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ABS7RAC7: 
 
IQ WhiV ZRUk, Ze elabRUaWe RQ Whe gaiQed iQVighWV fURm YaUiRXV claVVificaWiRQ e[SeUimeQWV WRZaUdV deWailed laQd cRYeU maSSiQg RYeU 
fRXU UeSUeVeQWaWiYe UegiRQV Rf diffeUeQW eQYiURQmeQWal chaUacWeUiVWicV iQ GUeece. IQ SaUWicXlaU, Whe SURSRVed meWhRdRlRg\ e[SlRiWV 
SeQWiQel-2 daWa aW aQ aQQXal baViV, fRU Whe jRiQW claVVificaWiRQ Rf 35 laQd cRYeU aQd cURS W\Se claVVeV. A QXmbeU Rf SUe-SURceVViQg 
VWeSV ZeUe emSlR\ed RQ Whe VaWelliWe daWa, iQ RUdeU WR addUeVV aWmRVSheUic aQd geRmeWUic effecWV, aV Zell aV clRXdV aQd SeUWiQeQW 
VhadRZV. SeYeUal claVVificaWiRQ VeW-XSV ZeUe deVigQed aQd SeUfRUmed XViQg eiWheU Wime VeUieV Rf VSecWUal feaWXUeV RU WemSRUal 
feaWXUeV. The laWWeU cRQViVWed Rf VWaWiVWical meWUicV, deUiYed fURm Whe VSecWUal Wime VeUieV, aQd WheUefRUe ZeUe VigQificaQWl\ UedXced iQ 
dimeQViRQ. E[SeUimeQWV XViQg Whe RaQdRm FRUeVW algRUiWhm ZeUe SeUfRUmed b\ bXildiQg VeYeUal SeU-Wile mRdelV, aV Zell aV cURVV-
UegiRQal mRdelV baVed RQ WUaiQiQg daWa fURm all cRQVideUed UegiRQV/WileV. OYeUall claVVificaWiRQ accXUac\ UaWeV e[ceeded 90% fRU mRVW 
e[SeUimeQWV. FXUWheU aQal\ViV RQ Whe e[SeUimeQWal UeVXlWV highlighWed WhaW cURS W\SeV ZeUe claVVified mRUe accXUaWel\ ZheQ XViQg Whe 
VSecWUal Wime VeUieV feaWXUeV, cRmSaUed WR Whe WemSRUal RQeV. ClaVVificaWiRQ accXUac\ fRU QRQ-cURS claVVeV SURYed mXch leVV affecWed 
b\ Whe W\Se Rf emSlR\ed feaWXUeV. The iQclXViRQ Rf aX[iliaU\ daWa la\eUV ZaV beQeficial iQ all caVeV, bRWh fRU RYeUall aQd fRU SeU-claVV 
accXUac\ meWUicV. QXaliWaWiYe eYalXaWiRQ RQ Whe SUedicWed maSV fXUWheU affiUmed Whe efficieQc\ Rf Whe deYelRSed meWhRdRlRg\. 
 
 

1. IN7ROD8C7ION 

OSeQ aYailabiliW\ Rf high VSaWial aQd WemSRUal UeVRlXWiRQ mXlWi-
VSecWUal daWa, like SeQWiQel-2 aQd LaQdVaW 8, haV VigQificaQWl\ 
iQcUeaVed Whe caSabiliWieV fRU YaUiRXV maSSiQg aSSlicaWiRQV, b\ 
XViQg image Wime VeUieV. MaQ\ UeceQW VWXdieV haYe e[SlRiWed 
VXcceVVfXll\ VXch daWa Wime VeUieV, alRQg ZiWh machiQe leaUQiQg 
WechQiTXeV, fRU laQd cRYeU aQd cURS W\Se claVVificaWiRQ WaVkV 
(DefRXUQ\ eW al., 2019; IQglada eW al., 2017, 2016; SWRiaQ eW al., 
2019). NeYeUWheleVV, Whe high dimeQViRQaliW\ Rf WheVe mXlWi-
WemSRUal mXlWiVSecWUal RbVeUYaWiRQV SRVeV VigQificaQW challeQgeV 
UegaUdiQg Whe VeamleVV e[SlRiWaWiRQ aQd iQWegUaWiRQ Rf QXmeURXV 
imageV, bXW alVR Whe efficieQW maQagemeQW aQd cRmSXWaWiRQall\ 
demaQdiQg SURceVViQg Rf WheVe maVViYe YRlXmeV Rf daWa. 
 
IQ WhiV UegaUd, UeleYaQW VWXdieV (PflXgmacheU eW al., 2019; 
WaldQeU eW al., 2017; ZhaQg eW al., 2020) haYe e[SlRiWed 
WemSRUal meWUicV deUiYed fURm Whe Wime VeUieV, aV claVVificaWiRQ 
feaWXUeV Rf UedXced dimeQViRQV. The XVe Rf WheVe feaWXUeV RffeUV 
alVR Whe adYaQWage Rf iQdeSeQdeQc\ fURm Whe WemSRUal VhifWV, 
RbVeUYed iQ d\Qamic claVVeV acURVV e[WeQViYe RU diffeUeQW VWXd\ 
aUeaV (e.g., diVcUeSaQcieV Rf cURS caleQdaUV) aQd cRXld Wackle 
SRVVible UedXQdaQc\ iVVXeV fRU Whe QRQ-d\Qamic VWable claVVeV, 
WRR. SWill, WheUe iV limiWed liWeUaWXUe UegaUdiQg Whe UelaWiYe 
cRQWUibXWiRQ Rf WheVe adYaQWageV, iQ cRmSaUiVRQ WR Whe higheU 
fUeTXeQc\ Rf RbVeUYaWiRQV iQ a Wime VeUieV, Zhich iV cUXcial iQ 
RUdeU WR caSWXUe Whe d\Qamic SheQRlRgical SaWWeUQV Rf cURSV 
(GUiffiWhV eW al., 2019; KaUaki]i eW al., 2020). 
 
TR WhiV eQd, iQ WhiV ZRUk Ze SUeVeQW e[SeUimeQWV Rf jRiQW laQd 
cRYeU aQd cURS W\Se maSSiQg, XViQg mXlWi-WemSRUal SeQWiQel-2 
daWa, RYeU fRXU VWXd\ aUeaV iQ GUeece, SUeVeQWiQg YaUiRXV 
eQYiURQmeQWal chaUacWeUiVWicV. We diVcXVV Whe cRQWUibXWiRQ Rf 
VSecWUal, WemSRUal aQd aX[iliaU\ feaWXUeV, RQ Whe claVVificaWiRQ 

                                                                 
*    CRUUeVSRQdiQg aXWhRU 

accXUac\ Rf 35 caWegRUieV, iQclXdiQg 18 cURS W\SeV. IQ addiWiRQ 
Ze aVVeVV diffeUeQW VWUaWificaWiRQ VeW-XSV fRU WUaiQiQg aQd WeVWiQg 
Whe mRdelV aQd Ze alVR SeUfRUm a WhRURXgh TXaliWaWiYe 
eYalXaWiRQ RQ Whe SURdXced laQd cRYeU aQd cURS W\Se maSV. 
 

2.  MA7ERIALS AND ME7HODS 

2.1 SWXG\ AUHDV 

The e[SeUimeQWV ZeUe aSSlied RQ fRXU diffeUeQW SeQWiQel-2 WileV: 
35TLF, 34TEK, 34SEJ aQd 34SEG, ZiWh a WRWal e[WeQW Rf abRXW 
47,000 km2. TheVe WileV cRYeU SaUW Rf Whe WhUee maiQ climaWe 
]RQeV SUeVeQW iQ GUeece, accRUdiQg WR Whe climaWic VWUaWificaWiRQ 
Rf Whe eQYiURQmeQW Rf EXURSe (MeW]geU, 2018; MeW]geU eW al., 
2005) aV SUeVeQWed iQ FigXUe 1. MRUe VSecificall\, Wile 35TLF 
cRYeUV a SaUW Rf QRUWheUQ GUeece, aQd a Vmall SaUW Rf 
QeighbRUiQg BXlgaUia. RegaUdiQg iWV climaWic VWUaWificaWiRQ, iW 
belRQgV WR Whe MediWeUUaQeaQ NRUWh ]RQe. IW iV cRYeUed maiQl\ 
b\ bURad-leaYed fRUeVWV iQ iWV QRUWheUQ SaUW, Zhile RQ Whe 
VRXWheUQ SaUW la\V aQ agUicXlWXUal SlaiQ, bRUdeUiQg Whe AegeaQ 
Sea. AUable cURSV like mai]e, cRWWRQ, ceUealV, WRbaccR aQd 
VXQflRZeUV aUe mRVWl\ cXlWiYaWed iQ WhiV aUea. A big ZaWeU bRd\, 
i.e., Lake ViVWRQida, cRYeUiQg aQ aUea Rf abRXW 50 km2, Sla\V aQ 
imSRUWaQW URle fRU Whe lRcal climaWe aQd alRQg ZiWh UiYeU NeVWRV 
RQ Whe ZeVWeUQ SaUW Rf Whe Wile, cUeaWeV a VigQificaQW fUeVh-ZaWeU 
ecRV\VWem iQ Whe aUea. 
 
