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A new hyperspectral index for the estimation of nitrogen contents of wheat

canopy
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Abstract; The nitrogen content of canopy leaves of wheat ( Triticum aestivum 1.. ) is one of the most important indices for
monitoring wheat growth and yield. The Kjeldahl procedure as the common method for N assays is time-consuming, labor
intensive and invasive. As a modern technique, hyperspectral remote sensing is an effective and non-invasive method for
rapid estimation of plant nitrogen contents. In this study, a novel hyperspectral index, first derivative normalized difference
nitrogen index ( FD-NDNI) , was developed to estimate the nitrogen content of wheat canopy by hyperspectral remote sensing
technology. A total of 190 canopy samples of wheat ranging from jointing to booting stage were scanned by a FieldSpec Pro
FR spectrometer, and the spectral data were then assigned randomly to calibration (142 data) and prediction (48 data) ,
respectively. The data were pretreated by wavelet threshold denoising before analysis. Using the fist derivative spectra at
525, 570 and 730 nm and the methods of difference, ratio and normalization, 12 new hyperspectral indices were developed

to quantify the nitrogen content of wheat canopy. These indices were then compared with 22 commonly used hyperspectral
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indices including mNDVI705, mSR and NDVI705. The accuracy of the index FD-NDNI developed was higher than that by
the hyperspectral indices commonly used, as indicated by a calibration coefficient of determination ( C-R*) of 0.818 and a
predicted coefficient of determination (P-R*) of 0. 811 of the estimation predicted by FD-NDNI. A further analysis showed
that the FD-NDNI index described an exponential equation, thererfore the FD-NDNI prediction was concise and unaffected
by passivation. The sensitivity analysis of the susceptibility of FD-NDNI to interference of canopy density showed that the R’
of the correlation between FD-NDNI and the leaf area index ( LAI) was 0. 536, which was lower than that between the
commonly used hyperspectral indices and LAI. FD-NDNI was least sensitive to LAl among the hyperspectral indices and
therefore least affected by canopy density when used to estimate the nitrogen content of wheat canopy. FD-NDNI was
therefore an ideal spectral index sensitive to prediction, but insensitive to interference. An algorithm of the least squares
support vector regression ( LS-SVR) was finally used to optimize the FD-NDNI model. A step-search procedure in which a
long step size was set first to determine the range of values and then followed by a short step size to determine the specific
values, was carried out for rapid optimization of the penalty coefficient C and the RBF kernel function parameter g of LS-
SVR models. When the parameters C and g reached the optimal values of 6.4 and 1.6, respectively, the C-R* and P-R’ of
the model reached 0.846 and 0. 838, respectively, which were higher than those of the exponential model, and indicated
that the LS-SVR model was more accurate. The results suggested that FD-NDNI was an optimal hyperspectral index for

estimation of the nitrogen content of wheat canopy, and LS-SVR algorithm was a preferred modeling method.

Key Words: hyperspectral index; wheat; nitrogen; leaf area index; remote sensing; support vector regression
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noise’!” 5
1.3 /NEMHERA S A S =llE
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®1,
1.5 ot esoy iy gt

H i O A 2 A0S 50T Ve & & A5, (H 48 384 R B3 DO TS I R iy e, &) 52 1 3%
SRR, RTEBRIX — R XN ST — B A | Pk P T AR B AR R G X
BT I AR e R, A1 AT N — B R BOGIEAE 525,570 730 nm bR B £R
A A A 5O A DGR AT 1. 525 nm A0 (ISR 22 0 300 (30 G M SCT ] g WA 3l 98 36 4 ) |9 455 s BT 7
A2 3570 nm Ab A AT FR B (BRI IR 215G 1 R 43 ) B8 ST AE 5730 nm AR (R DU R A 213 (4006
WSS ) LL AN R 6 B PR A3 ) 5 S P A T EE D B S 40 R 3 AL AT SRAE AR P K F ) UK X
WIS T RIS REE B B, R 525,570 730 nm 2 FHOGIE , DI2EE | HE R L
H—Ab 55 e g (3R 2) SRR 53R 1 P& 38807 b o3 B DA S L BE AL |
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FIFAREAR Y 142 (R DL OISR BOh B AR 6« /N R RS B RAE R y 7 AR A
I HR A AT AR A i, 7 B R XA A e — Rk 30 x4 iR O b R MU A2, RS T J5 )
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IR P TS sR B AN I R R IR BRI A R EIOR A B, LR H B Ot e R 2
RH0E . R T25 0 XU B /M IR PR Y SZ R 1a] ML ( Support vector machine, SVM ) 883k AR B JC 75 156 1) %8
PRSI AL I REFE PR UE I Z5oKG B2 ) [ B R A2 ST AL 9 52 2 B2 D ARAS AP (4R RE 77, {5 AU EL A8 A v 1 93
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vector regression , LS-SVR) S W SRR A4 s B0 A 5 A543 AT 2 7E MATLAB7. 0 " 5g il

