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Hyperspectral Inversion of Soil Moisture Content in Paddy Fields
Based on Kubelka — Munk Theory

Wei Wei' Zhao Liuwentao' He Lin' Li Sihan' Shan Guofu' Du Jun'?
(1. College of Engineering, Huazhong Agricultural University, Wuhan 430070, China
2. Key Laboratory of Agricultural Equipment in Mid-lower Yangtze River,
Ministry of Agriculture and Rural Affairs, Wuhan 430070, China)

Abstract: Soil moisture content in paddy fields is a critical indicator affecting rice growth, and its rapid
detection using hyperspectral technology holds significant application value. To address the limitations of
hyperspectral inversion accuracy under wide-ranging variations in paddy soil moisture content, a radiative
transfer model was established based on the Kubelka — Munk ( KM ) theory. Using the measured
hyperspectral data and the corresponding soil moisture content values of paddy soil, the absorption and
scattering coefficients were estimated at each wavelength. Two approaches were employed to enhance the
inversion accuracy of soil moisture content. Firstly, a semi-empirical model (KM — OLS — MLP) was
developed by using the absorption-to-scattering ratio as an input feature, combining ordinary least squares
(OLS) and multi-layer perceptron ( MLP). Secondly, simulated spectra were reconstructed using the
absorption and scattering coefficients to augment the training dataset ( KM-data augmentation, KM —

DA), and a soil moisture prediction model was constructed. The results showed that when the mass
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moisture content of paddy soil ranged from 26.33% to 61.09% , the KM — OLS — MLP model achieved
the highest accuracy, with a coefficient of determination ( R>) of 0. 9241 and a root mean square error
(RMSE) of 2. 41% on the test set. The simulated spectra exhibited an RMSE of 0. 008 1 and a structural
similarity index (SSIM) of 0.996 4 on the test set. After data augmentation, the accuracy of the partial

least squares regression ( PLSR ), support vector regression ( SVR), and back propagation neural

network ( BPNN) models was improved, with BPNN model showing the most significant enhancement.

When the ratio of simulated to measured spectra was 2: 1, the test set R* was increased from 0. 790 6 to
0.898 7, and the RMSE was decreased from 4.00% to 2.78% . The research result can provide a

valuable reference for hyperspectral inversion of soil moisture content in paddy fields under wide-varying

moisture conditions.

Key words: soil moisture in paddy fields; Kubelka — Munk theory; hyperspectral inversion; absorption

coefficient; scattering coefficient; data augmentation
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PLSR — SPA 40 0.8808 2.45 0.8530 3.35
PLSR — VIP 120 0.8122 3.07 0.8161 3.75
PLSR — CARS 559 0.8747 2.51 0.8551 3.33
SVR — SPA 40 0.8697 2.56 0.8388 3.51
SVR - VIP 120 0.8579 2.67 0.8398 3.50
SVR — CARS 559 0.9149 2.07 0.869 5 3.16
BPNN — SPA 40 0.9306 1.87 0.8302 3.60
BPNN — VIP 120 0.8632 2.62 0.8111 3.80
BPNN — CARS 559 0.8225 2.99 0.8053 3.86
KM - OLS 38 0.896 3 2.28 0.8927 2.86
KM -OLS—-MLP 38 0.947 4 1.62 0.924 1 2.41
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Fig. 9 Wavelengths selected by different feature

extraction methods
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high water content samples
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Tab.3 Simulated spectral evaluation results

