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XA MALBERELEES IR MR, AT EBHEFRE, EREAV . DIRRG 13 AHMEIEHL P NIR/NIR 5
SPAD A #5948 % 2 & K (r=0.914) . F B % F NIR/NIR(R7s /Ry ) M & )2 F AR B T A0 35 4. &
Moy kA F G EIAEN AR LB R 5 54 0.900 F2 0. 785, RMSE 4 4. 762,RE 4 7.86% ., A A FHR R
W 12 AR AR A 35 B 2 SPAD EF AL A b R AR A 2) 4R AL )5 89 4 b 2 3% 4 RSI(Ration spectral index) #4 4% &
9% B A 500 A= 563 nm,RSI(500,563) 5 SPAD {46948 X % % r=0. 999, 5A% vtk SPAD &% £ 0.0l K+ F 2R
FMAAMEG - RBE T EED LR FH, AERBER 55 4 0.912 F2 1. 000, RMSE % 2. 848,RE %
4.38% ., BRI 13 A AMIEHAL A TF RSIBH A BEDEARAEAFBA TR EL THORERDY, F AR
Fm A A 2 M AE Z 1) 69 AF A AR B RP=0. 843, R W L T ok B AL S ik 64 4R AL 6 55 35 2 RSI 48 8 3F 69 T2 A% 56 vt
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Estimation on chlorophyll content of cotton based on
optimized spectral index

WANG Shuo', CHANG Qingrui'” . LIU Mengyun'., YAN Lin', LI Yuanyuan', LIU Xiuying'?
(1. College of Resources and Environment, Northwest A&F University, Yangling 712100, China;

(2. Agronomy College, Henan University of Science and Technology, Luoyang 471003, China)

Abstract In order to improve the estimation accuracy of cotton chlorophyll content based on hyperspectral vegetation
index,the spectral reflectance of cotton leaves in blooming stage in Guanzhong region was applied to analyze the
relationship between 12 extracted vegetation index and chlorophyll content of cotton leaves. By using fine sampling
method,a systematic analysis was undertaken on the quantitative relationship between chlorophyll content of cotton
leaves and major hyper spectral index RSI (Ration spectral index) , which was composed of any two wavebands with
original reflectance within the full spectral range of 400 — 2 000 nm. The results showed that: 1) The correlation
coefficient between SPAD value and NIR/NIR was 0. 914, which is highest among the twelve extracted vegetation
index. And the regression equation model based on NIR/NIR was better than model based other extracted vegetation
index. The conic regression model was the best of all SPAD estimation models. The determination coefficients of training
model and test model were 0.900 and 0. 785, respectively, RMSE was 4.762,and RE was 7.86% ;2) The optimized
ratio of spectral index RSI of the sensitive wavelengths were 500 and 563 nm, respectively. The correlation coefficient

between RSI (500,563) and SPAD value was 0. 999, and SPAD value of cotton leaves under the 0. 01 level was
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significantly correlated. The conic regression model was the best of all SPAD estimation models. Its determination

coefficients of training model and test model were 0.912 and 1 respectively,RMSE was 2.848,and RE was 4.38% . In

conclusion, the extracted twelve vegetation index model based on quadratic equation had high degree of coincidence

between the estimated and measured values. The analyses above further proved that the optimized spectral index RSI

based on the wave bands combination could better predict the chlorophyll content of cotton leaves.

