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5- Support Vector Regression
6- Random Forest
7- Artificial Neural Network
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1- Vegetation Index

2- Radiative transfer model

3- Machine Learning Algorithm
4- Gaussian Process Regression
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5- Validation of Land European Remote Sensing
Instruments
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1- Destructive measurement

2- Digital Hemispherical Photography
3- Elementary Sampling Unit

4- Stratified sampling
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4- Atmospheric/Topographic Correction for Satellite
Imagery
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1- directional gap fraction

2- Fraction of Absorbed Photo-synthetically Active
Radiation

3- Average Leaf Inclination Angle


http://www4.paca.inra.fr/can-eye
https://scihub.copernicus.eu/dhus/#/home
https://scihub.copernicus.eu/dhus/#/home

avy

6|°)|9‘°L° ﬁsl.»a&‘ 31 eolasw! b J).’ @a.m uaau‘a @Ln)— G:Lin &IP Cyaos

S

Sygmar LAL (589 piol)Ly Sloj= S8 @9 (objL Helate
)3 dullo g (o) 3390 9 038 sladlain olide 3 Lie S

(Verrelst et al., 2012b) Sentinel-2 (glo lgalo y g (gLl Claswiv - Jgua

Red-
Edge

Red-
Edge

Coastal

Red
aerosol

KY¥ Blue Green

Red-
Edge

Water
vapor

NIR - SWIR- o\/IR  swIR
Cirrus

NIR Narrow

S
b
nm)

FEY . 0s- SR Yed vE.

oorE
RUTRR
@m)

) Yo Y. VO VO

99
v 5. Yo Ve y. Y. Y.
my

YAY

AYY ayo A VBN yia.

AR \E \E Y. a-

Sy 45 LS 29 8L 3] g e 2 o3l 5
Olisabl pace polie s JuSiy 4l 5 5 LAI (055 e
Olibl pac 5 (SD°) Lisebl pas e 25k 51 Lol L ke
Joolie 85 598 oo 3bx] (CV) 45 gy 1 03lial L) (s
2§yl ydiiged lads o LAL sl J S 0 005 (peasd
X S 395 e deloxo BiaS s RMSE 3k jl 5 4530

a3 1)1y b 5o sl2] o955 Sl ol

ANN ¢ RF MLA (glino Ji )5 sl i 55!
| Laolsjl 3595 sl 5 s 52 alal) SVR g,
WS o0 e 5 U g Gy slayly bl
Vi= Xjza(aj— aj*) K(xi,xj) +b Q)
A BI5Y s g S el ey af g Kl o8
13 48 S o i) ksl i syt alar sl 5 S o

ab edlazwl Gaussian (RBF') 5,8 ol 5l (sios ol
_ lei—xillz)

20

6 Jo 5 jehls g8 (pilyoli lide € wilats jiol)ly 1359 pulais
sl oyl pulals (gly c i opl > (Verrelst et al. 2012b)
Cy9—o 4 Optimizeparameters ,giwd> 5l SVR o, Sl
So Ul mwpie KRR gy 50 Cawl ouds oaliwl «Sslogs]

2ol yelb aw SVR sl gl K(xi, %)) = exp(

o = [og, 458 layje 5l wb olaie & X" Cund 03l dc gazeo
ol e Conds (905 S0 gl S o) s 0]

5- Standard Deviation
6- Coefficient of Variation
7- Radial Basis Function
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1- cross-validation

2- Root Mean Square Error

3- Coefficient of determination
4- Goodness of fit
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f(x) =K, x)(K(x,x) +% D™y = K(x5x)a (V)
oy polie g Bjgel 03l 4lis sl (¢l asd oS
KRR )3 (545 ) > RBF al5) 595 s o3lil 5,8 &b
(Shawe-Taylor gs wuais 1L 15,8 b syl )l 9 C 2ol )l
518 sl pile (60550 ybg, RVM and Cristianini, 2004)
3053 > S sl oy 35l sty sl 595 blizl
S o o2l
k'(x,x*) = ?’zlaij K(x, xj)K(x*, xj) \a]
ob)ls O {35 nl 0 RBF o) b5 ol K ol 5 &8
X1, ooy XN 3 W ~ N (0, ol 1) o9 b 9y Slodio
(Tipping, 2001) siws —oj9el dcgome (63959 sld )by
3 eiimeios ] 5 o3l 5,50 RVM KRR (clngis )5Sl
Hus L olonl (sl piysX 095 305 > 30 cross- validation
oS 5 Jbo sty 905 s (sl o Jls ol b S o ool Jus
5 Lot oSl (ol (sl b stz U dinally & Jo (Siuly 5
o> oy Alen 55 (GPR) (S sl b (g5, Jao
9 X € R (cilizee slacinb) (63959 o (bl owidle 3530
slp S o )80 Y ER QAL el Jlie yobo &) (29,5 e
S35 2 (85 Ot 259 dsmolone b GPR epslaoli ude o iy
534S PV Xe, D) = N (Yelliops, 0°cpe) Y *pslaels (29,5
oty ol 5590] (slodls D = {Xn, Yol n=1, ..., N} ]
(hiobl pios s b lsabol alol) sy 5 0xSibo
sl 50035 BB O 5 ¥ &g b i 4 bl polie
Hp: = kI(K + 07Dy (¥)
0lp. = k.. — kT(K + 021)7k, )]
ke= (KOt X1), (ool ackais il lgsS o5 K dgsl ys a8
L J5)S GPS aine 5o cansl K= K(Xr, X2) 5....p k(X X))



