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B R BRI RE @ R /E 10 nm - (W1 PRISMA),
T G A HUEE 2 2 o' i A5 3R 88 0 23 Ik B O 1 R 4
TE 15~50nm 2 [A] (401 K 58K R 4 % ot 1% % & 48 F
Landsat 8) o AN [F] i RO B8 BRI G 3 AR A0 A7 7E 22 7
BRI T B AR MR W A R A S kg
UG — W 22 38 PEAL T AN [F) ' ik RS 3 BRI A 4 A A
B ZER, GfFH AR i g kB %, R
MM, X R 7T 32 B T 6 SO R, IR D
Ft K FH S 56 2 0 1E PPl SPAD St 22 30 )l ik R &%
N, FEGRZ G R XA 2% 2 ST Bl 5 SPAD (152
WEFL. BRI T MG RO M BEXT I - SPAD BR300 (1) % 2
FE ARV AE PR EOTT R N 2% 2 ST A7 My 8 7F LS
5775 =gl ] AEE N

Nk, B ES: 4 FRHRK, A NE
ANREAEF I GRATH. ShE . JRIE AR S D
A3 it KPS A T B 2O RS RO ZE AN - SPAD
B BN FERFEVEAL 17 5 FhOGIE RN il B
S S AR W 8 Bk SPAD I URME 2= . A DA
[ 1 RS AR 4B A IR B AL 3 2 ST B, PR i R
T AL B8 2 SRR A 5 SPAD {H R . DL A AR 1kt
i R A E B TE SPAD i BAS FE IR (IE S

1 RS

1.1 MREX5REET

WX AL T A s R s B LRERERIS
RSLIG . BT X R T AT R R, IR
N 15.4°C, FVHBEKLIN 1106 mm. HIFRREGAE 2011—
2014 FF ANEMIF . ZANETEBER 11 M, &
6 ANGR, WRIERIEEARSE BWER 1 P, Jikk
— AP RE S R e VP A 45 R E P, TR 4 ADNMER
B H R 2w T 6 NN iR #REE 31, TEE 12,
Wi 13, HF 168, T 13 M5 16 HFAMEM LR
5 S AR 2 B, REAS SRR 3 AN K 1 it U
(N1. N2 FI N3), X[ JR & it it FH &5 0. 150 A
300 kg/hm®, ARl UK BEE 3 AN EERE, A
FKFAR G0 A FE AT B R R F K — 8 RIS X 2Lk
SN I8 ANHIEL, FAHBREA N 9m?> 3m x 3m),
FEAN AL L 60% TENEEAL, 40% 1E AL, @
FAR A 2 #2218 150 kg/hm? jti M. BESBE B BIE . BERT
K INFERE KB LY N 25~30 m®. HUAth 8 T i 110 24 b
A /NG H () B AR A

1 REEKXER

Table 1 Basic information of the test

Foy A it K ALK R
Year Variety Nitrogen application level Number of samples
2011 &3 31 AT 12 7
2012 % 13 FHHE 168 90

N1. N2. N3
2013 4% 13 M%7 16 72
2014 $F 13 M7F 13 88

1.2 %KM SPAD H#EIRE
/NG SPAD fH K F H A& Konica Minolta 23 ]

A2 721 SPAD-502 B 45 U 28 35 R EL, AN ER & —
P AR A I 1 b 4 2 AR T B A AN o N R e
Mk, G REASH 3 AN E (AR, AR R AR
B HE, LA 3 ASAIRFEENE AT AT SPAD
Ho TEREAS B 5 2 TS B AL 20 AN B FEAR,
PL 20 AMFEA P IIEAE N iZ LY SPAD 5. 1E 4 45 H
(R, R 4R 322 4 H SPAD %(#5, SPAD {H 1)
TG HIE 2.6~60.6. TANAEFI G A, e
HIRIEESZ D 2> BISREL 88 4. 72 4. 90 ZH A1 72 4 H
B SPAD #u#li . ®EANEE MR AHE Tz EE A 4 ANME
Py SRELA S 3 Pt K B0, RO ZUK RS T i
it K- 25T 4 AN SR 450 AR B A .
1.3 ZNEFERENERSTERHIEIRE