B4R R? RMSE PSNR SSIM SAM

Y4 0.9274  0.0072 28.7572 0.9971 0.0299

MEk4E 0.9122  0.0081 27.5407 0.9964 0.0316
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Tab.4 Comparison of modeling accuracy before

and after data augmentation

Ha iR VE%S R4
Ik
FEARL R? RMSE/% R? RMSE/%
0 0.963 2 1.36 0.8302 3. 60
155 0.9352 1.80 0.8729 3.12
PLSR 310 0.9314 1.86 0.869 1 3.16
465 0.9223 1.97 0.881 0 3.02
620 0.913 1 2.09 0.8720 3.13
0 0.966 5 1.30 0.8385 3.51
155 0.9657 1.31 0.858 1 3.29
SVR 310 0.9345 1.81 0.8711 3. 14
465 0.926 0 1.93 0.893 4 2.85
620 0.908 2 2.15 0.891 6 2.88
0 0.910 4 2.12 0.790 6 4.00
155 0.9022 2.22 0.856 3 3.31
BPNN 310 0.9379 1.77 0.898 7 2.78
465 0.8718 2.54 0.883 7 2.98
620 0.898 6 2.26 0.8715 3.13
4 itig

B G HR T SMC 3 — G R T 46 A 11
RN 7 SR BT A T O 2 5 K R AR AT
BRI T e M BT B B =, LW T 7

VA SR IR B, B 4 TR S fY H  TTARRRE
AR o KM e 1R Sy 58 5 A% e, 38 5 4 AR O
TEA T B A H o B2, B A5 8 7 D i i B T 1 AL
AT HF R .

AHI 5T TR A 48 6 1 i KM 39, #
- M ) A A R, RN A R
KAy, Gat A XSS RECR M, AR Ik
BIO L2230 30 T 9 K 1450 nm 11 900 nm
AT 9 7K 4 R B o K AR S 4T A W i 3 B R R T
O—H #REh Mz & MAGH , N FLiE=MESE,
IO R T AE 8 I Bl S B b 0 = B e 2R, DT
23 B BRAE DL SO ) R 3l 5 = 22 a) 1 41 A BR
i, KM 0 DK 4 18 S 555 23 00 A 0 e 3% 5 155
BN AR A TR B A ROG 2E N K 43 5 ) 0—
H P 31 W IS AR Ak 32 22 A B8 A I WAC 28 B50RN W A I Eb
e BARTE , K 2634 1450 nm Fff 35 XF R O—
H iR sh s —2 % 63K 1900 nm B3 X i
O—H M S5 S MR A AW, WS KPHFA
S ) 45 (R A7 A, S T S0 B B 58 4 (o X S R % 2
JESE AR IEMIE Z& Y T AE P K 1450 nm Al
1900 nm BT I A% B 2 1% 7K 40 W SRR AE o BRI, 7K
SrEI LA O—H R 3 W i A8 £ , 1 15 1% i 2 50 R %
WCE S HEAE B 1450 nm A1 1 900 nm Fff 3T H B )R
e T UL R L R Ay AL TR i
S5O DU B B 58 . IS S e T K 4y T O—H IR
SR AR 3 22 AH B BT i A SR AR, R
KM Z5hE i M4y B2 1w £ O ™ 27K 4 1 AR
AIE S 2500 R

BT KM BG4 2 28 00 B ALEE 2 50 R g B
) B SC R WG ST e AR S i ACRRAE TR K 4 3
T3 3 % WA SR B ) b R R TR I X — B e
o775 By AR AIE B 422 3 O A% ok AR A 5T 0 W i BT
Mk SR OLS 814 W Wi 5 565 e 15 5 7k 8 i & 1 6
R RERVSOR L TA% 58 J5 1%, [F) B A5 B 25 4 ff 3% L ]
fiff B v, R BT WG TR A L S e SMC B AT AT P
K MLP g 57 5% 22 4 MR AL S OLS 4l & Je , AL AL SL
SRHE— AR TE, R R K SRR AR 0 S O
T AR, HIERAE T, B KR
VR iR S B[ B N SR (B e ]
S R S/ g - e el Sy ) | I
THU B A AR R AR L % AR R
RARIE T KRR H LIk Rl k2
HIMZAR TR S Ao 5 | A 2 P AR TR g 0 4 SR A A
B RS T A SO Bz AR R A, T — 25 4
BTG SMC i 57 30k B

FF KM B 0 5580 3G 5 77 vk v, 7R U &R A



45 19 1)

