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TP B H ] R AR e R A R KRR, il ] PROSPECT A 8 A M 5 45 4 5 B0 A 46 S B 4l
400~2 500 nm i B G R ML 10 650 4. FEH A SRR BARFER AR MO0 » 4087 S 3 R 5T 256 il e - 4
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=S SR SNIPIAE - E S ¥ o S N Y NORE
PECT #RUE T =P i F 09 SR OG0 . B R T 0
B2 R S B A SPAD {B . B0 H ) SR 4 (9 4R ) D' 1% A AR 4
JING B I 208 T A RORE BB R Y ) R, B SR
PROSPECT #5481 5 0K e 336 A1 BT of 17 119 4 3% 2 42t 4 57,
I ZRBCR AR - Al 5L 6 T SR 1) B L A Al IR 2R 22 2 ) 40
EIUE IR 5 kSIS R A I R R A R
(R*=0.871), Verrelst % ) PROSPECT + SAIL # & Jy
Henh . BT LS WA T R BN LAT SO AR,
RIYeE RBOYAE 0.9 LB, RATIXEHIFELRM T 8T PROS-
PECT #6 R J 38 [H [0] /9 M 4 3K &5 & i) /T 4744 {2 PROS-
PECT % F P " . et 1 52k A L w5
SR ARG H 0 2 R 04 5w PR R B B AR . A
PROSPECT #4805z 5§ e 316 I J F O I 3 K J= o v i 2 6
o A A R T A A R PR S — 25 4 v A
e BE A0 T AR AR RA IS F R E . R0, AW AT
PROSPECT #AI7E £ 78 5 R R T M @ v 52 4 FO00 3% , Jt
THUENE T . 5 8 I X L S R R R ORI
Ko o T A S KR e S R i PLS AL RS . LU ik
I U 6 A R AU T I 5 R S A P Y O . SRR
O RIS TR 22 ) [ i 2 2 Bl 25 0 A 1T LA D RS A
Pt N 472 Ak 45 4
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1.1 HEXERERRESELSHNE

SEgR 43T 2019 48 8 H K 2020 48 8 H AR L4 i K Tl
AR 9B A AT I8 RNy 30 m X 40 m, g3 72 A4
FEX 43 2 S i I8 45 4, Tt AE 4 43 3y Al: N-O kg«
ha ', P-O kg ha'; A2: N-90 kg « ha™ ', P-60 kg « ha ';
A3:; N-180 kg » ha ', P-120 kg » ha '; Ad: N-360 kg -
ha™', P-240 kg *« ha™'; A5: N-540 kg « ha™', P-360 kg
ha '; A6: N-720 kg » ha ', P-480 kg » ha ', &A/NX Hil»
JRFE, 2019 4E I 2020 4R 4 ARIR 72 DMAEAS B . H ) £ K
M 52 A 6 1 R T ASD A ] 1 FieldSpec HandHeld {5 #
AP OEIEAL, SLIE T B 325 ~1 075 nm, 43 PEA 3.0
nm, [ SR AR N IR, A A ] S . A A
JCEBNE I R SR A PR E. HRR S REEN
TR RL, B bR & B EEAFJy PROSPECT #i#!
SR TN QYR T BN Rt

ez E b, ERREARM R 32K, BTHE RAIIFFRI 0. 4
g, FWRE R 95 Y M VA 40 mL IZ B, Bl
AR PR S 2~ 3 W, I A R A SR A 66 B I
KM R ZE WK 470, 649 F1 665 nm =AW B WL . F
AXDO—KOHHEERTAHGRSELNE P REE

o = 13.95 X Aggs — 6. 88 X Agyo [@D)
¢, = 24.94 X Agro — 7. 32 X Asggs (2)
Cay = ¢ty 3

Ca = (1000 X Aypp — 2.05 X ¢, — 114. 8 X ¢,,) = 245 (4)
Horbry Ao s Agio 1 Agss 43 2 ORI B ZE IR AE 470, 645
H663nm bR CEEME , co HMGRE a &, o AIFGE
b&R, co AIMGERE, . WY NREE.
1.2 St #iEasm
1.2.1 & F PROSPECT #: % 4§ B4t 5 3% B 51

PROSPECT # BUAR H 4 A it i A AL S B4 ¢, o A
BNE o BHE cons FEOE Chown s FHOKEE o, AITY
JE i cn) FIEEF S8 COND BRI R 5 1 2 3k B 45 38 13 45
R, AR T AR ek ) PROSPECT-D A58 50 485 45 5 oK -
AR EAS B SECT 400~2 500 nm 17 HUAR S 5 3
M4k . PROSPECT-D # B X 45 F R} 9 4 2 W R $0H A7
BHESL, IINT I EF R T RS () o BTG T ZEHE
L S HOREEE R 1R, iR A T 2 800k 5% i 4
B3 A PN N & R IR 2 R I K NG TN 3
TR R