Keywords cotton; chlorophyll content; spectral index; optimized algorithm
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Table 1 Hyperspectral index used in this study
ERIE I AR ik
Vegetation index Formula Reference
NIR/NIR Riso /Ruuo [14]
RVI Riso /Rero [15]
RVI2 Rig /Rags [16]
VLOPT?2 Riso /Reso [17]
ZTM Riso /R [18]
G-M (Ryso /Rss0) —1 [19]
R-M (Ris0/Rezg) — 1 [19]
CARI (Rzgo — Riz0) — 0. 2 X (Rygp + R [20]
REIP 700440 X [ (Rezo 4 Rago ) /2 Rioo 1/ (Roso — Ryng ) [21]
TCARI 3X [(Rooo — Rsr0) —0. 2X (Regy — Rss0) (Rioo /Rezo) [22]
MCARI [ (Ryoo — Re70) —0. 2X (Rygp — Rs30) J(Rroo / Ry [23]
TVI 0. 5X[120 X (Rz50 — Rs50) — 200 X (Rz0 — Rss0) ] (2]
MTVI2 1. 5X[1. 2X (Rgoo —Rss0) —2. 5 X (Rizg — Rss50) J/[(2X Ripo +1)2— (6 X Ry — 5 X Ry70 — 0. 5) ] [22]
1.5 HESW 1 < -
B0 ¥4 ¥ J1 SVC HR-1024i PC. EXCEL RMSE_\/ZW'_%V D
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Fig. 2 Curve of spectral reflectance and correlationship of chlorophyll content of cotton leaf with raw reflectance
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Table 2 Correlation coefficient between vegetation index and chlorophyll content (n=70)

=R 1l #% F5 51 Vegetation index

Index NIR/NIR RVI RVI2 VLOPT? ZTM G-M R-M

. . 0.938"  —0.049  0.439"  0.914  0.855"  0.882"  0.876"
Correlation coefficient

iR FH 5 %L Vegetation index

Index CARI REIP TCARI  MCARI TVI MTVI2
A R B

—0.750" 0.864" —0.864" —0.811" —0.398" —0.773"

Correlation coefficient

W o £E 0,01 KT E W EME; » £ 0. 05 K UMD b i E A BEAR n=70,

Note: *x Indicates significant correlation at P<C0. 01 level (double side); * Indicates significant correlation at 0. 05

level (double side). Sample number n=70.

3 A5 B AR B S AR AR it e SPAD A # 57
8 [ DS AR 3 v S s, T A A AR 1 ] 0 0 2 M AR
FENF 0. 01, FBTHLA 0 1] )8 7Y J5 B2 2538 3 4%
3, ARl 05 O R v BE FH A0 A S BORR R 5 T
fli% SPAD A WA &5 B . Horpo#l w45 % NIR/
NIR,.VLOPT2 5#gi6rt i SPAD {i #4) £ 455 A [y e
TEFRELAE 0. 814 ~0. 900, KL 7Y $ 45 1 K B2 AH X
U5 A % #5 0 G-M., R-M, TCARI. REIP, ZTM,

MCARI.MTVI2 5 SPAD {# ¥ # #5551 1 ok 52 2 5L
fE 0.582~0. 818, B AU [A] $UL &4 i 22 R ALK, AR
4% F8 % REIP (1 — kil 2k 7 # A R 5 R
0. 818, {H H: 44 # 1Y) 5 %k Jy #2451 A RMSE = 13. 286
e KA B R B RVI2 . TV 5 SPAD {8 #4) F 45 %1 1y
TEE REAE 0. 141~0. 261, BERIPL A 45 S e 22 .
-, T A Bk 45 %0 NIR/NIR #4 8 19 — o6 2 M
Ik 2 Ty R AR R A At A TR AR SR A

