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Abstract: In order to fully exploit the time-series information and trend information of time-series
remotely sensed parameters and further improve the yield estimation accuracy of winter wheat, vegetation
temperature condition index ( VTCI), leaf area index (LAI) and fraction of photosynthetically active
radiation (FPAR), which were closely related to the growth and development of winter wheat, were
selected as remotely sensed parameters, and a neural network was constructed based on variational mode
decomposition (VMD) and gated recurrent unit (GRU). The VMD algorithm was applied to decompose
each remotely sensed parameter series into multiple sets of intrinsic mode function (IMF) components,
and the IMF components that were highly correlated with the original remotely sensed parameter series
were selected for feature reconstruction, and the reconstructed features were used as the input of the GRU
network to develop a combined model for yield estimation of winter wheat. The results showed that the
VMD — GRU model for yield estimation had a coefficient of determination of 0. 63, root mean squared
error of 448. 80 kg/hm”, and mean relative error of 8. 14% , with a highly significant correlation level
(P <0.01), and its accuracy was better than that of the single model for yield estimation, indicating that

the combined model for yield estimation can extract multi-scale and multi-level features of non-stationary
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time series and fully explore the internal linkage between remotely sensed parameters in each growth stage

of winter wheat to obtain accurate yield estimation results and improve interpretability of model for yield

estimation.

Key words: winter wheat; yield estimation; variational mode decomposition; gated recurrent unit;

remotely sensed parameter
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Fig. 1  Geographical location of study area and crop planting areas
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Fig.4 Decomposition result of each remotely sensed parameter series
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Fig. 6 Regional yield estimation of winter wheat in Guanzhong Plain from 2016 to 2022

FHAE , B AR RE AR SE , [H A6 5 7 A A 1 Al U
A A R AR B G o 3 AT H P O T Al
BRI L 14 FE A AS - M, X T 8 7 R A 1 R iE 27
2R FE ST o TR BE 2 T R RL 5 R Y T AE ) K
T AR AR, PRI, a] LA A £ 38 4 T 506 K
(1 o e S L N B T R R S N
56 7 1 0 B HE B AT A RYT S A B TR T AR
RS EE

4 it

(1)K 5 53 fife £ AR AR I HE R 30 5 1 18] )7 47
BB AT 45 , 40 I 43— O o6 — 0 4 — U0 £ 128
R M T 5T VMD — GRU (4 /N 32 B2 2 45 A
i,

(2) JEF oo B 505 1 A DR A5 4 K OF
Xf 1 B I IS 1 B I 9103 % 2 HOHEAT VMD 3

fife 45 B A 2% 21 IMF 43 1 A MR B0 , BB % R AE I
LR B[R] )5 91 318 J2% 2 50 28 & i AR Lk AR fE
Ko TR OGRS 56 45 A 2 A &L IMF 43 & i AT
FROETE G, 48T T RRAE 7 30 0 - o vk Fn ol i ek L O
P8 a6 1y 4 vh 5 AR K 3O 5C 1y i 35 BORR 2
(E=N

) ETHEL/NEEKNZ R AR
TR S R HE ) VMD — GRU 41 & il 7 s 78 52
T B L 7 A R O AR T T A AL Y AT i
B A6 B Sl ROBE B 7 A b AT R A S
A B (0 & /N F B PR I 4 R 5 ST bR R R R
RMSE FI MRE 4 %] & 0.63 ., 448.80 kg/hm’ i
8.14% , H B EMER I 450 P <0. 01, 5 B i 3% /K
o FE TR AL R B AR R AT PO R A N
BRI S5 SRR W A /N 7 i A [B) S A B Y R
R4 AL, 5 2B B O3 A1 R i — B

& % x Wt

(1] AUEGER, VT, /D2 (0 R AR 7™ A 28 R

LR WPNET]. Rk TR, 2022, 38(8) : 304 -314.

DAI Ruixi, XU Shiwei. Spatiotemporal characteristics and influencing factors of the green total factor productivity of wheat in
China[ J]. Transactions of the CSAE, 2022, 38(8) : 304 —314. (in Chinese)
(2] T, 200, 2R arnt 45, 3T 2 U I AR FBL o =7 ) Bk &N P BTN BT S [ T]. 2B AE 244, 2022, 42(11)

1419 - 1428.