Bk 4. T Kubelka — Munk HHi¢ (1 R [ 4 HE & K R 56 3% S8 BF 5% 373

TG 2 B 20 o) T, 71 8 A B 400 3% 7E (i B
R LKAy A b5 S0 WA, R —
o A IR HCRE A RO B i A I 25 4 S PR
P55 1 ik, IR SMC sz v A58 Y | A 6 A0 B S R
AN 25 B AU B ORg B X B . TE SRR R A Ot AR
o MELLERUE SMC 34 5) 43 A0, i (0] B 5 7K 8 58
MRAS LR R L IR AR, S &K
DX J) (2 i 7K 38 ) A A S s e, T 0T A AR
(1 I 252850 SR 7 A AN RS 51 AR 8006 3% 3 AT %
PE a5 5, ANALEE A0 T r AR AR S B, A
RO FE T M EREAS , TR T T SMC 2 v AR AR ORg
FE Rz AL RE 7T o

LRI IS FH T 4 3 5 7K 3R 38 1) 8 54 A R 5
BLH5 22 )2 40 5 1% 4 B8 ( MARMIT) #l Hapke f5 7
ZE . MARMIT 4520 2 0 i L e 9l o + 1 25 1
KBS BB A8 5 - 20 1) 3% U2 7K 43 X = 3B RS R ) 5
M, LA R ASS 403 3 - B A 2 5 SR (L fo P 2 7R I 3
B KRN AR O I G35 0 75 R 1 48 28 ) 5
B = AL S 13 B TSR S % B ME . Hapke 5
U B i 2 T LR B 22 U RIS DA B L LA 3
57, AH 23 7K SR B A0 B A I i X I Y
T, DLW LA S8, LA b 2 R sy
AECHE i R B AR M . AHELZ T,
ABFF T KM HLIE A0 1599 £ 38 i % 3% 5 &k
SN AT 7 BT AR O PR IEUK 4

BRI BE 7 5 7R BCIHORS JEE  ve HL TBEAI 4 BRI Al
1 [ i, A i A K dl B 3R S5 IR 5 A L

SR, He T KM BE G (9 A b 3 5 K R Ot il
B W TEATIRAFAE LA T Jay B, Ol 33 Ak 3 7 2
— AU 0 ~20 em BYFE H 5 SMC gE A7 A, R
WRHERIZN e AN, (U7 HF 5 52 5 X BN
TR B e, AR R I 32 A A [a] XSRS ] 268 Y Y
e b e — 2P B R G e, DR SO R R Y R =
AL A A G SR AR

5 it

(1) 3T KM FRie K S e 4 38 200 1 e i 5
R 2R B S 2l 20 B AR ) i A I 0 B0 5 o
F 2Rl A 2 s iR fe 7R H 1 SMC R
T B ORG BE

(2) 3T KM FEIE A9 2 2 5 A5 8 (KM — OLS —
MLP) i i OLS %57 SMC 5 % i &1 L i 45 o ¢
2, R 0 MLP #h AR £k vk 362y o Mt R
7 0.924 1, RMSE 7 2.41% .

(3) BT ok A5 09 W 5 0 2R R g B —
B AR K I AN 25 4R 52 30 B0 A 1 o
(KM —DA), #2557 A8 [ SMC J 8 K %) i kG )&
BPNN A5 RS i 418 5 f o 3, BP0 5 5 50 I 3
oA 20 1is 4 R* AL 0. 790 6 4275 % 0. 898 7,
RMSE M 4. 00% &% % 2. 78% .

z £ x #

(1] Wi, R BOCH, 5. TR ROIEE B8 0 R BB 2B & AR T AN L0058 S [T R AL

2 ,2024,55(1) ;316 - 327.

Jin Yahong, Wu Xinmiao, Zhen Wenchao, et al. UAV multispectral remote sensing inversion of soil moisture content based on

window size optimization of spectral information at sampling points [ J ]. Transactions of the Chinese Society for Agricultural

Machinery,2024,55(1) :316 —327. (in Chinese)

[2] MEBE TR, ERE . BT R K08 S B A [T Rl HL =4 ,2025,56 (2) 463 —473.
He Yupu, Wan Jiawei, Wang Rongyong, et al. Analysis of lateral seepage in paddy field with controlled irrigation and drainage
regulation[ J]. Transactions of the Chinese Society for Agricultural Machinery,2025,56(2) :463 —473. (iin Chinese)

[3] MRy RV, "6, %. BT MSC 5 SVM 95 5% KIR LI & K R ELig M [J]. L=k, 2018, 55(6):

1336 - 1344.

