD/ COD were used to estimate instantaneou

12



2.1.3 Cloud screening
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ISR Direct Ratio
10.9

-

10.8

o
o

10.7

o
o

10.6

Direct Ratio
o
IS

2 o Albedo
log 10© ptical Depth)

Fi g&2lempact of optical depth and surface a
radiative simulation

2.2 Data

2.2.1 MODIS data

MODI S provided seven spectraflizbands i n
t hatbecaimedplpil $ clat aasf ormed the MODIS Level
radi ance data into TOA bi-ddky emddeln,alf arefd eg
observmbéeonNputhe input data were the TOA |
seven specthalurmlkaamadwn wardi abl es were the tt
parameters for AQdx &l basrd Bmel BREBF Npar amet e
wavel-daepgéehdent andorwetrhee usnekvneonrwnb afnds of eac
Because there were fewer | e®lsserawmataissmuanptth aom
needed to be made to sollaestmedunhtdatdeéeher m
BRDF kernel parameters wefedshgblemandi nhdwo

14



guarantee an invertible proceesnothessumba
the number of unknown variables. Therefore
MODI S | evel 2 ¢l oud mask products ( MOD/
di sthnguear and cloudy condition observati:
products ( MeD/evdvusO 5wat er vhpoaddisterveerrtail on.
MODI S pwedwcaiss @@t i onal constraints in the
MODI S | evefroduaeéer ¢ MOD/ MYADDOM at pr oamdl etdhe c|
product (MOD/ MYDO06) RArmmand e@OBeODa tdemstead The
constraints for the atmospheric co®kyitions
and cdlowdmodel s, reswprfcdd el gf | MODadISce dat a
( MOD/ MYDOPO@ asseo@dpti oneall orerdpgod el n rEba yea
(20D0O0®f) MODI'S broadband al bedo werreeducts an
col l,ecaredd al beddgadad aqwmeardrektewls eads t o cal cul at

climatol ogy.

2.2.2 Ground measurements

Ground measurements( Aug@us sienwveine E3URIFRADO |
andi @GlIENe(tSt ef f en set easl i n1 2DE)T hvagirtoerused i n
validate | 8RRt Alilt etshevi @ avawderabhel uideldd m
The NG sites collected shortwave radiati on
dat facilitated validation odoweiree ddl sgwrrfi a chan
matched the estimation resul ts evwptolr atthe cl
domain wii{kMHuangOemit at he2 8 UERJaRADs hsdawse s .

15



the site informaticohnapotfert he sites used in

Tab2MlSEURFRAD &Nled GCtes for validati ol

Site Name Latitude Longitude Elevation(m)

Fort Peck 48.31  -105.10 634
Sioux Falls 43.73 -96.62 473
Penn State 40.72 -77.93 376
Bondville 40.05 -88.37 230
Boulder 40.13  -105.24 1689
Desert Rock 36.62 -116.02 1007
NASA-U 73.84 -49.51 2334
Humboldt 78.53 -56.83 1995
Summit 72.58 -38.51 3199
TunuN 78.02 -33.98 2052
DYE-2 66.48 -46.28 2099
Saddle 66.00 -44.50 2467
NASA-SE 66.48 -42.50 2373
NEEM 77.50 -50.87 2454
lused the quality assurance flag to el in

cloud mask product. TheficM@QD/i M¥®mus |diatwae | pr o
f | &egl. i midnaattae dndir k edo refaindde mond v us @diatt he ydat a
assur dincteeead fi at e ochaiingfhi dceomnofév,dewnw clei gh

confiadence.

2.3 Results and discussion

2.3.1 Validation withSURFRAD site measurements

Comparisons betwé&SR maetirgpeveddswmebhaceem
SURFRADaset @lftd g3, Fei g 24aenkli g5 e The validatio

resul tanafhow. 96, a Hi agRdAdSaEN7a fO 76220/ M9 W/ m
16
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12007 y 12007 , y
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2.3.2 Validation withGC-Net site measurements

Compiasons between retrieved surface | SR
GCNet &rd eshhavgg Fei g2taenkli g8 e The validation
resul tasn?a®h oOv. 8 9;1 5a 7hfiaansh oaWMSE of 271. 70 W/ m
(17.74%) for instantanshkwysahé&RKcl dwbad yy RIMSE so n
were 56.14 4ndel8pec? i-Wedycd Pneybisemavati on
wer e nbays ktehde MODI S c¢cl oud mask pr oidmutcites whi c

over Arctic areas due to snow.
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200 800
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Summit, With Constraints
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Tunu-N
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Fi g&tVal i dati on of time series-Nebobrsihsestant
(Blaetti mated r-#&leul s6f eRetbseGCatitomms dat a, t
observation over snow, missing data are d
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RMSE, W/m?