Tile 34TEK cRUUeVSRQdV WR aQ iQlaQd UegiRQ iQ Whe QRUWh-
ZeVWeUQ SaUW Rf Whe cRXQWU\, mRVWl\ belRQgiQg WR Whe 
MediWeUUaQeaQ MRXQWaiQV ]RQe, aV high alWiWXde (a2000m) 
maVVeV aQd mXlWiSle VmalleU hillV aUe VcaWWeUed acURVV Whe UegiRQ. 
CRYeUV Rf QaWXUal YegeWaWiRQ like bURad-leaYed aQd cRQifeURXV 
fRUeVWV, QaWXUal gUaVVlaQdV, VcleURSh\llRXV YegeWaWiRQ aQd 
baUelaQdV aUe dRmiQaQW iQ Whe mRXQWaiQRXV aUeaV. AgUicXlWXUe iV 
SUacWiced iQ Vmall SlaWeaXV, ZiWh Whe maiQ cURSV beiQg ceUealV, 
mai]e, gUaVV fRddeUV bXW alVR VWRQe fUXiW aQd QXW WUeeV. TZR Rf 
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Whe laUgeVW ligQiWe miQeV Rf Whe cRXQWU\, cRYeUiQg abRXW 100 km2 
aUe alVR lRcaWed QeaU PWRlemaida ciW\. TZR YaVW ZaWeU bRdieV 
caQ alVR be fRXQd iQ WhiV Wile, Whe OUeVWiada lake aQd Whe 
PRl\f\WRV aUWificial lake, a UeVXlW Rf dammiQg Whe AliakmRQaV 
UiYeU, Whe lRQgeVW ZaWeUcRXUVe iQ Whe cRXQWU\. 
 
Tile 34SEJ iV lRcaWed iQ ceQWUal GUeece aQd SUeVeQWV a 
cRmbiQaWiRQ Rf all WhUee MediWeUUaQeaQ ]RQeV Rf Whe climaWic 
VWUaWificaWiRQ. ThiV Wile cRQViVWV Rf highl\ heWeURgeQeRXV 
laQdVcaSeV ZiWh YaU\iQg WeUUaiQ Uelief, iQclXdiQg SlaiQV bXW alVR 
VeYeUal mRXQWaiQ maVVeV. The PiQdXV mRXQWaiQ UaQge cURVVeV 
Whe VWXd\ aUea fURm QRUWh-ZeVW WR VRXWh-eaVW, SUeVeQWiQg cRYeUV 
Rf QaWXUal YegeWaWiRQ like cRQifeURXV aQd bURad-leaYed fRUeVWV, 
VcleURSh\llRXV YegeWaWiRQ aQd baUelaQdV. OQ Whe eaVWeUQ SaUW Rf 
Whe Wile, lieV a VigQificaQW SaUW Rf Whe TheVValiaQ PlaiQ, Whe laUgeVW 
agUicXlWXUal ]RQe Rf Whe cRXQWU\. AgUicXlWXUal laQd cRQViVWV 
maiQl\ Rf cRWWRQ, mai]e, ceUealV, aQd gUaVV fRddeUV. The VWXd\ 
aUea alVR iQclXdeV VeYeUal YaVW ZaWeU bRdieV, like Whe maQ-made 
lakeV PlaVWiUa aQd KUemaVWRQ, aQd SaUW Rf Whe AmYUakikRV GXlf.  
 
Tile 34SEG cRYeUV Whe biggeVW SaUW Rf ZeVWeUQ PelRSRQQeVe aQd 
belRQgV fRU mRVW Rf iWV e[WeQW WR Whe MediWeUUaQeaQ SRXWh ]RQe, 
Zhile bRUdeUiQg Whe Vea WR Whe ZeVW aQd VRXWh. TheUmR-
MediWeUUaQeaQ bUXVheV aQd VcleURSh\llRXV VhUXbV cRYeU aQ 
e[WeQViYe SaUW Rf WhiV UegiRQ fURm lRZeU WR higheU alWiWXdeV. 
MRXQW Ta\geWRV aQd mRXQW MaiQalR caQ be fRXQd RQ Whe 
eaVWeUQ SaUW Rf Whe Wile, cRYeUed mRVWl\ b\ cRQifeURXV fRUeVWV aQd 
VcleURSh\llRXV YegeWaWiRQ. RegaUdiQg agUicXlWXUe, RliYe gURYeV 
aUe dRmiQaQW aQd YaVWl\ cXlWiYaWed iQ WhiV aUea. IQ addiWiRQ, 
gUaSe YiQeV, ciWUXV WUeeV, SRWaWReV, aQd YegeWableV, maQ\ Rf 
Zhich XQdeU cRYeU (gUeeQhRXVeV), aUe cURS W\SeV WhaW caQ be 
alVR fRXQd iQ WhiV UegiRQ. The laUge ligQiWe miQe Rf MegalRSRliV 
iV lRcaWed iQ Whe eaVWeUQ SaUW Rf Whe Wile, WRR.  
 

 
FLJXUH 1. The VelecWed SeQWiQel-2 WileV RYeUlaid RQ Whe 

EQYiURQmeQWal SWUaWificaWiRQ Rf EXURSe maS (MeW]geU, 2018; 
MeW]geU eW al., 2005). 

 
FRU all VWXdied WileV, XUbaQ UegiRQV cRYeU UelaWiYel\ Vmall aUeaV 
ZiWh mRVW ciWieV UecRUdiQg e[WeQWV Rf leVV WhaQ 100 km2, e[ceSW 
fRU ciWieV Rf Ale[aQdURXSRliV (650 km2) iQ Wile 35TLF, TUikala 
(600 km2) iQ Wile 34SEJ aQd KalamaWa (450 km2) iQ 34SEG. 

SSaUVe XUbaQ fabUic UegiRQV, cRUUeVSRQdiQg WR Vmall YillageV aUe 
VcaWWeUed acURVV all VWXd\ aUeaV. 
 
2.2 CODVVLILFDWLRQ NRPHQFODWXUH DQG RHIHUHQFH DDWD 

OQe Rf Whe maiQ cRQWUibXWiRQV Rf WhiV ZRUk iV Whe high WhemaWic 
aQal\ViV Rf Whe claVVeV¶ QRmeQclaWXUe. We aim aW a deWailed laQd 
cRYeU aQd cURS W\Se SURdXcW ZiWh 35 claVVeV, iQclXdiQg 18 cURS 
W\SeV. IQ RUdeU WR deVigQ Whe laQd cRYeU claVVeV QRmeQclaWXUe, 
Ze WRRk iQWR cRQVideUaWiRQ Whe QRmeQclaWXUeV Rf UelaWed laQd 
cRYeU aQd/RU cURS W\Se SURdXcWV aQd claVVificaWiRQ V\VWemV, VXch 
aV CORINE LaQd CRYeU (CLC), GUeek laQd cRYeU daWabaVeV 
(IlRWV aQd SXbilRWV), Whe FAO LaQd CRYeU ClaVVificaWiRQ S\VWem 
(LCCS), Whe laQd SaUcel iQfRUmaWiRQ V\VWem (LPIS), Whe LUCAS 
VXUYe\, Whe Eagle fUameZRUk aQd RWheU QaWiRQal laQd cRYeU 
SURdXcWV (IQglada eW al., 2017). NeYeUWheleVV, Ze baVed Whe 
fRUmaWiRQ Rf Whe claVVificaWiRQ QRmeQclaWXUe RQ Whe defiQiWiRQ Rf 
VSecWUall\ aQd cRQWe[WXall\ hRmRgeQeRXV claVVeV aW Whe 
UeVSecWiYe VSaWial UeVRlXWiRQ Rf WaUgeW (10m). FXUWheU SaUameWeUV 
WakeQ iQWR accRXQW ZeUe claVV UeSUeVeQWaWiYeQeVV, UelaWiYe e[WeQW, 
aQd imSRUWaQce fRU Whe aUea Rf VWXd\. CURSV¶ QRmeQclaWXUe iQ 
SaUWicXlaU, ZaV deVigQed b\ alVR WakiQg iQWR cRQVideUaWiRQ 
agURQRmical aQd VSecWUal diVWiQcWQeVV RU VimilaUiW\ (gURXSiQg Rf 
claVVeV, e.g. ceUealV) beWZeeQ diffeUeQW W\SeV, bXW alVR Whe 
cXlWiYaWiRQ e[WeQW aQd imSRUWaQce iQ Whe agUicXlWXUal ecRQRm\ Rf 
GUeece. 
 
