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Abstract: Drought is one of the major threats to national food security. Accurate soil moisture monitoring technology is not only
essential for drought mitigation and disaster reduction but also serves as a critical foundation for water-saving irrigation in high-
standard farmland. Based on FY-3D remote sensing data, statistical analysis methods are used to screen key feature variables such
as vegetation indices and soil parameters that are significantly correlated with soil moisture variations. These features are then
used to develop Random Forest, XGBoost, and ConvLSTM deep learning models for retrieving soil volumetric water content at a
depth of 0-20 cm. The results indicate that during the Bare soil - Sowing period and Maturity period, soil parameters and land
surface temperature (LST) are the dominant factors for soil moisture retrieval. In contrast, during Emergence - jointing stage and
Tasseling - Grouting stage, the impact of vegetation indices on soil moisture inversion is significantly enhanced. Compared with
single-time-point modeling, the R* of dual-time-point modeling increases by more than 0.45, significantly enhancing model
accuracy. The ConvLSTM model demonstrates strong stability and generalization ability, with mean R* values of 0.71 across
different periods, RMSE below 0.046 (cm’/cm’), and MAE below 0.032 (cm’/cm’®). The dual-time-point ConvLSTM modeling
enables high-accuracy retrieval of soil moisture in Liaoning Province, achieving large-scale, daily soil moisture monitoring, and
providing effective support for meteorological drought mitigation and disaster reduction operations.
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Fig. 1 Overview of the study area and distribution of automatic soil moisture observation stations
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Table 1 Rs index
W 2 i TEIRFREL TREG SR
Monitoring parameters RS index Index algorithm Origin
=2 = yH RpE SEE S B (TCT
T A HHAEU(TCD TCI = (LST,,, = LST,)/(LST = LST,) [21]
Canopy temperature Temperature condition index
It K 3485 (LSWI)
: X LSWI = (RNIR - RSWIRI )/(RNIR - RSWIRI) [22]
Land surface water index
LIAMERUA—1k 2 (H (NDIIB7)
Normalized difference of infrared NDIIBT = (Ry = Rsyipa )/ (Ryp + Rypia) [23]

T JE KR index
IH—Ab T 45 % (NMDI)

Normalized multi-band drought

Canopy water content

NMDI = [RAYR - (RSW[RI - RSWIRZ)]/[RNIR + (RSWIRI - RSWIRZ)] [23}

index
ARG HEE (WD) W RR 1]
Water index 0570
A — AR BEAE R (NDVI)
. . NDVI = (RNIR - RRED)/ (RNIR + RREI)) [24]
Normalized difference
PROMBHEE(BVD
. . BVI: (RGREEN - RSWIRZ )/(RGREEN+ RSW[RZ) [19}
s T Brown vegetation index
e AR B (VD) [19]
Crop morphology and i o VCI = (NDVI - NDVI,,;, )/ (NDVI,,, = NDVI,.,)
Vegetation condition index [25]
greenness ) o
AR AR E(TV)
) TVI = T¢/NDVI [26]
Temperature Vegetation Index
K S (VHID)
BRI VHI = 0.5 x (VCI + TCI) [27]
Vegetation Health Index
H—Ak 22 57K SR E (NDWI)
o Aol L . . . NDWI = (RNIR - R(;REEN)/(RWR + RGREEN) [28]
A KR Normalized difference water index
Soil water content AR FEE(VSWD)
VSWI = NDVI/LST [19]

Vegetation Supply Water Index

VE : max F min 73 51 27 B¢ i AR KA, e RNIR , RSWIR1, RSWIR2,R905,R940, RRED Al RGREEN 43 7 % |8 [ & FY-3D/

MERSIHHE 1111 4.8.9.18.20.3 I 2 S BR H3E

Note: "max" and "min" represent the highest and lowest values, respectively . RNIR, RSWIR1,RSWIR2,R905,R940,RRED and
RGREEN correspond to bands 4,8,9,18,20,3 and 2 in the FY-3D/MERSI data, respectively.
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Table 2 Drought grades based on soil relative moisture index (Rsm)

AR R %

L Soil relative moisture index
Grade b+ B #it
Sandy soil Loam soil Clay soil
J& 5 Normal Rsm=>55 Rsm=60 Rsm=65
15 Light drought 45<Rsm<55 50<Rsm<60 55<Rsm<65
152 Mid-drought 35<Rsm<45 40<Rsm<50 45<Rsm<55
Hi 7 Heavy drought 25<Rsm<35 30<Rsm<40 35<Rsm<45
H557 Severe drought Rsm<25 Rsm<30 Rsm<35
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Fig. 3 Correlation analysis between soil volumetric water content and selected datasets for different periods
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i3 P<0.05, ** gL E P<0.01,** gk B3 P<0.001.

