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Estimation of Wheat Leaf Nitrogen Content Based on
Simulated Multi-spectral Broadband Reflectance

Li Fenling Chang Qingrui Shen Jian Wang Li
(College of Natural Resources and Environment, Northwest A&F University, Yangling, Shaanxi 712100, China)

Abstract. Crop nitrogen content estimation by remote sensing technique is a topic research in remote
sensing monitoring of agricultural parameters. Monitoring of crop nitrogen content based on multi-spectral
satellite data is still at the exploratory stage. Ground-based canopy spectral reflectance and leaf nitrogen
content of winter wheat were measured in field, and plot experiments consisted of varied nitrogen
fertilization levels and winter wheat varieties across the whole growth stage. Multi-spectral broadband
reflectance data of six satellites were simulated using the measured hyper-spectral reflectances and
spectral response functions of Landsat 8, SPOT 6, HJ — 1A, HJ] — 1B, GF —1 and ZY — 3. Spectral
indices derived from simulated broadband spectral reflectance data across the visible and near infrared
bands were used to construct the LNC estimation models. The results showed that there were no
significant differences between simulated broadband reflectances and spectral indices among six satellite
platforms; all the selected spectral indices were significantly related with the LNC in the whole wheat
growth period and all the estimation models based on the ten spectral indices passed the significance test
respectively ; transformed chlorophyll absorption in reflectance index/optimized soil-adjusted vegetation
index (TCARI/OSAVI) , chlorophyll absorption in reflectance index ( TCARI) and ratio vegetation index
(RVI) were more sensitivity than the other spectral indices in LNC estimation with the noise equivalent
less than 1.6; TCARI/OSAVI was proved to be the best spectral index for LNC estimation with
determination coefficient R” of 0. 62 and noise equivalent of 1. 26.
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F1 ERAEREHRETEAR
Tab.1 Spectral indices and their calculation
K5 Sk A A SCHR RS
1 JH— AL A B 5 B (NDVI) (R =R)/Z(R,;, +R) [16]
2 FOE A 4B B (RVI) R,./R, [17]
3 A UL RSB B AE B4E % ( VARI) (R, —R.)/(R, +R, -R,) [18]
4 18 1E - 38 55 R B E U (MSAVI) 0.5{2R,, +1-[ (2R, +1)* -8(R,;, -R,) ]'?*| [19]
5 G0 LA A WA £ (GRVD) R /R, -1 [20]
6 b o 2t A8 B (NPCI) (R, -R,)/(R, +R)) [21]
7 YR RS N6 % (NRI) (R, -R)/(R,+R)) [22]
8 P A6 T3 S R (OSAVI) 1.16(R,, -R,)/(0.16 +R,, +R,) [23]
9 Tl 3 W i S A 4 B (TCARI) 3[R, - R -0.2(R,, -R,) (R /R,) ] [24]
10 2 A48 (TCARL/OSAVI) TCARL/OSAVI [24]
TE R, R, RF R, I35 AL 2180 L1 25 016 38 B 1) it S 5 %
L5 BESHHAE
2 EHRE5HH

eI R RO TR L ROEIE 1E RS LNC A9 SC
O3 BT AR B 7E Matlab 35 5 3858 T 4 A2 L H. DA
YIGRE O Lt , 57 3% T A R 06 38 48 Koy /b 2
P R R R Al R R R AR R R, O
TR RO R R 00 O A R WA, U E
FAC(R) FEy 5 AR 22 (RMSE ) 76 45 B A JE 37 A4
e A 23 A7 7 AR 22 PR O SR PR R 7 AR AR 25 (NE) 1
PEAT LNC Al S50 70 1) SO 0 A, X A58 28 1) 3
P2 B2 5 B 20 A VR A o R 3 Ik 4R R AR X
Jor S ST R TR R A 0 R A 6, R T G I A A U
{5 55 0 B 2RV 1103 5 #2 9 R RMSE I 34 4
Xt 25 (MRE ) Xf 7 0 462 70 9E 47 25 5 PF 2 . NE 1Y
R AR
N =R g ne)/ ldg/d\c (2)
R g iney — LI 45 B ST & F ok iy S/ & &
LNC f5 L #0555 3 4 35 T R iR
%
dg/dyy—SI KT LNC L0 15 89 1y —
W s 23, SR o I 2 X (B
NGBS/ IN TR Y SRR R I P e