%k 1 PROSPECT & N\ S

Table 1 Input parameters of PROSPECT model
" . e A AL )
24 e py §£(E@ %k
G N (1,5 1
4% R & Cab pg e cm (10, 80) 1
BB MRS o pg e cm 4.37
EEETH Canth png e cm ? (1, 2) 0.2
[FRERS Chrown 0
SRR G Cw g+ em? 0.015
T B Cm g+ cm 2 (0.005, 0.025) 0.005

1.2.2 PROSPECT 4 & ot % & S8 B 5 7

5338 2o BBURR PR 23 T 0 S S i v v R AR Ak
W) 7 588 20 4 9 B IX JA] . & F PROSPECT #85 5 i) 0% B 3 5
N

n—1
s= S IR R | e | &)

A (5, i A PROSPECT BRI AS RN R & &, R A
2R S RN I RYOLRE AT E . ] PROSPECT #E # it
TSR S EUREE ST, MR S ESHUE X H Dy 10
~100 pg + cm . H il Z BRI 4 50 BB R A B AR
GEIER
1.3 giEmshE

4353 %6 SR R 458 J2 M O 5 T PROSPECT A% 2 f
R IS HEAT AL B . BE X R I EREE . i T R ORI Z
F REAG L) RSO . SCHUN 55 5 7™ A2 1
TR, /N O R 2 e O SUOTH BR . S X6 B
AT /NS AR . B DBA /N SE B AT 5 2 0 R . O IR
J& s AR BB A BB E RBGEATE A, 193] L BE O
TR AR LR . SR . A BN /N I 2 MR Y S S B 3 ol 4R
F PROSPECT #5554 i 4 19 5z 55 3 1th £ 3R A off 1E 5748
(standard normal variate, SNV) Jy ik i 47 T 40 B, 78 J s 4
O NGO Y=
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1.4 MERESEHBBFUERKIFEL

it 2 225 SR U )R AT D8 K R A T A A R g Bk, DA
1. 2.2 45 i i 22 1) PROSPECT # B - 2 22 S0 M) 17 X 458 oy
AL PR T R S A AR AR S, A BT
JRPE R . T m X ) fi /)y 3R 7% (backward interval
PLS, Bi-PLS) fil 3 T 1% £ 1% 5 . 1= (successive projections al-
gorithm, SPAYIY =Fh 75k, H b, Bi-PLS ¥ 2 B &M
AR N AN JE] . & 3854 51 34 5 #R % 2% (root mean square er-
ror, RMSE) 45 R IF k> X [ it . 2 34 J5 # % 22 RMSE £
JINESE ST AR A DX TR) g B 2 R e URR L AR 2 Y
FAAE D[] o SPA JE — Bl i 2 e 25 (1) 2k 4 due /AR I i 1) 22
R, HAURIE TR W B LRI A, B2
B JEUAR S 1 I vh TT AR R L T E B MR R R AE 9 K
L.
1.5 #AEWSERNERHE

55 FHE ¥ 6 X0 4y R AR NI IR A . AR AR 5 IR AR AR AR
B Ly 2 ¢ 1, 55T PROSPECT 58 RY i 4 i) R 4E X ] 5
FRAE P, I 5/ —- 7 [B1 9 (partial least squares regres-
sion, PLSR)7E B 52504 56 v i el i 4 38 3 A M A 2, JF
FAYLE RER® ORI J5 % 22 RMSE TP B ALRCR . DL 1
PROSPECT A5 #1, St it Wl Ab 3 | ¢4 i 2k 55 A Y 55 3 2 2k
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F MATLAB2020 #4252 30,
2 ZdR5ivHe

2.1 PROSPECT #£ ! I 4% 35 85 5% & o3 #7 B S i IR B R AL

FE 10~100 pg + cm™* S HUBRUE X A) JE 47 I 42 2 & WL
JREE ST o 7E 400~2 500 nm X IR Py, Y0t & 0 R4 A
AT H A S B RS A B, 5 RN 1 () iR, 400~ 780
nm X[ ) 6 3 BT 5 58 B I o I A R s 09 B4 0 T B AR
TE 780~2 500 nm X [], S i 5 4 % 5 b &g 3 A48 4k i i TC
%, HH, 400~780 nm J& PROSPECT #5543 2% Wiy Ji 1 ¢
BRIX I, HLAFAE WA T ORI ], An &l 1 Ch) TR 43 0 Sk A
570 nm 2y 10 ) - HE % KSR L 700 nm e (9 2006 X
W UM T R E MBS B AT WER T, g R
A ALBUR M I K AL T 400~780 nm 3 .