/N 2 I 4T R EL S B SPAD H Ml & 7E
[ — R AT Pt 61 &A% 935 B ASD Field Spec 3
A IS M 250, JEiE S HEE N 1 nm,
HOGEE T BIE 350~2 500 nm. & 5 O 1 il B I R 7E 24
K 10:00~ 14:00 2 [6] 3£ 1% 7E T KTG = WG B R ST &
MR A EE TANEEZE LY 1 m i, FAH
BUEE 3 ANREE AL, BASKRAE ST 3 IRE R W&, DL
SESMEAE N HE E O a0E . K e E G I BT AT bR
AR IE, W& e i e 2 i R A % . 0 R iR e
23R Savitzky-Golay J7 125 384T 38 i A F B ARG e
T H RN SR X SPAD I BUR R B, A
HIF 50 4 R i VE A 400~1340 nm. B 1 R T
AN A A B BAF it K P 264 T AT 6 A4 /INE2 Sl
P E 1S R A

;1 1
. == . 8 LR
£ 040 AN £ 040 o
£ 033 P £ 035 SR
1 (=Y | 5
s 0. RS . {
& 020 44 Wsointing & 020 IV
#* — A Headi 3 i %INI
=015 |— — i Heading 015 fosya
& 8(1)(5) ) [T Anthesis & 8(1)(5) A~ 7}3’“{521\12
O3 1= s iFilling ariie —-- JE%3N3
QS 8 O & & QS 8 & & & D
RN \QQ \’19 \@ ENEOREN \QQ » W
K Wavelength/nm K Wavelength/nm
a. L E W b. M AR

a. Growth stage b. Nitrogen application level

B 1 AR ERA R Ak RA T 60T ¥t i &
Fig.1 Mean spectral reflectance of winter wheat during each
growth stage and under nitrogen application level

1.4 EHIEH

A FT AR IREL 25 AN E AR A R U R O R
B H, SR PI B A BB =P B AN
TG P B A M 2 PR R A FR . itk 2
Fim o
1.5 HiESPRERERM

R IAT e 08 BT & T R AL RS, A
M (1om), AN B F 2 EFT#E T &
Kl (5~10nm) . ZIgilifL LSS (15~50nm) & H
R R . A7, DAESS | nm Y6 23 9 LA,
K 0 43 AT el o B BRI T 5. 10 25 A 50 nm
JEk o HEAR I AR, Hoat R T
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Table 2 Hyperspectral vegetation indices

LER I E =R ERBEN
Vegetation indices References
PRI = (rs50 = rs531)/ (550 = s31) [20]
SRPI = r45()/rﬁg() [21]
CARI = [(r700 = r670) - 0.2(r700 = r'550)] [22]
SIPI = (rg00 — r450)/ (300 — F'680) (23]
OSAVI = [(1 +0.16) (rso0 — 670)1/ (78300 + 7670 +0.16) [24]
mTVI(red - edge) = 60 (rg00 — 550) - 100 (720 — r’550) [25]
PSSRy = 7300/ 7680 [26]
MCARI = [(r700 = r670) - 0-2(r700 — r550)1(r700/ 7'670) [27]
[(r700 = r670) - 0.2 (r700 — r'550)1 (r700/ T670)
MEAROSAVE= {1770.16) (o0 — rero)]/ (oo + 7670 + 0.16) 1271
HDVI = (rs27 — recs)/ (rs27 + recs) (28]
TCARI = 3[(r700 — r670) - 0.2 (1700 — 550) (r700/ 1670)] [29]
3[(r700 — F670) - 0.2 (r700 — r550) (r700/ F670)1
TEARVOSAYT™ 107 0.16) 0 —rero)l/ oo + 770 +0.16) 291
MTCI = (r754 — r709)/ (709 — T'680) [30]
Clya0 = (r780/ r740) - 1 [31]
Clz0s = (r780/ r705) - 1 [31]
3 [(rz50 — r705) - 0.2(r750 — rsso) (r7s0/ 705)]

TCARY OSAVIgs 150 = (r750 = r705)/ (r750 + 1705 +0.16) [32]
Green NDVI = (r780 — r560)/ (r780 + r's60) [33]
Green chlorophyll index = (r730/ 560) - 1 [31]
Red edge NDVlygs = (780 = 7705)/ (7780 + 7705) [33]
Red edge NDVly4 = (780 — 7740)/ (7780 + 7740) [33]
Double difference index (DD) = (750 — 720) — (r700 — '670) [34]