IQ WhiV cRQWe[W, Whe claVVificaWiRQ QRmeQclaWXUe iQclXded Whe 
fRllRZiQg laQd cRYeU caWegRUieV: DeQVe XUbaQ fabUic (DUF), 
SSaUVe XUbaQ fabUic (SUF), IQdXVWUial/CRmmeUcial XQiWV (ICU), 
RRad/AVShalW QeWZRUkV (RAN), PhRWRYRlWaic XQiWV (PHV), 
BURad-leaYed (BLF) aQd CRQifeURXV (CNF) fRUeVWV, NaWXUal 
gUaVVlaQdV (NGR), DeQVe (DSV) aQd SSaUVe VcleURSh\llRXV 
YegeWaWiRQ (SSV), SSaUVel\ YegeWaWed aUeaV (SVA), 
BeacheV/DXQeV/MiQeV (BDM), BaUe URckV (RCK), WeWlaQdV 
(WTL), WaWeU cRXUVeV (WCR), WaWeU bRdieV (WBD) aQd 
CRaVWal ZaWeU (CWT). CURS-W\Se claVVeV iQclXded: OliYe gURYeV 
(OLG), GUaSe YiQe\aUdV (VNY), CiWUXV WUeeV (CTR), PRme WUeeV 
(POM), SWRQe fUXiW WUeeV (STN), NXW TUeeV (NUT), Rice (RIC), 
CeUealV (CRL), CRWWRQ (CTN), Mai]e (MAI), TRbaccR (TBC), 
SXQflRZeUV (SUN), LegXmeV (LEG), PRWaWReV (POT), 
VegeWableV (VEG), GUaVV fRddeUV (FDR), GUeeQhRXVeV (GRH) 
aQd FallRZ (FLW).  
 
RefeUeQce daWa fRU Whe claVVificaWiRQ caWegRUieV ZeUe cUeaWed 
WhURXgh aQ iQWeQViYe image iQWeUSUeWaWiRQ SURcedXUe, b\ ShRWR-
iQWeUSUeWaWiRQ e[SeUWV. DigiWi]aWiRQ ZaV SeUfRUmed RQ YeU\ high 
UeVRlXWiRQ imageU\, like GRRgle EaUWh aQd BiQg VaWelliWe daWa, 
PlaQeWVcRSe daWa aQd RUWhRShRWRV Rf Whe NaWiRQal CadaVWUe aQd 
MaSSiQg AgeQc\. VaUiRXV geRVSaWial daWaVeWV ZeUe XVed aV 
aQcillaU\ iQfRUmaWiRQ, e.g., geRVSaWial daWa fURm field camSaigQV 
cRQdXcWed b\ RXU labRUaWRU\, QaWiRQal geRVSaWial iQfRUmaWiRQ 
la\eUV, CRSeUQicXV GlRbal LaQd SeUYice SURdXcWV aQd high-
UeVRlXWiRQ VaWelliWe daWaVeWV. PaUWicXlaUl\ fRU aUable cURS claVVeV, 
geRVSaWial daWa fURm Whe GUeek Pa\iQg AgeQc\ aQd LPIS ZeUe 
XVed fRU Whe cUeaWiRQ Rf UefeUeQce daWa, fRllRZiQg VRme 
SURceVViQg VWeSV WRZaUdV Whe e[clXViRQ Rf eUURQeRXV (³RXWlieUV´) 
UecRUdV. AW Whe Vame Wime, adheUiQg WR gRRd SUacWice fRU Whe 
cUeaWiRQ Rf UefeUeQce daWaVeWV, VamSle Vi]e SeU claVV ZaV keSW 
UelaWiYe WR each claVV¶V UeVSecWiYe RccXUUeQce iQ Whe VWXd\ aUea. 
 
2.3 SHQWLQHO-2 DDWD DQG PUHSURFHVVLQJ 

SeQWiQel-2 L1C daWa Rf leVV WhaQ 20% clRXd cRYeUage fRU Whe 
\eaU 2019 ZeUe acTXiUed fURm ESA Sci-HXb fRU Whe fRXU abRYe 
meQWiRQed SeQWiQel-2 WileV. SeYeUal SUe-SURceVViQg VWeSV ZeUe 
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aSSlied, WRZaUdV Whe VeamleVV e[SlRiWaWiRQ Rf Whe VWXdied Wime 
VeUieV Rf mXlWiVSecWUal imageV. The iQiWial VWeS ZaV aWmRVSheUic 
cRUUecWiRQ, XViQg Whe SeQ2CRU SURceVVRU, fRllRZed b\ a BRDF 
(Bi-diUecWiRQal ReflecWaQce DiVWUibXWiRQ FXQcWiRQ) cRUUecWiRQ 
XViQg a Vemi-emSiUical keUQel-baVed aV deVcUibed iQ SX eW al. 
(2009). FXUWheUmRUe, clRXd aQd VhadRZ VcUeeQiQg ZaV 
SeUfRUmed, aSSl\iQg Whe F-maVk algRUiWhm (ZhX aQd WRRdcRck, 
2012) aQd iQWeUSRlaWed YalXeV ZeUe SURdXced fRU gaS-filliQg, 
XViQg Whe mediaQ fXQcWiRQ. FRllRZiQg WhaW, mXlWi-WemSRUal miV-
UegiVWUaWiRQ eUURUV, Zhich aUe RfWeQ SUeVeQW iQ SeQWiQel-2 VceQeV 
(YaQ eW al., 2018), ZeUe addUeVVed aSSl\iQg Whe AROP 
(AXWRmaWed RegiVWUaWiRQ OUWhRUecWificaWiRQ Package) meWhRd 
(GaR eW al., 2009). AV a fiQal VWeS, Whe mediXm (20m) UeVRlXWiRQ 
baQdV Rf SeQWiQel-2 ZeUe VhaUSeQed fURm Whe, VSecWUall\ QeaUeVW, 
high (10m) VSaWial UeVRlXWiRQ baQd, baVed RQ Whe High-PaVV 
FilWeU (HPF) fXViRQ algRUiWhm. 
 
2.4 CODVVLILFDWLRQ AOJRULWKP, FHDWXUHV DQG SHW-8SV 

ReceQW liWeUaWXUe haV demRQVWUaWed Whe efficieQc\ Rf VhallRZ 
machiQe leaUQiQg fUameZRUkV, cRmSaUed WR deeSeU 
aUchiWecWXUeV, iQ WeUmV Rf a beWWeU WUade-Rff beWZeeQ 
cRmSXWaWiRQal cRVW aQd accXUac\, eVSeciall\ iQ Whe caVe Rf 
RSeUaWiRQal maSSiQg aSSlicaWiRQV (KaUaki]i eW al., 2018; SWRiaQ 
eW al., 2019). FRU WhiV VWXd\ Ze imSlemeQWed a RaQdRm FRUeVW 
(RF) claVVifieU ZiWh P\WhRQ 3.7.8, XViQg VcikiW-leaUQ aQd 100 
WUeeV. All e[SeUimeQWV ZeUe e[ecXWed RQ a VeUYeU UXQQiQg 
UbXQWX 20.04, ZiWh aQ IQWel(R) CRUe(TM) i7-5820K CPU aW 
3.30GH] aQd 48 GBV Rf RAM. 
 
