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Biomass estimation model of winter wheat (7riticum aestivum L.) using
hyperspectral reflectances
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Abstract: [ Objectives ] Hyperspectral remote sensing can rapidly and nondestructively acquire vegetation
canopy information. The objectives of this study were to establish wheat biomass estimation model based on
winter wheat (Triticum aestivum L.) canopy hyperspectral reflectances with different rates of nitrogen or
phosphorus application, and to improve the forecast precision of the biomass estimation model at different growth
stages of winter wheat in the Loess Plateau of China. [ Methods ] Field experiments were carried out during
2009-2014 at Northwest A&F University, Yangling, China. Winter wheat cultivars were used as tested
materials, and five N application rates (0, 75, 150, 225 and 300 kg/ hm?) and four P,O; application rates (0, 60,
120 and 180 kg/ hm?) were set. Biomass and canopy hyperstpectral reflectances were measured at the jointing,
booting, heading, grain filling and maturity stages, respectively. The biomass monitoring models were constructed
using correlation and regression methods. [ Results ] The biomass of wheat from the jointing to maturity
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showed a parabolic curve, and the maximum biomass was at the seed filling stage. When nitrogen or
phosphorus application was sufficient, the canopy hyperspectral reflectances of wheat were reduced by
2.0%-5.0% in the visible wavelength (P < 0.05), and increased by 3.0%-21.0% in the near infrared wavelength
(P <0.05). There were significant (P < 0.01) correlations between the biomass and green normalized difference
vegetation index (GNDVI), ratio vegetation index (RVI), modified soil adjusted vegetation index (MSAVI), red
edge triangular vegetation index (RTVI) and modified triangular vegetation index Il (MTVIII ), the range of the
correlation coefficient was from 0.923 to 0.979 at different growth stages. The monitoring models based on
GNDVI, RVI, MSAVI, RTVI and MTVI Il produced better estimation for biomass at the jointing, booting,
heading, grain filling and maturity, respectively, and precision values of prediction R’ were respectively 0.987,
0.982, 0.981, 0.985 and 0.976 (P < 0.01), and standard errors (SE) were respectively 0.157, 0.153, 0.163, 0.133
and 0.132. Meanwhile, the relative errors (RE) of the measured values and predicted values were 8.47%, 7.12%,
7.56%, 8.21% and 8.65%, and the root mean square errors (RMSE) were 0.141, 0.113, 0.137, 0.176 and 0.187
kg/m? at the jointing, booting, heading, grain filling and maturity stages, respectively. Therefore, vegetation
indices of GNDVI, RVI, MSAVI, RTVI and MTVI Il were the most suitable indexes for monitoring winter wheat
biomass at the jointing, booting, heading, grain filling and maturity stages, respectively. [ Conclusions ] The five

tested vegetation indices show high precision in predicting the biomass of winter wheat at different growth stages,

which means they can be used for monitoring biomass of winter wheat in large areas of the Loess Plateau.
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BT PR AR R 2L IX (108°107E .
34°10'N), 4 454.8 m, L H7 ARl d: 2 KR < fie
YR 12~14°C, TFEH 220d, FEAkE
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g/kg, 2% 0.90 g/kg, BHMFA 36.00 mg/kg, BALWE
17.64 mg/kg; 20—40 cm T )20 & & WA LR

10.04 g/kg, 44 0.62 g/kg, Wlf#A 25.29 mg/kg,
AW 23.85 mg/kg.
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T 2009~2014 5250, RECREALIX 4H %
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Table 1 Basic information for the experiment in different years

AP Cultivar

0 FEFh E ok A Bl RAE AL
Year R S g5 L Sowing date  Harvesting date Data collection date
Strong drought resistance ~ Weak drought resistance (y-m—d) (y-m-d) (m-—d)

2009~2010  ¥Z 47 Jinmai 47 PE4% 979 Xinong 979 2009-10-09  2010-06-05 04-07. 04-22, 05-07. 05-20. 05-27
2010~2011  ¥Z 47 Jinmai 47 PE4% 979 Xinong 979 2010-10-13  2011-06-10  04-09. 04-23., 05-07, 05-18. 06-03
2011~2012 VK 9946 Pubing 9946 P4 2000 Xinong 2000 2011-10-16 2012-06-08 04-08., 04-23., 05-05, 05-19, 06-03
2012~2013  JEZ 18 Zhoumai 18 /M 22 Xiaoyan 22 2012-10-10  2013-06-09  04-03. 04-17. 05-03. 05-18. 05-30
2013~2014 K5 58 Changhan 58 7 95 Luomai 9 2013-10-08  2014-06-11  04-05, 04-20. 05-04. 05-19. 06-04

