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Relationship between simulated and satellite reflectance
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Fig.2 Distribution of determination coefficient of leaf nitrogen content estimated by different spectral indices
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Fig.3 Relationship between leaf nitrogen content (LNC) and spectral indices

MOEME b, W 4 Bk, RVIL ZE5 1R %
(TCARI/OSAVD Fl GRVI Fi5 HO0 7 0 E = IR0 Y. §E )
e, fHEBAIE - R R . GRVIL VARI. MSAVI,
NPCI. NRI fit g & s R getiaioe, S EEM A
i BIREOCR T, R A S BRCH, S EHRIK,
P E PR s 25 S (EPaRIEn, et —
SEBMENG, SAERMAE M A S =R AT, &
FE%. GRVIFRHOM I A& U s, S I T
oAb AR L AR S 5L

—— T A TR EIND VI
—— Al AR PHBTAREVARI
- — LT B AR BIMSA VI

AP - FE IR R VI
- FRAE AR K AR EUINPCI S A
25— {EA U AR HINRL - 0.4p — RELEMPRMCRVI
s 20 /" =
=15 =
wiop &
#® Z 0.1

05 10 15 20 25 30 35
M A A TELNC/%
b.RVI. GRVI. TCARI/OSAVI

05 10 15 20 25 30 35
MR R BLNC/%
a.NDVI, VARI. MSAVI. NPCI. NRI

B4 ot A QB AR a) ST
Fig.4 Sensitivity analysis of simulated leaf nitrogen content
models

VARI. MSAVI $& 50 10 B 38 FH 1k AR 2 i 1
NRI #1 NPCI #% (J& 4) . VARI 85076 M 252y
BT 2.5%I0F, EHYERR T MSAVI 454k, 2G4 )%;
NRI F55E A 2 & AR T 2%I0, &R T NPCI,
ZJEMI . NDVI $a50R MR ELAT 15 o e R4

(R*=0.53) , {HAR! RERE (LNC-ST Bl FE — Bk
KT 0.25) FIE FHTE AR (S EBEM: 405 8 n 2
fEHOEN) o 25451580 (TCARIV/OSAVD . RVI 555
MRS R RS, S AW (5<0.2) , XTI A
i I Y LA R e M . RVIL S5 4580 (TCARI/OSAVD
XF LNC-SI A8 — Bl 73 0l 4 9.44 F1 3.08, AU
M S B> B0 0.0671 A110.1979, Rl RVI FE 7Y (1) 1
PEOE T 4554850 (TCARI/OSAVD) .
2.5 MERAESEMEBRIEE

FIFBGAESE (38 FEAD XTI T AN DG IEREUL Y
RERORE P EATAG G, SCIME S P == () oy A« A5 T7
Fivhsg REC R, BRI ZE RMSE. SFRIAI % % MRE
SERILE S, AR 0.01 EEERE. KBS
RS AR 101 2R U BT TR PR . T
TIFRMIRPREMET 1, RUETLLE 8 bl B
(R G A A S AR AR FARAS TSI, Mk A
A AU<1.5%I0F, BT R (R Al A v 1 B T s
DA, e A B R B> 1.5% 0, BT 18 4 R ]
FEBEARAL T SEME . 8 KAL) MRE 16 25.04% ~
32.79%, RMSE 7F 0.45~0.56 2 [fi]. T MSAVI 5%
FT GRVI $8 50 A5 58 5 S MME P 22 50K, B A %
SRR A TR E RAEG: NPCI Je i 4a5r i
UE4E BRI AR, R*IEF] 0.59, RMSE 4 0.45; %5
E1a% (TCARVOSAVD) F1 RVI G REFE B 45 T A4
AN EORE RS o SR A AN SR Yo R AL, ik FeEo0
Fr S F AR A IR i Y i T R AR R (RS 1, AT
RVI $5 BT A LNC =0.0631RVI+0.2811 /& 1 %L
T Al S AR AR



%59 3 PR PR BT GF-1 AU I A/ 00 e Al 5 161
4 4 4 4
R*=0.50 R*=0.51 R*=0.51 R*=0.33
3L RMSE=0.46 3L RMSE=0.46 3l RMSE=0.47 3 RMSE=0.54
MRE=26.64% MRE=29.56% | MRE=29.76%