We adRSWed WZR aSSURacheV UegaUdiQg Whe aSSlied claVVificaWiRQ 
feaWXUeV, i.e., RQe baVed RQ Wime VeUieV Rf VSecWUal feaWXUeV aQd 
RQe baVed RQ WemSRUal feaWXUeV, i.e., VWaWiVWical deUiYaWiRQV 
e[WUacWed fURm Whe VSecWUal Wime VeUieV SeU Si[el. The VelecWiRQ 
Rf Whe VSecific VSecWUal aQd WemSRUal feaWXUeV ZaV baVed RQ RXU 
SUeYiRXV UeVeaUch effRUWV (KaUaki]i eW al., 2020, 2018) aQd RQ 
Whe UelaWed liWeUaWXUe aV aQal\]ed iQ Whe IQWURdXcWiRQ VecWiRQ. 
The Wime VeUieV (TS) VeWV ZeUe fRUmed fRU each Wile b\ VWackiQg 
VeYeQ VSecWUal baQdV, i.e., BlXe (BaQd 2), GUeeQ (BaQd 3), Red 
(BaQd 4), Red-Edge (BaQd 5), NIR (BaQd 8), SWIR 1 (BaQd 
11), SWIR 2 (BaQd 12) aQd WhUee VSecWUal iQdiceV, i.e., NDVI, 
NDWI aQd NDBI. The TS daWacXbeV cRQViVWed Rf: 290 la\eUV 
fRU Wile 35TLF, 310 fRU 34SEJ aQd 350 fRU 34SEG aQd 34TEK, 
baVed RQ Whe aYailable acTXiViWiRQV, adheUiQg WR leVV WhaQ 20% 
clRXd cRYeUage fRU each Wile. The WemSRUal feaWXUeV (TF) VeWV 
ZeUe fRUmed fRU each Wile b\ VWackiQg QiQe WemSRUal meWUicV i.e., 
Whe 10Wh, 25Wh, 50Wh, 75Wh, 90Wh SeUceQWileV, miQimXm, ma[imXm, 
meaQ YalXeV, aQd VWaQdaUd deYiaWiRQ fRU all WeQ VSecWUal baQdV 
aQd iQdiceV. FRU each Wile, Whe TF daWacXbeV had Whe Vame 
QXmbeU Rf feaWXUeV, i.e., 90. 
 
AddiWiRQall\, Whe cRQWUibXWiRQ Rf WhUee aX[iliaU\ feaWXUeV ZaV 
aVVeVVed fRU bRWh VeWV (TS & TF). ReceQW VWXdieV XViQg mXlWi-
WemSRUal VaWelliWe daWa WRZaUdV laQd cRYeU maSSiQg, haYe 
dRcXmeQWed RQ Whe eQhaQcemeQW Rf Whe claVVificaWiRQ UeVXlW, 
ZheQ aSSeQdiQg aQcillaU\ daWa like eleYaWiRQ, We[WXUal, 
geRgUaShic, biRclimaWic aQd WhemaWic/cRQWe[WXal iQfRUmaWiRQ 
(CheQ eW al., 2015; PflXgmacheU eW al., 2019; VeUde eW al., 2020; 
ZhaQg eW al., 2020; ZhX eW al., 2016). TR WhiV eQd, Ze e[SlRiWed 
a digiWal eleYaWiRQ mRdel (EU-DEM) aQd Whe CLC SURdXcW fRU 
Whe \eaU 2018, fURm Whe CRSeUQicXV LaQd MRQiWRUiQg SeUYice, 
aQd Whe EQYiURQmeQWal ZRQeV SURdXcW fURm Whe climaWic 
VWUaWificaWiRQ Rf EXURSe (MeW]geU, 2018).  
 
ClaVVificaWiRQ mRdelV ZeUe bXilW bRWh RQ a SeU-Wile/UegiRQ baViV 
aQd b\ cRmbiQiQg UegiRQV¶ WUaiQiQg daWa iQWR cURVV-UegiRQal 

mRdelV. SeYeUal e[SeUimeQWV ZeUe SeUfRUmed, aSSl\iQg Whe TS 
RU TF aSSURach aQd diffeUeQW cRmbiQaWiRQV Rf Whe aX[iliaU\ daWa.  

 

3. E;PERIMEN7AL RES8L7S AND DISC8SSION 

3.1 9DOLGDWLRQ FUDPHZRUN DQG AFFXUDF\ MHWULFV 

IQ a UeceQW ZRUk (KaUaki]i eW al., 2020) Ze adYRcaWed Whe XVe Rf 
VSaWiall\ iQdeSeQdeQW WUaiQiQg aQd WeVWiQg VeWV, iQ RUdeU WR aYRid 
RYeU-eVWimaWiRQ fRU Whe accXUac\ meWUicV. TR WhiV eQd, fRU each 
Wile, Whe UefeUeQce daWa ZeUe VSliW aW Whe SRl\gRQ leYel, XViQg 
aSSUR[imaWel\ 65% fRU WUaiQiQg aQd keeSiQg 35% fRU WeVWiQg. 
The YalidaWiRQ Rf Whe claVVificaWiRQ e[SeUimeQWV ZaV 
TXaQWiWaWiYel\ imSlemeQWed b\ fRUmiQg cRQfXViRQ maWUiceV aW 
Whe Si[el leYel, e[SUeVViQg Whe agUeemeQW beWZeeQ SUedicWiRQV 
aQd WeVWiQg daWa labelV. 
 
The VWaQdaUd accXUac\ meWUicV Rf RYeUall accXUac\ (OA), XVeU¶V 
aQd SURdXceU¶V accXUac\ (UA aQd PA) ZeUe calcXlaWed. PeU 
claVV F-meaVXUe (F1) VcRUeV ZeUe alVR calcXlaWed aV Whe 
haUmRQic meaQ beWZeeQ UA aQd PA. IQ addiWiRQ, Whe aYeUage 
F1 fURm all claVVificaWiRQ caWegRUieV (aYF1) ZaV calcXlaWed, aV a 
ViQgle-QXmbeU iQdicaWRU Rf each e[SeUimeQW¶V efficieQc\, 
cRmSaUable WR OA, bXW ZiWhRXW Whe biaV Rf claVV VamSle Vi]e. TR 
aVViVW RXU aQal\ViV UegaUdiQg cURS aQd QRQ-cURS claVVeV, F1 
VcRUeV ZeUe alVR aYeUaged RQl\ fRU cURS claVVeV (aYF1cURSV) aQd 
RQl\ fRU, QRQ-cURS, geQeUal laQd cRYeU claVVeV (aYF1QRQ-cURSV). 
QXaliWaWiYe eYalXaWiRQ ZaV alVR SeUfRUmed b\ WhRURXgh, 
iQWeQViYe RbVeUYaWiRQ Rf Whe SURdXced maSV. 
 
3.2 QXDQWLWDWLYH CRPSDUDWLYH AQDO\VLV 

ReVXlWV fURm e[SeUimeQWV XViQg Whe TS aQd TF feaWXUeV, fRUm 
Whe baViV Rf Whe cRmSaUaWiYe aQal\ViV fRU Whe SeU-Wile 
e[SeUimeQWV. AddiWiRQal e[SeUimeQWV XViQg aX[iliaU\ daWa aQd 
cURVV-UegiRQal/ViQgle claVVifieUV aUe alVR SUeVeQWed aQd 
diVcXVVed. FRU Whe Vake Rf bUeYiW\ Ze dR QRW SUeVeQW UeVXlWV fURm 
all cRmbiQaWiRQV Rf aX[iliaU\ iQfRUmaWiRQ, ViQce Whe e[SlRiWaWiRQ 
Rf Whe fXll-VeW had Whe beVW SeUfRUmaQce. NeYeUWheleVV, VeYeUal 
iQVighWV aQd UemaUkV fURm WhRVe e[SeUimeQWV aUe diVcXVVed iQ 
Whe fRllRZiQg SaUagUaShV 
 
3.2.1 SSHFWUDO 7LPH SHULHV 9S 7HPSRUDO FHDWXUHV: FigXUe 
2 SUeVeQWV OA, aYF1, aYF1cURSV aQd aYF1QRQ-cURSV UaWeV, fRU 
Whe e[SeUimeQWV SeUfRUmed RQ a SeU-Wile baVe, ZiWh YaUiRXV 
feaWXUeV¶ VeW-XSV. IQ baUV Rf blXe hXe, UaWeV fRU Whe TS 
e[SeUimeQWV aUe SUeVeQWed, Zhile iQ baUV Rf Ued hXe, UaWeV fRU Whe 
TF RQeV. FRU bRWh TS aQd TF daUkeU VhadeV UeSUeVeQW fXll-VeW 
e[SeUimeQWV, Zhich iQclXde aX[iliaU\ daWa. OA e[ceeded 80% 
aQd F1 69% iQ all caVeV. FRU all WileV, TS feaWXUeV gaYe beWWeU 
claVVificaWiRQ UeVXlWV cRmSaUed WR TF. OA diffeUeQceV beWZeeQ 
Whe WZR VeWV ZeUe aW mRVW 3%; QeYeUWheleVV, Whe aYF1cURSV 
meWUic e[hibiWed Whe laUgeVW diffeUeQceV, XS WR 8%, ZiWh eYeU\ 
caVe iQ faYRU Rf TS. The laWWeU highlighWV Whe facW WhaW Whe higheU 
QXmbeU Rf feaWXUeV SUeVeQW RQ Whe TS VeW, dXe WR Whe higheU 
fUeTXeQc\ Rf RbVeUYaWiRQV, ZaV cUiWical fRU a mRUe accXUaWe 
deWecWiRQ Rf Whe cURS claVVeV. The claVVificaWiRQ Rf diffeUeQW cURS 
W\SeV cRUUeVSRQdV WR a mRUe cRmSle[ WaVk WhaQ Whe claVVificaWiRQ 
Rf QRQ-cURS laQd cRYeU claVVeV, ZhRVe VSecWUal behaYiRU iV leVV 
YaUiaQW acURVV Whe \eaU. ThiV iV alVR aSSaUeQW iQ Whe cRmSaUiVRQ 
beWZeeQ Whe aYF1cURSV aQd aYF1QRQ-cURSV UaWeV, ZiWh Whe fiUVW 
RQe iQ Whe UaQge Rf 56-87% aQd Whe VecRQd iQ Whe UaQge Rf 82-
94%. IQ VXSSRUW Rf WhaW, aYF1QRQ-cURSV UaWeV aSSeaU 
VigQificaQWl\ leVV affecWed, fURm XViQg eiWheU TS RU TF feaWXUeV 
fRU Whe claVVificaWiRQ SURcedXUe. 
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34SEJ 34SEG 