vy 6|°)|9‘°L° ).lsl.»aﬁ 31 eolasw! b J).’ @a.m ua:L'{a @Ln)— G:Lin &IP Cyaos

L YL ol 5 (Slosle <85 5l die )5 slae oSl
9 3 150mls RMSE 35 5 5208 s ol 5 5L R? 2
WLl s ol Uy caslyls |y LAL €85 b a0 oSl il ¥
8y ¢ sllail lie SWIR 4 red-edge sdgise 5o sl 3403
5 585k 09y 5 93 53 b )l plad (e )3 83 00 S9ue 1y
4y RMSE 4 R? |y (60 Cangs sl 05,5 15 GPR wons 4,5
B e /oYY e 4 R? Jlae Gilysal g +/5FY o +/NY o5
5 $YL )lgil 5 <83 L SVR el )y s 5VL s)luk 5
09,5 95 y& ;0 LAl 3901 B pgd 4 po 4> 5wl RMSE
5 RF o)5-S0 95 (550 03 (505k 09,5 53 e 35 1,8 il
6 iyt olie R? 8,8 15 13 L (GPR &y o ANN
By Lol wdgs b5 (o piidu 4l 3l walizwe K- fold 5
59 3 Lo 558 Loy o8l 4y e ey o501 (ol (Sl
2 Lo s S oy Slae opl o 0gMe .l 039y yiaS ¢35k 09,5
I’ed-edge 0395w 3 u.:llb.bb LY ])‘.) l; Sy Comnd Lg.).:l) 09;
R? sl a5 oo cg o 03 540k 09,5 & s SWIR
sl 845 LAI (a5 85 S9ss s RMSE ials

Oygo 4 Slgn wyoS G Al sl Ko Cueal Pl S
kol (eedd (308 g (Slides 452 53 (3-890 A0
bl e (D313 sy WS e gag adlate 3 (S jedgn
L (oot 3oyl 51 Y Jadn p0 o &1yl by loj colwlre
Windows 8.1 Intel® Core™j7-2640M CPU @ < lasuin
Lol it lae 4 2.80GHz, 4.00 GB RAM
4 SVR )50l (Jlie )3 5 o)l o i joo KRR 02250501
2 Jae s le sbul sl )l 5l Jae dnngs gy gyt gloj
Conmd o>l 2 9 3980 oelaid el S L KRR 2,653l
Caus RVM (535,53] a8 (03955 L .ol ook ey 5ol sl 4
oS 8y bl Ll oyl 65 cml (Bl sy KRR &

Wl PV €85 5 Y iy cop 3929 b g el (35by oo
4 Camad owlys LAL fpo55 3 1) 65V Slalze o8
55 5 GPR 2,58 oo,y s pus ANN 5 RF (clagis )5Sl
dJDL;A ).) 9 d.}){)u QL@R‘?U ).) 5‘}.)“).{Ll.:‘ ‘DJH ).BYlg c‘:)i C.:‘.’é.}
& 929 GlsSioe ) sip ool e a8 (0 Joe SIS iy
&b &S 1> wils GPR o9 4 g Lo 5,5 (slapi ol 3 5,8
W05 mesd gy a8y L1y (e e albly) sl « 5)S
> 3o 0 o 5 (sl o & i GPR 55
9 SVR 4y s w68 ) 53 W pel)ly (ilodine gy VL

sl RVM g KRR )5 (gjlwdips (ig) 290

Kanellopoulos and ) ea_i JSis 255 5 olads <6355
Glab (D oS @ dgi b« @aios ol 40 5 (Wilkinson, 1997
el o 0gMe s oalar wl ylass 4 Y SO 5l S o (295
odliiul yas aSus bjeel (sl Levenberg-Marquardt b

