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Combining UAV Visible Light and Multispectral Vegetation Indices for
Estimating SPAD Value of Winter Wheat
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Abstract; Soil and plant analyzer development ( SPAD) can reflect the chlorophyll content of crop
leaves, and it is an important indicator of crop health. The visible light and multispectral images of winter
wheat were synchronously obtained by unmanned aerial vehicle (UAV) equipped with visible light and
multispectral cameras, and the SPAD value of winter wheat leaves were also obtained. The purposes were
to explore the relationship between visible light vegetation indices, multispectral vegetation indices and
SPAD value, estimate SPAD value by combining visible light and multispectral vegetation indices, and
estimate SPAD value by using stepwise regression and random forest regression. The results were
compared to select the best model for estimating SPAD value of winter wheat leaves. The results showed
that SPAD value had good correlation with visible light vegetation indices ( IKAW and RBRI) and
multispectral vegetation indices (GNDVI, CI, GMSR and GOSAVI). Besides, SPAD value had a good
correlation with the combination index of visible light vegetation index ( CIVE) and multispectral
vegetation index (GNDVI). The R® of the estimation model of combination index was 0.89, the RMSE
was 2. 55, and nRMSE of the model verification was 6.21% , respectively. The results showed that

compared with the indices of visible light vegetation and that of multispectral vegetation respectively, the
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model of stepwise regression and random forest regression of the combination indices of visible light

vegetation and multispectral vegetation were more accurate in estimating SPAD value. The R’ of the

optimal stepwise regression model of combination indices was 0.91, and the R>, RMSE and nRMSE of

the model verification were 0. 89, 2.32 and 5. 64% , respectively. The R” of the random forest regression
model of combination indices was 0. 90, and the R*, RMSE and nRMSE of the model verification were

0.88, 2.51 and 6.12%,

respectively, which indicated good estimation results. The research result

provided a reference for the estimation of winter wheat growth information based on the combining UAV

visible light and multispectral image vegetation indices and improved the accuracy and stability of the

estimation model.

Key words: winter wheat; SPAD value; visible light vegetation index; multispectral vegetation index;

stepwise regression; random forest regression
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Tab.1 Statistical results of SPAD value of winter wheat
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Tab.2 Mean value and standard deviation of gray of
red channel of visible light image

AR ¥y {H T e 22

Rep REEL 9 &hE R Bl XhE
0x0 238.09 185.58 79.12 3.63 28.82  46.65
3x3 238.07 185.73 78.56 3.20 24.81 41.01
5x5 238.13 186.45 77.15 2.89 19.78 32.75
7 %7 238.16 186.94 76.46 2.77 16. 45 26. 60
9%x9 238.18 187.16 75.94 2.69 41.43 22.30
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Tab.3 Mean value and standard deviation of gray of

red channel of multispectral image

Bt (A P 22
Neb o REEE R &hE O REELE B RNE
0x0 1614.76 732.94 744.21 62.86 139.11 104.90

3x3 1560.22 749.70 801.22 62.72 115.82 77.04
5x5 1561.06 749.45 800.81 57.39 105.95 70.97
7x7 1560.43 748.80 800.88 54.84 98.00 66.34
9x9 1560.37 747.32 800.83 52.96 90.48 61.92
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Tab.4 Visible light vegetation index related to

SPAD value
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MGRVI (& -r)/ (g +r) SCHk[20]
RGBVI (g* -br)/(g* +br) Cik[20]
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PPR (g-b)/(g+b) ik [22]
GLA (2g-r=b)/(2g+r+b) CHik[23]
ExR 1.4r-g SCHR[24 ]
ExG 2¢-r-b SCHk[25]
ExGR 20 -r=-b-(l.4r-g) SCHR[24 ]
CIVE 0.441r-0.881g +0.3856b +18.787 45 SCik[26]
VARI (g-r)/(g+r=-b) SCHR[27 ]
IKAW (r=0)/(r+b) k(5]
WI (g-b0)/(r-g) SCHR[25]
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GBRI g/b CHk[29]
RBRI /b SRk (29 ]
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Tab.5 Multispectral vegetation index related to