1.3 MEIEIRRFE

1.3.1 )20 R il A& /NE e 2Ot R %
KA E Analytical Spectral Devices (ASD) /A ]
Field-spec Pro FR-2500 735 H: 0 HF A1 i3 't i s S £
1%, PBH 350~2500 nm, 350~1000 nm JEigRAE
Rk 1.4 nm, JEiE5#F% 4 3 nm; 1000~2500 nm,
JERERAERIBE R 2 nm, JEREDHERN 10 nm, H)ZE
TG G ARG TGRS, 35 R R
FFR 10:00~14:00, i B ERERL T H IO T, Ot
WA Al 7.5, Bk R 5 )2 TR At B 5 B 2 30
cm, HUATLIZEE I EAR N 0.5 mo 200l FA/NZHTT
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o1, BT H ARG B SR A A X G S S
), LUMETHEFRI & T — 08,
1.3.2 Hb EETAEYRENE 5RO s R 0 5
G20, 7656 20000 S S 8 e Y FL N, R 5 d
A B NER 20 tR, AFEMEKLSE X,
M BE) 73ES, 7E 105°C %75 30 min, 85°C i E1E
0, A E T RIRRE, INFCH R T Y E, ]
Ve R B FR T, e % BT A b T AR b Y
TAYHE .
14 HEREHREIEEER®EE

A SCHEFT G LA b, X K i AF o 48 B AT
ik, VEHUE IE - HE IR 15 FE B 45 21 (modified soil
adjusted vegetation index, MSAVI) ", 2131 = fAH#
54U (red edge triangular vegetation index, RTVI) ¥,
BIE =M HE T (modified triangular vegetation
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index 11, MTVII) ™, [K{HAE#EHEEL (ratio vegetation
index, RVI) ™, IH—{bZR{ B 2 (HAEBE 54K (green
normalized difference vegetation index, GNDVI) 5

MR BRR R, T AN R AR I S0 M 0 4 /N 22 ¥+

Ay, DRGNS R, AN FZEEIR B BON
AR, WA R A E I R paR E, A
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Table 2 Hyperspectral vegetation indices used in this article

LERIE R A HHAR A
Vegetation index Expression Reference
MSAVI MSAVI=2R,;, + 1 —sqrt[(2R,; + 1)2 — 8(R,;; — R.y)]/2 [28]
RTVI RTVI=[100 (R5— Ry3) = 10 (Rs5p — Rss)] % sqrt(Ryee/Rezo) [24]
MTVII MTVII = L.5[1.2(R,; — Ryeen) — 2.5(Rieg — R 1/5qrt {2(R;, + 1) — [6R,;, — 5sqrt(R.)] — 0.5} [29]
RVI RVI=R,/R;, [30]
GNDVI GNDVI = (R,, - R, )/(R,, + R,...) (311

# (Note) : MSAVI—&IE 4T H9E 5 4L Modified soil adjusted vegetation index; RTVI—£Ti = fAHPI 54X Red edge triangular
vegetation index; MTVI T —& IE = fAE# 5% I Modified triangular vegetation index II; RVI—{EM#FE%L Ratio vegetation index;
GNDVI—H— bk Br 2 (H B 454X Green normalized difference vegetation index. R, Rigv Ruens Riv Ripy Risor Ry Reson Rugn Rero 3901
HATLTAN (700~1300 nm) . £156 (620~760 nm). 456 (500~560 nm), A1, A2, 750, 730, 550, 700, 670 nm JFELALEIE S 51 R,,,,
Rias Ruens Rus Riay Rise, Ry, Rsse, Ry and Ry, are spectral reflectances of near-infrared (700~1300 nm), red (620~760 nm), green

(500~560 nm), A,, A,, 750, 730, 550, 700 and 670 nm, respectively.

1.5 BUBLES SR
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XiF UL A R T A R A T 90U o B8 — W AR AR 43 Bt
A A TR0 47 388 5 A S A 5 N A1 ) 349 5 AR R 2
(root mean square error, RMSE) FIFX{1%2 (relative
error, RE), PP MIIAAY A e PR AT S5

2 HPRE

2.1 FERBEMEABK TR & NEE RN RS R
HISZME

DL 2012~2013 4F i/ IME 22 568 265 s 5

Sk TN PR 75 & Gl S AN o0 = i 3R n)
R (B 1) RREARMES T8, B lahs Gk s
R 350~2500 nm U [l N 32 K P R A4 0k BE
1350, 1850 il 2450 nm BT HHE AR, DAMETHEFT
Bt pr i, I L T, REA#KE R,
/N5 S S R ARl AERT DO B 550
nm FEEA — RS0, ST S5 2% bl AL 1 o g 3
I, SRS 650 nm T A —RILS, RREEA
BEHERIACE T, R ER AR E; 650~760 nm
Bz qal, ik S SRS 2RI . AR 204
SFH (760~1300 nm) YGik s SRk i KE, A
25.0%~45.0%, BEE ZBEHEN ARG, Stk
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B 3T 3 B G R B — A WA o T LAk B
(1400~2500 nm) S5 S S 38 SR ARG S, A Rl4b
T A] S 553N 2.0%~18.0%, A ] & i At )i 7k
T, B KER,