[

[

[

[

Modified normalized difference (nND705) = (r750 — r705)/ (r750 + F705 - 2r450) 35]
Triangular vgetation index (TVI) = 60 (rgoo — s60) - 100 (r6g0 — r's60) 25]
Modified simple ratio (mSR705) = (r750 — r4s0)/ (750 + r450) 35]
Normalized difference vegetation index (NDVI) = (rgo0 — res0)/ (rs00 + 680) 36]
e r BB RN,
Note: The r indicates the band and the subscript is the wavelength.
() ()
mzjm@mm#jxw@ (D

() ()

Hort p, RECRFEG IS j B Z RO 2, p(h) AR
GEHDEIEHAE, A B (nm), AG) M AG) NEB
BRI AN L 1L PA (nm),  Si2) N T B j R
e N R, d, AR P T e . R O
K-
A—c¢;
FWHM,
2vVin2
X o MBI O K (nm), FWHM, (full width
half maximum) AL 61 R
1.6 MFJIFIEE

AW 5T Sk H BE AL AR Ak 1Bl 3 random forest
regression, RFR) . 3¢ ¥ [ & [l )4 (support vector
regression, SVR) Al st /)N -3¢ [A] 9 (partial least squares
regression, PLSR)3 FiiL 35 2% ] HE M g it - SPAD fihi 5
B, DA SPAD EONAIAR &, DAASFRDGHE R 8
WRRBOVA R R, EFMOLERET, 72albls SPAD
TRE BB AR 54 10 15 F1 20 AMEBE TR LK 4B
AR B R A A N, R A N R AE R e A
WA, SR B AR IR VA A R B, IR FH A%
HRIEMAE S
1.6.1 FAALARME )2

BEALARAR A1V 2 FH Breiman /£ 2001 442 Hi () —Fli 42
J S FEDT S BEALARAR S A R S HGE TR

S; () =exps— (2

th, BIEHARTHIEE (ntree) AT S _EFEHLT
E AR (mtry) P, AHF5 B3 ntree (BUE
JEHA 20~2 000, S mtry FIEUETEREA 1~20,
162 ZFeE=)a

KFFREMLE — P TR R B, T 2 4
) FR 432 [ VA RN R im0 ACHIF T HP SR A% 1)
Mk, RIS (gamma) FET] R2% (C) #H47
flitk, HZE gamma HIAILIEFEN 0.001~1, C KI481L
YN 5~5 000,
1.6.3 R b=k e=)a

P fe /s — T IRl ARG T 2 oA MR A 40 A, SR AR
R FE R ATEI S . HFEAER /N, HAEZ (A
TEAE 2 UM ERE, PLSR 5% Eo A% 45 1 0] Y A5 70 B ELAR
. PLSR H ARG IR A H LA Z 1 37 1) 3 A% ok 5 AR
VIRTHI E AR, i AR 2Rt R, gt
LA IR, e A DAL 22 4E R LR U BR AR AR
X F 5 N4 n_components FHATHRA, SEGEHIY 2~20.
1.7 BEFN S8R

KA VE RE (R MBI HRIEZE (RMSE) #H47
KPR RO LR B KIA T, Z{Er
0~1 Z a4k, HUEBR KR RIE R . RMSE A
DA 5 SEAE A THE 2 B 22 5, 1B BN R R SE
TE RO T E BRI o 3 B S i 2R AR 4 i 20 SPAD
(BB I e RS R T R (Var) TR, 1%
B R K 7 U B I S 2R AR M 4 £ SPAD IR 52
FJek R ok, k&, KR AR,
53 N B I 2R AR B AE TR AN R O R RO RN
SPAD (1458 FEUI 5 KAB AN B /M

R2 —R>
Var = —ma;ez mn (3)