X

2.1 HEBRITHF
RIGIX 24 F W LNC F/NMEH 0. 19% |, & K8
9 3.6% ,EHIME N 1.55% A5 5 B Rk 42. 449 | HL

s LI

A A S T LR X 10 2 O B

=N

I R R 3 0 W A O 2 A D B Bl R

BRI INZE AT T 1B 1 AR TR AR AR 1Y
D P00 i [ 1w B pR KR L 6 AR R g A T DL
I B I T A I 1] 22 S /D, D PR B R
U FEATZLAME B, Landsat 8 14 5 i £ 0 i F %2 T
HoAth A Jg Al , FEARI 1 850 ~ 890 nm, Ly

04
B Landsat 8 @ HI-1B
02 SPOT 6 B ZY-3
8 HI-1A M GF-1
=02
[

0.1

(/7777 T T T T

A Y

2
NIR

B
LLAMEL G 1 S 5t 203 A

AN TR) TR AT WSE T

Fig.2 Simulated spectral reflectance distribution

&2

of different satellite platforms



%2 1 PR R G B0 TR YN B RS AR & /N I R AL S 305

Jy 864. 6 nm Al TLE (& JR A5 (0 610 B AE L 2040 AN B B S e s T A TR, T D O Uk B R B
WeBR s PGS N R A B 22 T e BN EF BN A AL AR 6 e N eR EA
F 192 AN S AEAS 1, A0 4% T AL B U B 1 O i ], AL ABLAN [ A% R 1 D 1% S 3 2R i HR Az m) 2
i, A R LB 2, W B (B) B R FAEZER . W TN E TR L B BB IS i B
1.92% ~2.02% , 2 P Bt (G) R H R 3.71% ~  FGIEIE BT H R 200, 25 R KW (£ 2),
3.92% AP B (R) K 2.16% ~2.25% T 2T AM P Bt 3EF 6 2K DR AL B8 V- & R BLLR 5 5 DL K 3 48
(NIR) 2 37.24% ~38.43% , Landsat 8 TV /& £ i 41 Bzl fFEES HERIFARE(P>0.05),

R2 BULERFSEREEEHHBERRTEZNN (0 =192 x6)

Tab.2 ANOVA analysis of simulated reflectance and spectral indices

Giithe B itk 45 4
fEAA B G R NIR ~ NDVI RVI VARI  MSAVI  GRVI NPCI NRI OSAVI  TCARI ~ TCARI/OSAVI
F 0.49 0.55 0.16 0.46 0.23 0.50 0.41 0.48 0.92 0.41 0.77 0.41 0.57 0.56
P 0.78 0.74 0.98 0.81 0.95 0.78 0.84 0.79 0.47 0. 84 0.57 0.84 0.72 0.73
Az 2 # A B ST $5 B 1 J =
2.2 EFREEMMOMTHASREARYGR ®3 ETHMEMM INCERERRDMRE (n =924)

Tab.3 Unified models for leaf nitrogen content ( LNC)

AR D63 5 e A [ 45 J gt 22 W) A7 1 22 57, (3
SRS, P BOR M A — G 18 Bt A 7 T

estimation based on different spectral indices

. " = e ot = it 5k WA 7 R F
HLP- G R B AU R (ST LNC) #EE .
FPEBERT 2 SO . UL 0 6 BT B IBHRE  osavi T ohmRea e e dae
FIEM (A REEA 1152 ) 2@ v E AT AE TCARI y=-0.0042x -0.276 25 +0.7223  0.62 758.94
TR B IR B R e, 7 =0.063 26140283 3 0.9 1343.25

OSAVI y=18.5120x" =19.5100x +5.8336  0.49 439.80

T A RAEAS, BT O 2 ) 10 28O 3 5 % TCARL/

NDVI y=0.0142¢% 1871 0.44 731.06
OSAVI, TCARI, RVI, NPCI, OSAVI, VARI, MSAVI, MSAVI J=3.5739x 0,696 6 0.41 639 30
GRVI NRI NDVI 50 | % & & % Pearson A3 &L GRVI y=0.1327x+0.253 4 0.41 646.74
9k -0.776 . —0.773.,0.758, - 0.645.0. 638, VARI y= —4.456 72 +6.4372x-0.2533  0.41 326.25
0.632.0.625.0.612.0.611.0. 608, #3@ 3 P <0.01 NECI y= -4.379 20+ 1.7251 0.38 57546
KA 52 M K 8. o TCARL/OSAVI. TCARI . NRI y= —11.618 0x% +10.506 0x —0.3555 0.40 301.33
NPCI Fiif B & & & 2 5 2 7 M 2%, X 5 Penuelas [y g LNC FN{E , « St is 48 5.