FLJXUH 2. AccXUac\ meWUicV fRU Whe SeUfRUmed SeU-Wile e[SeUimeQWV XViQg diffeUeQW VeWV Rf feaWXUeV (TS: VSecWUal Wime VeUieV, TF: 
WemSRUal feaWXUeV, TS+AUX: TS aQd aX[iliaU\ daWa la\eUV, TF + AUX: TF aQd aX[iliaU\ daWa la\eUV).  

 
 
3.2.2 CRQWULEXWLRQ RI AX[LOLDU\ DDWD: The cRQWUibXWiRQ Rf 
aX[iliaU\ iQfRUmaWiRQ RQ Whe claVVificaWiRQ ZaV beQeficial iQ all 
caVeV. ImSURYemeQWV iQ UaWeV UaQged fURm 1-5% aQd 3-8% fRU 
aYF1cURSV aQd aYF1QRQ-cURSV UeVSecWiYel\, Zhile fRU OA 
Ueached XS WR 3%. AV e[SecWed, Whe iQflXeQce Rf aSSeQdiQg 
WhUee mRUe feaWXUeV RQ Whe TF daWaVeWV Rf 90 la\eUV, ZaV gUeaWeU 
cRmSaUed WR Whe imSacW RQ Whe TS daWaVeWV, cRmSRVed Rf 290-
350 la\eUV. IQ WhiV VeQVe, fRU e[SeUimeQWV XViQg aX[iliaU\ daWa, 
Whe diVSaUiW\ iQ accXUac\ meWUicV RbVeUYed beWZeeQ Whe TS aQd 
TF aSSURach iV VmalleU, iQ cRmSaUiVRQ WR e[SeUimeQWV WhaW did 
QRW XWili]e aX[iliaU\ daWa. 
 
FXUWheU aQal\ViV RQ addiWiRQal e[SeUimeQWV, b\ iQclXdiQg RU 
e[clXdiQg la\eUV Rf Whe aX[iliaU\ daWa fURm Whe claVVificaWiRQ 
SURceVV, highlighWed ceUWaiQ UemaUkV, UegaUdiQg WheiU 
cRQWUibXWiRQ iQ accXUaWel\ claVVif\iQg each claVV aQd SUeYeQWiQg 
claVVificaWiRQ eUURUV beWZeeQ VSecWUall\ VimilaU claVVeV. IQ 
SaUWicXlaU, eleYaWiRQ iQfRUmaWiRQ fURm Whe EU-DEM SURdXcW, iQ 
mRVW caVeV, cRQVideUabl\ imSURYed Whe claVVificaWiRQ UeVXlWV fRU 
QaWXUal YegeWaWiRQ claVVeV aQd cURS claVVeV WhaW SUeVeQW VSecWUal 
VimilaUiWieV, VXch aV NGR aQd FDR, OLG aQd SSV RU DSV, aQd 
fRU high bUighWQeVV aUWificial claVVeV (DUF, SUF, ICU) aQd 
baUelaQd claVVeV (SVA, BDM, RCK). Mi[iQg aQd claVVificaWiRQ 
eUURUV beWZeeQ WhRVe high bUighWQeVV aUWificial aQd baUelaQd 
claVVeV ZeUe alVR VigQificaQWl\ UedXced, b\ iQcRUSRUaWiQg 
WhemaWic/cRQWe[WXal iQfRUmaWiRQ fURm Whe CLC18 SURdXcW. The 
geRgUaShic/biRclimaWic iQfRUmaWiRQ deUiYed fURm Whe 

EQYiURQmeQWal ZRQeV SURdXcW had a VlighW SRViWiYe effecW maiQl\ 
fRU ceUWaiQ cURS claVVeV.  
 
3.2.3 9DULDWLRQ LQ CODVVLILFDWLRQ PHUIRUPDQFH RI DLIIHUHQW 
RHJLRQV: VaUiaWiRQ iQ claVVificaWiRQ SeUfRUmaQce beWZeeQ Whe 
VWXdied WileV caQ be RbVeUYed iQ FigXUe 2. The mRVW RbYiRXV 
QRWe iV WhaW Wile 34SEG SUeVeQWed Whe lRZeVW UaWeV fRU all meWUicV. 
OA fRU all RWheU WhUee WileV e[ceeded 90%. The higheVW UaWeV 
ZeUe achieYed fRU Wile 34SEJ, XSZaUdV Rf 77% fRU all meWUicV 
aQd VeW-XSV. CRmSaUiQg beWZeeQ 34SEJ aQd 34SEG, albeiW mRUe 
daWa ZeUe aYailable fRU Whe laWWeU, i.e., 35 mXlWi-VSecWUal imageV 
iQVWead Rf 31 fRU Whe fRUmeU, 34SEG e[hibiWed Whe lRZeVW 
accXUac\ UaWeV aQd 34SEJ Whe higheVW. ThiV caQ be diUecWl\ 
aWWUibXWed WR diffeUeQceV iQ VamSle Vi]e Rf Whe UefeUeQce daWa fRU 
WheVe WileV. IQ SaUWicXlaU, 34SEJ had Whe laUgeVW amRXQW Rf 
UefeUeQce daWa (a1.6 milliRQ Si[elV) ViQce WhiV UegiRQ UeSUeVeQWV 
a highl\ heWeURgeQeRXV laQdVcaSe, aV meQWiRQed iQ VXbVecWiRQ 
2.1. OQ Whe cRQWUaU\, Wile 34SEG had Whe lRZeVW amRXQW Rf 
UefeUeQce daWa (a0.8 milliRQ Si[elV), ViQce half Rf iWV e[WeQW iV 
cRYeUed b\ Whe Vea. FXUWheUmRUe, aV alVR dRcXmeQWed iQ 
VXbVecWiRQ 2.1, UegaUdiQg agUicXlWXUe, Whe cXlWiYaWiRQ Rf OLG 
SUeYailV, aQd maQ\ RWheU cURSV like POM, STN, NUT, RIC aQd 
LEG aUe cXlWiYaWed iQ a UelaWiYel\ limiWed e[WeQW aQd VR a VmalleU 
QXmbeU Rf UefeUeQce daWa iV aYailable fRU WheVe caWegRUieV. TileV 
35TLF aQd 34TEK SUeVeQWed a VimilaU WRWal VamSle Vi]e Rf 
UefeUeQce daWa, aURXQd 1.5 milliRQ Si[elV. IQ Whe caVeV Rf 35TLF 
aQd 34TEK, OA UaWeV fRU TS e[SeUimeQWV ZeUe RYeU 93% aQd 
fRU TF RYeU 91%, Zhile aYF1 RYeU 83% aQd 78% UeVSecWiYel\. 
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3.2.4 SLQJOH 9S PHU-WLOH MRGHOV: IQ RUdeU WR e[amiQe Whe 
imSacW Rf cURVV-UegiRQ claVV YaUiabiliW\ iQ Whe WUaiQiQg SURceVV Rf 
Whe claVVifieU, addiWiRQal mRdelV ZeUe bXilW b\ cRmbiQiQg TF 
daWa fURm all fRXU WileV. SimilaU e[SeUimeQWV baVed RQ TS cRXld 
QRW be SeUfRUmed, ViQce Whe Wime VeUieV cXbeV had diffeUeQW 
feaWXUe cRXQWV, deSeQdaQW RQ Whe aYailable acTXiViWiRQV fRU each 
Wile, Zhile Whe WemSRUal diVWUibXWiRQV Rf acTXiViWiRQV ZeUe alVR 
diffeUeQW acURVV Whe fRXU WileV VWXdied. 
 