max

2 HBRESH

2.1 AREAERE KR ERSTEXT SPAD SUR M4
B2 R 3 R R T R 25 AR Fe 2T A G 12
A B B ST RAE 5 PG U R X SPAD Uk
P, BEAEEOCIBURS R (LK 450 nm), 6
BT (Al 530 A1 550 nm) L Z00% I B Gt
(0K 680 nm), il B RS ER (R 700~
750 nm) FUT L0 A3 B R FR (Rl K 780, 800 Al
830 nm) . EEAF N, 26k B S E X SPAD [
BRI B K, 7E S ROt RO R v B8RP 7E 0411~
0.579. ZLiLPEE: 730 nm 2N SPAD (1B ME A%,
R* #£ 0.040~0.062. ZLiA3% B 710 nm S5 R 1618 R E
MU AE 7 R E K, Var N 1.000. 7E 4 MHR—AFH
o, R BRI R BUR M e, R A R U
PE B A O 1S R RE R B R? AE 0.242~0.700. {EEH
UM R R, BAEYEIE REA 1 nm, SR RURPE SR,
SRR R Y 25 nm. Z038 % B 730 nm SR R
PR, B2 I U B G R R R
1F 0.021~0.162 2 [A] . 7F 3 Ml & K244, 20063
B S M U M B, AR K 2R T I s
BB RO G ) R AE 0.493~0.600, 7E N1 4614
(R e, TTE N3 S5 G, % B 0 e e i
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REEN 1 ~10nm. ZL380% B 730 nm S 5 3 B i

1%, FfEBIERE (50 nm) %M R? 7E 0.028~0.077.

®3 BRECERSERSEMERETESE FHMERK R NERMER R

Table 3 Coefticient of sensitivity variation for single band spectral reflectance and vegetation indices at different growth stage and nitrogen

application level

R B E e
e AN mE1 W2 mE3 R A FFIEN e

L ALL N1 N2 N3 Jointing Heading Anthesis Filling

Vegetation index
450 nm 0.114 0.121 0.134 0.076 0.133 0.466 0.087 0.187
530 nm 0.522 0.550 0.537 0.629 0.364 1.000 0.441 0.732
550 nm 0.654 0.683 0.663 0.761 0.561 1.000 0.507 0.813
680 nm 0.497 0.507 0.544 0.567 0.656 0.952 0.313 0.676
700 nm 0.964 0.959 0.943 0.983 0.992 0.981 0.969 0.941
710 nm 1.000 1.000 0.997 1.000 1.000 1.000 1.000 0.997
730 nm 0.583 0.279 0.554 0.602 0.990 0.389 0.954 0.199
740 nm 0.389 0.429 0.549 0.388 0.153 0.019 0.084 0.564
750 nm 0.398 0.378 0.510 0.420 0.487 0.111 0.371 0.543
780 nm 0.089 0.079 0.108 0.104 0.193 0.037 0.127 0.150
800 nm 0.012 0.017 0.012 0.012 0.044 0.005 0.021 0.028
830 nm 0.001 0.011 0.005 0.009 0.015 0.005 0.001 0.017
mND705 0.014 0.043 0.015 0.027 0.021 0.102 0.071 0.029
NDVI 0.087 0.052 0.041 0.062 0.093 0.070 0.163 0.062
HNDVI 0.007 0.030 0.014 0.029 0.063 0.068 0.119 0.048
Red edge NDVI,s 0.056 0.075 0.043 0.032 0.007 0.073 0.039 0.005
SIPI 0.107 0.175 0.218 0.047 0.182 0.092 0.320 0.233
Green NDVI 0.072 0.067 0.070 0.057 0.027 0.047 0.017 0.047
OSAVI 0.104 0.019 0.038 0.030 0.126 0.063 0.128 0.084
MTCI 0.302 0.358 0.390 0.342 0.118 0.142 0.053 0.195
Red edge NDVI,,, 0.400 0.519 0.594 0.580 0.097 0.293 0.155 0.352
Clyy 0.455 0.515 0.594 0.575 0.122 0.292 0.176 0.365
mSR705 0.496 0.534 0.613 0.634 0.197 0.155 0.119 0.218
Clyps 0.385 0.407 0.491 0.512 0.137 0.098 0.089 0.203
Green chlorophyll index 0.076 0.002 0.041 0.100 0.030 0.029 0.015 0.039
DD 0.071 0.072 0.183 0.153 0.074 0.055 0.061 0.058
mTVI 0.027 0.149 0.125 0.071 0.218 0.023 0.105 0.055
SRPI 0.154 0.807 0.418 0.374 0.967 0.406 0.662 0.505
TVI 0.264 0.085 0.218 0.203 0.378 0.109 0.253 0.286
TCARI/OSAVI 0.266 0.990 1.000 1.000 0.250 0.972 0.724 0.979
PSSR, 0.648 0.365 0.591 0.699 0.259 0.212 0.282 0.143
TCARI/OSA VI35 750 0.814 0.714 0.971 1.000 0.894 1.000 0.846 0.862
MCARI/OSAVI 0.927 1.000 0.998 0.999 0.992 0.996 1.000 0.999
MCARI 0.974 0.760 0.993 0.980 0.996 0.766 0.999 0.987
TCARI 0.995 0.963 1.000 0.998 0.996 0.688 1.000 0.986
PRI 1.000 0.979 1.000 1.000 1.000 0.999 0.977 1.000
CARI 1.000 0.992 1.000 1.000 1.000 0.955 0.998 0.997