42V 1 Haboudane 257 By B 5% 45 58 — 3, X J2 B &l 3a.3b WOk s O LNC (1) — Bir 3 23 48 X i 1
b /N M A RGO, M 6 R )Yy 5, G B LNC iy A8 6 B Bk . NDVILVARI,
SR, R 21 G AR R T I, T O 2 A0 i B R RO MSAVI NPCI NRI 1 OSAVI |4 J5 F2 (1) — ¥ 1k 4>
Wi b, BT 924 DIIGERA (154 x6) A 06  /NF 1, % LNC 728 b i #U8% B 4fik. RVIL GRVI,
TERE RO A R E AR (R 3) , KA TCARI/OSAVI TCARI %} LNC /) 8URE & T L 48
TR W E YA 56, o NDVI AT LNC R W %, [ 3c MR 4580k 2 NE (728 1k % B, NDVI #£
F T F Xk &, TCARL, OSAVI, VARI NRI fI LNC LNC & 3R B AT B IR A M 75 S8 800 22, X LNG
) 5 PL AR B Sl — Ik 2 3 X, TCARI/OSAVI, RVI, AR A A R ABURR , 24 LNC K F 1. 0% B, NE 2455
MSAVI GRVI NPCI f1 LNC H £ ¥4 % . TCARL/ B NDVI Xt LNC [ ma o 68 1 T FE . Hifth o 148
OSAVI Fil TCARI 5 LNC #y 2% M #5580 0 & %5 B &% ¥y NE #5F 1, H b VARI NPCI . NRI,OSAVI 5

B, R E R BGAF] 0. 625 Hik A& RVILR M 0.59, LNC JAE PEAE ¢, NE B % LNC 58 i 5L 45 %k
2.3 SI-LNC 4 EER WSS WU EAE LNC /NTF 1. 5% J5 R T %, TCARI

JCIEAREON LNC i — B oy se e 7oLk fe % 5 LNC 2 R AH 5, (5 NE B9 28 fL iR 3 a7 T
Bl LNC A2 4k i 46 5, J2 06 38 45 Bour LNC SUS PRy Ml SR AR LR SC YOG 18 B, L NE FfiF LNC 9
RAE LR (g vy R3B T SI-LNC BHUEC R RENE N SINZ#e/h (NE /N 1.6) 4 & {H LNC R B
ST A LNC A2 AR [ A B3 S8 B B RE J1 . W BUE . GRVIL MSAVI, TCARI/OSAVI, RVI 55 LNC
PIBE, R siiney /0N, — B B0 28 XF(E B, Vol SRERPEAC, NE B8 8 (NE /N T 2) , % LNC Y
/N 2 W] ST LNC Y S0UE% B2 RTSE A P o Wi o7 E A B8 E M. GRVI Al MSAVI |y NE #1458, O



306 & o Bl B ¥ iR

2016 4

B3 & /NG REE B 4 LNC B US4 47

Fig.3 Sensitivity analysis of LNC estimation by different spectral indices

SI— LNC #5870 (14 fie 445 %0

1.93, RVI 1§ NE &y 1.34, TCARI/OSAVI fJ NE
1.26, Hrr ,MSAVI £ & 3a Hi X} LNC 725 £k ) f5 gk
JERR L AHIE 3¢ B X LNCAG 350 A 3 A 1 1 54 o
A 2> M 2 W] L T O3 18 Bk kR R0 i
fli B R S T A7 9, oA, RVIL TCARI Al TCARL/
OSAVI Xf LNC 1728 1 fe o SUR% i M e e
2.4 HARAREMERREKE