100 . I

80 =

60 - - | I Al data
[ Clear Sky
[ Cloud Sky
40 - | __JSnow-covered

20

NASAjU Humboldt Summ?t Tunu-N  DYE-2 Saddl; NASA*EE NEEM  All sites

Fi g28Veal i dati on RMSE for clear/ cldedy/ all =
sites

The resul t-defrmand elear ¢gs&Cr bi as err or s anc
with those of the SURFRAD si ttehsa;n tihni st hies ¢
absol ut eSwawereed surfaces bring uncertaint]
especial lskyi mc acslesudyOhobt henethemor basdtel | it
observations in the Arctic region, which p
optimizat-Neh. vahed@®iwon hraé¢ stlhtes ps oposed al

capabl e of esti mastnonw claSsResf.or per manent

2.3.3 Analysis of impacts fnm constraints and cloestreeninganalysis of impacts

I n the esti mhuso®an sépygeman@admst opti onal
constraintng;l uddedODI S surface aAlOe d o ( Mc
( MOD/ MYDO4), and MODIS COD (MO/eMMIDQ6) . I
introduc-sdr eeril ogpgldprolcesd ¢$creening proces
Secti)on T2h.e3 vabki daf ifexnteinmastuildn and awvel i dati
showhi g29aenki g2 @ nTda b22eT a b2A3eT a b2A4eT a b25¢

Tab2tanTab2t7e The incl usi vededrocefa sasptprraoixnitnsa tleel
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and 21 RMB/Em at the SWNBFRADtasd GIEspdcti ve
reening process | owegrfmed the BMKRERBY sboe
duced RMSE atc ems tha nsd atteleef d ogacrriechesnhhanvgn

g2 nKi g2¥r2 At the SURFRAD sites, the | ar

nstwag ntastu ntdhe Penn State site. At the F
nstraints increased the RMSE, which mean
nasitnrt s someti mes | owered the accuracy. T
reeni nngakpurodc eats t he Boulder site, as thi

untain and is me®pa&c kbdud nc oaavf &-ieectt etsli thys , G
CreaRMSEsi gvemet abkbyt han those dhishe SURI
cause more odborwirivead t des Awet ec region an
timizatitome TOArréfolrectance contributed

mpar ed Wb Wwbarttihtautd eisn.

1200 ¢ 5 All data, No Constraints, No CloudScreening P 1200 ¢ R All data, With Constraints, No CloudScreening y
R =0.91 . 7 R® = 0.92 g
Bias = -6.47 W/m? o g Bias = -7.16 W/m?
1000 fRMSE = 84.17 W/m? ¢ 1000 [RMSE = 79.08 W/m?
RMSE = 15.12% RMSE = 14.23%
800 800
E
600 = 600
~
o
400 400
200 200t
0 otk 10 ) . ) . ) ok of ) ) ) ) )
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
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1200+ 5 All data, No Constraints, CloudScreening . 1200 r 5 All data, with Constraints, CloudScreening
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800 | 800 |
= 600 = 600
v s
o o
400 1 400
. . Cloudy Snowfree
e g X Clear Snowfree
200 200 | ShagE » Cloudy Snow
. = Clear Snow
oL ' - ' : ! 0~ - ' - ' . !
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Fi g29lempact ofamdbnsltcaowenisg on the esti ma
observed | SR at SURFRAD sites

All data, No Constraints All data, With Constraints
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R° =0.86 R =0.89 ya
Bias = -21.40 W/m? S Bias = -15.77 W/m? e
1000 [RMSE = 84.77 W/m? e 1000 [RMSE = 71.70 W/m?
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o o o d
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| " & st o
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Figadr®@mpact rafi ndtd sn-sathrde e¢ed iorugl on t he esti ma
obser ved-NeSR satt eGC