T BURIEAR S R BURTEAS FDGHE RS Hh O B SR Ho0 SPAD (R 32 S -

Note: The coefficient of variation of sensitivity refers to the influence of the sensitivity of the central band or the vegetation index to SPAD at different spectral scales.

22 FRFEREEWIEHT SPAD SE4%

70 4 B AR E B 3 M BKF&F TR, AEDE
R R R 2 S SPAD 1 R BRI E REE U
SR 3 MK 3 FR.

44 H Wit SPAD R B AR 4 4R B8 mND705
A1 SIPL, i ()63 RN 50 nm, R E REL R 725N
0.685 F1 0.684, i R BE K % A8 57 R %L Var 43 )l
0.014 F10.055. 7& 4 MH—HF Wd, HT UM 5
FEAE B 48 2N mND705, XM (163 RN 50 nm,
SE R RPN 0550, Jeil R E UM 3 R H Var N
0.011. FEFHARI, UM S LB R ECH SIPL, X
Jeilk RN 25 nm, HeE RE RS N 0387, J6il REMHK
FTEAR S R B Var A 0.047. FFAE 3 BURME f A A i 4R
HUN Green NDVI, f M A MG R EN 1 nm, HRE R
R* 59 0.537, Var 4 0.009. 7ERESZI, U8 4 i 4k
%N mND705, XM G RERE N 1 nm, HE RN
0.895, JEifh ] BURMEAR T 240 Var 4 0.014, 7E 3 Ff
it F K265 K, SIPI %F SPAD BRI e fd:, X6 B2 1)
Je i RN 50 nm, RE RE R TE 0.669~0.734, Var

1€ 0.024~0.116 2 [8). & 4 HER T B—4E AR
it K 251 UM B R 1S RE KM 4R S SPAD
AR K R P EAEE W, W, FFEmmEER
W1 H BOEM R G R, TEHMAEEA A A 3 AN s — i K
PR A G R
23 KIBEREXHEEF JIREGE SPAD BIF M
KAPRERT 5 MG REBPIERE S8
fh% SPAD WIHGE . fE2EF MY, PLSR BAISE 25 nm
Jeil R SRS R e, o® RELR N 0.816 A1 RMSE
404, fEA4NR—AFMF, REREREE 1M
50 nm, FEAVKSEE R?=0.531~0.916 1 RMSE=2.76~4.47.
WATIAT 1 nm 3% R B SVR R ALk 0K B e fE,
E RER* N 0.618 fil RMSE N 2.86. 7 Hli fH 1], 7£
50 nm Y& 1% RUBE 1) PLSR 55 20U 4k BOKS B e, WE R AL
R* 4 0.733 1 RMSE N 2.76. JFAE8IH 50 nm J6i R
(s SRS e, WRoE RELR” N 0.531 1 RMSE 4 3.99.
TEVER IR, 16 1 nm Jail )OBE Al SRS BE e f, ThE R
B R* )9 0.916 1 RMSE Jy 4.47. £ 3 Fliti BUK-FE%44F,
AR R EEN 50 nm, RS EE R® #F 0.780~0.884,
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RMSE 7£ 2.67~4.55 2 [i]. fE RS R e i, tRE R R* N 0.884 Al RMSE K 2.67.
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Table 4 SPAD estimation at each growth stage and three nitrogen application level with machine learning
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Spectral scale effects on the optical estimation of winter wheat leaf SPAD
value

CHI Haoran>*? , LI Yingxue* , WU Fang® , ZOU Xiaochen'?>*

(1. School of Remote Sensing and Geomatics Engineering, Nanjing University of Information Science and Technology, Nanjing 210044,
China; 2. Technology Innovation Center of Integration Applications in Remote Sensing and Navigation, Ministry of Natural Resources,
China, Nanjing 210044, China; 3. Jiangsu Engineering Center for Collaborative Navigation/Positioning and Smart Applications, Nanjing
210044, China; 4. School of Ecology and Applied Meteorology, Nanjing University of Information Science and Technology, Nanjing
210044, China; 5. Xinghua Meteorological Bureau, Xinghua 225700, China)