A& 1a AIA1, 7R EEKE T (P,05120 kg/hm?),
bifi 5 it U B934 0 (NP, . NP,. N,P,. N,P,. N,P)),
AN TR Ak BB A AR B B . AE AT LG Bt (380~760
nm), Bl AR RN, DG R R R S
N.P,. N,P,. N,P,. N,P, % NP, [&fi 2.0%~5.0% (P
<0.05) ; FRILLAMNZHTF- 7 (760~1400 nm) &b, i
Jit AR PN, OB R SR R E ., NP,
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Fig. 1 Changes of canopy spectral reflectances of winter wheat under different N and P application rates at the heading stage
(2012-2013, Xiaoyan 22)

N.P,. N,P,. N,P, # NP, 11 6.0%~21.0% (P <
0.05) ; TEME LT AN BE (1400~2500 nm), it 2 5F
RGUTLLAMEBOA MRS, B A il A r 5 0 2
A (P <0.05). HIE b A, 7EERAUK
SEF (N 150 kg/hm?), Fifi 2 i 8 & (9 34 im (N, P,
N,P,. N,P,. N,Py), AN[ElAbBRE AL, #EnT Wk
B (380~760 nm) Pl A B LGN, Sk R g%
SIS, NP, N,P,. N,P, % N,P, [£{X 1.0%~
2.0% (P <0.05), ANFRINESIHEREET 225800, FRiLr
ARSI (760~ 1400 nm) A0 FEHERE &3, 6
TR, NP . N,P,. N,P, % N,P, i3
Watn 3.0%~13.0% (P < 0.05), {48 %14k Bk
(1400~2500 nm), [E 7 Jit B 2 1% 38 0 2 4 325 8 14
(P<0.05), &z, BERABEMLN RGN, &N &
5k S22 O S S B AE AT IO U B S RN A, B AR
JEH 2.0%~5.0% (P < 0.05), {EITLLIN B ILT M
B 357 it U 40 1V 170 1 I 2 I S R A, B
4 3.0%~21.0%.
22 "WEAERSERSEMEHERMYE

ZEA 2009~2014 4EPk ST B, AR . AN
FABEAE . ARG ARRAEFR IS, 407
5k 2 N I S R A o I A R AR e (18] 2)
AR 2 AT, RIS BB, FEAS RS I B
ek R RS AR R MO R, AFEEF
B A — g 22 5. 70T WO i B 2 B0 i 2 i A
X (P<0.05), TL/MEBR BEIEAK (P <0.05),
Jd U 21 A Bt 2 A G (P < 0.05) . 1T LB
Be, IR Z B, Gk SO RS A i A
KABZEFHN, 670 nm LA B FAE R4 0.69~
0.76; BEZE WK MBEI, = 710~740 nm P B, AHG
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Fig. 2 Correlation between canopy hyperspectral
reflectances and biomass of winter wheat (2009-2014)

[ (Note): 0.05 Frnik#] 5% & KF
0.05 indicates significant at the 0.05 levels.]
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W 2 AR R RS AR R AR OC AT R
W1, SRS BUAE B4R 5035 5 A ) kA b 3 AE DK
W, AHIEREL r JEFEN 0.754~0.801, IEIEGEITT2AH
Er MXRE ) = 0.8 BEMEEMAL; 0.5 <
/| < 0.8 Bf AHEMIE; 0.3 < |7 <0.5 B A {REAM
Ko FrLA, M2 A MSAVI, RTVI,
MTVIII . RVI. GNDVI S #AEEC S A= Wi ik b iz
FSE (r 23910 0.754%% 0 0.801%*% 0.773%%
0.762**  0.787**) , FHIPTE 5 PP HE £ g
R WD T ) 2 B AN e, TR S R
KN AR IR R 250

232 IR R AE Y RS AR g T 5
B UE X ) A A A R RS A i A
KM, EFE 2010~2013 4R/ NE AL 5 X R

FEREFEEL (n = 600), BT 5451 1 2 i 4 /N
FAWEg— IR, 312k 2009~2010 4£F1 2013~
2014 AESZIRCHRE (n = 400) Xof 45 760 T3 0 (1 346 17 40 iF
(#3)o W3 3 BIGHARATHN, Frik MSAVI, RTVI,
MTVIIl . RVI, GNDVI 4 5 i gide %, ¥Wae54E
Y B LA R, AR R N 0.569~
0.642, HRfEIRZE SE K 0.197~0.235; HE IR A% .
T o AN [ A T ok 57 5040 o A% 28 300 {1 LA A 1Y
BUERACR,  SEE 5 AU E R AEXT 35225 RE 4 17.83%~
24.07%, YRR RMSE N 0.213~0.637 kg/m?,
24 AEEBHZNEEVESERENERRE
MEIWE