®1 FRESEXBMOEHIERMIIE

Table 1 The hyperspectral indices from references

EiER 1 HRAXEE X SCHiR Hh Ak
Index Formula or definition referrences
NDVI705 (P150=P70s )/ (P50 P05 ) [15-16]
mNDVI705 (P750=P105 )/ (P150 +P705 =2Pass ) [16-17]
mSR705 (P150Pass )/ (Pr05 ~Puas ) [16-17]
REP 700+40[ (pe70+£780)/2 P00 1/ ( Prao=P700) [18]
VOG1 P7107 P70 [19]
VOG2 (Pr34= Pz )/ ( Pis+P72) [19]
VOG3 (P134= P747)/ ( P1is+Pm0 ) [19]
NDNI [log(1/pys510) = log(1/piese ) 1/[ log(1/pys10) +log(1/pye5) ] [20-21]
PRI (Ps31=Ps70) 7/ (Ps31+Ps70) [22-23]
0SAVI (140.16) ( pyop—Per )/ ( Psoo +Pero +0- 16) [24]
NVI (Pr17=P147)/ Pera [25]
NDCI (Pr62=Ps21 )/ ( 162 +P527) [26]
RI, 4p P73s/ P10 [27]
MCARI, 1.2[2.5(pgop P70 ) ~1- 3 (oo —Ps00) ] [28]
DVI Ps10 ~Peso [29]
TVIy, 0. 5[ 120(p750=ps00 ) =200 (Pg70=Ps50 ) | [30]
GREEN-NDVI (Prs0=Pss0)/ ( Paso+Pss0) [31]
Vi (140.45) (( pgoo) > +1)/( pero+0.45) [32]
RVI(810,560) Ps10/Pseo (8]
RVI(950,660) Poso/Peco [10]
RVI(810,660) Ps10/Poso [10]
NDVI(573,440) (Ps73=Paso )/ ( Ps73+Pao) (6]
10 ¢ (730 nm)
08 —
06
% (525 nm)
8 04t
fu
g_ 02
VN P

—0.: r \/ \.}

04 ¢ (570 nm)

-06 | | | | | | | | | ]
350 450 550 650 750 850 950 1050 1150 1250 1350

/nm

B1 RAENEBAEROFERREXEPHALS
Fig. 1 The spectra locus of the characteristic band of wheat chemicophysical properties

P b R G A S — B SR A A B F - 1—1
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Table 2 Hyperspectral indices using first derivative spectra

EieE RN EE X wmHEEE
Index Formula or definition Naming and abbreviated
FD,50 JEHE 730 nm b — B S5 -
FDsy, Ik 570 nm 4b— B S EUE -
FDsys Ji% 525 nm b — B S5 —
FD130_525 ik 730 nm 5 525 nm Ab—Br SR 2 —
FD30/505 Jti¥% 730 nm 5 525 nm 4b—Br SR LA —
FD (730-5725)/(730 +525) St 730 nm 5 525 nm 4b—Br S IH—1b (4 53 IH— AL EF8 % (FD-NDNI)
FD30_s70 I3 730 nm 5 570 nm 4b— B S 2 (E —
FD730/570 J63% 730 nm 5 570 nm fb— B A A —
FD (730-570)/(730 +570) Jei% 730 nm 5 570nm &b—Br S 13—k (8 —
FDss_s70 ik 525 nm 5 570 nm Ab—B SR 2 —
FDsys/570 Jti% 525 nm 5 570 nm 2b— B FEUW HAE o L(H A8 0 (FD-SR)
FD (55570 /(5254570) Y63 525 nm 5 570nm 4k — K S B0 IH—1b (8 —
2 HRESW