Sl 04

ANN 5 RF Uiso J5 8 i ;9501 gl (o1l 31 9 dum o
LAI opue35 5

sl 9SOl paSe gy 2hLS (=i ol
Ll =58 0y, L awslis jo LA &p50jlnl g e
Ty 90 50 00 A DHP la uSe jl diges g0 o S5 .05
oges F JSb amd oo Ui |y (sladgle )3 olS v s39)5id
S pSe g (50 55 Oy 04 (SIS LAL (L)
LU, ol dogio 55 JS5 3 4 jshailon 23 o 451,] |, DHP
R®= b gy 99wl Goobo j1oa (6,50l LA iy (5,3 sine
D9y S o eIV o el cuwty RMSE= 0.804 4 0.91
—asigle @5 £)l3e 53 DHP ()l pmesie )b 5 LAIL (6,80l
Wl o pled el DHP (g5 pnse 13 o) adlio opl 4o (!
LadBla l5we 48 (glads o )5 9 3)la5 dgng ijloy 10 Sy g
L by Gasb jl ods dusbee LA ST il il 58
ol a8L 5ol38) s b o o y55 9 DHP

c wlSl g ond (S0l LA plie oy dlasly guoype
Sentinel-2 gy o G g 05 35b 09,5 93 slansl ;5 ouis
Sed=ios ol 3 oulpls wms oo Lt |y (olad 1 bl
b 02latwl LAL (a5 (sl (b e S5 p2albU sl oSl
5 Cdyy 9 OhlSen 5 gl () LSen 5 a5 4 linren
5PLSR' aiile las (slats, sl 45 Wlosges o3l 5 o), Ko
1S 3yel i 1y s e slabls)l geis 4 sles o3 PCR'
Verrelst et al., 2012b; Caicedo et al., 2014; Verrelst et )
G—b 5| LAl o555 RMSE  R® ol (al., 20153, b
2 385 0l 33 e 39 e B il slaget oSl
il a8 bl sl ol &)1 Y Jga> ;3 ¢/ANN g RF | auslis
oalawl Lo 5 S ouw,liel (5l, cross-validation s,
10 fold ;Loxe Cly50l 5 (3:Sikin & pgum g0l )l il 3,5
o GBlysal ol oy San g Candyy b Bollas cal o 1))
Verrelst ) 3,1 jaisyge w5 i (6ol Vs R? jze8
2l U duglio 13 GPR 42,650 Y Jsas 5l (et al., 2015b

1- Partial Least Squares Regression
2- Principle Component Regression



vaa },g.,.e‘.&—alaj.n‘\f&‘Ye)w‘olﬁblm)’,‘s}ﬂq,&d

vy

o Cuwly 5l iy d (53035190 g (5 90 £-0 Al po 10 LAI Oluwlxo (gl sladgle )3 £ ,4150 51 00l &I DHP by uSe -Y S5

7 Ve
DR L
6 y=0.932x - 0.4124 e
5 R? = 0.9096 - ot
o RMSE = 0.804 et
Yo% sas
= Lot
A YL T
- 3 LA
3
2 ot
! s—f..ea’-'?' :
e
[0 e
0 1 2 3 4 5 6 7
@HA5 - LAL

DHP g o0 55 O yguas 00w (6 05051051 LAT (0 bL5 )1 -£ JS0

(L5 0 Conmmas 9 85 (L 29,5 95) LAI (pao53 13 ANN g RF U dus o 13 e B35 gty 50501 b 5,1 =Y Jgua

20-m il 29,5 10-m il o9 )5
sy e ps _ RMSE,, R Aoy g RMSEq, Rlar
(4si0) c H © H (4s0) c H © H
YY/$ AR a2 IRIR B IO LS ) o \O/f oy «MA€ /YA +/MY  GPR
RA) <\YY AN o[-5Y < /AN AY/A <oy < IVYN RN <[ANF SVR
£\ [0 ALY ~IV\Y o5 +[MS A FARVN <IYOF RTRYASN +/AYA RVM
Y/A AR <IN o[<5A + /MY Y/5 AR <IVEN ofe0v RN KRR
Yv/Iv <INYY <IV¥Y o[+¥a < [AAY YAIQ <Y¥ AN o[+YA <[AVY RF
T¥/A <AAY IYAS Y < JASA ya/y oM IASY ¥y JAfd ANN

CV (cross-validation)