R3 12 FWEWHIEHS SPAD EMEIFEE (n=70)
Table 3 Regression models of the twelve vegetation indexes and chlorophyll content (#=70)
R SR RIS Y [a] 9 77 72 RERE  HHRIRE
Vegetation index Model type Regression equation R? RMSE
—JuZk P Linear y=268.41x—245. 8 0. 880 2. 684
Z R4k Polynomial y=—2102. 62" +4 916.3xr—2 812.9 0. 900 2. 450
NIR/NIR
$58 %0 Exponential y=0.124 8¢ 8 0. 866 2.876
FE R Power y=27.6012%"" 0. 869 2.841
— Lkt Linear y = 623.97x—580. 23 0.193 6.962
RVI2 IR £ Polynomial y=—31 692x*+64 9732x—33 243 0. 261 6. 664
F8 % Exponential y=0.000 e 0. 201 7.763
F R AL Power y=143. 285" 0.202 7.069
— Lk Pk Linear y=119.192—96. 402 0.835 3.151
Tk £k Polynomial y=—144, 692*+476.47x—316. 45 0. 837 3.129
VLOPT2
18 %0 Exponential y=2.592 7% 0. 814 3.227
KRB Power y=26.958x% "% 0.816 3.193
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TH B8 5L LA S Y Bl 4 Iy 72 HERE Wit
Vegetation index Model type Regression equation R? RMSE
— Lkt Linear y=20.238x+5.254 1 0.730 4.024
JTM K £k Polynomial y=1.834 52*+11.993x+14. 32 0.731 4,020
18 %t Exponential =20, 112" 108 3= 0.709 4,040
y
BEPR AL Power y=24., 527 %811 0.701 4.031
— L4 Linear y=11.39x+13. 334 0.778 3. 649
M TR Polynomial y = —5.526 42" +48.079x—45. 526 0. 809 3. 389
$8 % Exponential y=23. 517" 0 48« 0.767 3.797
LR % Power y=20. 599" 7°¢% 0.783 3.623
— Lkt Linear y=51.598x+24. 757 0.768 3.732
R-M Tk £k Polynomial y=—2.945 32* +54. 569x+24. 06 0.768 3.732
18 %t Exponential =29, 749030 2 0.746 3.770
y
TR Power y=T71.485x"*"7" 0.726 3.788
— LM Linear y=—438.12x + 59. 201 0.562 5.126
CARI TR £ Polynomial y=13 4062x* —1 087. 1x+64. 529 0. 684 4. 353
18 %% Exponential y=59. 365e 70 0.542 4. 959
R Power y=27. 9482~ 174 0.559 5.299
—JLZ % Linear y=23.591 9x—2 531.4 0.747 3. 896
REIP TR £k Polynomial y=0.647 58x* —926.93x+331 738.971 9 0. 818 3. 409
18 %t Exponential =1E—21¢% 07231 0.729 13. 286
y
PR A Power y=2E—1472""7% 0.729 6.062
—JuZk P Linear y=—125.89x+75.511 0.746 3. 904
TCARI Wk £k Polynomial y=1428. 222" —298. 4520+91. 685 0.758 3.809
1840 Exponential y=82.503e ¥ 0.727 3.857
TR Power y=22.1625 4076 0.731 3.920
—JLZPE Linear y=—286.854x1+64.563 0.658 4,530
MCARI T4 Polynomial y=0521. 222" —275.82x+78. 838 0.768 3.732
F8 % Exponential y=66.165¢ " 0.639 4.352
TR Power y=28.575x ¥V 0.698 4,098
— L4k Linear y=—2.120 3x+111.51 0.158 7.110
TVI £k Polynomial y=—0.250 192*+12.1742—92. 111 0.170 7.057
f5 % Exponential =164, 2¢ M4l 0. 145 7.150
y
ZL KB Power y=2 459, 9x 1190° 0.141 7.174
— Lkt Linear y=—291.69x+207. 42 0.597 4,919
- “ W% Polynomial y=—448. 242° +191. 272+ 77. 522 0.597 4.916
f5 % Exponential y=1176¢ >3 0.583 4. 954
R %L Power y=7.027 T2 *178 0.582 4,971
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®4 WA SPAD BB EEREBERE (n=26)

Table 4 Performance analysis of the cotton leaf SPAD values estimation models (n=26)