SPAD value
H# Bl F6 AL HEAR P/
DVI my —m, SCHk[21]
GDVI my —m, A
TVI 0.5[120(my =m,) =200(m; - m,) ] SCHik[30]
RVI msy/m, SCHk[31]
GRVI my/m, A3
CI my/my =1 ICHk[32]
RCI my/m; —1 73
NDVI (my =my)/(my +m;) ik (33 ]
GNDVI (my —my)/(my +m,) SCHK[34]
RDVI (my =my)/(my +m )" 3CHk[35]
GRDVI (my —my)/(my +my)"? KNS
NLI (m3 =m)/(m3 +m,) SCHk[36]
2NLI (m3 —my)/(m3 +m,) A3
MSR (my/my =1)/[ (my/m,)"* +1] Ciik[37]
GMSR (my/my =1)/[ (my/my) "% +1] A
MNLI 1,5(m§—m,)/(m§+m,+0.5) SCHk[38 ]
GMNLI 1.5(m3 —m,)/(m; +m, +0.5) A SC
SAVI 1.5(my =m;)/(my +m; +0.5) SCHKL39]
GSAVI 1.5(my =my)/(my +my +0.5) P8
0SAVI (my —m;)/(my +m; +0.16) SCHik[40]
GOSAVI (my —my)/(my +m, +0.16) e
1.5[1.2(my =m,) =2.5(m; - m,) ]/
MTVI2 ik [41]
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Tab.6 Regression analysis of visible light vegetation

indices and SPAD value

AU nRMSE/
w5 5 2 R*  RMSE
L€ %
r y=-49.94Inxy - 13.866 0.68* 3.06  7.46
g y =65.26x +15. 644 0.15 598  14.58
b y=62.387Inx - 124.55 0.58" 3.68  8.99
MGRVI y=26.037x+36.672  0.48™ 3.96  9.66
RGBVI y =15.807x +37.222 0.11 6.20 15.11
GRVI y=32.452x+38.707  0.32* 4.95  12.07
PPR y =42.709¢ " '8 0.01 6.75  16.45
GLA y =20. 784x +38. 926 0.10 6.30  15.36
ExR y= -47.067x +44.701 0.41* 4.35  10.61
ExG y =21.753x +37.398 0.15 5.98 14.58
ExGR y=16.298x+39.492  0.26" 5.32  12.95
CIVE y=-991.4lnx+2944.4  0.17 5.89  14.36
VARI y =9.9947x +40. 454 0.17 591  14.41
TKAW y=-76.84x+49.769  0.86* 2.80  6.81
WI y =0. 1749x +42. 582 0.05 6.76  16.48
RGRI y=—10.78Inx +39.868  0.22 5.58  13.61
GBRI y = 64.399¢ =02 0.07  6.41 15. 63
RBRI y=-28.478x+77.58 0.87* 2.77  6.75
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M PR 220N m,,R* y 0.46, GDVI,GRVI,
CI, GNDVI, GRDVI, GNLI, GMSR , GMNLI, GSAVI,
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Tab.7 Regression analysis of multispectral