HAIRE ARSI S 8 P RS B KN 4.94 pg» em ™7,
B/MEN 3.6 pg e em™?, BRUEZE A 0.175 pg + em™?, WFSTH
WA DR & &P HE 4.37 pg » em *fE2H PROSPECT
B MASE ., AR HUEM TR, RIEE 1 #E
BUE T, LA 10 650 25 R R A S 50T M63% 5 5
S

2.01 v)

Sensitivity
= 193
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Fig. 1 Sensitivity analysis of chlorophyll content using PROSPECT model
(a): Reflectivity curves for different chlorophyll contents;

(b) : Sensitivity analysis of chlorophyll content

2.2 HBEEW S R SR 2

FH JE] SEE30 2019 4R 2020 4F R KA FR 56 J2 I A 5 16 B 5
Hei i 2Ca, b FFaR, WLEE T H1 5 il 2k A7 70 7 3 A M S
L it /NI Ay e T AR AR B S 6 Bl R 0 N R A I T
W, WA 2Cc, DPR s AFZ AR A A] B ) O 3% A7 72 ™ 2 19 HOH
BN, Zeat SNV A IE J5 6 1k il 28 9 s w25 4, gl 2
(e, DT/,

AN Sy fR I A5 A SNV KIE J5 19 2019 4R 2020 4F
K2 OGS MR R 2Ce, DR, MIATE ., 0 W06
BB, PR EREX . aEr sk, 400~500 5 611
~710 nm FEAEAR R IX . A 400 F1 680 nm ff i H B
. TR a5, 520~610 nm K& K
SFIK . FFAE 550 nm BT IS AT LA B, BT
) T 5% AL 28 45 K D A AR K R B 3R T s . BT R 711~ 760
nm PR GER . BERHEE T fE 761~1 000 nm Ky

SRS IX . MR SR RO &7 I T K 4 i R OCHE
970 nm [t 5 H B 1 R A .
2.3 ETF PROSPECT # & fy 4 5 & =46 W4 1E K K i 1%
ROSPECT ##I 7E 400~780 nm [X [i], 43 3 i F 0 43 &
BURE S #r . Bi-PLS F1 SPA J 3 0 v i & B4R AE K. i
Jo. ARG BURAE 15 B, WA 3G PR, i ik
i 548~610 M1 694~ 706 nm B4~ P BE 3Lt 76 NP KN
SEN-BAND, Hk, #F Bi-PLS Lk RMSE £ % i #; 45 #7 5
VeI 4% & ORI BE, RMSE S /N8 21 5 A g ik B
WP 3(h) TR 43 3 & 514~532, 533~551, 590~608, 647
~665 f1 723~741 nm, icdfF BP-BAND, {53, T SPA &
2, £ 400~780 nm X[ 5 #E 1 10 A~ 1 Ky 0 4 3 Ak UK
WK GE Sl SPA-BAND) , H[E 3(a) H & o Bl fr R« 4eit = Fib
BRI KA ss RWE 2 Pix.
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Fig. 2 The measured reflectivity spectra

(a): Measured in 2019; (b): Measured in 2020; (c): Wavelet denoised spectra in 2019;

(d) : Wavelet denoised spectra in 2020; (e): SNV processed spectra in 2019; (f): SNV processed spectra in 2020

2.4 LNHEERERBIELER

3 F i ¥E i) SEN-BAND, BP-BAND, SPA-BAND, 44
{411 2019 AEFI 2020 4F fy 1] S50 504 . 4t 57z PLSR [a] 4
B, FRRE B ESE R AR 3 B, 2019 SER IR AP, A
SPA-BAND #4 # (1) PLS MR 305 d5c i, A4 P o R4 RE
27 0.815 6, RMSEC % 2.908 6; WiFHE R ERZRK R X
0.799 5, RMSEV J 2.997 7, 2020 4F $( 4 & . {# Fj BP-
BAND #4 £ 1) PLS 5 7 ¢ #5450 d i o AH 2 300 iF 4 0 2