Table 1 VhRZV accXUac\ meWUicV fRU Whe WeVWiQg aVVeVVmeQW 
SeUfRUmed VeSaUaWel\ RQ each Wile, ZheQ XViQg Whe mRdel WUaiQed 
RQ Whe Vame Wile (SeU-Wile), aQd ZheQ XViQg Whe cURVV-UegiRQal 
mRdel (ViQgle), WUaiQed ZiWh daWa fURm all WileV. IQ all WheVe caVeV 
Whe feaWXUeV¶ VeW-XS iV TF+AUX, i.e. WemSRUal feaWXUeV SlXV all 
aYailable aX[iliaU\ feaWXUeV. E[SeUimeQWV XViQg mRdelV WUaiQed 
aQd WeVWed RQ Whe Vame Wile, SUeVeQWed VlighWl\ higheU accXUac\ 
UaWeV fRU WileV 35TLF, 34TEK aQd 34SEJ. ThiV caQ be aWWUibXWed 
WR Whe facW WhaW, Whe claVVifieU iV WUaiQed aQd WeVWed XViQg Whe Vame 
VSecWUR-WemSRUal cXbe acURVV RQe UegiRQ/Wile. HRZeYeU, WhaW ZaV 
QRW Whe caVe ZheQ WeVWiQg Whe SeUfRUmaQce RQ Wile 34SEG, ViQce 
SeU-claVV aYeUage meWUicV (aYF1, aYF1cURSV, aYF1QRQ-cURSV) 
ZeUe higheU ZheQ XViQg Whe ViQgle claVVifieU. AV deVcUibed RQ 
Whe SUeYiRXV VecWiRQ, Wile 34SEG had a limiWed QXmbeU Rf 
UefeUeQce daWa, eVSeciall\ fRU ceUWaiQ cURS claVVeV, cRmSaUed WR 
all RWheU WileV. IQ WhiV VeQVe, iQcRUSRUaWiQg mRUe WUaiQiQg daWa 
fURm Whe RWheU UegiRQV SURYed beQeficial fRU maQ\ caWegRUieV. 
EQhaQcemeQWV iQ accXUac\ ZheQ XViQg Whe ViQgle mRdel, ZeUe 
alVR UecRUded fRU Whe RWheU WileV WRR, fRU ceUWaiQ lRZ (SeU-Wile) 
VamSle Vi]e caWegRUieV, like GRH iQ 35TLF, TBC aQd VEG iQ 
34TEK aQd ICU iQ 34SEJ. 
 

MRdel / 
MeWUic peU-Wile Vingle peU-Wile Vingle peU-Wile Vingle peU-Wile Vingle

OA 94.43 94.12 92.71 92.26 96.20 95.69 84.18 83.24

DYF1 81.34 80.15 87.70 84.93 86.33 84.79 75.43 76.39

DYF1 
FURSV 68.42 67.52 81.69 79.60 81.10 78.27 59.71 61.47

DYF1QRQ-
FURSV 94.25 92.78 94.08 90.61 91.57 91.32 90.22 90.43
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7DEOH 1. CRmSaUiVRQ Rf Whe mRdelV WUaiQed RQ a SeU-Wile baViV, 
ZiWh Whe ViQgle mRdel WUaiQed ZiWh daWa fURm all UegiRQV, XViQg 

Whe TF+AUX VeW-XS. 

 
FXUWheU iQVighWV RQ Whe UelaWiYe SeUfRUmaQce Rf each claVV caQ be 
deUiYed b\ Whe F1 UaWeV SUeVeQWed SeU claVV iQ Table 2 fRU 
VelecWed e[SeUimeQWV. IQ SaUWicXlaU, Whe fiUVW WZR ³E[SeUimeQWV´ 
cRlXmQV VhRZ Whe F1 VcRUeV fRU Whe ViQgle mRdel XViQg WUaiQiQg 
aQd WeVWiQg daWa fURm all WileV, aSSl\iQg Whe TF aQd TF+AUX 
VeW-XSV. The WRWal VamSle Vi]e SeUceQWage fURm all UegiRQV iV alVR 
SUeVeQWed fRU each claVV. RelaWiYe UaWeV iQ Table 2 iQdicaWe WhaW 
Whe cRQWUibXWiRQ Rf Whe aX[iliaU\ daWa iV SRViWiYe iQ Whe OA aQd 
F1 VcRUeV Rf all claVVeV, iQ agUeemeQW ZiWh Whe cRUUeVSRQdiQg 
aQal\ViV fRU Whe SeU-Wile e[SeUimeQWV (VXbVecWiRQ 3.2.2). IQ 
SaUWicXlaU, Whe F1 VcRUeV Rf aUWificial claVVeV DUF, SUF aQd ICU 
ZeUe cRQVideUabl\ imSURYed (8-21%), ZheQ XViQg aX[iliaU\ 
daWa. F1 VcRUeV fRU QaWXUal YegeWaWiRQ claVVeV, NGR aQd SSV, 
ZeUe alVR iQcUeaVed XS WR 15%, Zhile baUelaQd claVV BDM 
e[hibiWed aQ 8% iQcUemeQW. SeYeUal cURS W\Se claVVeV like VNY, 
STN, NUT, VEG aQd FLW alVR \ielded iQcUeaVed F1 UaWeV b\ 
RYeU 5%, Zhile fUXiW WUee claVVeV CTR aQd POM VhRZcaVed a 
VigQificaQW imSURYemeQW, Rf aSSUR[imaWel\ 20%. RegaUdiQg 

VamSle Vi]e iQflXeQce RQ Whe cURVV-UegiRQal e[SeUimeQWV, mRVW 
claVVeV Rf high VamSle Vi]e SeUceQWage e.g., BLF, CRL, CTN, 
CNF, MAI, SUeVeQWed F1 VcRUeV Rf RYeU 90% fRU bRWh VeW-XSV. 
OQ Whe cRQWUaU\, lRZ VamSle Vi]e fRU ceUWaiQ claVVeV, like POM, 
NUT aQd VNY ZaV aVVRciaWed ZiWh lRZeU F1 VcRUeV. 
NeYeUWheleVV, WhiV cRUUelaWiRQ ZaV QRW cRQViVWeQW acURVV all 
claVVeV VWXdied, ZiWh e[ceSWiRQV, e.g., RAN, PHV, WCR, 
e[hibiWiQg lRZ VamSle Vi]e SeUceQWageV, bXW YeU\ high F1 VcRUeV, 
mRVW SURbabl\ UelaWed WR WheiU diVWiQcW VSecWUal chaUacWeUiVWicV. 
 
The WhiUd aQd fRXUWh ³E[SeUimeQWV´ cRlXmQV iQ Table 2, UecRUd 
Whe F1 VcRUeV ZheQ aSSl\iQg Whe cURVV-UegiRQal (ViQgle) mRdel 
aQd ZheQ aSSl\iQg Whe SeU-Wile WUaiQed mRdel, iQ RUdeU WR SUedicW 
Whe 34SEG WeVWiQg daWa, ZiWh Whe TF+AUX VeW-XS. The VamSle 
Vi]e SeUceQWage fRU Wile 34SEG iV alVR SUeVeQWed fRU each claVV. 
AV alUead\ meQWiRQed iQ SUeYiRXV SaUagUaShV, ceUWaiQ lRZ-
VamSle Vi]e claVVeV iQ 34SEG (e.g., STN, RIC, POM, ICU, 
RAN, SVA), ZeUe deWecWed mRUe accXUaWel\ ZheQ aSSl\iQg Whe 
ViQgle mRdel. NRQeWheleVV, e[ceSWiRQall\ lRZ VamSle Vi]e cURS 
claVVeV (LEG, POM, STN) hRld YeU\ SRRU claVVificaWiRQ UaWeV 
fRU bRWh caVeV. 
 