GAN Tian, LI Lei, LI Hongye, et al. Winter wheat yield prediction based on multi-source remote sensing data and machine
learning algorithms[ J]. Journal of Triticeae Crops, 2022, 42(11);: 1419 - 1428. (in Chinese)
[3] TIAN H R, WANG P X, TANSEY K, et al. A deep learning framework under attention mechanism for wheat yield estimation

using remotely sensed indices in the Guanzhong Plain, PR China[J]. International Journal of Applied Earth Observation and

Geoinformation, 2021, 102 102375.



174 PSS A1 M | = O 14 2024 4
(4] BRMolr ALHSR, EER, 5. LR RS RE[J]. @BEEMR, 2016, 20(5) : 748 -767.

(6]

[7]

[8]

[14]

[15]

[16]

[19]

[20]

[21]

CHEN Zhongxin, REN Jiangiang, TANG Huajun, et al. Progress and perspectives on agricultural remote sensing research and
applications in China[ J]. Journal of Remote Sensing, 2016, 20(5) ; 748 —767. (in Chinese)
XRWY, JE AF, AL 46, BT NDWI AR 4 R 2% 1 4 /N2 P il i [T ] Al DL 4, 2021, 52(12) : 273 - 280.
LIU Junming, ZHOU Zhou, HE Xiaotong, et al. Winter wheat yield estimation method based on NDWI and convolutional neural
network[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2021, 52(12): 273 - 280. (in Chinese)
X AA. T REXMEY R AT e 5B [T]. B2, 2021, 76(11) : 2632 -2646.
LIU Xianfeng, FU Bojie. Drought impacts on crop yield: progress, challenges and prospect[ J]. Acta Geographica Sinica,
2021, 76(11) : 2632 —2646. (in Chinese)
EMEHT SRR, 2N S0 PR B R R B HAE T R b i I LT]. R K% M| (fF AR ), 2001,
26(5) : 412 —418.
WANG Pengxin, GONG Jianya, LI Xiaowen. Vegetation temperature condition index and its application for drought monitoring
[J]. Geomatics and Information Science of Wuhan University, 2001, 26(5) : 412 —418. (in Chinese)
RIEA R E RS AR W R S B P A S SR SRR [T ] AR AL E 4R, 2023, 54(2) 1 1 - 19.
ZHAO Longcai, LI Fenling, CHANG Qingrui. Review on crop type identification and yield forecasting using remote sensing
[J]. Transactions of the Chinese Society for Agricultural Machinery, 2023, 54(2): 1 - 19. (in Chinese)
FORTIN J G, ANCTIL F, PARENT L, et al. Site-specific early season potato yield forecast by neural network in Eastern
Canada[ J]. Precision Agriculture, 2011, 12(6) : 905 —923.
WU Jun, HU Kui, CHENG Yiwei, et al. Data-driven remaining useful life prediction via multiple sensor signals and deep long
short-term memory neural network[ J]. ISA Transactions, 2020, 97. 241 —250.
ZHANG Liangliang, ZHANG Zhao, LUO Yuchuan, et al. Integrating satellite-derived climatic and vegetation indices to predict
smallholder maize yield using deep learning[ J]. Agricultural and Forest Meteorology, 2021, 311 108666.
CHO K, MERRIENBOER B V, GULCEHRE C, et al. Learning phrase representations using RNN encoder-decoder for
statistical machine translation[ J]. arXiv; 1406. 1078, 2014.
WANG J, WANG P X, TIAN H R, et al. A deep learning framework combining CNN and GRU for improving wheat yield
estimates using time series remotely sensed multi-variables [ J]. Computers and Electronics in Agriculture, 2023, 206
107705.
DRAGOMIRETSKIY K, ZOSSO D. Variational mode decomposition[ J]. IEEE Transactions on Signal Processing, 2014,
62(3): 531 —544.
WANG H F, KANG C Y, TIAN Z X, et al. Vegetation periodic changes and relationships with climate in Inner Mongolia
based on the VMD method[ J]. Ecological Indicators, 2023, 146 109764.
Bl B IMESE Bk AR S RO A A RS 43 A K AR A5 Yy VMD — CR —ED M AR AU [ T]. 2040 52 K%k,
2018, 37(1): 80 —86.
YANG Keming, SUN Tongtong, ZHANG Wei, et al. Spectral variational mode decomposition and VMD — CR — ED model on
measuring vopper and lead pollution of corn[ J]. Journal of Infrared and Millimeter Waves, 2018, 37 (1) 80 — 86. (in
Chinese)
LUY J, LIT, HU H, et al. Short-term prediction of reference crop evapotranspiration based on machine learning with different
decomposition methods in arid areas of China[ J]. Agricultural Water Management, 2023, 279 108175.
VLR SEIGE RS SRIBFIT, 4. 2002—2021 4F v [ il K it ik S AL A8 A e [ T]. KBRS, 2023, 39(3) « 170 - 178.
CHU Jiangdong, SU Xiaoling, WU Haijiang, et al. Analysis of terrestrial water storage and its component changes in China
from 2002 to 2021[J]. Water Resources Protection, 2023, 39(3): 170 — 178. (in Chinese)
T4t Bk, AR, JET VMD — SSA — LSSVM A J 1 XU AL T00 [ J] . R FHAEA 4z, 2023, 44(3): 204 -211.
WANG Weigao, WEI Yunbing, TENG Xudong. Short-term wind power forecasting based on VMD — SSA — LSSVM[]J]. Acta
Energiae Solaris Sinica, 2023, 44(3) . 204 —211. (in Chinese)
KL, G RT TKAR EE, AL T RS BRI Morlet 2 i TA] RUBE AR 9 A N E B AT [T ] Al HLAR = 4, 2021,
52(10) : 243 -254.
ZHANG Yue, WANG Pengxin, ZHANG Shuyu, et al. Yield estimation of winter wheat based on two parameters and Morlet
multi-scale characteristics[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2021, 52(10) : 243 —254. (in
Chinese)
2R, EMEHT, XVIR B, 4. T AR R R B B A /N R T R D ROCR A —— L. B 2 R
AR RBEHEGWALT]. TR XIS, 2014, 32(1) ; 236 -239.
LI Yan, WANG Pengxin, LIU Junming, et al. Evaluation of drought monitoring effects in the main growing stages of winter
wheat by using the vegetation temperature condition index— I . Improved analytic hierarchy process and variation coefficient
method[ J]. Agricultural Research in the Arid Areas, 2014, 32(1): 236 —239. (in Chinese)
(T4 % 185 I1)