MRE=27.77% .~

TR Predicted LNC%

TR Predicted LNC%

S Measured LNC/% S Measured LNC/%

a. A 1Lde 5L b. L 4R %L
a. NDVI b. RVI

4 4

R=0.24 R=0.59

RMSE=0.56 . RMSE=0.45
3 MRE=3279% 7 31 MRE=27.74%

R
2 L

o2 5%5%

I

I

TR G Predicted LNC%
Tl {F Predicted LNC%

1 2 3 4 1 2 3 4

1 7 3 4
i Measured LNC/%
e. S LA MR AL
e. GRVI

1 3
i Measured LNC/%
£, RS R
f. NPCI

2 3 4

T Predicted LNC%
TR Predicted LNC%

1 2 é Alt 1 2 3 4
S Measured LNC/% Szl Measured LNC/%
c. A GRS BTE %L d. TR AR 2L

¢. VARI d. MSAVI
4 4r
R=0.46 R*=0.54
RMSE=0.49 RMSE=0.45
31 MRE=30.99%

3t MRE=25.04%

2 45

TR Predicted LNC%
(3]
TiME Predicted LNC%

0 L L L ) 0 . . L )
3

1 2 4 1 2 3
Sl Measured LNC/% Yl Measured LNC/%
g MBI B R L h. 2R 185
g. NRI h. TCARI/OSAVI

A5 ATRE£et A R4 EMES FnE A

Fig.5 Distribution of measured and estimated leaf nitrogen content (LNC) based on checking set

2.6 ET GF-1 TE2EIEAY LNC FIE

76 ENVI 5.0 F, %8 GF-1 T2 ARSI BOT
ZEEFRE (TCARI/OSAVD) 1 RVI$8%0, A L6455
(TCARI/OSAVD) F1 RVI F5E T BT IE T A
TrEIEBAGE, USRI AN G X I A R, 3R
A/ NEIRTFTIAMN AR S mm & sl (B 6) o 755
[ oA S b, SEDUAC/ N B Er i i P e 1) AR B 7 )
B, F AR50 (TCARVOSAVD F1 RVI #5301

108°2'0"

P G Tl Rl SR S B R R [ e A A Ay
—%{. TCARI/OSAVI-LNC #74F1 RVI-LNC fli AR (1)
BIEA N 0.82 A1 091, LARI AT FH Sl $ics
HEATHS SR, 45 1 F W] TCARI/OSAVI-LNC #i74 Fll
RVI-LNC A58 [ ik S5 AF 55 SIS T g (D)3 5 R (1 R e &R
¥ R34 0.56 F110.52, TCARI/OSAVI f5%0H1 RVI 155
B AL RIS AEAN I RE S ARAY T S B, (H3ET
RVI B [ A SRS FE W 7 T TCARI/OSAVI B

107°58

107°56'0"  107°58'0" 108°0'0"
T X5 T T LR T A7

34°24'0" 34°26'0"
T

34°22'0"

107°56'0"
YR R 17 T

108°0'0"

i,

108°2'0"

A

0 1.25 2.50 km
L Se—
oA
Leaf nitrogen
content/%
1.20

1.12
1.08
0.96
0.88
me, e 0.80
Y R AR G

' é - i 5 0.72

a ZETIREL
a. TCARI/OSAVI

Bo AbxR-thR

TR i AN
b. IJRJVT : ] Non-wheat land

£ aALPin

Fig.6  Spatial distribution of wheat leaf nitrogen content

3 W o’

A D EEAS RAEAT DL K S B RO A8
DN P RV R T R U S C YA T TSI K (7!
PEBR AR bR AT TR T BOG TR B e G R AT A
YA FRRRA S FHT R T RO A 102, (X

Toft 7 1530 W 4 52 B M T8 1) K 58 LRGRE b TDUE I IS
(1) 55 S I [ AH EL VR RO E (9 5o 52 1A 3 I
IS TR] FRPIAUR SRS K i, ARMESRICRI R 4
W E R, Pl T DR BRI A B 2 A S
PR E A WIS . s LRI S S e i AL 2
A TS 1 o [ bR IR, [ IO 32 KRG R



162 RNy TFEZ (http://www.tcsae.org)

2016 4F

VI 5 1 T 0 38K /IN8 S o 6 GF-1 PR 28 it s e
KA IEANE S A IE 5, T R [ S 27 AH X
1 P EUE (S S, 45 R WL 58 Uk B 1%
SPRFNE BRGSO RS 8, nTiboh, g
AN B R ST I S BB = T 095, Blt, EET T
A T8 (R IG5 0 5 B XS 1 T S 0 D' By kAT
RAFE, SRIDUR T AL A% B I B — UM B o S S 6 4
@it fe g, U T A F A EF IEM A S
A AT