Pt Lo Sy 4l g LAI (loj= e 2593 3,912
GPR g, 3! ol b o] bl
» ol @Ulg GPR 2,680 5YL (g)ll g cds pogdle
3)91)—% Obacbl pac b cualad pac dyg0 10 CleMbl D505 ol )8
Sl Flo Jln Lo Sy @50 41 (Sjedsn sl yally
09,5 3 GPR v, YL (6)lub g €35 350 1 s dgi b .andl
o35 (gl o5 S ol 5 Sentinel-2 gy Gy (s
Olizabl pas gladgle )3 £)l3e )3 ((Sls) LA sl Juy
o > (CV) g el pie 5 (SD Jonn Sos) o 5oy
Coley ade & (JSG ol 0 (0 JSS) sl oads odlaiwl (gladlaio
¥ o, Sentinel-2 o i a basye (55, s clie poxs
bl &35 g)lie 5l S (@S 350 e 3 WAV 308

@3 0LS Ay 0)90 S (58,5 5 o b il oS gl

ol 5 cudyg wladss ) Sentinel-2  =8lg odls g (gladgle
oShL adleie ) Sentinel-2 suis (jLuwaus o3l 3l oolawwl b
el sy 3l oo o 51 (s s peiges s cilien ol > Lol
lss a1y GPR ojg 4 5 e By (slapa 55l 5 0l 4l 3
@S 5 Slles sraslyy I g)lear 1> ANN gl (500
(o=l 09Me (Verrelst et al., 2012b; 2015b) wlodges (8yne
sl a3l oolizal b LA oz 555050 55 oss plog] i
9 Ooediadl (W) (e 5 s 08 i o S iy
OHLSen g (5,5 (WWAF) o) Len 9 LT (WWAY) (), Ko
<IYA JI oY g RMSE )5 V/AY d5as 55 ¢d5 olie b ((VYA5)

sl 0397 3,55 1 (6 yieS B3 | yols guios 4 Cans RE



AVD L Gloslgnle woba 3l ool b 5y o L Sl G0 23395 Cymoss

pis LS Gy s D b S5 5 e (ol laine o5
Lo JusSy g0 4 LAL (10055 (SD L jlime Sliosil) (liselol
) S bl pie b s Gyl yhsme sl 05 51
AED ie & colus ol 1T OF 5 IVl S (A5 Coluwe)
wri o L O b UK s oph bas e 5 b g odel vty
ool s +/Y 5 5YL SD ol gyl50 5l ao > ¥ liee

Cwol

G sl led, S iS5 Lilsl b slss gl S s 1)
CtS 5 4 B pilie (B S loj 3 Slojen pas e
dlie LS (g pdn s iloduw g (BAS Al o &y jein 5 A3,
LAL lyls &)l 45 65 as el aseie Ml IS5 )5 LAl
Sy Dles pd yiiiw o 0O coliwe 4 > ¥ i L 5YL
Ly Baas oS LAI L g)l30 (D @ JS3) 3,55 o s 4 dilaie
Jlo )3 o 4 S5 palie b g)lie b wlad) cutS g4y o

N 22— e | I
a 1 2 3 4 5 & o 05 2 25 3 0 20 40 60 80 100
LAI () [m/m?]  (a) SD[mYm?]  (b) CV% (o)

o135 Camyn 0355 o 3035 1153) () (SD Jome 31,0001 5 opnl ey szl ) (cihe) LA liz s i -0 IS5
£) Sentinel-2 (g yio Cams (535U 8955 ;3 GPR iy 9501 31 5b 51 () (CV) o (ylinobs! i g (Wil oo « /Y 51 YU SD palie gl yld
(VYAY 92 005

sk yiahl eesd sl (S 5 0l st 5 o)L
Verrelst et al., 2012b; 2013; )ou i oloj)l (SSjudew
Caicedo et al., 2014; Campos-Taberner et al., 2015;
(Verrelst et al., 2015b; 2016; Mateo-Sanchis et al., 2018
b ol @hlS g cosl iy lisins e 55 pil> s ol
S o ledl