ClaVV 
CRde

M: ViQgle           
7: All WileV            
F: TF

M: ViQgle           
7: All WileV            
F: TF +AUX

M: ViQgle           
7: 34SEG            
F: TF +AUX

M: SeU-Wile           
7: 34SEG            
F: TF +AUX

D8F 0.30 71.07 86.37 79.81 80.41 0.41
S8F 0.37 78.67 86.91 91.27 91.67 1.15
IC8 0.33 70.94 92.22 81.92 74.97 0.34
RAN 0.37 91.82 95.85 97.39 95.40 0.45
PH9 0.19 97.26 97.67 99.37 99.53 0.32
BLF 17.37 98.73 99.30 96.68 98.53 2.95
CNF 6.60 96.43 98.25 98.08 97.71 6.67
NGR 0.71 71.82 86.44 75.79 75.53 0.54
DS9 5.07 88.07 90.20 84.49 84.27 14.10
SS9 3.72 81.59 86.58 83.32 84.09 13.75
S9A 1.65 88.07 91.68 91.37 89.91 1.24

BDM 1.21 87.02 94.92 97.10 96.74 2.46
RCK 0.62 89.36 92.87 97.03 96.64 1.59
:7L 2.19 92.30 98.77 97.08 98.50 1.25
:CR 0.23 87.31 89.12 71.91 75.16 0.17
:BD 3.08 98.91 99.61 94.78 94.73 1.08
C:7 3.04 99.32 100.00 100.00 99.98 2.29
OLG 3.64 85.96 90.40 91.79 92.74 16.74
9N< 0.97 67.58 72.86 73.67 76.50 1.77
C7R 0.34 63.76 80.89 78.38 82.42 1.58
POM 0.28 43.62 65.21 4.45 1.35 0.05
S7N 0.64 79.66 85.75 41.78 0.00 0.05
N87 1.34 52.52 59.74 24.80 28.70 0.82
RIC 0.48 98.92 99.28 96.55 85.79 0.09
CRL 11.55 92.71 93.37 50.01 54.93 4.50
C7N 9.25 97.42 97.93 90.06 89.17 3.28
MAI 6.60 98.32 98.49 95.14 95.12 2.60
7BC 1.26 85.35 87.83
S8N 2.14 88.30 91.22
LEG 2.03 62.79 67.59 0.00 0.00 0.05
PO7 0.80 81.18 86.14 87.82 89.53 1.90
9EG 1.78 65.38 72.81 74.13 76.23 3.67
FDR 7.22 84.86 87.68 61.92 64.10 5.41
GRH 0.58 82.11 85.81 84.52 85.51 3.17
FL: 2.04 47.49 55.36 28.51 33.29 3.55

90.05 92.44 83.24 84.18
81.90 87.57 76.39 75.43

34SEG: 
SDPSOH 

SL]H 
SHUF.

OA (%)

DYF1 (%)

F1 VFRUHV (%)

7RWDO 
SDPSOH 

SL]H 
SHUF.

E[SHULPHQW:

 
7DEOH 2. OA aQd SeU-claVV F1 UaWeV fRU VelecWed e[SeUimeQWV 

(M: mRdel, T: WeVWiQg daWa VRXUce, F: feaWXUeV¶ VeW-XS). 
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3.2.5 FHDWXUH LPSRUWDQFH: IQ RUdeU WR YalidaWe Whe 
cRQWUibXWiRQ Rf all claVVificaWiRQ feaWXUeV, Ze aVVeVVed Whe 
imSXUiW\-baVed feaWXUe imSRUWaQce (GiQi iQde[), cRmSXWed aV 
Whe QRUmali]ed WRWal UedXcWiRQ Rf Whe cUiWeUiRQ bURXghW b\ each 
feaWXUe, ZheQ bXildiQg Whe RF claVVifieUV fRU all e[SeUimeQWV. 
FRU bRWh TS aQd TF daWaVeWV, Whe XVe Rf VSecWUal iQdiceV, aQd 
eVSeciall\ NDVI, had a VigQificaQW cRQWUibXWiRQ iQ Whe 
claVVificaWiRQ WaVk, iQdeSeQdeQWl\ Rf Whe daWe fRU TS aQd Whe 
VWaWiVWical meWUic fRU TF. NIR, Red, Red-Edge aQd SWIR baQdV 
fRllRZed, Zhile GUeeQ aQd BlXe baQdV ZeUe iQ mRVW caVeV aW Whe 
bRWWRm Rf Whe UaQkiQg. 
 
RegaUdiQg Whe TS mRdelV, fRU WileV 34SEJ aQd 34TEK, VSecWUal 
feaWXUeV fURm imageV acTXiUed dXUiQg Whe VXmmeU ZeUe higheU 
RQ Whe UaQkiQg liVW, fRU 34SEG feaWXUeV cRUUeVSRQdiQg WR VSUiQg 
aQd aXWXmQ SURYed mRUe imSRUWaQW, Zhile fRU Whe QRUWheUQmRVW 
Wile, 35TLF, VSecWUal feaWXUeV cRUUeVSRQdiQg WR all fRXU VeaVRQV 
ZeUe fRXQd iQ Whe WRS SlaceV. VaUiaQce iQ imSRUWaQce, 
deSeQdiQg RQ Whe VeaVRQ Whe imageU\ ZaV acTXiUed, caQ be 
aVVRciaWed ZiWh iQWeU-UegiRQal diffeUeQceV iQ Whe d\Qamic 
claVVeV¶ behaYiRU alRQg Whe \eaU, bXW alVR RQ Whe SUeVeQce aQd 
e[WeQW Rf claVVificaWiRQ caWegRUieV iQ each aUea. FRU e[amSle, 
WileV 34SEJ aQd 34TEK SUeVeQW laUge e[WeQWV Rf aUable cURSV, 
WhXV Whe UelaWiYel\ higheU imSRUWaQce Rf imageV acTXiUed dXUiQg 
Whe VXmmeU caQ be aWWUibXWed WR Whe d\Qamic behaYiRU Rf 
agUicXlWXUal claVVeV dXUiQg VXmmeUWime.  
 
RegaUdiQg Whe TF mRdelV, Whe VWaWiVWical meWUicV Rf VWaQdaUd 
deYiaWiRQ, mediaQ, 25%, meaQ, 10% aQd 75% ZeUe fRXQd WR be 
Whe mRVW imSRUWaQW acURVV all VSecWUal feaWXUeV. ThiV iQdicaWed 
WhaW e[WUeme YalXeV, i.e., miQ aQd ma[, ZeUe QRW YeU\ efficieQW 
fRU diVcUimiQaWiQg beWZeeQ claVVeV. ThiV caQ be aWWUibXWed WR, Whe 
facW WhaW VXch YalXeV iQ VRme caVeV cRQVWiWXWe RXWlieUV. The 
aX[iliaU\ daWa Rf EU-DEM aQd CLC18, ZeUe fRU mRVW 
e[SeUimeQWV, iQ WRS SlaceV UegaUdiQg WheiU GINI imSRUWaQce, aV 
alVR dRcXmeQWed fRU VimilaU aQcillaU\ iQfRUmaWiRQ iQ UeceQW 
liWeUaWXUe (PflXgmacheU eW al., 2019; VeUde eW al., 2020). 
NeYeUWheleVV, WhiV UemaUk VhRXld be iQWeUSUeWed ZiWh caXWiRQ, 
ViQce all RWheU cRmSeWiQg feaWXUeV aUe eiWheU mXlWi-WemSRUal 
RbVeUYaWiRQV (TS), RU deUiYed fURm Vaid RbVeUYaWiRQV (TF), WhXV 
SUeVeQWiQg high cRUUelaWiRQV beWZeeQ each RWheU. 
 
3.3 QXDOLWDWLYH 9DOLGDWLRQ RQ WKH MDS 

NXmeURXV maSV ZeUe SURdXced b\ aSSl\iQg Whe deYelRSed 
claVVifieUV. QXaliWaWiYe eYalXaWiRQ ZaV SeUfRUmed b\ WhRURXgh 
RbVeUYaWiRQ aQd cRmSaUiVRQ Rf Whe SURdXced laQd-cRYeU aQd 
cURS W\Se maSV ZiWh YeU\ high UeVRlXWiRQ UefeUeQce imageU\. 
E[amSleV fURm maSV fRU Whe VRXWheUQmRVW (34SEG) aQd 
QRUWheUQmRVW (35TLF) WileV aUe SUeVeQWed heUeb\. 
 