2.4.1 ARRAE B IIE GRS AR A
2010~2013 4FiELE 3 AR AP, [H—EF a4
/INZZ A i 5 R A B B AT AR G BT (n =
120), Hi13 4 /I, ANEAE AN EZ A YR S5iE
PR B A A e (P < 0.01), HHEREGEH

R3 BAUHERRRAEYES —WNERNE 5KIE

Table 3 Fitting and performance of monitoring models of biomass of winter wheat from the jointing to maturity stages

AR Fitting model

BUFARAY Performance model

TR 5L

Vegetation index §1l4 %2 Equation SE RE (%) RMSE (kg/m?)
MSAVI y=0.055% +0.179 0.569 0.235 24.07 0.347
RTVI y = 0.068x +0.225 0.642 0.197 17.83 0213
MTVII y = 0.059x +0.189 0.598 0.216 2133 0.445
RVI y = 0.057x +0.302 0.581 0.224 23.19 0.556
GNDVI y = 0.064x + 0.244 0.619 0.207 19.47 0.637

¥ (Note) : MSAVIEIE HHEJHT B 54X Modified soil adjusted vegetation index; RTVI—ZL i1 = M #3541 Red edge triangular
vegetation index; MTVI I —&1E =M #IE%C T Modified triangular vegetation index II; RVI—{EHAI#EFE 4L Ratio vegetation index;
GNDVI—IH—{b 4t Bt 25 (EA 858X Green normalized difference vegetation index.

*4 TREEFHPEHRESRSEMENEIRE (0

Table 4 Correlation coefficients between vegetation indices and biomass at different growth stages

FIHEAE L Vegetation Index

HF I
Growth stage MSAVI RTVI MTVIII RVI GNDVI
AT Jointing 0.947** 0.934%* 0.927** 0.943%* 0.959%*
Z2 14 Booting 0.945%* 0.949%* 0.943%* 0.964** 0.956%*
75 Heading 0.977%* 0.968** 0.955%* 0.946%* 0.934+
I Filling 0.968%** 0.971%* 0.956%* 0.934%* 0.923%*
REIY Maturity 0.968** 0.976%* 0.979%* 0.951%* 0.957+*

# (Note) : MSAVI—&IE - 3Ef 7 HE 8 F5 5L Modified soil adjusted vegetation index; RTVI—ZL11 = fAFH #5541 Red edge triangular
vegetation index; MTVI I —&1E =M HIEE T Modified triangular vegetation index II; RVI—{EHMI#EFE %L Ratio vegetation index;
GNDVI—IH—1b &R Bt 22 (M #7550 Green normalized difference vegetation index. **#/R7E 0.01 /K | B E AHC Indicates significant

correlation at the 0.01 level.
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9 0.923~0.979, BRI 2 AN AE Y B S AR
BAHKME (r = 0.754~0.801) A Frdem, £W
MSAVI, RTVI, MTVIIl . RVI, GNDVI %4 #f 5
BT LU A 0 D039 3 22 B [m) AR B 3 4
N, AT LIRS A /N2 A ) o 3 B
RO 2

2.4.2 AN[AAE B AR i oy B M AR RS (Y A 5T S 0
UE I AN [F] AR B AR RS A Y A G
P, 1E 2010~2013 4E3%ELE 3 4F b 7 50 1 LA 1

x5 TEEEHAEY

FE N7 T e A AR B 4 E 0 AN R AR I AR ey B
WEIREAY , BERRILG BE (RY) B, WRifEiR2E (SE) 5
/N AU BRI S A ) A I A ) e e e M A
A, R, DL 2009~2010 4EF1 2013~2014 4E 7
B R SR, XA A TR R A T SR, A
A3 A SR 5 TR 9 RE FI RMSE $EM) W ) A5 74
HIATEEME (36 5).

M2 5 BLAIAL (n = 120) AT, 7EANFA B
1, MSAVI, RTVI, MTVIIl . RVI. GNDVI %§4f

BIMREN S RIIE

Table 5 Fitting and performance of the monitoring models of biomass of winter wheat at different growth stages