2.1 AOGIEHE B IR L oA

BTG BT /N 2 RS AR R DL 3 DISIRIR IE SR s 28 ( Calibration R*, C-R*) |
FEPLE ZE(Adjusted R, Adj. R*) LB ARIE SR IR 12 2% (Root mean square error of calibration set, RMSEC)
FRPREE T O A3 M, AT IR A FR 4 B0, Al IR B A = 1Y 6 A48 B UK i FD-NDNI, FD-SR , mNDVI705 |
mSR705 \NDVI705 LA 2 GREEN-NDVI705 , HAR 7 3% 35 X EDUE AR W&l 2 frs . Hirr FD-NDNIT by 48 208
Al FD-SR 5 mSR705 & Xf BB AL, H4x 04 3 S e PR i &1 AT AT, mNDVI705 . mSR705 . NDVI705 5
GREEN-NDVI705 258 FHAS ST (9B R2 5 Adj. R* 3 14 0. 771 5 0. 748 LA K 0. 770 5 0. 746 2 |4],
RMSEC WITE 0.424 5 0.445 Z [8] B HAB BRI, B BT R A SO 1 945 % FD-NDNI 5 FD-
SR HATH AT Al i 45 58, Horf FD-NDNI JIr g 37 L8 R® 5 Adj. R* 433135 0. 818 5 0. 817, RMSEC {UH
0. 378 , il RS B e e 5 FLASSU Bl S HEAS d e B e e v, 5 i 4 i 56 s W 4 IO T s fE 45 3L,
Vi) 5 mNDVI705 254550k 1, FD-NDNI RE 5 G- Hb 5230 /N 2 0 2 R A = i Ak

B T ARG B, RIXE R ARG, BSOS Ui 2 S T AP i S 24845 . $5 4 FD-NDNI & 730
nm 5 525 nm W EB— B R EUE IR — RS R B -1—1 Z 0, — i 5, 5 — b e e B 5%
KT 2 BB S, RIS B2 1 (8-1) B, Bl 25 BT 3R AE Y BEAL S8 (IR B i) 3G hn , 48 85 i 1
RS 720 WUl /N T (L R A R 2% R, 2 F R BT S B R AR R R 2 R T A AR R S AR e
B IC R WAL A, 2o A O bt BREEAE IR 5, RIS 8 OB ERT 1 (3-1) B R ek A vEma A D0, i 4
RFTEARCAFR RO R, T A AR 5 AR G R R BUR G R (RIVIE AR 0 F8 FO 1) |, T ke i — 3
GBS B A T 1 (5-1) B, B S Al B AR BE 77 . mNDVI705 \NDVI705 5 GREEN-NDVI #JJ& F
A8 (3R 1) , A b B TR SR 0 4 i AP RGR TR 3 R B O AR, JC 1 ik fo A 78 ol 48 0
FEmEifb LS . T FD-NDNI Jr g5 R85 R, W] A5 50kt Sk — 4, R A LA e 1 4t P, ik
FLAST S, #4850 FD-NDNI AU 4 52 R ik 8 3K (B IR B o s B B R 9 SRR B 5X0) S5 308 1 B i 38
TERAEAE RAF I — 20, B T U T, B 2 SCRA B0 (W 8 5, ifE— 25 38 B FD-NDNI 2 0 & 00 1938 B

BAL,
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Table 3 The nitrogen content estimation models and its evaluation indicators of the spectral indices (n=142)