Tab2l2&¥al i dati on results at SURFRAD site wi
screening

Sites R?2 Bias, W RMSE W/ RMSE,% Clear Cloudy Snow

m? m? RMSE RMSE RMSE

FortPeck 0. ¢ -2.2: 73.2 14.2 49.6 84.6 73.4
SiouxFals 0. ¢ -7.3¢ 80. 7 15.9 48.0 95.3 89.14
PennState 0. ¢ 6. 05 83.5 17.5 63.9 89.3 76.3
Bondvile 0. ¢ -7.9¢ 84. 9 16. 5 59.9 96.0 90.7
Boulder 0.¢ -25.9 109.1 18.1 67.1 134. 120.
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DesertRock 0. ¢ -14. 8 68. 5 9.32 52.1 100. NAN

Goodwin
Creek 0.¢ 8.22 83.1 14.7 70.4 91.4 NAN
All 0.¢ 6.47 84.1 15.1 58.5 98.9 86.5

Tab2d3%adati on results at SURFRAD site w

Sites R?2 Bias, W RMSE,W/ RMSE,% Clear Cloudy Snow
m? m? RMSE RMSE RMSE
FortPeck 0. ¢ -4.1¢ 71.9. 13.9 47.5 83.5 75.7
SiouxFalls 0. ¢ -9.32 82.0: 16.1 49.8 96.4 89.6
PennState 0. ¢ 6.35 76.3' 16.1 62.7 80.5 71.5
Bondvile o0.¢ -8.7¢ 77.1. 15.0 56.4 86.7 82.3
Boulder 0. ¢ -23. 3 99. 1 16.5 63.1 121.. 120.
DesertRock 0. ¢ -15. 8 67.3. 9.1€ 51.4 97.7 NAN

Goodwin
Creek 0.¢ 5.90 75.4 13.5 66.8 81.2 NAN
All o.¢ -7.1¢ 79.0. 14.2 56.5 92.2 86. 2

Tab2ld&¥al i dation results astcrERMERMAD si t e

Sites R?2 Bias, W RMSE,W/ RMSE,% Clear Cloudy Snow
m? m? RMSE RMSE RMSE
FortPeck 0. ¢ 15. 4 57.0 12.1 37.2 699 55. 9
SiouxFals 0. ¢ 10. 3 67.2 14.3 43.0 81.5 75.6
PennState 0. ¢ 24 . 0 69.8 18.0 45.0 77.4 54.3
Bondvile 0. ¢ 6.55 68.8 15.3 39.6 83.5 94,1
Boulder o0.¢ -2.3¢ 80.6' 14.0 46.1 111.:. 103.
DesertRock 0. ¢ 0.38 56.9 7.5¢ 437 109. 1 NAN

Goodwin
Creek 0.¢ 8.85 73.5. 14.9 46.9 92.5 NAN
All 0.¢ 9.13 67.8 13.2 43.3 86.0 71.0

Tab25&al i dati on results at SURFSRArDe esnitreg wi t

Sites R?2 Bias W/ RMSE,W/ RMSE,% Clear Cloudy Snow

m? m? RMSE RMSE RMSE

FortPeck 0. ¢ 13. 1 56. 7 12.0 38.2 68.8 60.6
Sioux Falls 0 . ¢ 8.94 67.6. 14.4 41.9 82.4 80.1
PennState 0. ¢ 20. 1 59.4. 15.3 42.4 64.9 50.5
Bondvile 0. ¢ 3.48 63.0:. 14.0 3558 76.7 83.38
Boulder o0.¢ -2.3¢ 73.5: 12.8 43.7 100.. 95. 4
DesertRock 0. ¢ -1.7¢ 51.7. 6.8¢ 43.3 89.8 NAN
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Goodwin
Creek 0. ¢ 7. 414 61.3 12.5 45.0 73. 6 N AN