AR Fitting model

IR Performance model

B R L
Growth stage Vegetation index #1477 Equation R SE RE (%) RMSE (kg/m?)
R Jointing MSAVI y=0.082 x +0.166 0.969 0.185 9.23 0.156
RTVI y =0.004x +0.147 0.940 0.183 9.83 0.174
MTVI T y=0.105x +0.144 0.944 0.167 9.33 0.161
RVI y=0.085x +0.158 0.984 0.163 9.19 0.153
GNDVI y=0.080 x +0.158 0.987 0.157 8.47 0.141
Z7d3 Booting MSAVI y=0.263x+0.536 0.945 0.180 9.01 0.111
RTVI y=0.011x+0.527 0.973 0.171 7.51 0.132
MTVII y=0.246 x +0.533 0.953 0.167 8.36 0.157
RVI y=0.232x+0.548 0.982 0.153 7.12 0.113
GNDVI y=0.163x +0.577 0.968 0.167 8.13 0.124
I Heading MSAVI y=0385x+1.172 0.981 0.163 7.56 0.137
RTVI y=0.021 x + 0.688 0.972 0.163 8.11 0.141
MTVI y=0.682 x + 0.626 0.957 0.177 8.15 0.153
RVI y=0.059 x + 1.020 0.955 0.180 8.24 0.161
GNDVI y=0.295 x + 0.810 0.958 0.181 8.17 0.157
TESZ Y] Filling MSAVI y=0.141x+ 1.182 0.953 0.136 8.63 0.183
RTVI y=0.021 x +0.990 0.985 0.133 8.21 0.176
MTVII y=0.456x +1.028 0.980 0.146 8.57 0.181
RVI y=0.532x+0.919 0.898 0.158 9.27 0.201
GNDVI y =039 x + 1.027 0.885 0.166 9.13 0.192
HEGY Maturity MSAVI y=0.431x+0.980 0.950 0.138 8.73 0.203
RTVI y=0.023 x + 0.926 0.919 0.145 9.24 0.214
MTVI y=0.455 x + 0.954 0.976 0.132 8.65 0.187
RVI y=0.745x+0.716 0.948 0.141 8.79 0.193
GNDVI y=0.502 x +0.913 0.902 0.140 9.11 0.211

7 (Note )

MSAVI—&1E + 3815 F #3550 Modified soil adjusted vegetation index; RTVI—ZLi1 = FH B 54X Red edge triangular

vegetation index; MTVI T—&1F =M #EF5% 11 Modified triangular vegetation index II ; RVI—FL{EAH#EF5 %L Ratio vegetation index;
GNDVI—H—{b 4k BE 25 (HA 845 8X Green normalized difference vegetation index.
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PAREO 5 AR BRI L EXR, R EA
BWEPLE KSR (R = 0.885~0.987) Fl& /Ny TTHR
IR Z (SE = 0.132~0.185), 7EAN[FA BRI HA
ST B BN AR LA A, X — 25 R
7 A A R e — WA TR RS (R =
0.569~0.642) FIftiirifEiR% (SE=0.197~0.235) A
Frokst . 7RI IFE T GNDVI 27 iy WA R
F1 SE 43%14 0.987 F1 0.157; {EZFMIHET RVI £
SR I AR AY R A SE 43124 0.982 1 0.153 ;5 FEA
FEHA LT MSAVI g7 (19 WAL R F1 SE 435l Ky
0.981 F1 0.163; FEHEIKMIILT RTVI EEA7 19 W AR
R HISE 73549 0.985 F10.133; 7E/MAMIET MTVI I
AT WS INAERY R 1 SE 4351 0.976 F10.132.

FEFARTRVAE A5y AS 7] 5 B 1) S D0l 7 50 % AN )
A B AR Y oy B B R AT BE i T
SN 5 AR FN A 8] RMSE Fl RE X6 4 Bk A4 it
TTERA VAN, T AS [R) A B B 30 e e Al w8 0 I e
FERLGIER . 3% 5 IR (n = 80) II AT, A
I A9 i 50 7 ) A T A AR 0 {15 7k S A AR S
l BA BN FERTR 2 (RE 9 7.12%~9.83%) FlH
FHRiIRZE (RMSE M 0.111~0.214 kg/m?), X —K
S8 TR T 1 2 A A R G — W AR TR 56 TE K
BAAXHREZE (RE N 17.83%~24.07%) Fli4 MR
2% (RMSE H 0.213~0.637 kg/m?) B4 — & T8 1y 42
(3 3)o THIZLT GNDVI XA Wi, AR A
TN AE 5 52 {E ] RE F1 RMSE 73518 8.47% Hi
0.141 kg/m?; ZEFEISET RV XA Y& Wi, A5
T K 5 52 [E] RE A1 RMSE 20518 7.12% Al
0.113 kg/m?; AL T MSAVI Xt A9 Wi, 5%
RUFGUINAE 5 SCIAE [R] RE AT RMSE 4305124 7.56% Al
0.137 kg/m?; FERIAFET RTVI XA 98 Wi, i1
UM 5 52 {E 8] RE A1 RMSE 2350 8.21% Al
0.176 kg/m’; M EET MTVIIT Sp2E Y,
FUFH {5 S {E 7] RE A1 RMSE 43514 8.65% #l
0.187 kg/m*,

3 ihe
3.1 FRIGAHBK TR ENE R BRI R 5 R
21

AW G A ELE 5 A AT R A KT
AR R IRV N Y Kod 2 6iE %, T
AT A B A S BE AL O FREAS 3 i 2 7 A [A) R
Tl AKX} e J2 61 2 B R I s W2, B ST T