i S s N
fgﬁ%f‘f *’i}if% R[E: :ﬂﬁifn BRI SR R %
index type equation Re RMSE, RE»
—JGZk M Linear y=268. 41x—245. 8 0.775 4.958 8.00
NIR/ YKk Polynomial y=—2102. 62%+4 916.32x—2 812.9 0.785 4.762 7.86
NIR 5% Exponential y=0.124 8¢**2 5 . 765 176 8. 39
TR Power y=27.6012%°°* . 766 151 8. 36
—JCZE M Linear y=623.972—580. 23 174 018 11.99
- UKk Polynomial y=—31 69227 +64 973x—33 243 461 .768 11.35
F8 % Exponential y=0.000 le' " .178 . 464 12.62
SR AL Power y=43. 28521%2 .181 . 443 12. 57
—JE4 M Linear y=119. 192—96. 402 . 675 767 9.47
VLOPT? WK 4k Polynomial y=—144. 692* +476. 47x—316. 45 .678 . 801 9. 64
$58 %0 Exponential y=2.592 7¢*¥ . 664 . 879 9.67
BB Power y = 26. 958> . 663 .870 9.68
—JGZE M Linear v=20.238x+5. 254 1 541 . 326 10. 31
JTM — Yk #h4k Polynomial y=1.834 522 +11.993x+14. 32 553 . 305 10. 23
&% Exponential y=20. 112¢% 05 s 533 . 435 10. 50
F RS Power y=24, 5272811 518 434 10. 59
— L& Linear y=11.39x + 13.334 . 279 . 498 11.48
M Y4k Polynomial y=—5.526 422 +48. 079x—45. 526 J412 .517 17.73
8% Exponential y=23. 517" 0 18 . 276 . 362 11. 27
TS Power y=20, 5992798 % .195 .843 12.12
—JE4 4 Linear y=51.598x+24. 757 . 641 .803 9.61
oM — Yk #h 4k Polynomial y=—2.945 322 +54. 5692+ 24. 06 642 5. 802 9.62
8% Exponential y=29. 749" "6 2 .631 5.958 9.83
F R Power y=T71. 485" 1917 .619 901 9.99
—JE4 4 Linear y=—438.122+59. 201 613 5.966 10. 60
CARI kI 4k Polynomial y=13 4062" —1 087. 1x+64. 529 614 . 479 10. 41
8% Exponential y=159, 365¢ 700 L611 . 103 10. 74
LR % Power y=27. 948y 1371 551 . 577 10. 85
— G2k Linear y=3.591 9x—2 531.4 0. 465 7.075 11. 67
REIP T4k Polynomial — y=0. 647 582> —926.93x+331 738.971 9 0. 666 5. 850 9.36
8% Exponential y=1E—21¢" %31 0.461 29.196 46. 99

TR Power y=2E— 147219 0. 460 10. 137 21.43
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Spectral Model Regression )
R% RMSE, RE»
index type equation
—JLZkPE Linear y=—125.89x+75.511 0.616 6.102 10.19
TR £k Polynomial y=1428. 222" —298. 452 +91. 685 0.628 6.282 9.95
TCARI
$8 %t Exponential y=82.503e %% 0.614 6.269 10. 41
R Power y=22.162x %17 0. 585 6. 467 10. 43
—JE4HE Linear y——86. 8542+ 64. 563 0. 657 5.786 10. 38
TR £ Polynomial y=0521. 222" —275.82x+78. 838 0.663 6. 285 9.75
MCARI
& %t Exponential y=066.165¢ 74 0.658 5.839 10. 33
LR K Power y=28.575x ¥V 0. 640 6.119 10. 27
— I Linear y=—2.120 3x+111.51 0.128 7.615 10. 28
VI TR £k Polynomial y=—0,250 192*+12.1742—92. 111 0.180 7.642 7.47
&% Exponential y=164. 2 0t 4= 0.130 8.009 11. 26
LR % Power y=2 459, 9x~ 1609 0.116 8.336 12. 64
—JLZ 1 Linear y=—291.69x+207. 42 0.442 6.214 15.43
Tk £ Polynomial y=—448, 242*+191. 272+77.522 0.723 5. 655 14. 36
MTVI2
F5 %0 Exponential y=1 176 >89 0. 444 7.695 18. 23
LR A Power y=7.027 T2 *178 0.414 8. 465 19. 66

i aof b & B, M B 48 20 RVI2 L G-M, REIP,
TVI.MTVI2 5#4Er 7 SPAD {i i A S48 AL rpr —
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M A RURI R Oy B A, Rt 2 R ALY
K BE A 0 45 R B i i H S 2 A 10 B R 4L R AE
0.180~0. 723, RMSE, #£ 5. 655~9. 517, RE, 7
7.47%~17.73% . H#EHE % NIR/NIR, VLOPT2,
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RMSE, #l RE, /N, 405 4. 762 % F1 7. 86 % .
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X
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Table 5 Best estimation model of cotton leaf SPAD and vegetation index
LRI TR LR AT 8l 4 J7 72
Vegetation index Model type Regression equation
— L&Vt Linear y=268.41xr—245.8
K £k Polynomial =—2102.6x*+4 916.3x—2 812.9
NIR/NIR " . Y 512
$8 4 Exponential y=0.124 8™ %
TR Power y=27.6012%"%"
— L4t Linear y=119. 19x—96. 402
T £k Polynomial y=—144. 692" +476. 472 —316. 45
VLOPT2