Al LAL (glive Sy lojm S s ¥ 5 5 JS5
» Slojlgle psluai Sloj 5w > GPR i)l 325 jl o
LAL 13lae L )] acunlie jlg i g (owyp cons o)) 5 (S
Coley S e o ol |y o a8 S a5 ,0 ESU o JSlase
G LAl &y o ol o o)) 5l (oS5 0 s cllie o>
GMAT e g Bildas .l oud &Sl (6,0 paiges Sloj
s RMSE = 0.276 L, july Jliie 5 00 dwle LA 53li0
2yl <Y Ll Sl M3y a5 osel vy Bias = /-2

oor 3 LAL S gl (liabl pis 5ol ine s pelaio 4,
S s die JuSio ©yg0 42 GPR 0 )sS1 (6 lgal
Sl ds ol oas @)1 0 € JSK5 10 (CV) (oo liebol pas
TY 3 a8 i 4y GCOS' Lawgs 005 slpiiy Cuslad s
9> Ol ) o3l b g ailaze o) 5 (GCOS, 2011) wiby e
AL R YA RIS X AR /A G I VA Bt JPTS
Y3 iy oS ol eV g lstl 2 oS ol Gy Yo j) S
S5 an ly ZVee 51 YL CV e (ool 5l doyd V g5 o)l
30 Exl5e plo yd sl g il ¥ &S Wlosls olass
o) ey > S0l oMo g Lilaid) CulS 5 S &
0 i 4 (o gl pie (e (RaljEl sl dguie
5 Cadyy palai LSl lidss 3 GPR oi,68)l i oy
g Sy OhlSen 5 ) 155900l (lSen g gl ()5

1- Global Climate Observing System



AR g9 5 — 010 30 IF il ¥ 0 ylos ¢ o ) (KB g gyl 4 pid

avs

LAl

0.07

o 1) 51 (S 50 810,lonle pglai Hloj (5w 3 s dmwlowe (MTMP) LAL (gliuo Juiy (siloj— 50 ol s 1 S
o &l (a0 33 (5,410 pdiged S U 45 Carwl 559 b YA 9 VE (£ 1550 Vo 50y VY iy g 1 JI Y Blasl) gty

(bl o0
7 A
- 6 1 RMSE=0.276
t 5 - BIAS =0.099
c 4 —&— L Al-image
:_E 3 —@— | Al-field
- 2 |
1 4
0 - T T T T T )
) Y v ¥ ) #
&> diged Olady

oy o3 @1y 51 (S 5 oud 48,8 a5 3 ESU 45 o Slase ;3o b ol daslono LAL @l puuis dunng o 1505 —V JSu5

L ozssl (o8 m30m ol gl 451y 5] s et 5
9 & B9y Y Glowle a9 o5 Jlane Sl (il
BLol oyl oM sl (Sisidom el ol 250 o Sl
39l cBy iy 8l e 5o SWIR g red-edge (slassh ;o905
2 By Glibl Coge &S (6656 Al 4Ll ol o 4 1y LA
GRZNIVAYL 5o 4y (6o 03 4y G (6 pio Gy GPR
st 6k 03,5 13 GPR o2,68)| s 5 005 RMSE=V/S¥/,
2 SVR i, S il o +/S¥) RMSE 4 +/2)Y R? (¢ 0
3,5des LRVM § KRR (120,63l 93 9 LAI 34l 1 35 pgd 4550
I3 ol i gyl asye )3 (s €85 jlas 5l alio Ly 5
Lo S lapis )65l & cows ANN 5 RF slapis oS 550
By oMo Mg H1ys8 p (6558 Slusbre Cds 5 ey
pis 3l 350 LSl 25 Sl (1l GPR o258 (VL

& 325 4o

9 LAL (o (o e bLs) 929 > 4 (365 ol
lize 55 (sl oS cslosmle 05 > 0 €5 (oIS
Ve gl 09,5 93 L LAl 55 ,5 SVR 3 RVM KRR GPR
liwd gl ilonds awslie (o5l Sentinel-2 ¢ e Cans 4
RF GlapiysSl ol s ol 3 Jshite cliios b duglio &
03y 08 s (Slwbre Cusyu g B Jai I ANN
Sladole ©)5 gyl > DHP 5 (055 (b9 92 4 She
YAV L olS 15 0395 US55 oyt ool 3 giald iy
s 3 LAI (6,505l el DHP sg, b 5 (s pS05]
D s 385 (559U
2l 4y s LA (a5 6l |y sy 85 s & GPR



vy 6|o)|9.mto ).lsl.»aﬁ 31 eolasw! b J).’ @a.m ua:L:a @Ln)— G:Lin &IP Cyaos

AT T gl (5L g p Cgd Airlg g «(6yg o ()l

5 ool Ly g2 5 piS ¥ guames Sy gebans L 3,91,

Sl s lolgale yglas 5l g ySime LS (slaadls
NNV Y N o)yl iSa5

Azadbakht, M., Ashourloo, D., Aghighi, H., Radiom, S.,
and Alimohammadi, A. 2019. Wheat leaf rust
detection at canopy scale under different LAI levels
using machine learning techniques. Computers and
Electronics in Agriculture. 156: 119-128.