AN A B A A /N A i 5 5 2 G S R I A
KFR, WA A ) 5 e 2 R
FET WG B I S A OGS AM I B
IEAHDE, JE LT AN B R B T OGB4
22 HE Wy 5 ek 2 O S 3 ) A DG M At A
W2, ARAEFREANEAY RS 670 nm & 930
nm TGS RS R B AP ARG . BrbL, Al LA
F AT D Bl 21 40 i B ek 2 D' i i S 3 s e 4% /)N
HAEAR A G A Y AR 1k
32 RTHAZEREBEIEYIESR—ENER

AHIFFE 25 A T KA [R5 J 2 50385 S 26
YRGBT A/NE Y R 2O R S
RIHUBRD B, BRI R R AR w8 5, 7
S 2 AR I S i Al L, BT NA N R
W Z U MSAVI, RTVI, MTVII . RVI, GNDVI
SRR B AR RO, R BN [ 2 R
FEEO 5 4 W B R A (P < 0.01), Hik
R AR KA, U B AT DA A T) S 704 48 Bk
A AR T 1 2 BB 4 N FE A i ) e — W DA
R, X g5 RS ET AR A R — e, R TA
INE Y RAEARIEBEACE T . ARRAEF AR L
TR R, KRHEEZE ISR 5 G Z HIET R
B S AEYI SRR, (A WA Bl 48 Bore gl r i gk
H AR Y g — WA, AR R,
BB AT, BIRIFUNRS BN & (R = 0.569~0.642),
S AR 55 0L ) AH X R 2288 K (RE = 17.83%~
24.07%) % T UG, A8 SO A B 013 s 1] ) 51 43
B, (FEEREAR DA INEH, FARTE A E
EYEARDL, VERE AR AR AL, R EDEEE U R
Xof A e A AU S RS TR A IS A e B
WIS, LA e W00 A TR 1 TS 8 % 0 TR
3.3 AEEEREAEYIE S IENEE

AR AT, MSAVI. RTVI, MTVII .
RVI. GNDVI S8 8% 4845 5 4= 9 5 A 2 AH DG 1
(P <0.01), TEANIA]A: 7 I35 HAT 35 s i AH G R 8K
(r=0.923~0.979), A[F]AE T B HA AR Py i B WA
LA 4 e () OIS B2 (R® = 0.885~0.987) AN /INY
fiiFRUERZZ (SE 4 0.132~0.185), it AR 4EHGy
A ST B30 X 43 B W AR R EA T IR, R H SN S
TR T {8 (B B AT BN AR AR 25 (RE R 7.12%~
9.83%) MBI ARIEZE (RMSE 4 0.111~0.214
kg/m?), FESRII . 2RI TR . BESITI RIS
B3 WHF GNDVI, RVI, MSAVI, RTVI#l MTVII
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MR 2 /N2 AN R A B I AR R, e R A AR AT
PeARE, d AR BRRR, oM AARLET
A B FR BRI o IR Y, YEMDRE AR 55 IR
AN, AR AR, RGN R ) 32 1 T
SO, TR B — A R £ (GNDVI) &% 15
— AR (NDVI) BIILAES, GEA R )2
sl SO PN AD N IrE NI Ub A I/ Y =D oy IR N
S Yy R DG, T BB A A M W o B A /N
oY, RN, s, Eohik ik
SR —E R Bk B R RS,
FEHEFR A (RVI) e I/ AF 1 F5 BOCFE AE B 7 5 B2 AR
SRAF T O S 32+ SR, Bl A F
WM, &/NEA YR, e, e
JEAREA, B IE IR AR B S £ (MSAVI) 7EFREAIR 1
HER AT EL (SAVI) H 588 5o el )2 60 S 5
LW A R, BTSN B S 4O B A, T
DB B Gl WA e R A g KT R AN R, A
VEIRI, A NEAHRA TR B IR B W kR, %
Wy BeAE Wi ih— A PR KRR, 4030 = M AE B HE AL
(RTVI) 7€ FC{EAE g8 5500 S ity o JE b il fb, (5
XIVEPRE R 5 )23 45 M0 AN 0B, ) B DR 0 4 s 1 A
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S RAE ] WA B R ARG, LM B R OE
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FZAF 670 nm 1 930 nm T,
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W, &/NEAEYRESME GNDVI, RVI. MSAVI,
RTVI, MTVIIT 25 &AW R EMHE, HXRE (1)
I35 0.959, 0.964, 0.977. 0.971, 0.979; FT
GNDVI, RVI, MSAVI, RTVI, MTVII 45|57
P ZPRET . R VSR B NEE
AR IR, P BB (R 415128 0.987., 0.982,
0.981. 0.985. 0.976; fliit4r#EiR2E (SE) 4351H
0.157. 0.153., 0.163. 0.133, 0.132; BTG 5
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0.141, 0.113., 0.137. 0.176, 0.187, ZrBIRERIAAY
FLA B0 1 A ) R R DD R, TR A
TR TS 32 R 55 U 85 SR A, A Gt — WA DN A TR A T 4

o

i3

& £ X #:

[1] MaZEe, 2R, Eriin, 55 Tl e A e L Yy ig B 5
FERI[T). FERIF4R, 2007, 33(2): 311-316.
Bai J H, Li S K, Wang K R, et al. Estimation models of cotton
aboveground fresh biomass based on field hyperspectral remote
sensing[J]. Acta Agronomica Sinica, 2007, 33(2): 311-316.