Note: In the figure, red represents a positive correlation and blue represents a negative correlation. The darker the color and the larger
the circle, the stronger the correlation. * is significant P<<0.05, ** is more significant P<<0.01, *** is highly significant P<<0.001.
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Fig. 4 Feature importance distribution for different periods
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Fig. 5 Comparison of R* between modeled and observed soil moisture for single-/dual-time-node models for different

periods
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Note: In the figure, @ represents a single phase and A represents a dual phase.
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Table 3 Proportion of R’ranges between modeled and observed soil moisture under single-/ dual-time-node models

AR 3R vV 53] ety
R Bare soil-sowing period Emergence-jointing stage Tasseling-grouting stage Maturity period
Bit]
2 i Single W Dual i Single X Dual i Single X Dual i Single W Dual
range
¢ SHo% EE% % BH% S BH% A% %
Proportion  Proportion ~ Proportion  Proportion  Proportion  Proportion  Proportion  Proportion
[09,1] 12.20 19.51 7.02 28.07 13.04 26.09 11.11 25.93
[0.8,0.9) 14.63 21.95 7.02 19.30 0.00 435 7.41 14.81
[0.7,0.8) 12.20 21.95 15.79 22.81 8.70 13.04 14.81 11.11
[0.6,0.7) 24.39 29.27 3.51 21.05 30.43 30.43 18.52 7.41
[0.5,0.6) 12.20 4.88 7.02 7.02 8.70 17.39 29.63 33.33
[0,0.5) 24.38 2.44 59.64 1.75 39.13 8.70 18.52 7.41
[0,1] 100 100 100 100 100 100 100 100
T+ 2 T B BRI LTS R XA U IR ]9 5
Note: Single represents the single time-node model, and Dual represents the dual time-node model.
F 4 ERMREITF NIRRT LR
Table 4 Comparison of model test set evaluation indicators
A W TEDR BR-REF Y HE - ) v e 1Y) ALY
Model Evaluation index  Bare soil-sowing period Emergence-jointing stage  Tasseling-grouting stage =~ Maturity period
S R 0.973~0.993 0.965~0.992 0.973~0.991 0.973~0.991
LR o
RMSE(cm’/em’) 0.005~0.007 0.005~0.008 0.006~0.007 0.005~0.010
Random forest
MAE (cm*/cm?*) 0.002~0.002 0.002~0.003 0.003~0.003 0.002~0.004
Rr? 0.954~0.984 0.954~0.983 0.958~0.976 0.951~0.978
XGBoost RMSE(cm®/em?) 0.007~0.010 0.008~0.001 0.009~0.010 0.010~0.011
MAE(cm*/cm?) 0.005~0.007 0.005~0.006 0.006~0.008 0.005~0.007
R 0.951~0.974 0.875~0.982 0.946~0.979 0.891~0.961
ConvLSTM ~ RMSE(cm’/cm?) 0.011~0.012 0.010~0.017 0.011~0.013 0.012~0.017
MAE (ecm’/cm?) 0.007~0.008 0.006~0.010 0.008~0.009 0.008~0.012
Random forest XGBoost ConvLSTM
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Fig. 6 Fitting between retrieved and observed values of different models (=82 790)
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Fig. 7 Distribution of R* between retrieved and observed soil moisture for different periods
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Table 5 Comparison of evaluation metrics for model inversion results
R BRI B -RER -3 4 Filve-ESR A0 TR
Model Evaluation index ~ Bare soil-sowing period ~ Emergence-jointing stage  Tasseling-grouting stage ~ Maturity period
BEHLZE A R 0.462~0.934 0.474~0.944 0.474~0.812 0.486~0.948
RMSE(cm?/em?) 0.012~0.042 0.012~0.031 0.017~0.036 0.011~0.037
Random forest y\ & (embem?) 0.008~0.026 0.008~0.027 0.012~0.026 0.007~0.031
R 0.243~0.885 0.431~0.924 0.433~0.763 0.365~0.926
XGBoost RMSE(cm?/em?) 0.014~0.037 0.016~0.032 0.020~0.036 0.014~0.040
MAE(cm?’/cm?®) 0.013~0.030 0.011~0.025 0.014~0.027 0.009~0.029
R 0.574~0.910 0.560~0.883 0.548~0.767 0.499~0.911
ConvLSTM  RMSE(cm?/cm?) 0.014~0.035 0.015~0.033 0.019~0.032 0.017~0.046
MAE(cm’/cm?®) 0.010~0.025 0.010~0.027 0.014~0.025 0.017~0.032
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Fig. 8 Drought-grade maps for different periods



* 930 - AR A R 224 (H SRR A R

57 %

#=6 CHREBLIEKSE RN

Table 6 Comparison of published surface soil moisture results

Ik TAEE P[] 43 23 ) 3 i P
Method Satellite data Temporal resolution  Spatial resolution Accuracy Reference
RF/GBM MODIS Daily 1 km R?:0.48~0.62 (6]
ConvLSTM FY-3D Daily 250 m R?:0.50~0.91 KTk
LEip (17):11-20.
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