KX MNRZ s FeHo b RE T 8 A A S EAE
0.01 /K FRFEMIG, HAXRE ST 0.6 Fjailk s Hust
AT Mo CAAERIF 9T 36 W L0 100 0k B AT 20 Ah 0 B R % i
ke G A2 G NS A TIE = 8 I & S IRAW )
B2 5 VARI. NPCI F1 NRI JGiEe 8 f i LNC
Al SRR B B T e e a4l JE T4k S (NED
IO R R EFR bR S B, AU IS TR RS e R0
TUBME, B2 R T R ot A R B 1 e Y
Pem TRRE R AN A B, AR
(TCARI/OSAVID) . RVI. GRVI F&H0n #5575 ity s v A
R R, SRR, AR R R A
R AR P RRURCPE FORS B B8 T A S i . RVI i
FeE B A B B L, S (R, AR RS A P
BT YO8 RECE S 2854540 (TCARI/OSAVD , iX
TEHET GF-1 B /& sl RIS . 2765
AN IET RVI FaECE IR S il & A5 51
FERERL, ATREMIBEK RVI FRECS B &S A 0TI
R* AR 20BN 610~690 nm, ITZLAMNI 750~
900 nm I}, RVI 5 & EMoE 250 045 LLE,
1 22 e T2 21 ' il BRI 21 A5 B 300 X [7] — FEE 4R
EULIERE Y, R, RVIGIEEETE I E 26 TAR N
A E N AZ A — e

BARASCT @A I A/ S &R T
PRI, R0 A b S R SRR o A e 101
2, BT B EEAR AR T SEIE . AR W A
TrEEIE R, AR R R R A RS, 38
Bk B RS REM. T RVI BT RS =
TR mEaREGLEYE, BEES THEHER
(TCARI/OSAVD) , {HJE RVI F8%0fr HoAh 2 & WIEIMG 1)
T B R IAT 5 BT o DT e BT R 5 Wi 5 R AR 1) K
5, BT IRI R g 7 VA R M AR TR P I R 2%, A
I, E UG T 2R T 2 A s e 0 e dse /s —
Tk LA ML ) SN, kb 2 itk i B H A
FRIA L, P mB R A ER R, R AR E I
R RS A A A TR . SR T I AR
S5 RN R S S S 2 IR (R A SR R, it oAt
IELIUESEEENAE

4% 7

ARSI R AN DS N (S0 &N 2256 2 ot

(2

WAL, AP v i 1 o KSR ADL [ 7 i 2 o LA GF-1

A WI-E LA BN SR SR AR, KRR T T
B &N T I WS A SR, JFREA TR
U AN AT . RS AT IO R TR IR . g5 SRR gt
LT 5 U B 1 S S 4 A0 T L S I 1% 2 S 4 ) (14 AH
KAEMET 095, BAT 80 Sl BURTERE S S
LREHIE TR RE L MU R AZ & 1 Bh AVEH
AR ST R WIEE T RV ISR B0 Al SRR G ]
By SRERBHUITFEOUE BB BB T KSR
BRI KB P &5 R e T GF-1 AR BR K 7 5
EREBALESRAL, RN 0.6.

(& % x #

(1] BFFL. RUHERNBIST S Sk M. dbat: Bzt
2009: 17—18.

[2] Yoder B J, Pettigrew-Crosby R E. Predicting nitrogen and
chlorophyll content and concentrations from reflectance
spectra (400-2 500 nm) at leaf and canopy scales[J]. Remote
Sensing of Environment, 1995, 53(3): 199—211.

[3] 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.

[4] Eitel J U H, Vierling L A, Litvak M E, et al. Broadband,
red-edge information from satellites improves early stress
detection in a New Mexico conifer woodland[J]. Remote
Sensing of Environment, 2011, 115(12): 3640—3646.

[5] Wul, Wang D, Bauer M E. Assessing broadband vegetation
indices and QuickBird data in estimating leaf area index of
corn and potato canopies[J]. Field Crops Research, 2007,
102(1): 33—42.

[6] Gitelson A A, Peng Y, Masek J G, et al. Remote estimation
of crop gross primary production with Landsat data[J].
Remote Sensing of Environment, 2012, 121(138): 404—414.