Baret, F., Weiss, M., Allard, D., Garrigues, S., Leroy,
M., Jeanjean, H., Fernandes, R., Myneni, R.,
Privette, J., Morisette, J. and Bohbot, H., 2005.
VALERI: a network of sites and a methodology for
the validation of medium spatial resolution land
satellite products. Remote Sensing of Environment.
76. 3: 36-39.

Battude, M., Al Bitar, A., Morin, D., Cros, J., Huc, M.,
Sicre, C.M., Le Dantec, V. and Demarez, V. 2016.
Estimating maize biomass and yield over large areas
using high spatial and temporal resolution Sentinel-2
like remote sensing data. Remote Sensing of
Environment. 184. 668-681.

Breiman, L.E.O., 2001. Random Forests. Mach. Learn.
45: 5-32.

Caicedo, J.P.R., Verrelst, J., Mufioz-Mari, J., Moreno,
J., and Camps-Valls, G. 2014. Toward a
semiautomatic  machine  learning  retrieval  of
biophysical parameters. IEEE Journal of Selected
Topics in Applied Earth Observations and Remote
Sensing. 7. 4: 1249-1259.

Campos-Taberner, M., Garcia-Haro, F.J., Moreno, A.,
Gilabert, M.A., Sanchez-Ruiz, S., Martinez, B., and
Camps-Valls, G. 2015. Mapping leaf area index with
a smartphone and Gaussian processes. |EEE
Geoscience and Remote Sensing Letters. 12. 12:
2501-2505.

Cavero, J., Farre, 1., Debaeke, P., and Faci, J.M. 2000.
Simulation of maize yield under water stress with
the EPIC phase and CROPWAT models. Agronomy
Journal. 679-690. doi:10.2134/agronj2000.924679x.

Claverie, M., Demarez, V., Duchemin, B., Hagolle, O.,
Ducrot, D., Marais-Sicre, C., Dejoux, J.F., Huc, M.,
Keravec, P., Béziat, P. and Fieuzal, R. 2012. Maize
and sunflower biomass estimation in southwest
France using high spatial and temporal resolution
remote sensing data. Remote Sensing of
Environment. 124: 844-857.

ESA, 2005. SPARC 2004, Contract No.
18307/04/NL/FF, SPARC Data Acquisition Report.

Gao, Y., Duan, A, Qiu, X., Sun, J., Zhang, J., Liu, H.,
and Wang, H. 2010. Distribution and use efficiency
of photosynthetically active radiation in strip
intercropping of maize and soybean. Agronomy

Seidom yiahl Sy oad (G plie (xSke YIS )5 el
pie Ol «3a0 (pl )3 S (o0 ol Lo JuuSy j90 )
9 /8 Coliws dn wusy 4 (CV) s olieb] pac ¢ oluab
ol s 45 005 35l yy ¥ 5 IV 5 a8 adlaie JS ;) VVE
035 o35 LAL 30 5,15 <Y LAL 5505 )3 GPR 63l
P odd a)S o 3 ESU ()b piges ciladd 0 Jlis 5 0
= /-8 5 RMSE = 0.276 3,51, 5 00 duglio ( o3])) §l (S
Syl eI¥s T Sl M3l , Bias
9 RF 4 cuas GPR )5 Il oLl 4y joie Lo ()
2 LAl (Sisds oy 0055 sl g plgie 4 ANN
L g 0 Sentinel-2 5, bl cladhais § Slles o3y a5 o
il 4 s 093 5l pioxiw 5 GPR i 5 STl olatu
Sy s 9 5509 (3] )3 LAL Gloj= S8 (60 juis
ol 0586 48 39290 020)s8 105) 1 L sy lisebl pas sl
Jo—8 Sl ey 35 5 a8 ploj g aip By b3)b |y ol
I GPR )5l (sl il (silodinge 0976 g b Bl o
Silodinte wia)oNl e o) Sull3 giloainy Sl ol 52 )b
oy Ll 1 LAL 3,05 > liee ol e {PSO) 'l plos;]
b Qlaebl b ol Faamg sblie o (Sllas slaofgyy o b

o 0y (S sdan sl yiehl e sl o

&l

oMy i BL g ep o Sloj ) g DB yho o g S

Nrod (5lwJde g Jloo AVAF )i 5 (B

iewab alalie | alLS sla el g LAl oy
FAM N Y Ll GIS g 590 51 o

L;?L;—AA)‘? Avay £ “'_'A_»Js.) 4_6..:.‘59 9:C cd)P c.).& ‘M d.i.)l{

Ay g ) SY gase Sy o (s i 359l SYolee

d)l_,,ﬂ 45\...») U9 OLSRw d‘o)lyal.o sosly i eolazul b
AOO-VED Y X0 . olpl SB g O Slidss (o938