TRE4 P T PR WA HE % Evaluating indicator

Index name Model function C-R? RMSEC Adj. R?
NDVI705 y=5.641x+0. 866 0.750 0.443 0.748
mNDVI 705 y=5.366x+0. 560 0.771 0.424 0.770
mSR705 y=1.800In(x)+1. 186 0.754 0.439 0.752
REP y=0.298x-211.975 0.732 0.458 0.706
VOGI y=4.677In(x)+1.314 0.641 0.517 0.639
VOG2 y==51.585x%-27.193x+0. 628 0.684 0.499 0.682
VOG3 y=-39.151x*-23. 81x+0.790 0.687 0.496 0.682
NDNI y=-322.09x%+104.38x-3. 897 0.685 0.494 0. 680
PRI y=22.673x+4.875 0.654 0.517 0.649
0SAVI ¥y=2.939In(x)+5.478 0.702 0.480 0.697
NVI y=0.914x+2.721 0.504 0.620 0.451
NDCI y=9.329x-2. 884 0.738 0.450 0.733
Rl 45 y=3.862x-2. 184 0.725 0.461 0.721
MCARI, y=-0.380x+0. 128 0.532 0.602 0.530
DVI y=0.060x+2.285 0.519 0.610 0.514
TVI,, y=-0.001x+2.357 0.521 0.609 0.518
GREEN-NDVI y=8.767x-1.867 0.748 0.445 0.746
Vi, y=—6.344x" +44.730x-74. 270 0.737 0.456 0.733
RVI(810,560) y=2.374In(x)-0.208 0.723 0.466 0.721
RVI(950,660) y=1.385In(x)+0.933 0.680 0.501 0.678
RVI(810,660) y=1.305In(x)+1.114 0.665 0.513 0.662
NDVI(573,440) y=-13.917x+8. 828 0.733 0.452 0.731
FD430 y=1.348In(x) +4.909 0.692 0.488 0.689
FDgz, y=-24.446x+2.799 0.552 0.589 0.549
FDs,s y=16.441x+2.508 0.172 0.800 0.169
FD73-505 y=1.1618In(x) +5.006 0.740 0.449 0.736
FD-SR y=2.063In(x)+0.173 0.815 0.381 0.813
FD-NDNI y=0.799exp(2.211x) 0.818 0.378 0.817
FD730_s70 y=2.436x+2.473 0.583 0.568 0.579
FD730,570 y=-0.009x+3.731 0.065 0.850 0.061
FD (730 -s70)/(730 +570)  ¥=—4.983x+8. 143 0.280 0.746 0.276
FDsys_s70 y=11.650x+2.407 0.385 0.690 0.381
FDsys/570 y=-0.024x+3.786 0.049 0.858 0.044
FD (525 _s70)/(505 +5710)  ¥=-2.079x+4.629 0.597 0.558 0.591

2.2 FOLTER B IR R T N R A

Rt — 20 MRS TR A A XS A A AR 1) 3 P ) 2% A 43S0 X S0 4R 11 48 A IR EA T 35000
KN 5 5 SLME HEAT MG, DA BN B2 E R AL ( Prediction R?, P-R*) 50N £ 2477 L% 22 ( Root
mean square error of prediction set, RMSEP) N EEAKE ,#%%M%iﬁ% AR 5 R FS T 048 b X A R 3470
Bro FrATRECD, USSR AP 6 MEBUM T 4R WK 3, Al mNDVI705 5 mSR705 254 F 48 BOAF %L
G SE B NS R R A RPN, (H BN, ASSCRT S H B8 4L FD-NDNT 5 FD-SR ELAT 5 =) 9 15 A
 , Herh SR B FD-NDNI SRR e, L P-R*EIA 0. 811, TEA B v Bz g s LA J5 B ARER 1K 0. 773,
FEAS IR R B30 13 WSS RMSEP 435128 0. 853 5 0. 327 , TEAA BRI B /N, 2546 T SO IE B 1 4 B vl
1,484 FD-NDNI [R] B HA 5 o O HER 2 5 S AR R A | R - T /N A S AR D A I e+ 45
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Fig.2  Quantitative relationships between wheat canopy leaf nitrogen content and hyperspectral indices
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Fig.3 Measured value versus predicted value of the nitrogen content estimation models in prediction set