4 SPA-BAND Mgt (A5 BT 40 K 22 8, L5 A 4R 5 50 1
SERFCR R B, 3T SPA-BAND # £y PLS BRI 2 {4 5k 52
foofd, AR FNIR IF AR S RBL M B N RS . B A e
RS RUFE P RO L, R B R A0 1 e
PE. 2020 4EH0HE 5 SPA-BAND #4 £ (1% 455 200 £ 482 4 v 5 R K0
R? 7 0.949 2, RMSEC 3 0. 976 8; B iFfER E R R N
0.910 2, RMSEV 4 1.562 9,
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Fig. 3 Sensitive band filtering results
(a): SEN-BAND, SPA-BAND; (b): BP-BAND
x2 BUEEBRSHESRIT RIS 2 508 8 N RO B R, XA B i g
Table 2 Statistics of sensitive band distribution oo 1M 680 nm BRI A LT A7 IR e 2 I 4 2% A B R A 1K
FRAE U B /nm Bt SPA BL IR R AE B K & T B R SR X
SEN-BAND  548~610, 694~706 AR, B TR RIS, % LTk, 2 F PROS-
BP-BAND 014532, 533~551, 590~608, 647~665, 723 PECT % §f & 4 19 SPA-BAND $:4E 9% £, 764 R 4F 4y 1y
~ SR 4 v 75 0 e Oy AL P A T 5 R, LA A L B
SPA-BAND 2(1)? 752090, 517, 536, 554, 591, 676, 686, F SPA-BAND F¢ ik % K /9 2019 4F F1 2020 4F gL K 36 E 45
i FwE 4 iR,
£3 HERAEPLSRNERE RS B3 EENSRNSHE
AR R TS Rl AR AR EEXSUTE 5 Ca) TR B9 3 91 24 47 3% 72 ASREIK . R 48
Table 3 Detection results of PLS model SPA-BAND £ 57 2019 4F il 2020 4F 1452 4 Ko WKL , 3
of the chlorophyll content 42 16 4458 22 3 25 4340 FEL 43 50 0 R 5 Cb) (o B . T4
NN sl Lot o s MR E I FESREERAL, IEW XX ERKEHRKE, FH
; ' ' ' ' TEEAT MG N A B . O O 0 3o 2 S A A Y, T L
;Zlég BP-BANG 95 0.8128 2.9300 0.7555 3.5080 ?tﬁﬁﬁaﬁaf Eialht?iiﬁklil %%EUH‘%Q Jﬁjjﬁ
SPA-BAND 10 0.8156 29086 0.7995 2.9977 SN S (TR - RV O I i s 51 O o R P
HAMEE L,
. SEN-BAND 76  0.8602 1.6214 0.7920 1.7856
2020
" BP-BANG 95 0.9625 0.8397 0.8034 2.014 6 .
R % 3 4 ®
SPA-BAND 10 0.9492 0.9768 0.9102 1.5629

bl e = ol A B O o O ek AT, R OB 40 A O a2 Y
SEN-BAND 3% B ARBL T 3 F B IS LB AY i 4 2 & i A8 f 3
B 5T FE M52 % Be . BT Bi-PLS 50k % 9 BP-BAND i Bt
R T I F G ARE R I R & i RO B B, (12, W
o 2 e A AR I R R 2 KRR B A 2
k. 5 S ECEE R AR B AR R, o 2k
fEH0E 25 5 T SO ALY 3 1005, B AL D (A L A R
SR WA LLE W, i SEN-BAND 1 BP-BAND #4) £ 1) #
R, AR Y R BRI B0 UE 4 o R B0 ) 2 (B A LT
FI SPA-BAND #4 g g 1 A 45 K. 5 Z A%, SPA Sk i i
HH )RR AR BB S RO B AR 26 T R 4 BT ST 4
A 07 358 A4 R E 30 B IXCTR) s 380 35 T 400 F1 500 nm {1 150k X
B 680 nm PRI A “ L0487 K I . HiHP 400~520 nm Y 15 6

i 11 PROSPECT R HEAT T W 4% 3 & & X0 6 1% R 9 %
Hi 2 A SO A3 M, SR BB T OR TR A S 80T R 5 R
2. FET UM . SPA K Bi-PLS = F Jy ¥k 20 591 01 16 45
AR K, B 2019 4 K 2020 4 ] 92 00 450408 2 57 7 F oKk b
HERG ARG AT T, FEERNT .

il 2L PROSPECT #5540t 43 M 1T 1. R4 3% 3% A8
AT S 1% B 5 2R 2 A A, EEAEHAE 400~780 nm LAY
BRSO X8, X F 780 nm DL S B9 LA O X, fE R B
il P2 SE A LT SRR A B AR AR & e 1 A R
T R