AR FEAS (38 x 6 =228 SFEA) X 2T
ANTR) G 1% 8 Hoe B #Y R RDRS T2 R AT AR 6, SE N S
FUMAE L5 7 B L 7 RO R R 3 7 AR R
2: RMSE SF-EIAH %1% 25 MRE (925 5 3 4, 7 1y
Wil P <0.01 0y W 3F MK, TCARI/OSAVI,
TCART 1 RVI LR 45 1 AH X 85 e f9 £l 3585 2 . NPCI
TERESE | R B N5 il , R 35 5] 0. 65, RMSE
0. 44, B 2% TUREGE Y B0 T 4R 43 AR A T B AR 4
TCARL/OSAVI %57 f) LNC 3 FHE R (y = —0.203 8x +
0.6923) 45 KW, & TR SN LNC {E A1 H I LNC
(L ) e 11 U 5 e B e S8 AR BFE 0. 53 ~ 0,54 2Z il
RMSE #]4 0.45, MRE 7£ 24.95% ~ 25.30% 2 |f],
TR RE R LA IR, B TR AL
ARG B A OL 3 15 % TCARL/OSAVI 2 14 ¢

®4 LNC thEEEEEWRI (n =228)
Tab.4 Accuracy test of LNC estimation models

it K W R* RMSE/% MRE/%
TCARL/

OSAVI y=0.4169x +0.8855 0.54™ 0.45 25.12
TCARI y=0.4213x+0.8696 0.54 " 0.45 24.91
RVI y=0.4247x+0.9191 0.51" 0. 46 26. 65
NDVI y=0.268 1x +1.1007  0.47 ™ 0.51 28.38
VARI y=0.3552x+1.0404 0.51 " 0. 47 29.47
MSAVI y=0.2982x+1.0375 0.32™ 0. 54 30.79
GRVI y=0.2183x+1.2641 0.22™ 0.57 33.23
NPCI y=0.3887x+0.9184 0.65* 0. 44 26.26
NRI y=0.3248x+1.0996 0.46 0. 49 31.01

OSAVI y=0.3614x+0.9341 0.41™ 0. 50 27.79

TR RoR R P <0.01 KV B EHK I,y HIRIESE
LNC 52 ,» B IE4E LNC FE .

3 it

MR RS R R AR D E AR RO FE R
TCIe S T 7K P AR J2 K P B R Y
R BEY R R TC BRI, 34902 T B At O 3% % 21
AP IR0/ T WD 5 788 [ e - E R i)
ENR R PO e S Sl R s O I AR
F2 B AZ I R I P 40 R HE B R e 2 5 4 1Y R g, 5
AT BUR VIR G . NERREFRER TERAN
FH [6) I 7 AR BR 4 i i 22 R T AR AT
SN BES 519 VARL NRI F1 NPCL 764§ 5 LNC f)kS
JE b 55 FHE 488 (OSAVI MSAVI %) . BF5E 2T
NDVI @37 | & /N 4 F W] LNC 5 50 Y, ok g
RN 0. 44, X i AR ARG, AR
5 P WA P AT i B T B S 22 S s, Y
AT LT A B R R0 R 4006 B B, NDVI [ 1
— Ak A A5 % 48 B LNC f SRR BE R AIG, B G
FEHUBL T F 35 NDVI 5 LNC (% 56 240 T8 B 45
ST LR PR R Zhao 251 B 55 3% W, 3 41 4b
750 ~950 nm FILL P Bt 580 ~ 710 nm [ RVI £t & 0
SRR WSRO T NDVIL, iy TN it 4 R
a FIF 4R b #OE S EALG W, 8w X g R T i
BEURR ) Y BN DY 1 48 BRO k R ZaLE d B
JH2 0 g L2 B 760 ~ 900 nm I 630 ~ 690 nm
(L AE AR 20 RVI X LNC A5 580K5 B 2248 F NDVI,
RVI 52 398 5 19 52 W 30K, e ) e (A 9l o, A
A 38 E 5T R Bl S B OSAVIE W] DL 73+ £ i+ %
Ry AR . AT LAk 1 R Y A A
BT A BT L B A 8 50 4 1 T 25 21, 5 2 A
S IR T BT U, 46 /N 22 b 3R 5 B Sl G T, e
T S 5 PR P b SR AR I BN, R A
A B U #9F A B 5B . TCART X M- 4 2 75 4k 4%
AR R R AN B g ok B E 2 O B )
TCARI FMi/NE AR F ARl BT 0% 2 3 M O¢,