[7] Zhang X, Liao C, Li J, et al. Fractional vegetation cover
estimation in arid and semi-arid environments using HJ-1
satellite hyperspectral data[J]. International Journal of
Applied Earth Observation and Geoinformation, 2013, 21(4):
506—512.

(8] WA, L4, BB, % FIH Landsat TM I

P I 2N ZETTAE I B R BSH)]. AR TR AR,
2011, 27(5): 224—230.
Tan Changwei, Wang Jihua, Zhao Chunjiang, et al.
Monitoring wheat main growth parameters at anthesis stage
by Landsat TM[J]. Transactions of the Chinese Society of
Agricultural Engineering (Transactions of the CSAE) , 2011,
27(5): 224—230. (in Chinese with English abstract)

[9] E&dk, 0%, EBE, 55 JET SPOT-5 R4 /MK
TEY R AR R RO B EAR RS, 2012,
45(15): 3049—3057.

Wang Beizhan, Feng Xiao, Wen Nuan, et al. Monitoring



FIEAE: HT GF-1 DEHHR KA/ N M 7 /& R EAL H

163

[10]

[11]

[12]

[13]

[14]

[15]

(18]

biomass and N accumulation at jointing stage in winter wheat
based on Spot-5 images[J]. Scientia Agricltura Sinica, 2012,
45(15): 3049—3057. (in Chinese with English abstract)
WEM, i, B8, & LT HI-A/IB S2RINA /N E
FEAE ) T2 B A K i b 8 e B W IUAIT ST D). 22 KA
#k, 2015, 35(3): 427—435.

Tan Changwei, Yang Xin, Ma Chang, et al. Quantitative
remote sensing monitoring of major growth indices of winter
wheat at anthesis stage based on HIJ-1A/1B images[J].
Journal of Triticeae Crops, 2015, 35(3): 427 —435. (in
Chinese with English abstract)

TR, KR, BIAW], AR ETE S REREGEAR X
T LD i ARG )22 SPAD(T). A AR 2
4%, 2015, 36(4): 105—111.

Huang Rugen, Liu Zhenhua, Hu Yueming, et al. Retrieval of

typical subtropical crop canopy SPAD value in South China
using GF-1 remote sensing image[J]. Journal of South China
Agricultural University, 2015, 36(4): 105—111. (in Chinese
with English abstract)

PR, T, xigt D ET S5 DEERERA N
2 1 SPAD {HIE AT EI]. AR, 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 with English
abstract)

BIEMK, 40K, FEKBL, 4. 2T GF-1 5 Landsat-8 £
WEIB KGRI oK LAT S FUA[T]. Al TR 244, 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 Chinese Society of
Agricultural Engineering (Transactions of the CSAE), 2015,
31(9): 173—179. (in Chinese with English abstract)

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

Jordan C F. Derivation of leaf-area index from quality of
light on the forest floor[J]. Ecology, 1969, 50(4): 663 —666.
Gitelson A A, Kaufman Y J, Stark R, et al. Novel algorithms
for remote estimation of vegetation fraction[J].
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.

Remote

[19]

[20]

[22]

[23]

[24]

[25]

[27]

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 Remote
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, St-Joseph, MI, USA. ASAE Paper.
2001 (01-11151).

Haboudane D, Miller J R, Tremblay N, et al. Integrated
narrow-band vegetation indices for prediction of crop

sunflower leaves[J]. Sensing of

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.

e, 48 BT Hyperion it ik B 1 ZRIIH- 5% 25
KI[]. Mk TR, 2007, 23(4): 172—178.

Yuan Jinguo, Niu Zheng. Nitrogen and chlorophyll mapping
based on Hyperion hyperspectral image[J]. Transactions of
the Chinese Society of Agricultural Engineering (Transactions of
the CSAE), 2007, 23(4): 172—178. (in Chinese with English
abstract)

s, A, AR, 45 BT SPOT-5 @IESE AN
K B bR R R R AR T E RS
NERLESR, 2014, 20(1): 64—74.

Wau Jie, Li Yuhuan, Li Zengbing, et al. Estimation of biomass
and C and N accumulation at the maturity stage of corn using
synchronous SPOT 5 spectral parameters[J]. Journal of Plant
Nutrition and Fertilizer, 2014, 20(1): 64—74. (in Chinese
with English abstract)

Broge N H, Leblanc E. Comparing prediction power and
stability of broadband and hyperspectral vegetation indices
for estimation of green leaf area index and canopy
chlorophyll density[J]. Remote Sensing of Environment,
2001, 76(2): 156—172.