XF = A AR R e ik, T SPA Bk TR MR R &
ARG 0 AU e T A B 1 S I i AR b B RAPR R B,
2019 AEBIR AR D i RB(RY) My 0.815 6, EEAHAEY
Mz 22 RMSEC 2 2. 908 6, BoiiF4E g R (R H0. 799 5,
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] 0O A0g 0O ° o
= o g°0 = o
- ¥1 o vy A A S 351 =
2 [m] 2
: : : od
5 & g | A
|51 [m] o
& 304 o £ 304 A

N R*=08156 R2=0.959 0

o A R2=0.799 5 ] R?=0.924 1

25 T T T T 1 25 T T T T 1
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Measured chlorophyll content Measured chlorophyll content

4 E-T SPA-BAND S RLIE KB 2019 £} 2020 FEEFIIELE R
(a): 2019 AF B HMBAELEH; (b) : 2020 4 R FNIR UL LS
Fig. 4 Modeling and verification results with SPA-BAND sensitive bands in 2019 and 2020
(a): In 2019; (b): In 2020
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Fig. 5 Dynamic chlorophyll distribution results based on PLSR model

(a): Field fertilization distribution; (b): Detected distribution in 2019; (¢): Detected distribution in 2020

INIEAEH IR 2 RMSEV Jy 2.997 7; 2020 4E B ki 4 2 RMSEV % 1. 562 9,
PLE RBCCR) My 0.949 2, #EFE4E )7 M i 22 RMSEC N 308 3t 22 i () I 4 25 0 A P RT3 T T IR 5 VR B B
0.976 8, B4 P a2 R B(RI) N 0.910 2, 5 UF 4 3 5 AR iR Fe2 5, MHEEHAEREAESE L.,
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Wavelengths Optimization and Chlorophyll Content Detection Based on
PROSPECT Model

ZHANG Jun-yi"*, GAO De-hua', SONG Di', QIAO Lang', SUN Hong', LI Min-zan'"* , LI Li’

1. Key Laboratory of Modern Precision Agriculture System Integration Research, Ministry of Education, China Agricultural
University. Beijing 100083, China

2. College of Energy and Intelligence Engineering, Henan University of Animal Husbandry and Economy, Zhengzhou 450046,
China

Abstract Chlorophyll is an important biochemical parameter involved in crop growth. Accurate detection of chlorophyll in real-
time has great significance for the precision management of farmland. The PROSPECT model can simulate the reflectivity and
transmissibility of leaf at 400 ~2 500 nm based on leaf’s input structural and biochemical parameters. This study used the
PROSPECT model to generate 10 650 reflectivity curves of maize leaf under different input parameters. The sensitivity of the
spectral reflectance curve to the chlorophyll content parameter was analyzed when other parameters remained unchanged. The
result shows that the chlorophyll content only affects the spectral reflectance curve in the range of 400~780 nm. According to
the sensitivity analysis result, 76 wavelengths in 548~610 and 694~706 nm were selected as the characteristic wavelengths of
chlorophyll content, which were recorded as SEN-BAND. Based on Backward Interval PLS (Bi-PLS), 5 intervals of 91
characteristic wavelengths were selected, recorded as BP-BAND. Based on the Successive Projections Algorithm (SPA), 10
characteristic wavelengths were selected in chlorophyll-influenced area in 400 ~ 780 nm, recorded as SPA-BAND. The PLS
detection model of chlorophyll content based on the three characteristic wavelengths was constructed with measured field data in
2019 and 2020. The results show that the -SPA-BAND model has the best results in both 2019 and 2020 datasets. In the 2019

dataset, the coefficient of determination (R?) of the modeling set is 0.815 6, the root mean square error (RMSEC) of the



B AR B . PROSPECT R By £ AL I I AL 16 15 1 it 2 X 5 AR 1521

modeling set is 2. 908 6, the coefficient of determination (RZ) of the validation set is 0. 799 5, and the root means square error
(RMSEV) of the validation set is 2. 997 7. In the 2020 database, the coefficient of determination (R?) of the modeling set is
0. 949 2, the root mean square error (RMSEC) of the modeling set is 0. 976 8, the coefficient of determination (R%) of the
validation set was 0. 910 2, and the root means square error (RMSEV) of the validation set was 1.562 9. Therefore, the
characteristic wavelength of chlorophyll content can be selected under the influence of multiple factors by constructing spectral
reflectance curves with multi-parameter input based on the PROSPECT model and the characteristic wavelengths of chlorophyll

content can be verified in multi-year data.

Keywords PROSPECT model; Chlorophyll; Wavelength selection; SPA; Bi-PLS; PLSR
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