All o.¢ 7.07 62.1' 12.1 41.8 /77.6 71.7

Tab2le®¥al i dati on-Neeaswdittheouat c@Qstraints

Sites R?2 Bias, W RMSE,W/ RMSE,% Clear Cloudy
2

m? m RMSE RMSE

NASA-U 0.¢ 46.4 88. 6 21.8 65.4 113.
Humboldt 0. ¢ -12.6 69. 2 20.5 56.6 84.5
Summit 0.¢ -39.3 96. 4 249 2 76.8 108.
TunuN 0. ¢ 21.5 73.5 20.5 46.1 111.
DYE:2 0.¢ 6.72 88.2 18.0 58.2 108.
Saddle 0.¢ 3. 8E5E 88. 4 17.5 68.3 101.
NASA-

SE 0.¢ -22.6 93.8 18.4 56.1 119.
NEEM o0.¢ -8.2¢ 77.4 22.9 64.4 91.7
All 0.¢ -21.4 84.7 20. 9¢ 61.6 105.

Tab2l7¥al i dati on-Neesglte wttBCconstrain

Sites R? Bias, RMSE, W/ RMSE, % Clear Cloudy

W/m? m? RMSE RMSE
NASA-U 0. ¢ -39.2 75.0 18.5 60.2 92.1
Humboldt 0. ¢ 9. 97 59.0 17.5 49.0 71.1
Summit 0. ¢ -31.8 87. 4 22.0 69.4 98. 8
TunuN 0. ¢ -14.3 55.6 15.5 39.9 79.6
DYE-2 0.¢ 9.31 66.3 13.6 57.9 73.5
Saddle 0. ¢ 4.04 83.2 16.5 66.9 94.6
NASA-
SE 0. ¢ -14.2 78.1 15.3 54.7 95. 3
NEEM 0. ¢ -2.15 62.0 18.3 55.4 69.7
All 0.¢ -A5.7 71.7 17.7 56.1 86.6
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2.4 ChapterSummary

The g oacsh aopitaetr t o0 e srteisnoaltuet ihoonghsur face 1S
MODI S TOA oHaes uvtatatontshe sur faeem&B8RDEd par an
stable within a shorisitmunhea twidn daawno sSpuhbesrei gcu
transmittance i n ed©Obd CODmos pM @rhi ¢ hceo mbidteil o
parameters and simul atled! aumaspldeTiOA tebahs
and tmmemreadptihe BRDF par amet erADDaOhx0dD)at mos ph
Findéstyi mated | SR based on tthmosphéace BRDI

condiltviaonglated the estimated | SR using gro
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seven SURFRANDetan3dhe8ev&®d i dati on results show
accuracy dtrerotalmdymonwihes i SBURERAD site vali
showedofan0O.R91;6.a& 78,iWdean do fan RMSH 105f. 1824%)1;7 W/
the-NB€ validat Pofn G.h&6v2ldadalni WRemadf an RMSE o
84. 777(WOM96%) for instantaneous | SR.

The algorithm has sevéerhmtihmeartikhadsageby &
i nput dat a. However, many i npa.tdQt a, espe
CODhave | armtei eusn.cefrhteaiuncertainties from in
esti nmdtgioon t hmel aamglercawnmssd uence on the resul
met hod relies on multispectral satellite o
information frometberbhamesgheeet bBpdftbom th
Hi greypeloducacse (asmud fat mospheric) are not reqg
optional Tddrmedtprsaiimips.ove t he esti mates of s

Secondly, this al Bowht pdmecwmud dy etshhamat e
exXxisting products and al gorNBTh nssi tceosu.l dT haet
validation at t-Net SYRFRADshodel®xa7 bi as of
W/ fn and an RMSH 102f. 1622%)1 9a A1 .17 4B) W/ m
respegti Mainopugprsetvudi es as s es sheads et dh ep rwoi dduecl tys
and reveal ed |I|(aGugieretunacle.r t2a0i1n0t;i elsi,.a et al
Zhang et, aslhowldhigd)an WMBBrofh-bodurYFHB | SR at
the same SURFRAIDs tsiinge smetMosds ecal cul ate | SF
at mospheric products. The wuncertainties fr