%2 1

PR R G B0 TR YN B RS AR & /N I R AL S 307

HAN 32 GNE K RAE 75 301 B 5200, il LR R i ik 4
N HEIM R AR E RO . AW R, 2T
TCARI 1 TCARL/OSAVI )6 1% 48 £ 7E 4 4 & /0
Z2 LNC Wi B HA — & r e

BT A5 T A T 1 TS o 7 bR 5T e T S
IR, RIS b S TR Tl g 4 oy LNC
A AR (R S B TR AR R AR FE WOk B
T R 00 1) v 8 A A5 B 3 2 52 B R A LA
Lokt 07 25 8] 73 9 3 14 3 1T A5 0 400 5 19 52 i), 4 4 vl
WG ZL AN BE 10 O 1 B B R AN UG 1 B R
A 22 5, SSRGS B T2 R 1R A 1 g
PAKAN TR TR & LNC [ 28 i) — Eov: (), 4 22
M R I O R AT RS . O3 Ah, BRSO
AR R o 1 A A L 56 T A v S (A
THCIAEL P Ay 2 [0 051 5 i A o S5 AT AR AN AR LA 3
AN W AT WA R AR, I 2 7 0 HE AT 5 0 Ay 7
Bt — AR w2 A 7 0 LNC R BEIoRs 2 o [
7 R R 3 R TR R A AR B S I e B B S IE
TEB A R FF 1R A RN 3 B Py A o i

[F1) 3 9 23 T 5000 o G Al A P2 e J s M0 B 0 Y
XS, 4R 3 [ N R s ) R TR TR RO
SR I R A P

4 ZERiIE

LT by TR S OGS B o L T s
6] 4> 9§ % T AL Landsat 8(30 m) ,SPOT 6(6 m) (HJ —
1A(30 m) \HJ —1B(30 m) ,GF —1(8 m) fil ZY -3
(6 m) ¥y 1] UL oG~ 1T 21 4h 5 i B S 55 % 1 TR
LNC 7E P <0.01 /KF 5 A0 C HAHC R B T 0.6
(10 2461k i K, 45 2R e WIRE DL T A I B i) 3 e
SRMEIEI AR DRV A Z A ER HE
SO . BT ROGRE SR 2 1 615 5 2
I LNC Z [A 775 2 38 A0 DG M | 3k 1 45 b0 45 B0 7
(1 LNC Al SR 784 259 5 5f &2 3% PR K 56, b, TCARL/
OSAVI . TCARI .RVI I LNC i # 3¢ ¥ &5 & , 9% 0 %
LNC )45 1k 22 B0 1 40 e 9 SO e A e ko 2k
TCARI/OSAVI 57 1) LNC J8 FH A5 Ak 53085 B A6
TR BE S8 4R AR o

Fernandez S, Vidal D, Simon E, et al. Radiometric characteristics of Triticum aestivum cv, Astral under water and nitrogen stress

Stone M L, Soile ] B, Raun W R, et al. Use of spectral radiance for correcting in-season fertilizer nitrogen deficiencies in winter

Zhu Y, Tian Y, Yao X, et al. Analysis of common canopy reflectance spectra for indicating leaf nitrogen concentrations in wheat

Shi Zhou, Liang Zongzheng, Yang Yuanyuan, et al. Status and prospect of agricultural remote sensing[ J]. Transactions of the

Wu J, Wang D, Bauer M E. Assessing broadband vegetation indices and QuickBird data in estimating leaf area index of corn and

Gitelson A A, Peng Y, Masek J G, et al. Remote estimation of crop gross primary production with Landsat data[ J]. Remote

Zhang X, Liao C, Li J, et al. Fractional vegetation cover estimation in arid and semi-arid environments using HJ — 1 satellite

Yuan Jinguo, Niu Zheng. Nitrogen and chlorophyll mapping based on Hyperion hyperspectral image [ J]. Transactions of the

E A BRI, 5E. FE T SPOT — 5SS R INA/NE SR WI AWt AR B (1] P Al Rl ,2012,45(15) 3049 - 3057.