vegetation indices and SPAD value

Z It nRMSE/
575 7% R? RMSE
&R %
m, y=9077.6e~ % 0.53*  4.97 12. 12
m y=137.66e " *°""*  0.46*  5.55 13.53
my y =298.97x>677¢ 0.70*  4.19 10. 22
DVI y =103.362""°%  0.66™  4.68 11. 41
GDVI y=221.27x"%%°  0.85"™  2.96 7.22
TVI y=11.202:"%°  0.59"  5.19 12. 64
RVI y=23.4842"%72  0.53*  5.15 12.56
GRVI y =10. 767548 0.88*  2.67 6.51
CI y =56.971x" 742 0.89*  2.58 6.27
RCI y=42.579x"4%%  0.59*  5.00 12. 17
NDVI y =83.864x"5%%  0.62"  4.91 11.96
GNDVI y=231.68x"%?%  0.90™  2.54 6.19
RDVI y =93.08x% 1! 0.64*  4.80 11.69
GRDVI y=227.294"1%°%  0.877  2.74 6. 68
NLI y=43.048¢" ! 0.577  4.93 12. 00
GNLI y =53. 443> 91 0.81™  3.28 7.98
MSR y = 65.245" 4 0.60™  4.97 12. 11
GMSR y =148, 850! 0.89™  2.56 6.24
MNLI y =43.05¢e" 78 0.57"  4.95 12.05
GMNLI y=53.891e> 7% 0.81"  3.26 7.95
SAVI y=90.631x"2%  0.64*  4.82 11.74
GSAVI y =225.78x" 12! 0.88"  2.70 6.57
OSAVI y=94.923"6°%  0.63"  4.87 11.86
GOSAVI y=275.18x"2%%  0.89*  2.60 6.35
MTVI2 y =71.247% 412" 0.55™  5.42 13.20
MSAVI2 y =90.054x" %2 0.64™  4.80 11.70
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I SPAD {f () RMSE 1 nRMSE 1 4 ¥4 35 #x , &%
Bk 7 iR, 455 W, RMSE 7£ 2.54 ~5.55
Z [a], nRMSE 7£ 6.19% ~ 13.53% 2 [i], &
GNDVI B 4iF £ % 5 RMSE H1 nRMSE 43 51| 2 2. 54
6.19%
2.3 FIRXEREHES S EERIERIESESIER
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SRR TN 9 SPAD (B 15 52 SPAD {H f) RMSE Al
nRMSE {EIF M 545, 45 R a3k 8 s 45 R KW,
RMSE 7 2.50 ~6.91 2 [a] ,nRMSE ¥E 6. 10% ~ 16. 84%
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Tab.8 Regression analysis of combining visible light

with multispectral vegetation indices and SPAD value

DS ESESin nRMSE/
[ 99 75 i R>  RMSE
A2 R AL %
rx GNDVI y =503. 955" 0207 0.20 5.07 12.35
g x GNDVI y=296.79x+10.01  0.70* 2.50 6.10
b x GNDVI y =364. 255813 0.85" 2.55 6.22
MGRVI x GNDVI  y =99.715x +36.105  0.52* 3.69  9.00
RGBVIx GNDVI  y=87.157x +34.873  0.27° 5.13 12.50
GRVIxGNDVI  y=130.76x+38.15  0.36" 4.65 11.33
PPR x GNDVI y=44.539x+39.615 0.03 6.72 16.38
GLA x GNDVI y=109.28x +37.593  0.20 5.62 13.68
ExR x GNDVI  y= —172.38x +44.231 0.31* 5.05 12.30
ExG x GNDVI y=107.67x+35.781  0.28* 5.09 12.40
ExGR x GNDVI 5 =66.667x +39.012  0.29* 5.06 12.33
CIVE x GNDVI y=5.1907x"%"3 0.89" 2.55 6.21
VARIx GNDVI  y =42.259x +40.087  0.20 5.70 13.88
IKAW x GNDVI  y = =360. 4x +50.607 0.77* 3.39  8.27
WIx GNDVI y=0.7973x+42.649 0.05 6.74 16.43
RGRIx GNDVI  y = —1.7265x +42.367 0.004 6.91 16.84
GBRI x GNDVI y =16. 864281 0.45" 3.50 8.54
RBRIx GNDVI  y= -143.04x+88.289 0.20 6.76 16.46

2.4 ETFTZRSEVAHH A EMEN SPAD &
2.4.1 A UG AR 2L

AT WA FE 2L b g r DL S SPAD {EHAE N &
A I AR 1) i A AR o fe g SPAD {H 19 3% 45 [l 19
Al BB RY IR A iy AR B 1 S 2 KO AR
f AIC {E AN R® 25 03 9 Fir R, Hovbr, Al B4 AR
AIC {E 7E 353.87 ~492.10 Z [a], R*7E 0.32 ~0.91
ZIH)

T Bk SPAD AT UL AE B i £ & A5 [ml 1
fili B B YR BE R A A P R Al R AR Y T Y
SPAD {5521 SPAD {H ) RMSE 1 nRMSE fE 4
Mrdats, 85 R a3 9 Frox, 45 R K U], RMSE 7£
2.66 ~4.95 > [, nRMSE 7£ 6.47% ~ 12.07% 2.
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Tab.9 Stepwise regression analysis model for estimating SPAD value by visible light vegetation indices