accumul ated to produce a much rdpoged error
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met hod, however, the products could be use
the optimization, but they were optional i
on multiple TOA observations fr®encsecredca,sors
this algorithm could estimate other surfac
reflectance, surface broadband al bedo, AOD
estimate | SR under different at mosskpyheri c a
adcl|l o-sdy conditi onfsr eaes amedVv e mesw ssnuworwf ac e s .
Furthelamat g zed the i mprovdmert asfeasccur
using MODIS AOD, COD, and surface reflecta
i nput or cost Whercttitbpen A@hsanmrdi QA .est i mat €
constrained, validation resul?(42i6diyated
and 812620 W 6n%) at t heNe&StURFIRADs ,anrde GCect i ve
Addi tional products may help rt henbipées mi zmat
the Bne& cases, the i mprovement was signif
snecwmvered cases, the RMSE decrease was S ma
information and uncertainty resulted only
rgg ohhiwas due to more observations from TOA
uncertainties in the MODIS atmospheric pro
However, the proposed algorithm had som
on cl oud mask dashkytaneikegt ccmdydii g h omlsearbut
mask data may beowvereldi ablasi,nwhneWw may | i
| SR esti mati on. Furthermore, t-he optimizat

consuming. Further ef feerftfsi cwielnlc ybo @ nmardaa ntl oy

32



ways: 1) improving the efficiency of the o

convergence approach, and 2) replacing the
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3 Estimating hourly and daily Bfrom VIIRS dataand global validation

3.1 Introduction

Visible Infrared | YhaQR8g aRace¢il ametved ySuie
compared to MODIS, and there is no radiat.i
Il n thhiapltperropose an-bapetedmiad gtoirorn hm t o est.i
alrgiotwhans firstfgr desel mpedmgd d aimsk ys luceadsiecse a
(He et .lalh.en2®Xx2)ended this algorithm for es
MODI S (dawag et. aHéee2@h&ed t he al gorithm
instastandodaily I SR and VI I RSztdeetnf athe al
and atmospheric parameters from TOA refl ec
i mproved the algorithm bwp atdadb Iregsr neeniduerregdr i
the optoinmifzamelwerkl. t hlke Wang (aWadch gLiegan @l me t210
to calculate daily intagriataeld dlaSR df rt dme \le
against fi elrdomesaesvuerne Nf2@LlhRKSRAD sites and 314

This al gwe iamhml gtlaabmdr at i onal production of

3.2 Data and Methodology

3.2.1 Datasets used in the estimation

Te VIIRS instrument provi deBIl So.obskhe atii
VIIT RS team provides a suite of operational

Il n acdthaputeed VII RS SDR archive sets from Nat
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Admini stOAA) orComNr ehenstdwd alL &Srtgegeva Adshiyp S
(CASS) to estimate surface | SRIWwar 20Uds8edThe
i n ¢ haptxerept for the two absorption bands

resol utimen eofs. 750

3.2.2 Validationsites

Ground measurements from sevdeunr i YR FR2ROALLS
were useldapoewhi sdate | SR estimation. The 1
and BSRN are blatvlkeragedmi het @ebservations o
i nstant analoiugdatli®mh v o enhance thehspatial
Si(tHwanagl .etaf@d6)laveraged observations of ea
validati on.

Tab33lanWab3d32show the SURFRAD essndus3®4d B RN |
validation. When vnelaisdatéeogmemitedgdi ast BBERHNS
di fferent areas, namely North Ameraca, Eur

an@r eenfiagdkseows t he spatial distribution o

Tab3llS8URFRAD sites used in the valiod

Site Na Latit Longit El evati

Fort Pe 48.30 -105.10 634
Sioux F 43.73 96. 62¢ 473
Penn St 40. 72 -7 7. 93 376
Bondvil 40. 05 -88. 37¢ 230
Boulde 40.12 -105.23 1689
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1007
98

36.
34.

6 2
25

-116.
-8 9.

01
8 7.