2.3 4E%C FD-NDNI XF LAT AU 204t
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B, W FRAE T RS R I, A FD-NDNI fE 754G &% ke 06 6 2 A P 2 0 T 0 , 45 A0k I 2 A
6 MNMEECS LAL#2 2.1ty 5 e A, QiR 5 B 48 B0 [, FD-NDNI e 0t G 5 )24 A B2 1)
T, WX LAL A gURR , HASTRL A0 3 HAT 5N P E RS BRI iR 2
FARES LA FTg sy BRI L 4, BBV, 048 FD-NDNI £ N 45 ik 18 50T 7 p i R 50
{H¥E R (R*>0.536) (HIL R A S W(H S LA (HA B A 85 LA OC (R =0.508) irsk, 76 6 M550,
§% FD-NDNI Frgsr (98 R* 5 Adj. R* 43514 0. 536 5 0. 534, 7453880 e ik s RMSE 35 0. 784, 1E 54854
tifrsr . BV FD-NDNI BRI GE J) e 25, 6 LAT fE e AUk, AT AN7E 45 H520h , FD-NDNI ANH AT R A5k b [
(DA AN R =05 W = L T S @ L e 1] A AT [ 7 K Rl G W = B I i B S - 51 0/ 19,0 e e/ P R VS =
AU 53X — SR RO E I P B FD-NDNT 78 328 J84 A Hh FLA 55 w8 i i A L, R b AT /N2 J2 R
S I e RE A
R4 BHEEMEHER RSO EAER (n=190)

Fig. 4 The correlation models between LAI and hyperspectral indices

AR i 44 R T B 845 Evaluating indicator

Name Model function R RMSE Adj. R?
NDVI705 y=0.197exp(4.383x) 0.757 0.571 0.756
mNDVI 705 y=0.152exp(4.209x) 0.715 0.619 0.713
mSR705 y=0.602x-0. 554 0.709 0.625 0.707
GREEN-NDVI y=0.033exp(6.327x) 0.784 0.538 0.783
FD-SR y=0.490x-0. 817 0.588 0.743 0.587
FD-NDNI y=9.086x—4.111 0.536 0.784 0.534
N i y=1.016x-1.665 0.508 0.813 0.505

2.4 5% FD-NDNI 4= #9238 U Hr

FEAE AL S B A I — AN BAR 8 BN EN, B R A (A IR, LN L8 e R 1 A 2 S
FD-NDNI % 730 nm 5 525 nm Wi BT Aa gt , 36 B0 AR 0 75 S 32 ol WA P 341 R 0 A P20 8 i e
ST, LR — A 0 R SR R S 2 K B G R AE W, (5 G 1% 78 W 6 5 21 6 A S 5 R ARG, i 72 4
JEAL AR T A S AR 525 nm J/INAE R GRS 1) S e S A —— W T P A, 22— B
BUbI S AR — VM, T AR RZMYT R ERKWESFRITTEZ —, YR A S &R AR,
EoRUSSCA RSN I AZ B, M E T, ILRRTE S RE T, i 2R Rl 5 40 e i i o fig
B, FEEREN 6 525 nm ARRHREK H— B S BUE AR R R Y A S AN 25 AR T B
ZEpiAE R F X WG S5 AR T RE IR S , LRIEBEHI T, 525 nm A RFRR/N  H— B S A A BN
PRI, 525 nm I B AT B S B /N S 2 A S AR

LR 75— FF EURAE 700—1200 nm PR P, HF 0 R P i 45K i PR 0 i XT3 21 A 1 i 2 5
LK 22 e o R T 21 A0 5 1% 1 0P S S 5 G B 3 AR AR 21 0 W W Je i B TR O s R i I £ AN
By, 730 nm RLEIMCHT LT AN 6 By B9t PR ——4T i M B, 2 — B SR RS | TR AR AR AE —
WE(E, MAPRN R S B IT L DLRETE SRE ST, R 25 2006 1 W T RE ik , 20 30 ke B (o7 ¥ Al 1) 2030, 5
LT IAHXTBEW , 63 730 nm ARPREEK, H— B FEUE WA R B M A & mEFRAL, YRz 2008, 1ok
THELT 10 DU 2 B S T ) £Dom R RS LG LT AR 28,730 nm AbRBRN , H— B S A A R
AN, BB, 730 nm R AEURR R I N R R R D BE