Xiong Jingling,Zhu Xicun,Gao Huaguang,et al. Hyperspectral estimation of soil moisture content in rammed soil of Qi — Dynasty
Great Wall based on MSC and SVM[ J]. Acta Pedologica Sinica,2018,55(6) :1336 — 1344. (in Chinese)
(4] X% 8, A%, 55 25T 20 B B0 o6 1 48 HA0 & /N 2 AR B 3 B K R A S A [T ] AR OIk T2 % 41, 2023,39(13)

131 - 140.

Liu Hao, Yang Xizhen, Zhang Bei, et al. Estimation model of soil moisture content in root domain of winter wheat using a
fractional-order differential spectral index[ J]. Transactions of the CSAE,2023,39(13) ;131 - 140. (in Chinese)
(5] FETR,IKE, M AS 5. 2T RO FLES % I BB A A /N AE T35k BT [T ] A0l LA 41,2023 ,54 (12) .

350 - 358.

Tang Zijun,Zhang Wei, Xiang Youzhen, et al. Monitoring of soil moisture content of winter wheat based on hyperspectral and

machine learning models[ J |. Transactions of the Chinese Society for Agricultural Machinery,2023,54 (12):350 - 358. (in

Chinese)

(6] M3, Zefate  FEIEZE A%, kT SURVL 4 0 06 09 22 D6 3% 1 8B K R SO AT 58 [ ). 15 /K HE 88,2025 (6) 145 - 54.

Yang Wenju, Li Fenhua, Kang Dekui, et al. Study on multispectral soil moisture inversion model based on sensitive variable



374

P A1 M S 4 2026 4

[9]

(10]

[11]

[12]

[16]

[17]

[24]

[25]