Desert
Goodwi n

Tab32BSRN sitesvadsieddatiinont he

Area Site Name Latitude Longitude Elevation(m)
BIL 36.605 -97.516 317
BON 40.0667 -88.3667 213
BOS 40.125 -105.237 1689
BOU 40.05 -105.007 1577
North CLH 36.905 -75.713 37
Am‘g:ica DRA 36.626 -116.018 1007
E13 36.605 -97.485 318
FPE 48.3167 -105.1 634
GCR 34.2547 -89.8729 98
PSU 40.72 -77.9333 376
SXF 43.73 -96.62 473
CAB 51.9711 4.9267 0
CAM 50.2167 -5.3167 88
CAR 44.083 5.059 100
Europe CNR 42.816 -1.601 471
LER 60.1389 -1.1847 80
LIN 52.21 14.122 2862
PAL 48.713 2.208 156
BRB -15.601  -47.713 1023
South FLO -27.6047 -48.5227 11
America PTR -9.068 -40.319 387
SMS -29.4428 -53.8231 489
ASP -23.798 133.888 547
CcocC -12.193 96.835 6
Oceania DAR -12.425 130.891 30
DWN -12.424  130.8925 32
LAU -45.045 169689 350
MAN -2.058 147.425 6
FUA 33.5822 130.3764 3
Asia ISH 24.3367 124.1644 5.7
XIA 39.754 116.962 32
Africa GOB -23.5614  15.042 407
TAM 22.7903 5.5292 1385
Greenland ALE 82.49 -62.42 127
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BSRN Validation Sites

p—
2 o -

135 W

North America

Europe

South America

Ocienia

Asia

ITEEECEN

Fi g83TBeSRN sites used for validatio

3.2.3 Estimation of surface and atmospheric conditions

Fi g8&2iel l ustrates the framework of the al
habseen (UHee @tl Papl .e s2t i ma tcet asnucref aacned rberfolaed b and
our previ dtdesv aglespad cdh,si mi |l ar approach for
estimation from MODIS data by revising the
observatiioonnsalancdo nessptr aspnt sopitnchtudidegt aen( &
optical depth (COD), surface r(edHamrcg aetc ealp.
2018)l nc htalpliese apt ed t he algorithm for the &es
data vbying the bandt heondpegatrraumoaf anddi a
simul ation. i &dAnrmaedeumptaitorn he surface refl ec
a short period. Undesed | thhelysskiyacendetl en
by thet npaegi ous clsuwrrf aocbes eirrvpputi.onBheasCOD

optimized using radiative transfer model s.
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Cloud Mask Multiple TOA reflectance Optional
Product observations AOD and COD
| | Product
Est-lmated TOA Albedo
reflectance 2 .
—— Cost function Climatology
_,|  Atmospheric optimized?
LUT ' Surface
. reflectance
Estimated albedo No Yes product
] * '
Estimated Optimal Surface ||
Surface Ref Ref
*» ISRLUT = ISR
Estimated Optimal
Atmospheric #4 Atmospheric Radiative transfer
Parameters Parameters simulation
I
Fi g8#2Fer amewor k of the | SR estimati on
Il n thagptat mospheric optical par ameters

at mospheric downward/ upward transmittance,
cal cul at e t hues ecdo slti(bMRaagdettriaann d )tKg | 4 ii muyl &2t0é® 5t |
parameters.
lused surfacaiandgaatamesehr s t o I mpl ement
of TOA reflectance using th@i maet.aaTihvee2 ® 0 A
cds function is based on the difference b
reflectand®32(38Bguati on
oY ® Y ®0 Y © Y ® 0 0O
0 06 o0 0o (43)
® 6 YO YO YO ® O ®®WO MO ()
A UMM IEOMBOWOBMHOY (3)
HerY,and refer tobsefml@Adriegfel ectance and

simulated TOA reflectdmae nboadosuh .da he trlaai at
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calculated albedo and the adnidedoarcd itnhae ol o
parameters to be aodtoiumiyz esdk yu rcdileshreescgd heurst dasaodt
compl ex evomet hobDluanhSE@HE)wak. uge884x o0 search

opti mum.