Wang Beizhan, Feng Xiao, Wen Nuan, et al. Monitoring biomass and N accumulation at jointing stage in winter wheat based on

WEM, Ealte B FIL, 4. FIJT Landsat TM JEJEBCE I & /N TT AR BB R HS 40T ok T2 4R, 2011,

Tan Changwei, Wang Jihua, Zhao Chunjiang, et al. Monitoring wheat main growth parameters at anthesis stage by Landsat TM

WEMH AT, B E. . T H - LA/IB R/ N TFAE I 2 20 A KA n i U8 BT BT S [T ] 22 AR W22 4l , 2015,

Tan Changwei, Yang Xin, Ma Chang, et al. Quantitative remote sensing monitoring of major growth indices of winter wheat at

2 £ X
1
[J]. International Journal of Remote Sensing, 1994, 15(9): 1867 — 1884.
2
wheat[ J]. Transactions of the ASAE, 1996, 39(5) :1623 - 1631.
3
and rice[ J]. Plant Production Science, 2007, 10(4) : 400 —411.
4 ARG IR S POl B RAT R BUIR S R LT]. A B AR, 2015,46(2) 247 - 259.
Chinese Society for Agricultural Machinery, 2015,46(2) :247 —259. (in Chinese)
5
potato canopies[ J]. Field Crops Research, 2007, 102(1) :33 —42.
6
Sensing of Environment, 2012, 121, 404 -414.
7
hyperspectral data[ J]. International Journal of Applied Earth Observation and Geoinformation, 2013, 21: 506 —512.
8 AR, AT Hyperion moGik BRI A e Kbl K[ T]. ol THE 4z ,2007,23(4) : 172 - 178.
CSAE, 2007,23(4) :172 -=178. (in Chinese)
9
SPOT -5 images[ J]. Scientia Agricultura Sinica, 2012,45(15) ;3049 -3057. (in Chinese)
10
27(5) ;224 -230.
[ J]. Transactions of the CSAE,2011, 27(5) ; 224 —230. (in Chinese)
11
35(3) :427 —435.
anthesis stage based on H] — 1A/1B images[ J]. Journal of Triticeae Crops, 2015,35(3) :427 —435. (in Chinese)
12

Hansen P M, Schjoerring J K. Reflectance measurement of canopy biomass and nitrogen status in wheat crops using normalized


http://dx.doi.org/10.6041/j.issn.1000-1298.2015.02.037

308

Ko BLOW % MR 2016 4F

13

14

16

17
18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

difference vegetation indices and partial least squares regression[ J]. Remote Sensing of Environment, 2003, 86(4) : 542 — 553.
A ke AR A IR T OB B IR N E T S A AR S (] F 2R AR %)k ,2008,28(5) :851 - 860.

Feng Wei, Yao Xia, Zhu Yan, et al. Monitoring leaf nitrogen concentration by hyperspectral remote sensing in wheat[ J]. Journal
of Triticeae Crops, 2008,28(5) :851 —860. (in Chinese)

WeEz XN K, 55 T RECE B RS NEEEN R AR ERBRMEEXRLT]. B AR, 2013,
24(2) .431 -437.

Yao Xia, Liu Xiaojun, Tian Yongchao, et al. Quantitative relationships between satellite channels-based spectral parameters and
wheat canopy leaf nitrogen status[ J]. Chinese Journal of Applied Ecology, 2013,24(2) :431 —437. (in Chinese)

Trigg S, Flasse S. Characterizing the spectral-temporal response of burned savannah using in situ spectroradiometry and infrared
thermometry[ J]. International Journal of Remote Sensing, 2000, 21(16): 3161 —3168.

Rouse ] W, Haas R H, Schell J A, et al. Monitoring the vernal advancements and retrogradation of natural vegetation[ R].
NASA/GSFC Final Report, 1974, 1 —137.

Jordan C F. Derivation of leaf-area index from quality of light on the forest floor[ J]. Ecology, 1969 663 — 666.

Gitelson A A, Kaufman Y J, Stark R, et al. Novel algorithms for remote estimation of vegetation fraction[ J]. Remote Sensing of
Environment, 2002, 80(1): 76 - 87.

Qi J, Chehbouni A, Huete A R, et al. A modified soil adjusted vegetation index[ J]. Remote Sensing of Environment, 1994,
48(2): 119 - 126.