screening[ J]. Water Saving Irrigation,2025(6) :45 - 54. (in Chinese)
BRE RE R, AR, % A B ANDEIE R B 5 SO E 10 R B 4 S K R A I RURE 5T [T ] Al HLIE 25 4R
2024,55(9) :347 -357.
Li Zhijun, Chen Guofu,Zhi Jiawei, et al. Estimation model of soybean soil moisture content based on UAV spectral information
and texture features[ J]. Transactions of the Chinese Society for Agricultural Machinery,2024,55(9) :347 - 357. (in Chinese)
WL, T80 5 T R SO0 Hod 09 L S K R R [ 1] Rolk TR %4 ,2017,33(22) ;195 - 199.
Yang Xiguang, Yu Ying. Remote sensing inversion of soil moisture based on laboratory spectral reflectance data[ J]. Transactions
of the CSAE, 2017, 33(22) :195 - 199. (in Chinese)
Zhong J,Song Y, Yang M, et al. Strong N, O uptake capacity of paddy soil under different water conditions[ J]. Agricultural Water
Management,2023,278 .108146.
Perry H, Carrijo D, Linquist B. Single midseason drainage events decrease global warming potential without sacrificing grain
yield in flooded rice systems[ J]. Field Crops Research,2022,276:108312.
AR, W B, AR, A B R A HLB & e e A SR R [T ] ROl AR A4 ,2015,31(9) <114 - 120.
Si Haiqing, Yao Yanmin, Wang Deying, et al. Hyperspectral prediction of soil organic matter contents under different soil
moisture contents[ J]. Transactions of the CSAE,2015,31(9) :114 —120. (iin Chinese)
BER BB AF UK S OEIEHORTE 1K S & A AT S e LT 1. Sl 50615 43 #7 ,2020,40(12) :3705 -3710.
Li Xinxing, Liang Buwen,Bai Xuebing, et al. Research progress of spectroscopy in the detection of soil moisture content[ J].
Spectroscopy and Spectral Analysis,2020,40(12) ;3705 —3710. (in Chinese)
Shin S K, Lee S J,Park J H. Prediction of soil properties using VIS-NIR spectroscopy combined with machine learning; a review
[J]. Sensors,2025,25(16) :5045.
ET L RRN BB, BT 2R e e i bR R R A S KR MR T]. WK BE, 2023(7) 110 - 19.
Wang Yong ,Hou Chenyue, Yang Xizhen, et al. Inverting frozen soil moisture content based on various hyperspectral indexes
[J]. Water Saving Irrigation,2023(7) :10 = 19. (iin Chinese)
NP, EEE, 28T, 5. 2T AL > 09 RDOE R LR - SRR BLR O L [T]. 05441 , 2025 ,45(6) 222 - 231.
Liu Kai, Wang Yufeng, Peng Zhiqing, et al. Machine learning for hyperspectral characteristic band extraction in soil nutrient
analysis[ J]. Acta Optica Sinica,2025,45(6) :222 —231. (in Chinese)
Milosevic M, Berets S L. A review of FT — IR diffuse reflection sampling considerations[ J]. Applied Spectroscopy Reviews,
2002,37(4) :347 -364.
i, £, BB . A E KB R O6E S Rk 2 R [ 1] 03 4 5O63% 43 47, 2019,39(11) 13514 -
3518.
Yuan Jing, Wang Xin, Yan Changxiang. A semi-empirical model for reflectance spectral of black soil with different moisture
contents[ J]. Spectroscopy and Spectral Analysis,2019,39(11) :3514 —3518. (in Chinese)
Wu F,Tan K, Wang X, et al. A semi-analytical radiative transfer model for explaining soil spectral features[ J]. International
Journal of Applied Earth Observation and Geoinformation,2023,118:103250.
Lazaar A ,Mouazen A M,Hammouti K E L, et al. The application of proximal visible and near-infrared spectroscopy to estimate
soil organic matter on the Triffa Plain of Morocco[ J]. International Soil and Water Conservation Research,2020,8(2) ;195 -
204.
Alcaraz de la Osa R,Iparragirre I,Ortiz D, et al. The extended Kubelka — Munk theory and its application to spectroscopy[ J].
ChemTexts,2019,6(1) ;2.
Mohseni M, Bastani S, Allonas X, et al. Effect of scattering nanoparticles on the curing behavior and conversion gradient of UV-
curable turbid systems: two-flux Kubelka — Munk approach[ J]. Progress in Organic Coatings,2018,115; 65 —73.
Norouzi S, Sadeghi M, Liaghat A, et al. Information depth of NIR/SWIR soil reflectance spectroscopy[ J]. Remote Sensing of
Environment,2021,256.112315.
B, A, Bk, % KT 3R IR SO X ~ 761 nm M2 R 9SG BRI [J]. 1822 4i,2018,22(3) :424 -
431.
Wen Yansha,Deng Jianming, Mao Zhihua, et al. Effect of the fresnel reflection of a water surface on chlorophyll fluorescence
line height at approximately 761 nm[ J]. Journal of Remote Sensing,2018,22(3) :424 - 431. (in Chinese)
USSR BT T WA T OB S & AR TS 5 ARHNet A 055 TR E WM (R ) [T]. T E
5% ,2025,52(19) ;191 - 199.
Li Shiwen,Hu Mengyun, Li Luning, et al. Femtosecond plasma grating-induced breakdown spectroscopy combined with ARHNet
for quantitative analysis of chromium in soil (invited) [J]. Chinese Journal of Lasers,2025,52(19) :191 - 199. (in Chinese)
JEEE P B A R B R Ty vk RN R [T ] 2 B a2 R, 2025,44(6) 11227 - 1236.
Tang Lei, Mao Yehui, Cai Jing, et al. Spectral data augmentation methods and their application progress [ J]. Journal of
Instrumental Analysis, 2025,44(6) :1227 —1236. (in Chinese)
(#5396 T1)