RSB Al UG A % 5 %L AIC 18 R? RMSE nRMSE/ %
b.g.r MGRVI RGBVI GRVI PPR GLA ExR ExG ExGR,
18 366. 32 0.91 2.77 6.75
CIVE (VARI IKAW ‘WI RGRI GBRI RBRI
6 g™ MGRVI™ GRVI™ VARI™" [IKAW "™ RBRI 353.87 0.91 2.73 6.67
5 g™ MGRVI™ GRVI™" VARI™ IKAW " 355.12 0.90 2. 66 6.47
4 g™ .GRVI™ VARI™ IKAW "~ 369. 36 0.88 2.67 6.50
3 g™ .GRVI™" VARI™ 375.65 0. 86 2.73 6. 65
2 g™ .GRVI™ 386. 68 0. 84 3.21 7.78
1 GRVI 492. 10 0.32 4.95 12. 07
e s FoR 0.001 BEFEMEAKFE, TR,
N T R AT WA B R BB L a4 0.91 Z ).
BIREAL, 25245 7% BB A SR B il AL 4 11 0 38 KT s / &y /
- ‘ i y=0.94x+2.24 / y=0.93x+2.61 /
AIC {H Fl R? R MR B6:31F 1) RMSE 1 nRMSE , 15 5] £ sof R=086 L/ - R*=0.85 i
i y ;
R G 1 AN 2 D TR T A BT A 43 A o - o
5 44 AZE 8 (g JMGRVI GRVI, VARI fil IKAW ) il = . = .
4 AN AE B (g (GRVI, VARI #1 IKAW ) , fif 4 # 1 o ) oman A —naw
{9 AIC {5 . R> 43 % 355. 12.0. 90 F1 369. 36 .0. 88 ; oy . E w/ M
. . 20 30 40 50 60 20 30 40 50 60
5% B3 /9 RMSE Il nRMSE 43 31 H 2. 66 .6. 47% SPADT SPADFIE
(o) SMAL R (b) 4 AA B

F12.67.6.50% . F|FH S SPAD {H 5 8 B AL 5 1
SPAD {E A7 X L 43 87, &5 R A0l 3 o, 5 A A
AR L 4 A B AR B A R R A S S i Y R

43502k 0.86 Fi 0. 85, & WAL AY 3l {5 5 52 I {5 H
A B — B .
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B Z BB E om, m, om, DL SPAD {H 1E
SR 32 5 LI RS TR 1 iy AR B A8 SPAD i (1 3% 2P
(o] U5 Al SRR A TSRS A i AR 1 S R KOF
BRI AIC fE AT R, 55 4046 10 iR, Hoh  fh &
iR AIC {H7E 351.92 ~465.67 Z 8], R* £ 0.52 ~
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Fig.3 Measured value and prediction value of stepwise
regression analysis models for estimating SPAD value

by visible light vegetation indices

T B UE SPAD {H 2 %5 48 B 8 B % 28 A
Al B30 Y (RS B RN RS B M, B Al SR Y I 1
SPAD {552 SPAD {H ) RMSE F1 nRMSE fE
Mrdgdn, 25 R R 10 Fros, 45 R KW, RMSE £
2.48 ~10.98 2 [a], nRMSE 7§ 6.04% ~26.76% 2
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Tab.10 Stepwise regression analysis model for estimating SPAD value by multispectral vegetation indices