IQ FigXUe 3, a SaUW Rf Wile 34SEG iV SUeVeQWed, deSicWiQg Whe ciW\ 
Rf KalamaWa aQd VXUURXQdiQg aUeaV. The maS SURdXced b\ 
aSSl\iQg Whe SeU-Wile claVVifieU iV VhRZcaVed iQ FigXUe 3b, Zhile 
Whe maS UeVXlWiQg fURm Whe cURVV-UegiRQal ViQgle claVVifieU iV 
SUeVeQWed iQ FigXUe 3c. The iQSXW daWa XVed aUe Whe Vame iQ bRWh 
caVeV, i.e., Whe TF+AUX VeW-XS. OA UaWeV fRU bRWh e[SeUimeQWV 
ZeUe aURXQd 84% aQd bRWh maSV aSSeaU TXiWe accXUaWe, ZheQ 
cRmSaUed WR BiQg VaWelliWe imageU\ VXSeUimSRVed ZiWh Whe 
UefeUeQce daWa, VhRZcaVed iQ FigXUe 3a. HRZeYeU, VlighW 
diffeUeQceV caQ be RbVeUYed beWZeeQ Whe WZR maSV. IQ 
SaUWicXlaU, RQ Whe ZeVWeUQ SaUW Rf Whe maS, la\V Whe aiUSRUW Rf 
KalamaWa. ThiV aUea iV cRUUecWl\ claVVified aV Whe aUWificial 
claVVeV ICU aQd RAN iQ FigXUe 3c, Zhile iQ FigXUe 3b 
QXmeURXV Si[elV aUe eUURQeRXVl\ deSicWed aV Whe baUelaQd claVV 
BDM. ThiV UemaUk iV fXUWheU VXSSRUWed b\ Whe TXaQWiWaWiYe 

aQal\ViV Rf Whe claVVificaWiRQ UeVXlWV (Table 2), ViQce WheVe WhUee 
claVVeV hRld higheU F1 UaWeV ZheQ XViQg Whe ViQgle, iQVWead Rf 
Whe SeU-Wile, mRdel. 
 

(D) 

 
(E) 

 

 

(F) 

 

FLJXUH 3. PaUW Rf Whe 34SEG Wile, QeaU Whe ciW\ Rf KalamaWa: (a) 
RefeUeQce daWa RYeU BiQg SaWelliWe imageU\, Whe maSV SURdXced 
b\ aSSl\iQg: (b) Whe SeU-Wile mRdel aQd (c) Whe ViQgle mRdel, fRU 

Whe TF+AUX VeW-XS. 
 
IQ FigXUe 4 a SaUW Rf Wile 35TLF iV SUeVeQWed, deSicWiQg Whe 
NeVWRV UiYeU delWa, aQd VXUURXQdiQg agUicXlWXUal aUeaV, ZheUe 
mai]e aQd Uice aUe dRmiQaQW. PUeVeQWed iQ Whe VXbfigXUeV aUe 
maSV SURdXced b\ aSSl\iQg Whe SeU-Wile claVVifieU ZiWh Whe 
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(D) 

 

 (E) 

 
 

F) 

 

 (G) 

 

 
FLJXUH 4. PaUW Rf Whe 35TLF Wile, QeaU Whe NeVWRV UiYeU delWa: (a) RefeUeQce daWa RYeU GRRgle SaWelliWe imageU\, Whe maSV SURdXced b\ 
aSSl\iQg: (b) Whe SeU-Wile claVVifieU ZiWh Whe TF+AUX VeW-XS, (c) Whe ViQgle claVVifieU ZiWh Whe TF VeW-XS aQd (d) Whe ViQgle claVVifieU 

ZiWh Whe TF + AUX VeW-XS. 
 
TF+AUX VeW-XS (FigXUe 4b), Whe ViQgle claVVifieU ZiWh Whe TF 
VeW-XS (FigXUe 4c) aQd Whe ViQgle claVVifieU ZiWh Whe TF+AUX 
VeW-XS (FigXUe 4d). OA fRU WheVe e[SeUimeQWV e[ceeded 93%. 
 
CRmSaUaWiYe aQal\ViV Rf FigXUeV 4c aQd 4d, UegaUdiQg Whe 
imSacW Rf aX[iliaU\ daWa, fXUWheU VXSSRUWV Whe cRUUeVSRQdiQg 
TXaQWiWaWiYe aQal\ViV iQVighWV deUiYed fURm Table 2. IQ 
SaUWicXlaU, aUWificial claVVeV (SUF, DUF) aSSeaU mRUe accXUaWel\ 
deWecWed fRU YillageV aQd Vmall WRZQV iQ FigXUe 4d, Zhile FigXUe 
4c diVSla\V ceUWaiQ miV-claVVificaWiRQV caVeV WRZaUdV Whe claVV 
BDM. AgUicXlWXUal SaUcelV dR QRW SUeVeQW maQ\ diVcUeSaQcieV, 
aSaUW fURm ceUWaiQ fUXiW WUee SaUcelV WhaW aUe iQcRUUecWl\ labeled 
aV BLF iQ FigXUe 4c. WeWlaQd aUeaV alVR aSSeaU WR be mRUe 
cRQViVWeQWl\ deWecWed ZheQ XViQg Whe aX[iliaU\ daWa. The SeU-Wile 
mRdel SUedicWiRQV (FigXUe 4b) iQ cRmSaUiVRQ WR Whe ViQgle 
mRdel RQeV (FigXUe 4c), SUeVeQW VlighWl\ eQhaQced UeVXlWV 
UegaUdiQg Whe claVVificaWiRQ Rf Whe agUicXlWXUal SaUcelV aQd 
ZeWlaQd aUeaV. NRQeWheleVV, aV alVR meQWiRQed iQ VXbVecWiRQ 
3.2.4, lRZ VamSle Vi]e claVV GRH iV mRUe accXUaWel\ deWecWed 
ZheQ aSSl\iQg Whe ViQgle mRdel. IQ WhiV caVe, Whe blRck Rf 
gUeeQhRXVeV RQ Whe eaVWeUQ SaUW Rf Whe image iV claVVified aV ICU 
XViQg Whe SeU-Wile mRdel, Zhile iW iV cRUUecWl\ deWecWed aV GRH 
fURm Whe cURVV-UegiRQal ViQgle mRdel. 

 
4. CONCL8SIONS 

IQ WhiV SaSeU Ze SUeVeQWed a meWhRdRlRg\ fRU jRiQW laQd cRYeU 
aQd cURS W\Se maSSiQg XViQg mXlWi-WemSRUal SeQWiQel-2 daWa 
RYeU fRXU UegiRQV belRQgiQg WR diffeUeQW eQYiURQmeQWal ]RQeV iQ 
GUeece. The claVVificaWiRQ WaVk ZaV SeUfRUmed XViQg Whe RF 
algRUiWhm WRZaUdV Whe claVVificaWiRQ Rf 35 laQd cRYeU claVVeV, 
iQclXdiQg 18 cURS-W\Se caWegRUieV. High OA UaWeV Rf RYeU 90% 
ZeUe achieYed fRU mRVW e[SeUimeQWV. QXaQWiWaWiYe cRmSaUaWiYe 
aQal\ViV RQ Whe e[SeUimeQWal UeVXlWV, iQdicaWed WhaW WemSRUal 
feaWXUeV, Zhich haYe a cRQVideUabl\ UedXced dimeQViRQaliW\, 
gaYe UeVXlWV Rf VlighWl\ lRZeU (XS WR 3%) OA UaWeV, iQ 
cRmSaUiVRQ WR Whe Wime VeUieV VSecWUal feaWXUeV WhaW ZeUe 
aSSUR[imaWel\ WUiSle WR TXadUXSle iQ dimeQViRQ. AlWhRXgh 
geQeUal laQd cRYeU claVVeV ZeUe iQVigQificaQWl\ affecWed b\ Whe 
W\Se Rf claVVificaWiRQ feaWXUeV, cURS caWegRUieV¶ claVVificaWiRQ 
ZaV QRWiceabl\ beWWeU ZheQ XViQg Whe Wime VeUieV aSSURach. IQ 
WhiV VeQVe, a higheU fUeTXeQc\ Rf RbVeUYaWiRQV ZaV SURYeQ 
VigQificaQW ZheQ claVVif\iQg QXmeURXV cURS W\SeV. The iQclXViRQ 
Rf eleYaWiRQ aQd WhemaWic/cRQWe[WXal aX[iliaU\ daWa WR Whe 
claVVificaWiRQ SURcedXUe ZaV beQeficial iQ all caVeV. FXUWheU 
aQal\ViV RQ SeU-claVV accXUac\ UaWeV, highlighWed WhaW bRWh 
VamSle Vi]e aQd VSecWUal diVWiQcWQeVV affecWed Whe SeUfRUmaQce 
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Rf each claVVificaWiRQ caWegRU\. AggUegaWiRQ Rf all aYailable 
WUaiQiQg daWa, WRZaUdV SURdXciQg a ViQgle, cURVV-UegiRQal mRdel, 
UeVXlWed iQ maUgiQall\ lRZeU OA UaWeV (<1%) cRmSaUed WR SeU-
Wile WUaiQed mRdelV, bXW imSURYed Whe claVVificaWiRQ accXUac\ Rf 
lRZ (SeU-Wile) VamSle Vi]e claVVeV. QXaliWaWiYe eYalXaWiRQ RQ 
SUedicWed maSV affiUmed Whe TXaQWiWaWiYe eYalXaWiRQ aQd 
eVWabliVhed Whe efficieQc\ Rf Whe deYelRSed meWhRdRlRg\. 
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