[2] ZDE, BAEL, E4258, & BIERRE KBRS &1/ N2 K
I FE IR S D). [ - BRIRIE AR, 2007, (2): 6-9.
Li W G, Zhao C J, Wang J H, et al. Research situation and prospects
of wheat condition monitoring based on growth model and remote
sensing [J]. Remote Sensing for Land &Resources, 2007, (2): 6-9.

[3] WA, At Wb, 2 /NEM T OR S ER DTN B A



322

W) E SR 50 R

23 4%

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

AR, 2008, 19 (5): 992-999.

Feng W, Zhu Y, Yao X, et al. Monitoring of wheat leaf pigment
concentration with hyperspectral remote sensing [J]. Chinese Journal
of Applied Ecology, 2008, 19 (5): 992-999.

HRAE, FB240F, EEAE, 55 IBHURTH O LTS 2 Ik
2447, 1997, 1(1): 50-57.

Tong Q X, Zheng L F, Wang J N, ef al. Study on imaging

HIFFET]. 3 I

spectrometer remote sensing information for wetland vegetation[J].
Journal of Remote Sensing, 1997, 1(1): 50-57.

Wessman A A, Aber J D, Peterson D L, et al. Remote sensing of
canopy chemistry and nitrogen cycling in temperate forest
ecosystems [J]. Nature, 1988, 335: 154-156.

Tan B S, Elizabeth P, Johanne B B. Impact of nitrogen and
environmental conditions on corn as detected by hyperspectral
reflectance [J]. Remote Sensing of Environment, 2002, 80: 213-224.
Casanova D, Epema G F, Goudriaan J. Monitoring rice reflectance at
field level for estimating biomass and LAI [J]. Field Crops Research,
1998, 55: 83-92.

Lukina E, Stone M, Raun W. Estimating vegetation coverage in
wheat using digital images [J]. Journal of Plant Nutrition, 1999,
22(2): 341-350.

Thenkabail P S, Smith R B, Pauw E D. Hyperspectral vegetation
indices and their relationships with agricultural crop characteristics
[J]. Remote Sensing of Environment, 2000, 71(2): 158-182.

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.

Hansen P M, Schjoerring J K. Reflectance measurement of canopy
biomass and nitrogen status in wheat crops using normalized
difference vegetation indices and partial least squares regression [J].
Remote Sensing of Environment, 2003, 86(4): 542-553.

Mutanga O, Prins H H T, Skidmore A K, et al. Explaining grass-
nutrient patterns in a savanna rangeland of southern Africa[J]. Journal
of Biogeography, 2004, 31(5): 819-829.

Nguyen H T, Lee B W. Assessment of rice leaf growth and nitrogen
status by hyperspectral canopy reflectance and partial least square
regression[J]. Europe Journal of Agronomic, 2006, 24(4): 349-356.
Gitelson A A, Merzlyak M N. Signature analysis of leaf reflectance
spectra: algorithm development for remote sensing [J]. Journal of
Plant Physiology, 1996, 148(3-4): 494-500.

Haboudane D, Miller J R, Tremblay N, ef 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.

Penuelas J, Filella I, Gamon J A. Assessment of photosynthetic
radiation-use efficiency with spectral reflectance [J]. New
Phytologist, 1995, 131(3): 291-296.

Shibayama M, Akiyama T. Estimating grain yield of maturing rice
canopies using high spectral resolution reflectance measurements [J].
Remote Sensing of Environment, 1991, 36(1):45-53.

TFHD, waE, 22 M, S5 KRG I TR P 0 m S i A
MRS [I]. VEHI2EAR, 2003, 29(6): 815-821.

Wang X Z, Huang J F, Li Y M, et al. Study on hyperspectral remote

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

sensing estimation models for the ground fresh biomass of rice [J].
Acta Agronomica Sinca, 2003, 29(6): 815-821.

HEMS, Fafe, BT, 5. 2T Landsat TM SEARAYS/ NI
W EER B SHEERENI]. PEAOLF, 2011, 44(7):
1358-1366.