A ES R I€iE8

AIC {H R? RMSE nRMSE/%

m, .m; . my . DVI, GDVI TVl , RVI, GRVI, CI, RCI, NDVI, GNDVI, RDVI, GRDVI, NLI,

26 362.84  0.91 9.59 23.36
GNLI MSR .GMSR .MNLI ,GMNLI SAVI GSAVI ,0SAVI ,GOSAVI MTVI2 ,MSAVI2
m; .m; . RVI* . GRVI, GNDVI* _ RDVI* _ GRDVI* . GNLI, MSR* , GMSR, MNLI*
12 359.24  0.91 6.29 15. 34
MTVI2 *
11 m, .m; \RVI.GRVI GNDVI _RDVI GRDVI GNLI ,MSR \MNLI ,MTVI2 359.90  0.91 8.95 21.82
10 m, .m, \RVI,GNDVI _RDVI ,GRDVI GNLI ,MSR ,MNLI MTVI2 360.68 0.91  10.98 26.76
9 m, .m, .GNDVI . RDVI ,GRDVI GNLI ,MSR \MNLI MTVI2 361.84 0.90  2.63 6. 40
3 m;* MNLI* MTVI2** 351.92  0.90  2.48 6. 04
2 m,™" MTVI2 ™ 356.90  0.89 2.54 6.19
1 mye 465.67 0.52  4.94 12.03

N T i 1 B DAL FR) 22 DI A A R A [T R e B
B, 55 75 JE A 71U 43 M B8 ) BT 48 s, 15 31
RN B R AL A o M B RY A0 55 3 S A

A8t (my JMNLL FI MTVI2 ) F1 2 A4 g A ZZ i (m,

MTVI2) , fifi B 45 %1 ) AIC {H . R> 4> %I & 351.92,
0.90 F1 356. 90 ,0. 89 ; #5745 ji ) RMSE .nRMSE 43
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Fig.4 Measured and predicted values of stepwise regression
analysis models for estimating SPAD value by multispectral

vegetation indices
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Tab. 11

Stepwise regression analysis model for estimating SPAD value by combining visible light with

multispectral vegetation indices

A AR AL 5 22 5185 AH 25 A Bl 4R 5 AIC R? RMSE nRMSE/%
b x GNDVI,g x GNDVI,r x GNDVI,MGRVI x GNDVI,RGBVI x GNDVI, GRVI x GNDVI,
PPR x GNDVI, GLA x GNDVI, ExR x GNDVI, ExG x GNDVI, EXGR x GNDVI, CIVE x
18 363.67  0.91 2.44 5.95
GNDVI,VARI x GNDVI, IKAW x GNDVI, WI x GNDVI,RGRI x GNDVI,GBRI x GNDVI,
RBRI x GNDVI
MGRVI x GNDVI* .GRVI x GNDVI* _PPR x GNDVI* .VARI x GNDVI . IKAW x GNDVI* |
8 352.40 0.91 2.57 6.25
RGRI x GNDVI ,GBRI x GNDVI* .RBRI x GNDVI*
MGRVI x GNDVI** | GRVI x GNDVI** _PPR x GNDVI™ _ VARI x GNDVI* _IKAW x
7 352.95  0.91 2.32 5. 64
GNDVI** .GBRIx GNDVI* _RBRI x GNDVI*
MGRVI x GNDVI* .GRVI x GNDVI .PPR x GNDVI . IKAW x GNDVI GBRI x GNDVI RBRI x
6 356.84  0.90 2.41 5.87
GNDVI
MGRVI x GNDVI* | GRVI x GNDVI* . PPR x GNDVI* _ IKAW x GNDVI* . RBRI x
5 355.88  0.90 2.38 5. 80
GNDVI ***
4 GRVI x GNDVI . PPR x GNDVI . IKAW x GNDV .RBRI x GNDVI *** 359.99  0.89 2.51 6.11
3 GRVI x GNDVI*** _PPR x GNDVI*** RBRI x GNDVI *** 358.14  0.89 2.52 6. 14
2 GRVI x GNDVI*** _PPR x GNDVI *** 408.41 0.78 3.23 7.88
1 GRVI x GNDVI *** 487.06  0.36 4.65 11.33
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Fig.5 Measured and predicted values of stepwise regression analysis models for estimating SPAD

value by combining visible light with multispectral vegetation index
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Tab.12 Estimation accuracy comparison of SPAD
value by random forest regression analysis

model with different vegetation indices types

FE B A R A R? RMSE nRMSE/%
AU A Bl R A 0.88 2.67 6.51
Z ISR AL 0.88 3.08 7.50
AL S 2R ARG SR %L 0.90 2.51 6. 12
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Fig.6 Measured and predicted values of random forest regression analysis models for estimating SPAD value
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