396 PE AR S S 20264

[19] fie®, kb3, & TR 36T 004/ B w28 0 2% 19 /R 0l 2 RO R BN A &L [T ] i [/ AR ML Ak 2 4z, 2024,
45(12) : 73 -80. DOI:10.13733/j. jeam. issn. 2095 - 5553.2024. 12.012.
Ni Meiyu, Du Zitao, Cao Weigang. Crop greenhouse environmental temperature prediction model based on optimized wavelet
neural network[ J]. Journal of China Agricultural Mechanization, 2024, 45(12): 73 —=80. (in Chinese)

[20] Jung D H, Kim H S, Jhin C, et al. Time-serial analysis of deep neural network models for prediction of climatic conditions
inside a greenhouse[ J]. Computers and Electronics in Agriculture, 2020, 173 105402.

[21] sk, R4, Gk s AW IR RN E E G2 RN EI[T]. £k TR, 2020, 36(5) : 201 -
211.
Zhang Guanshan, Li Tianhua, Hou Jialin. Temperature prediction model for glass greenhouse cladding considering dynamic
absorptivity[ J]. Transactions of the CSAE, 2020, 36(5): 201 —=211. (in Chinese)

[22] #B%HE, FESFHN, &Pk, %5, 3T TimesTransformer i RV B G FR B M S8R [J]. m Al K222 4, 2026,
49(3) :653 - 664.
Hao Xuan, Ren Shougang, Shu Xin, et al. Research on environmental prediction and regulation of agricultural facilities based
on TimesTransformer[ J]. Journal of Nanjing Agricultural University, 2026 ,49(3) :653 —664. (in Chinese)

[23] Cai X, Liu T. State of health prediction for lithium-ion batteries using transformer-LSTM fusion model[ J]. Applied Sciences,

2025, 15(7) : 3747.

(%% 374 TT)

[26]

[29]

[30]

[31]

T oA, E R, 4008, 5% T NSWOA - ELM B KR )2 A R &8 R JriE ] Rl LR 4k ,2025,56 (7) -
532 -540.

Yu Fenghua,Cao Huini, Jin Zhongyu, et al. Inversion method of nitrogen content in rice canopy based on NSWOA — ELM
algorithm[ J]. Transactions of the Chinese Society for Agricultural Machinery,2025,56(7) :532 - 540. (in Chinese)

Liu X, Ma T, Zhang H, et al. The accumulation of fungal not bacterial residue carbon is management-dependent under
conventional and organic practices in apple-orchard soil[ J]. Geoderma,2024 ,448 .116968.

MG L 57 S, BEIRE , A B T A ARUR 28 [ 405 114 O BH O % A BR R Ay BE R T A TR [T ). B F AR R, 2025,54 (3) 1221 -
230.

Zhang Peng, Weng Jianwen, Kang Qing, et al. Super-resolution solar spectral irradiance reconstruction method based on
convolutional neural network[ J]. Acta Photonica Sinica,2025,54(3) :221 —230. (in Chinese)

Koch M, Schodlok M C,Guggenberger G, et al. Effects of water tension and surface roughness on soil hyperspectral reflectance
[J]. Geoderma,2021,385:114888.

Wilson R H,Nadeau K P,Jaworski F B, et al. Review of short-wave infrared spectroscopy and imaging methods for biological
tissue characterization[ J]. Journal of Biomedical Optics,2015,20(3) :030901.

Tsenkova R, Muncan J, Pollner B, et al. Essentials of aquaphotomics and its chemometrics approaches [ J]. Frontiers in
Chemistry,2018,6:363.

Bablet A,Vu P V H,Jacquemoud S,et al. MARMIT :a multilayer radiative transfer model of soil reflectance to estimate surface
soil moisture content in the solar domain (400 ~2 500 nm) [ J]. Remote Sensing of Environment,2018,217; 1 —17.

Ding A,Ma H,Zhao P,et al. Improved Hapke model to characterize soil moisture content variation[ J]. Environmental Sciences
Proceedings,2024,29(1) .76.