Tan C W, Wang J H, Zhu X K, et al. Monitoring main growth status
parameters at jointing stage in winter wheat based on Landsat TM
images[J]. Scientia Agricultura Sinica, 2011, 44(7): 1358-1366.
JEIERK, EFE, AR, . ARAIEY LAT A 0w s
FE[J]. PHALRMRBI R 2 224 (A AR BH2ARR), 2004, 32(11):
100-104.

Tang Y L, Wang X Z, Wang F M, et al. Study on the determination
of LAI and biomass of crop by hyperspectral [J]. Journal of
Northwest A&F University (Natural Science Edition), 2004, 32(11):
100-104.

RIFIL, TKAA, 2207, 45w GiE R A 5 R St T AR Bt b e A )
AR T[], Aol TA22R, 2005, 21(1): 36-40.

Song K S, Zhang B, Li F, et al. Correlative analyses of hyperspectral
reflectance with soybean LAI and aboveground biomass [J].
Transactions of the CSAE, 2005, 21(1): 36-40.

FRI, L4, BT, 55 Z ML e et s Bl hE
AR [I]. ARk TR, 2008, 24(HEF] 2): 196-201.

Wang D C, Wang J H, Jin N, et al. ANN-based wheat biomass
estimation using canopy hyperspectral vegetation indices [J].
Transactions of the CSAE, 2008, 24(Supp.2): 196-201.

T, AHE, BREE, 55 BT RDOGIE IR A /N T A T AR R
DN, A SR, 2009, 33 (1) : 34-44.

Feng W, Zhu Y, Yao X, et al. Monitoring leaf dry weight and leaf
area index in wheat with hyperspectral remote sensing[J]. Chinese
Journal of Plant Ecology, 2009, 33 (1) : 34-44.
A &, Nicolas T, T- 204k, 45, A/ 5e8)2 A )
HIRFSE 0] G % 44T, 2010, 30(2): 512-517.
Cheng P F, Nicolas T, Wang J H, et al. New index for crop canopy

LR BB B £L

fresh biomass estimation [J]. Spectroscopy and Spectral Analysis,
2010, 30(2): 512-517.

f87E, Eaifk, 1% ”ﬁ S L MBI BE 43 BT R i Jme/ > — 3 1l )
M4 /N2 AR R TR A R[], DL SO6IE AT, 2013, 33(5):

1315-1319.

FuY Y, Wang J H, Yang G J, ef al. Band depth analysis and partial
least square regression based winter wheat biomass estimation using
hyperspectral measurements [J]. Spectroscopy and Spectral Analysis,
2013, 33(5): 1315-1319.

X vk, 2222, BUE, 45 B TR BHE B B oK T
AR FE)]. Al HLRAHE, 2016, 47(3): 254-262.

Liu B F, LiJ, He J, et al. Estimation models of above-ground dry
matter accumulation of summer maize based on vegetation indexes of
hyperspectral remote sensing [J]. Transactions of the Chinese Society
for Agricultural Machinery, 2016, 47(3): 254-262.

FR, 250, 530 7%E, 45, A e D — 3l I A/ T

T PRI Sk B[], D62 5O6RE 434, 2010, 30(4): 1070-1074.

Wang Y Y, Li G C, Zhang L J, et al. Retrieval of leaf water content
of winter wheat from canopy hyperspectral data using partial least

square regression [J]. Spectroscopy and Spectral Analysis, 2010,



2 4]

s UNEAYE

B

=i

ek

[

T8 S W MRS AR 5 323

(28]

[29]

[31]

30(4): 1070-1074.

Rouse J W, Haas R H, Schell J A, et al. Monitoring vegetation
systems in the Great Plains with ERTS [A]. Proceedings of 3rd Earth
Resources Technology Satellite-1 Symposium, Greenbelt, NASA SP-
351 [C]. Washington, DC, USA, 1974, 1: 309-317.

Haboudane D, Miller J R, Pattey E, ef al. Hyperspectral vegetation
indices and novel algorithms for predicting green LAI of crop
canopies: Modeling and validation in the context of precision
agriculture [J]. Remote Sensing of Environment, 2004, 90 (3):
337-352.

Pearson R L, Miller D L. Remote mapping of standing crop biomass
for estimation of the productivity of the short-grass prairie [J].
Remote Sensing of Enriroment, VI, 1972, 45: 7-12.

Gitelson A A, Kaufman Y, Merzlyak M N. Use of a green channel in

[32]

[33]

[34]

remote sensing of global vegetation from EOS-MODIS [J]. Remote
Sensing of Environment, 1996, 58(3): 289-298.

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.

Wang F, Huang J, Tang Y, et al. New vegetation index and its
application in estimating leaf area index of rice [J]. Rice Science,
2007, 14(3): 195-203.

Haboudane D, Tremblay N, Miller J R, ef al. Remote estimation of
crop chlorophyll content using spectral indices derived from
hyperspectral data [J]. IEEE Transactions on Geoscience and Remote

Sensing, 2008, 46(2): 423-437.