BRET, ARHE, MUK, A& DNEMEES RSB
WESHAR[]. P ERAEE, 2009, 42(8): 2716—2725.
Yao Xia, Zhu Yan, Tian Yongchao, et al. Research of the
optimum hyperspectral vegetation indices on monitoring the
nitrogen content in wheat leaves[J]. Scientia Agricultura Sinica,
2009, 42(8): 2716—2725. (in Chinese with English abstract)
Schlemmer M, Gitelson A, Schepers J, et al. Remote
estimation of nitrogen and chlorophyll contents in maize at
leaf and canopy levels[J]. International Journal of Applied
Earth Observation and Geoinformation, 2013, 25(4): 47—54.



164 Ak TRE2EHR (http://www.tcsae.org) 2016 &

Remote sensing estimation of winter wheat leaf nitrogen content based on
GF-1 satellite data

Li Fenling™?, Chang Qingrui'**, Shen Jian', Wang Li'
(1. College of Natural Resources and Environment, Northwest A&F University, Yangling 712100, China;
2. Key Laboratory of Plant Nutrition and the Agri-Environment in Northwest China, Ministry of Agriculture, Yangling 712100, China)

Abstract: Nitrogen is a major element for plant growth and yield formation in agronomic crops. Crop nitrogen content
estimation by remote sensing technique has been being a topic research in remote sensing monitoring of agricultural
parameters. Hyper-spectral remote sensing with wealth of spectral information has been widely used in crop physiological and
biochemical information extraction. It provides theoretical basis for estimating crop biochemical parameters based on
multi-spectral satellite data. In terms of multi-spectral satellite remote sensing, spectral reflectances and spectral indices are
effective ways to establish estimation models of biochemical parameters, but which bands and spectral indices are more
effective and reliable for leaf nitrogen concentration monitoring in winter wheat is still debatable. In this article, ground-based
canopy spectral reflectance and leaf nitrogen content (LNC) of winter wheat were measured from field and plot experiments
including varied nitrogen fertilization levels and winter wheat varieties across the whole growth stages. Multi-spectral
broadband reflectance was simulated by using the measured hyper-spectral reflectance and spectral response functions of
multi-spectral camera of GF-1 satellite with a spatial resolution of 8 m, and then, they were used for the establishment of
spectral index (SI). Eight spectral indices significantly correlated with LNC at the 0.01 probability level were used to construct
the LNC estimation models in a linear, quadratic polynomial and exponential regression model respectively. Considering the
influence factors in evaluating the efficiency of the SI-LNC model, i.e., the stability of the SI to other perturbing factors, the
sensitivity of the SI to a unit change of LNC, and the dynamic range of the SI, the improved sensitivity index was proposed
based on the NE and 7y;index models. The optimal LNC estimation model was given according to the sensitivity and accuracy
analysis, and the model was used to inverse the LNC in greenup growth period based on the GF-1 satellite image. The results
showed that: 1) The simulated multi-spectral reflectance was highly correlated with the spectral reflectance from remote
sensing images in visible and near infrared bands. They were consistent with each other keeping a correlation coefficient of
greater than 0.95. It was concluded that the simulated broadband SI considering the spectral response function could be used to
analyze the quantitative relationship with leaf nitrogen in both different growth periods and whole growth stage. 2) The SI
based on the simulated spectral reflectance was significantly related with the LNC at 0.01 probability level with the correlation
coefficient of greater than 0.6. A different pattern of the best combinations was found for 6 two-band spectral indices. The
selection of 610-690 nm paired with 750-900 nm was the most effective two-band combination in RVI index, which was also
the center wavelengths of the red and near infrared bands for GF-1 satellite data. 3) The sensitivity analysis indicated that all
the regression models of selected SI passed the significance test at 0.01 probability level. The TCARI/OSAVI and RVI indices
linearly related with LNC implied a stable response to the LNC changes. The first-order differentials of RVI and
TCARI/OSAVI with respect to LNC were 9.44 and 3.08, and the sensitivity indices were 0.0671 and 0.1979 respectively. The
RVI index was regarded as the most suitable index for LNC estimation. 4) The TCARI/OSAVI and RVI indices performed
well in accuracy test, and the RVI index was more excellent in remote sensing mapping based on the GF-1 satellite image.
Taking all factors into consideration, we believed the model based on the RVI index was optimal for LNC estimation with the
determination coefficient of 0.6.

Keywords: satellites; nitrogen; sensitivity analysis; GF-1; winter wheat
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