F&£ % Exponential

y = 2.592 7303

HEPR %L Power y=26.958x% "%

65 /N K A T 6 7% v B T 100 9 e o 28 KR )

Z 60} ' 8 WP 2 IR R B I B X B 8 RS 4
% 5l SR M IR A B i B T = 1 ) 06 R
. B T PSS 4 57 A WA TE 19 L (6 % 95 5
z . RSI™, 560 SPAD (i & it M 2k 44 7 7 . 2
ﬁ 451 0 S e 7=0.000 722240.925 37x+1.863 FUGERB R AT R 22 RE KOOGS 5 B i
M '4-5' L W 7 R X R AR R R 4 SR S
SEME Measured value FCAF Y% 5 80 RST 7€ 3% Bt 420 ~510 nm Hl 530 ~

B3 EFHEH NIR/NIR ) R FREER
SPAD LMESHEME: 1
Fig. 3 The figure 1 : 1 between measured and estimated

leaf SPAD based on NIR/NIR polynomial model
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Fig. 4 Contour map of the linear relation ship of determination coefficient

based on RSI (500, 563) and chlorophyll content of cotton leaf
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B TR OL T A MR B R i SR R A A 25

TR 6% 45 % RSI(500,563 nm) FIAR £ i
i SPAD {EH 1AH S B2 r=0.999 .3 6 =3 Tk
F % RST M 2 1 4l B SPAD {H 1% £ P i E 28 1
IARERL, LR 6 K B R A L R 0L UG i Il
TR Jy R X K B T A 2 R O e s B R AR
FVRE J5 RS A 0L 45 T4 A AH X 25 — 28, —Jo 4k M
AR RN R iR R AR A R R BR B RY
LRI K YA 0.911,0. 912 F1 0. 999, 1. 000, {H

TR 5 B RMSE, #1 SEp #%F — 4t
Dy REBEAL, PR, A AR AR i e SPAD 1Y S5 AR R
R W LB y = — 67, 89227 + 159, 222 —
14,758, X ULWIHLG M 26 5 52 ) 1 Tk g R AL [
I 38 B 17 3 8t 2 D B0 T B AR b A S
PRIZE . BEF Wl 2 455 780 9 S i R 3 {8 Y
L1 SR, 5 FUT AR AE A2 A Z 18] 1 $
RS B 0. 843, R BLE 58 4 B E R IE A ¢

K6 BREMEMHEESEHEINEERRER

Table 6 Result of precision test of the hyperspectral models for chlorophyll content estimation

H AL &

Independent b alat A& R WM R, RMSE, RE,
variable Mode type Regression equation

— G4Vt Linear y=287.298x+3.8041 0.911 0.999 2. 854 0.044

RSI ki £k Polynomial y=—67.892x" +159. 222 —14. 758 0.912 1. 000 2. 848 0. 044

8% Exponential y=19, 35! 770" 0.902 0.971 2. 854 0. 044

TR %L Power y=90. 232" 0. 906 0.986 2.917 0. 046
65 T B T A B R R e b R i 3 U Ok
2 el o o TEAE IR SR AT AR BT 13 A B
=z * & HUH FARAEMT - SPAD {8 (1) T 655 8 2 57, i &
¥ % BUHLYE 5 B NIR/NIR (Rog /Ry, ) 15 SPAD fif H
f; 50 Kt m (r=0.914), AWF5EINRHET NIR/NIR
gg ast, ‘o y=-0021 7295_535246345%57.977 (Riso /Re MG SEAEY I i SPAD AR 200 T oAt
° , L , G R 5 SRS 45 0 — 3, R 454

40 45 50 55 60 65

SEIME Measured value

BS5 ETFRUEHMRIH AMEHFEER
SPAD LMEEHMHE1: 1 B
Fig.5 The 1 : 1 figure between measured and estimated

SPAD based on RSI conic equation model
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