Gitelson A A, Gritz Y, Merzlyak M N. Relationships between leaf chlorophyll content and spectral reflectance and algorithms for
non-destructive chlorophyll assessment in higher plant leaves[ J]. Journal of Plant Physiology, 2003, 160(3) . 271 —282.
Penuelas J, Gamon J A, Fredeen A L, et al. Reflectance indices associated with physiological changes in nitrogen- and water-
limited sunflower leaves[ J]. Remote Sensing of Environment, 1994, 48(2) . 135 - 146.

Schleicher T D, Bausch W C, Delgado J A, et al. Evaluation and refinement of the nitrogen reflectance index ( NRI) for site-
specific fertilizer management[ C] /2001 ASAE Annual International Meeting, ASAE Paper 01 — 11151, 2001.

Rondeaux G, Steven M, Baret F. Optimization of soil-adjusted vegetation indices[ J]. Remote Sensing of Environment, 1996,
55(2): 95 -107.

Haboudane D, Miller J R, Tremblay N, et al. Integrated narrow-band vegetation indices for prediction of crop chlorophyll content
for application to precision agriculture[ J]. Remote Sensing of Environment, 2002, 81(2): 416 —426.

Gitelson A A. Remote estimation of crop fractional vegetation cover: the use of noise equivalent as an indicator of performance of
vegetation indices[ J]. International Journal of Remote Sensing, 2013, 34(17) : 6054 - 6066.

H AR , R He, e, 55 JE TOLIEE B MIEM AR E R LB AR )] A 85527 ,2007,26(9) : 1454 — 1463.

Tian Yongchao, Zhu Yan, Yao Xia, et al. Non-destructive monitoring of crop nitrogen nutrition based on spectral information[ J].
Chinese Journal of Ecology, 2007,26(9) :1454 — 1463. (in Chinese)

W B HOKHE  RULIR S5 JET LISSA BdR /N E R R EF RO B [T]. AL TF2%4 ,2008,24 (11) : 150 - 154.
Ju Changhua, Tian Yongchao, Zhu Hongfen, et al. Inversion of wheat nitrogen status based on LISS4 data[ J]. Transactions of
the CSAE, 2008,24(11) :150 —154. (in Chinese)

Zhao D, Huang L, LiJ, et al. A comparative analysis of broadband and narrowband derived vegetation indices in predicting LAl
and CCD of a cotton canopy[J]. ISPRS Journal of Photogrammetry and Remote Sensing, 2007, 62(1): 25 - 33.

Blackmer T M, Schepers J S, Varvel G E. Light reflectance compared with other nitrogen stress measurements in corn leaves[ J].
Agronomy Journal, 1994, 86(6) : 934 —938.

Filella I, Serrano L, Serra J, et al. Evaluating wheat nitrogen status with canopy reflectance indices and discriminant analysis
[J]. Crop Science, 1995,35(5) :1400 - 1405.

RO, AR, B, S SE T RO AR AN EAKFEHARFE MR [T]. 6% 50618 40 9, 2010,
30(11) :3061 —3066.

Tang Qiang, Li Shaokun, Wang Keru, et al. Monitoring canopy nitrogen status in winter wheat of growth anaphase with
hyperspectral remote sensing[ J]. Spectroscopy and Spectral Analysis, 2010,30(11) :3061 -3066. (in Chinese)
BEAK, A 0K BRI, . JE T GF — 1 5 Landsat — 8 265 B EGE R 1 Bk LAT Uil He# [J]. &l TR 4%k, 2015,
31(9) :173 - 179.

Jia Yuqiu, Li Bing, Cheng Yongzheng, et al. Comparison between GF —1 images and Landsat —8 images in monitoring maize LAI
[J]. Transactions of the CSAE, 2015, 31(9): 173 —179. (in Chinese)

MR, BT X T RS 5 TEBURMA/NEM R SPAD (HZ AT [ T]. LML) ,2015,46(9) :273 -
281.

Li Fenling, Wang Li, Liu Jing, et al. Remote sensing estimation of SPAD value for wheat leaf based on GF — 1 data[]J].
Transactions of the Chinese Society for Agricultural Machinery, 2015,46(9) :273 -281. (in Chinese)


http://dx.doi.org/10.6041/j.issn.1000-1298.2015.09.040