SR, AR 525 nm 5 730 nm 3 28 AT AURR S A E ) 20 B 2 0D B, (B il PP AR E A TGS RAERT, 52 )
SRR A7 AR R B R 5 1) LA S 43 A0 R AR A A 22 TR 2R S WA T — B B, AR TR — A
KR AR R B R, R Y A2 AN B, o T A58 IR X AN [R]85 BOfs 7= Az [R) 20 5%
0] SR FH HOAR s — A B 75 3 A H AR ) DR, SO B L 525 nm 8% 730 nm T ST AR R R 24 R B
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RHAR M ZE R (R?<0. 692,32 3) , iR FH 4 19 OB -5 10— g #1975 44 FD-NDNI 5 FD-SR III#ERHUAS
THREFZE R (R?>0. 815,38 3) . MiARYE L 3CorBral A1, Wi v FD-NDNI Jr 455 80 EL A die o 90 B 5 A fedt
P, H AT S A7 280k G A P 3 A6 DR 28 1 T, OKHAE A B A B A T N — 2D BRI R AL 317
2.5 LS-SVR iRl

R RS A b S PN A 2 R S AT SR B LS-SVR Bk A R Ak . LAE % FD-NDNIT 45 g [H 25
B AR AR PR IE SR 142 (0REAHEST LS-SVR FERY AR Y 4 4% ok Bl 0k FH A% 1) 5642 (RBF) |
XA R A S8 (GRS R C 5 RBF RIS o) 1 58 IR UEH & , AR S HCR - BOA
57 28 U UE R FHAS A R E AT, A R AR 2 BE 595 4 1T i ), 2 SO 8 R A M A5 AT
55— R R 3 R A KR AE R R BUE L B 647 S, 58 A0 AR A 55— 20 10 205 S it e BB PRl i 45
INPHE B AR AE S BORUE , #65 MIER IE5 SR a6 5 in , & LS-SVR BRI i A S 5L &0
C=6.4,g=1.6,

®5 LSSVREHSH CEgIMNER
Table 5 LS-SVR model parameters C and g optimization results

SRR BHIUE Parameter value

Parameter name PR — Step one 9K Step two
FES Z B Penalty coefficient( C) 0.01 <C<10000 0.1<C<100
RBF 24 RBF parameter(g) 0.01<g<1000 0.1<g<10
2RI K Step-size in search 10 2
FAESEH Optimization results C=10; g=1 C=6.4; g=1.6

1 LS-SVR RIS AL IE A AL 45 S S AR v (AT MU LA DA e A RUORG B, o2k SO 4, HA A7
T C-R*H 0. 846, LFEEBH (C-R* =0. 818) {5 ; RMSEC 7 0. 321, W] L4855 ( RMSEC = 0. 342 ) Bk ; Bl
9.0 847, LA HAE (RIFN 0.820) 3R T 1w M 0. 564, ISR (A% 0. 664) B/, TEHIAH 1L
FRBUBIRY | LS-SVR S L HE ST A AR X 6 1 SE AR AR HLA B A A 0L 5 25

6 6
y =0.820x + 0.664 y =0.847x + 0.564
C- R?=0.818 5L C- R*=0.846 .
€ °[ RuMsEC=0342 RMSEC = 0.321 .
D *
= Al .
>
S R3S
B 3¢t 3t $
E * o
>
2 b 2t %’
*
1r ¢ 1F
Exponention model LS-SVR model
O L L L L 1 J 0 1 1 1 1 L J
0 1 2 3 4 5 6 0 1 2 3 4 5 6
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El4 LS-SVR EHEHEANREEFFARSENAESKNEZHHXR(n=142)

Fig.4 Measured value versus the fitted value of exponential model and SVR model in calibration set

it — A5 LS-SVR A RUX AL AR (938 [P, A LS-SVR A7 X 000 42 48 oA HIREAS A7 300
W AR T 285 543 B S ARMEAE A T LA B0 DAPEAN FLTUINRG F, 45 R ULIRL 5, AT 41 LS-SVR #E AL BEAR i 75
A1) 26 BRI B B P-R? 35 0. 838, HL AR B AL (P-R* =0. 811, 45 R WLIK 3) BT 5 s Rk 0. 803, LA Kl Ay
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