3.2.4 Updates of thatmospheric lookup tables

At mospheric optical par adet, erat mos @t e rai
downward/ upward transmittance, and path r e
forward Jommbiei bhe al gpralt hmt mereppréemetee.
calculated in representative geocnheoturdi es a
optical depth [ COD] cloud &Magetri vaendr Kd/il U g
200sb0)f twaasy eusre dt hieomgemfertahe LUT. The foll owi
as entries imftehe siandiil attii wenstig®ol| atr Z&AI t
intervals), vi &8@ ngatzenh0A hi mtngrlwal(D)A, rel at
180A, at 30A i nnrer(voal®l), OOD2%:m,t G505, 0.1,
0.7, 0.8, &te&r vapPdr @bdd w5, 30, 45, 60, 7
10, 20, 40, 60, 80) and CER (3, 6, 9, 12 wut
40, 50, 60,sert0O,f o8r0 iucne) calroeud.

l used t he -cd emtni nmad all t o esspmai €i d SR.
solar/viewing geometry and at mospshkeyr i ¢ par
conditions, COD -.aknyd CcEMRd iftoiro ncsl)o,udryadi ati ve

genteeda path reflectance, upward/ downward ¢tr
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each of the sdusemrdVhtRBabasdse el evation

SURFRAD and BSRN sites. Mialhcutlhae eat mdisep hsel
broadbandd aatbneodsop haemr i ¢ i st@&@gx cOAO@DuENhdNnscl| €O
CER forskploomwdyw i ons) from the o-pkymcaatbon
each obsasvapif oemimzéd&dt h awadicer cdlouwwd ,LUTs, t |
wi th a smal leesrwkto sctd &flsuenmr teis@R tcoul d t hen be
Uundsepre egiefoé tcr i es using the sehfagicalcadiaatidon

the I SR for tR&8QAS8METC ttroalmartarngda hef fi el d mea

3.2.5 Improvemenbf the optimization framework

I n previous MODI S algorithm, me s t of
optimization process weroenesursf afcer ptalrea maett m
condition I(pAOD/rGA@D)z.ed t he ucnhkangotmeni rvamre add e
more at mospheric parameters.

The influescemuoh mMBRve t s Aemmioastpeccdondi t i ol
especially the clpauameardist adsD. cO9uwmftader

whi chcardtsroi ut e | SHa plttlenri ehth nts anihuerek n o wn

surivaceables to Iincreaceuddider mhaekelef fici en

lused principal compamadnyheamsalry aice SPEA
reflectance of the nine VIIRS bands using
extracted from reflectance products. Result

more tmamc &t of Ftig&3)warlinatti hoen su plldoantleyd f r an

use to free variables for t he snurvfaarciea bcloensd i
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t o thr esekyi ncocnldeiatri oinns-s dalynode dyodi t i ons.

100 120
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100 1
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50 60

Percent Explained

40

40t
30

Percent Explained, Accumulated

20
201

0 1 2 3 4 5 6 7 a8 9 0
Conponents Conponents
Fi g8#3Per i nci pal component analysis of the |

3.2.6 Estimation of instantaneous ISR

When the surface and at mospheirs ct hpear a me

calcul ated using a radiativ3® taBladnsf er mode

"0 o¢ —* Or ¢ (3)

0 0o 0 (%)
Her@, i s the radiation without any contr
O ‘' an® ‘ denote the direct andsditthffuseirg ar

refl etlitantckekel splheesd efahe cosine ofOithhe sol a
the extraterrestiritali ssalha&r tmoaail attiroann,s man d
combination of geoméQ'‘r y”[anadnQlo p twecraet pdreept h,

c&lul ated by radiative transfer simulation
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3.2.7 Estimation of daily ISR

al(.Wang

interpol atiodcalgolratéd.t Tdeaver age

The daily

et

| SR wer e

.dakcal eWIl®tbe d

3.3 Results aalysis and discussion over SURFRAD sites

3.3.1 Validation results of instantaneous ISR
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3.4 Results analysis and discussion over BSRN sites

3.4.1 Validation results of instantaneous ISR

3.4.1.1 North America results
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3.4.1.7 Greenland results

Fi g8 Xal i dati amsrteasnulatnse oaufs | SR at BSRN si

Tab3leal i dati on results of i nstantaneous

Site Nt R? RMSE Bi a:

l nstantané€ous Rc¢

ALE 0.8 74.2 40. "~
0.

Greenl ¢ 8 74. 2 -40.°

The validation resauétshodwgidindasnTdarbtl aneous

311 There is only one site |located?in this

and0. 71, Wespectively.
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