L.SMJ*‘ 9 «T ¥ s.)l): L!’L“’ [3) .& cdl)Lu»] ) 8 £L}J.~w> ..\J)B
)‘ odla_wl L) j)_s GL’-W ua>l.w M RARA ‘P (L gwge
Sl yimgh & i yeulin dalais 0 IRS (gloylsale (slaodls
DVW-AY ¥ N+ ol el

3)91)_3 Avay £ ‘d).f‘ 9 f ¥ ‘L;Q‘H)““’ “p ‘dbuuvo oJJ.;.;
CM_ao‘ JLA.\?U.) o9 )l odlawl L U)) j)) C.]a.w ua>l»:
AYAENYF Y. 8 olpl iSa) g golol 4 ydi 00

1- Particle Swarm Optimization



AR jg pa — 31050 IF Al (¥ oylas o ol (SiSB) 9 oobel & pii  AVA

interactions  between cropping pattern, maize
cultivar and the local environment in strip-
intercropping systems. Agricultural and Forest
Meteorology. 195: 152-164.

Rasmussen, C.E., and Williams, C.K.l. 2006. Gaussian
Processes for Machine Learning. The MIT Press,
New York.

Shawe-Taylor, J., and Cristianini, N. 2004. Kernel
Methods for Pattern Analysis: Cambridge University
Press.

Tipping, Michael E. 2001. Sparse Bayesian learning and
Relevance Vector Machine. Journal of Machine
Learning Research. 1: 211244,

Verrelst, J., Schaepman, M.E., Malenovsky, Z., and
Clevers, J.G.P.W. 2010. Effects of woody elements
on simulated canopy reflectance: Implications for
forest chlorophyll content retrieval. Remote Sensing
of Environment. 114. 3: 647-656.

Verrelst, J., Alonso, L., Camps-Valls, G., Delegido, J.,
and Moreno, J. 2012a. Retrieval of vegetation
biophysical parameters using Gaussian process
techniques. IEEE Transactions on Geoscience and
Remote Sensing. 50. 5: 1832-1843.

Verrelst, J., Mufioz, J., Alonso, L., Delegido, J., Rivera,
J.P., Camps-Valls, G., and Moreno, J. 2012b.
Machine learning regression algorithms for
biophysical parameter retrieval: Opportunities for
Sentinel-2 and-3. Remote Sensing of Environment.
118: 127-139.

Verrelst, J., Rivera, J., Moreno, J.,, Camps-Valls, G.
2013. Gaussian processes uncertainty estimates in
experimental Sentinel-2 LAl and leaf chlorophyll
content retrieval. ISPRS J. Photogramm. Remote
Sens. 86: 157-167.

Verrelst, J., Camps-Valls, G., Mufioz-Mari, J., Rivera, J.
P., Veroustraete, F., Clevers, J.G., and Moreno, J.
2015a. Optical remote sensing and the retrieval of
terrestrial vegetation bio-geophysical properties—A
review. ISPRS Journal of Photogrammetry and
Remote Sensing. 108: 273-290.

Verrelst, J., Rivera, J.P., Veroustraete, F., Mufioz-Mari,
J., Clevers, J.G., Camps-Valls, G., and Moreno, J.
2015b. Experimental Sentinel-2 LAI estimation
using parametric, non-parametric and physical
retrieval methods—A comparison. ISPRS Journal of
Photogrammetry and Remote Sensing. 108: 260-
272.

Verrelst, J., Rivera, J. P., Gitelson, A., Delegido, J.,
Moreno, J., and Camps-Valls, G. 2016. Spectral
band selection for vegetation properties retrieval
using Gaussian processes regression. International
Journal of Applied Earth Observation and
Geoinformation. 52: 554-567.

Watson D.J. 1947. Comparative physiological studies in

Journal. 102. 4: 1149-1157.

GCOS, 2011. Systematic Observation Requirements for
Satellite-Based Products for Climate, 2011 Update,
Supplemental Details to the Satellite-Based
Component of the Implementation Plan for the
Global Observing System for Climate in Support of
the UNFCCC (2010 update, GCOS-154): 138.
<http://
www.wmo.int/pages/prog/gcos/Publications/gcos-
154.pdf>.

Gray, J., and Song, C. 2012. Mapping leaf area index
using spatial, spectral, and temporal information
from multiple sensors. Remote Sensing of
Environment. 119: 173-183.