Abstract: Chlorophyll is one of the most important photosynthesis pigments in crops. The photosynthetic capacity of the plant
can also indicate the plant's growth and nutritional status. Leaf chlorophyll content can be accurately acquired to monitor crop
growth and yield. The portable optical instrument SPAD-502 can be used to rapidly acquire the SPAD value in a non-
destructive way, indicating the leaf's relative chlorophyll content. However, the tremendous amount of hand labor cannot fully
meet the needs to estimate the leaf SPAD value in a large area and then monitor the dynamic of crop growth and agricultural
management. Alternatively, optical remote sensing can be expected to non-destructively measure the leaf SPAD value at a large
scale. This study aims to evaluate the effects of spectral resolution on the optical SPAD estimation of winter wheat leaf using
remote sensing. A four-year field experiment was carried out under four growth stages (jointing, heading, anthesis, and filling)
and three levels of nitrogen application. A systematic investigation was implemented to determine the canopy spectral
reflectance and leaf SPAD values of winter wheat. The leaf SPAD estimation model was constructed using 25 commonly used
chlorophyll content-sensitive spectral indices combined with machine learning. An evaluation was also made on the effects of
five spectral resolutions on the reflectance of a single band, spectral indices, and the estimation of SPAD value using machine
learning. The results show that the sensitivity of single-band reflectance to SPAD was dominated by the spectral resolution,
growth stages, and nitrogen application levels. In the whole growth period, the reflectance of the red band was more sensitive to
the SPAD than the rest bands, where the determination coefficient R* was between 0.411 and 0.579 at the five spectral
resolutions. The reason was that there was a strong absorption of chlorophyll in the red band. Specifically, the R* was between
0.242 and 0.700, and the Var was between 0.313 and 0.952 at the most sensitive spectral resolution for the red band in each
growth stage. The red edge band reflectance at 710 nm shared the largest variation coefficient of spectral resolution sensitivity,
and Var was 1.000 in the whole growth period. The main reason was that the reflectance of green vegetation changed sharply in
the red edge band, indicating outstanding differences in the reflectance at different spectral resolutions. The spectral resolution
also dominated the sensitivity of spectral indices to SPAD at different growth stages and nitrogen application levels. Except for
the filling and anthesis stage, the spectral resolution range of the optimal sensitivity spectral index was between 25 and 50 nm.
The potential reason was that the broad spectral resolution caused the spectral index to contain more spectral information, and
then reduce the influence of noises, particularly for the optimal sensitivity spectral index. However, there were limited effects
of spectral resolution on the sensitivity of the optimal spectral index to SPAD, compared with the single band reflectance. In the
whole growth period, the spectral index mND705 presented the strongest sensitivity to SPAD at 50 nm (R* = 0.685) and a low
variation coefficient of spectral resolution sensitivity (Var = 0.014). In each growth stage, the R” of the most sensitive spectral
index to SPAD was between 0.387 and 0.895, and the coefficient of sensitivity variance Var was between 0.01 and 0.05. The
nitrogen application level enhanced the leaf chlorophyll content to improve the sensitivity of the spectral index to detect SPAD.
Spectral resolution of spectral indices was optimized as the feature inputs for machine learning models, in order to improve the
estimation accuracy of SPAD. In the whole growth period, the best accuracy of estimation was achieved in the model with
25 nm spectral resolution spectral index and PLSR, indicating the R of 0.816 and RMSE of 4.04. In each growth period, the
model with the optimized spectral resolution spectral index as the input also shared the best estimation accuracy with R
between 0.531 and 0.916 and the RMSE between 2.76 and 4.47. At the three levels of nitrogen application, the R? was between
0.780 and 0.884 and the RMSE was between 2.67 and 4.55, according to the model with the optimized spectral resolution. The
nitrogen application level improved the chlorophyll content of leaves. Thus the detection of SPAD was enhanced in the
machine learning model using spectral characteristics. The spectral index and the spectral resolution were optimized to improve
the estimation accuracy of winter wheat leaf SPAD using optical remote sensing. The finding can provide theoretical support to
design the optical remote sensing sensor.

Keywords: spectral scale; vegetation indices; chlorophyll content; winter wheat; machine learning
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