%13

TR %+ T Sentinel — 1/2 Wit 5 (LA SR SOV 1 1) -+ 96 55 46 fik 2 WAL 0 185

[41]

[42]

[48]

Sundarban delta of India using frequency ratio (FR), fuzzy logic ( FL), logistic regression (LR) and random forest ( RF)
models| J]. Regional Studies in Marine Science, 2021, 42: 101624.

GHOLIZADEH M, JAMEI M, AHMADIANFAR I, et al. Prediction of nanofluids viscosity using random forest ( RF)
approach[ J]. Chemometrics and Intelligent Laboratory Systems, 2020, 201 104010.

PRASAD R, DEO R C, LI'Y, et al. Soil moisture forecasting by a hybrid machine learning technique; ELM integrated with
ensemble empirical mode decomposition| J]. Geoderma, 2018, 330: 136 - 161.

MA Z, SHI Z, ZHOU Y, et al. A spatial data mining algorithm for downscaling TMPA 3B43 V7 data over the Qinghai-Tibet
plateau with the effects of systematic anomalies removed[ J]. Remote Sensing of Environment, 2017, 200. 378 —395.
HENDERSON B L, BUI E N, MORAN C J, et al. Australia-wide predictions of soil properties using decision trees[ J].
Geoderma, 2005, 124(3) . 383 - 398.

BUI M, LIU Z. Simple allele-discriminating PCR for cost-effective and rapid genotyping and mapping[ J]. Plant Methods,
2009, 5(1): 1 -8.

RAJ A, CHAKRABORTY S, DUDA B M, et al. Soil mapping via diffuse reflectance spectroscopy based on variable
indicators; an ordered predictor selection approach[J]. Geoderma, 2018, 314, 146 - 159.