Houborg, R., and Boegh, E. 2008. Mapping leaf
chlorophyll and leaf area index using inverse and
forward canopy reflectance modeling and SPOT
reflectance data. Remote Sensing of Environment.
112. 1: 186-202.

Houborg, R., and McCabe, M.F. 2018. A hybrid
training approach for leaf area index estimation via
Cubist and random forests machine-learning. ISPRS
Journal of Photogrammetry and Remote Sensing.
135: 173-188.

IRIMO [WWW Document], (2018). URL www.irimo.ir
(accessed 9.30.18).

Jin, X., Yang, G., Xu, X., Yang, H., Feng, H., Li, Z.,
Shen, J., Zhao, C. and Lan Y. 2015. Combined
multi-temporal optical and radar parameters for
estimating LAl and biomass in winter wheat using
HJ and RADARSAR-2 data. Remote Sensing. 7. 10:
13251-13272. doi:10.3390/rs71013251.

Kanellopoulos, 1., and Wilkinson, G. 1997. Strategies
and best practice for neural network image
classification. International Journal of Remote
Sensing. 18. 4: 711-725.

Kross, A., McNairn, H., Lapen, D., Sunohara, M., and
Champagne, C. 2015. Assessment of RapidEye
vegetation indices for estimation of leaf area index
and biomass in corn and soybean crops.
International Journal of Applied Earth Observation
and Geoinformation. 34: 235-248.

Mateo-Sanchis, A., Mufioz-Mari, J., Pérez-Suay, A.,
and Camps-Valls, G. 2018. Warped Gaussian
Processes in remote sensing parameter estimation
and causal inference. IEEE Geoscience and Remote
Sensing Letters. 99: 1-5.

Mousivand, A., Menenti, M., Gorte, B., and Verhoef,
W. 2015. Multi-temporal, multi-sensor retrieval of
terrestrial vegetation properties from spectral-
directional radiometric data. Remote Sensing of
Environment. 158: 311-330

Munz, S., Feike, T., Chen, Q., Claupein, W., and
Graeff-Honninger, S.  2014.  Understanding



avAa 6|°)|9‘°L° ﬁ.sl.»aé' 31 eolasw! b J).v @a.m ua".& ‘sal.o)— gl&n &IP Cyaos

and temporal data fusion model. Computers and the growth of field crops. I. Variation in net

Electronics in Agriculture. 115: 1-11. assimilation rate and leaf area between species and
Xia, T., Miao, Y., Wu. D., Shao, H.. Khosla, R., and Mi. varieties, and within and between years. Annals of

G. 2016. Active optical sensing of spring maize for Botany 11: 41-76.

in-season diagnosis of nitrogen status based on Wu, M., Wu, C., Huang, W., Niu, Z., and Wang, C.

nitrogen nutrition index. Remote Sensing. 8. 7: 605. 2015. High-resolution Leaf Area Index estimation

from synthetic Landsat data generated by a spatial



Ol nl (S ) g 6 bl s pi
AFV-AA+ .o ¥R 501 50 — 0l po VF s (Yo los

Iranian Journal of Irrigation and Drainage )
No. 3, Vol. 14, Agu.-Sept. 2020, p. 967-980 !
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Abstract

Leaf area index (LAI) plays an important role in hydrological, agricultural, and land irrigation management
studies. In order to adopt an appropriate, accurate, and robust algorithm to estimate the spatial-temporal
distribution of LAI using Sentinel-2 images, the Support Vector Regression (SVR), Kernel Ridge Regression
(KRR), Relevance Vector Machines (RVM), and Gaussian Process Regression (GPR) were calibrated and
investigated. The research data were collected from silage maize farms in Ghaleh-Now country in Tehran
province during the whole growing season in summer 2018 through destructive measurement and hemispherical
photography. Our results were compared with the conventional algorithms in this field, i.e. random forest (RF)
and artificial neural network (ANN). The results revealed that the GPR algorithm not only has higher accuracy
(in 20-m band group, R?=0.913 and RMSE=0.641), speed, and robustness to estimate the LAI, but also it has the
unique ability to generate uncertainty pixel-based map (uncertainty and relative uncertainty were less than 0.7
and 30% by 96% and 74% of the total area, respectively). Based on R? and RMSE, SVR is the second accurate
technique for LAI estimation followed by RVM, KRR, RF and ANN, respectively. Comparison of the estimated
and field LAl at sampling times with RMSE=0.276 and bias=0.099 and other superiorities indicated the
efficiency of GPR algorithm to estimate the spatial-temporal distribution of LAI.

Keywords: Kernel-based algorithm, Leaf Area Index, Hemispherical photography, Regional study, Pixel-
based map
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