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Abstract

Soil moisture is a key parameter for characterizing regional agricultural water conditions and crop
growth environments, and it plays a critical role in agricultural water resource management and ecological
monitoring in arid and semi-arid regions. Remote sensing technology provides an effective means for
large-scale soil moisture monitoring; however, existing studies still face challenges at the farmland scale,
including insufficient spatial resolution and the difficulty of balancing temporal stability with scale
consistency. High-resolution remote sensing inversion can capture the spatial heterogeneity of farmland but
often lacks temporal stability, whereas passive microwave products provide good temporal stability but fail
to represent fine-scale spatial details. In addition, multi-source fusion studies generally lack systematic
analyses of scale coordination mechanisms and their applicability to farmland conditions. To address these
issues, this study focuses on the farmland of the Manas River Basin, an arid and semi-arid irrigated
agricultural region. By integrating synthetic aperture radar (SAR), passive microwave soil moisture
products (SMAP), and multi-source optical and thermal infrared remote sensing data, this study follows the
technical framework of "SAR high-resolution inversion - SMAP spatial downscaling - multi-scale fusion
application". Farmland soil moisture retrieval and dynamic monitoring were systematically conducted
across three spatial levels of 10 m, 9 km, and 1 km.The main conclusions are as follows:

(1) County-scale high-resolution soil moisture retrieval: Sentinel-1 SAR and Sentinel-2 multispectral
data were integrated to construct a multi-source remote sensing feature parameter system. Pearson
correlation analysis and the SHAP (SHapley Additive exPlanations) method were introduced to
quantitatively evaluate feature contributions, leading to the selection of an optimal feature
combination(NDWI, ,cos ,MSAV], FVI, ,VV XVH, VV+VH). Based on these features, a Stacking
ensemble model combining support vector regression (SVR) and random forest regression (RFR) was
developed. The results demonstrate that the Stacking model exhibits superior retrieval accuracy and
stability under complex farmland heterogeneity, significantly outperforming single models such as multiple
linear regression (MLR), SVR, and RFR.

(2) Watershed-scale SMAP spatial downscaling: To address the coarse spatial resolution of SMAP 9
km products, a random forest-based downscaling framework was developed on the Google Earth Engine
(GEE) platform by incorporating auxiliary variables derived from MODIS, including vegetation parameters
(NDVI), land surface temperature (LST), and evapotranspiration (ET). Comparative experiments were
conducted using two variable combinations, namely NDVI-LST and NDVI-LST-ET, within the random
forest downscaling model. Downscaling strategies, including monthly modeling, multi-month pooled

sample-based modeling, and leave-one-month-out (LOMO) cross-validation, were systematically evaluated.

11l



The results indicate that the monthly sample-based model using the NDVI-LST-ET combination achieves
the best overall performance in terms of temporal stability and spatial adaptability. The downscaling results
successfully refine SMAP soil moisture from 9 km to 1 km resolution, effectively capturing the spatial
gradients and seasonal variation characteristics of farmland soil moisture at the watershed scale.

(3) Multi-scale fusion and temporal dynamics analysis: By integrating the 10 m high-resolution SAR
retrieval results with the 1 km downscaled SMAP soil moisture data, linear (MLR) and nonlinear (SVR)
fusion models were developed. The results indicate that SVR-based fusion enhances the representation of
fine-scale spatial details while maintaining regional-scale consistency. Accuracy assessment indicates that
the SVR fusion model achieves the highest accuracy in October of the growing season (R=0.690,
RMSE=0.0659 cm’ /cm* ). Based on the SVR-fused soil moisture data, the temporal dynamics of farmland
soil moisture during the growing season were analyzed. The soil moisture exhibits a clear stage-dependent
pattern: relatively high in May, continuously decreasing from June to July, reaching the minimum in
September, and recovering in October. Spatially, high-value areas expand from localized patches to
continuous distributions in the central and southern regions, while low-value areas remain stable in the
northern and northeastern regions, reflecting the combined effects of the basin's "mountain-oasis-desert"
gradient pattern and irrigation practices.

This study establishes a multi-source remote sensing framework for farmland-scale soil moisture
retrieval, achieving advancements in high-resolution retrieval methods, comparative analysis of passive
microwave downscaling strategies, and multi-scale fusion mechanisms, thereby improving the synergy
between spatial detail and regional temporal stability of soil moisture data.The results provide important
technical support for farmland soil moisture dynamic monitoring, agricultural water resource management,
and crop growth assessment in arid and semi-arid regions.

Key words: Farmland soil moisture; Synthetic Aperture Radar (SAR); Soil Moisture Active Passive

(SMAP); spatial downscaling; multi-scale fusion
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