PRERSC, EHiE, KR, & ETEHAIN-TEEBRI R EM LESBEAW MW gy E (], R, 2019,
50(12): 161 -169.

CHEN Junying, WANG Xintao, ZHANG Zhitao, et al. Soil salinization monitoring method based on UAV — satellite remote
sensing scale-up[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2019, 50(12) : 161 - 169. (in Chinese)
TRER, BB, BN, % OB TIINRA RN E - RE T RE LS AR [T]. 4l HUA 2 i, 2022,
53(9) . 226 —238,251.

ZHANG Zhitao, CHEN Qinda, HUANG Xiaoyu, et al. UAV — satellite remote sensing scale-up monitoring model of soil
salinity based on dominant class variability-weighted method [ J]. Transactions of the Chinese Society for Agricultural
Machinery, 2022, 53(9): 226 —-238,251. (in Chinese)

ZHANG J, ZHANG Z, CHEN J, et al. Estimating soil salinity with different fractional vegetation cover using remote sensing
[J]. Land Degradation & Development, 2021, 32(2): 597 - 612.

PENG J, BISWAS A, JIANG Q, et al. Estimating soil salinity from remote sensing and terrain data in southern Xinjiang,
China[J]. Geoderma, 2019, 337 1309 -1319.

SRR, AR, h, S KERAC AR I ERE X - OGERE M [T]. ol TR A=, 2020, 36(18) : 153 - 164.
ZHANG Zhitao, DU Ruiqi, YANG Shuai, et al. Effects of water-salt interaction on soil spectral characteristics in Hetao
Irrigation Areas of Inner Mongolia,China[ J]. Transactions of the CSAE, 2020, 36(18) : 153 —164. (in Chinese)

HE Y, ZHANG Z, XIANG R, et al. Monitoring salinity in bare soil based on Sentinel —1/2 image fusion and machine learning
[J]. Infrared Physics & Technology, 2023, 131: 104656.

(L#EE 174 ,T)

[22]

[23]

[27]

INEL, EMEHT, WEI AR, 5. RO BOR B BT B T ik m g [T]. Al TR AR, 2006, 22(2) ;22 -26.

SUN Wei, WANG Pengxin, HAN Lijuan, et al. Further improvement of the approach to monitoring drought using vegetation
and temperature condition indexes from multi-years’ remotely sensed data[ J]. Transactions of the CSAE, 2006, 22(2) : 22 -
26. (in Chinese)

EMEHT, A 22, A0, A R T A g o T AR R R e e g AR AR ORI T Rl TR A 4, 2017,
33(21). 207 -215.

WANG Pengxin, XUN Lan, LI Li, et al. Extraction of planting areas of main crops based on Fourier transformed
characteristics of time series leaf area index products[ J]. Transactions of the CSAE, 2017, 33(21) ;: 207 —215. (in Chinese)
PN AT, 2, . BT VMD - LSTM [ 4= g 8 FR i Sk [T]. RO MU AE R, 2022, 53 (3T 2) : 234 -240.
HE Zhijiang, LI Qian, WANG Yanchao, et al. Cow dynamic weighing algorithm based on VMD — LSTM[ J]. Transactions of
the Chinese Society for Agricultural Machinery, 2022, 53 ( Supp.2) : 234 —240. (in Chinese)

ER,FEAEAR,FE. BT VMD Il LSTM A A XGEBO [T]. ) RGP 500, 2020, 48(11) : 45 -52.
WANG Jun, LI Xia, ZHOU Xidong, et al. Ultra-short-term wind speed prediction based on VMD — LSTM[ J]. Power System
Protection and Control, 2020, 48(11) : 45 —52. (iin Chinese)

R, A BT A TR R S ORI 4G T 20 TT % 1 A /N A S AR [T ] A ML R, 2022, 53(9) ¢
207 -216.

WANG Pengxin, WANG Jie, TIAN Huiren, et al. Yield estimation of winter wheat based on multiple remotely sensed
parameters and gated recurrent unit neural network[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2022,
53(9): 207 —=216. (in Chinese)

ASUERO A G, SAYAGO A, GONZALEZ A G. The correlation coefficient; an overview[ J]. Critical Reviews in Analytical
Chemistry, 2007, 36(1): 41 —59.



