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Abstract: [BackgroundObjective] Under the dual pressures of global climate change and intensifying
anthropogenic activities, watershed ecosystems face critical challenges, including soil erosion, non-point
source pollution, and water scarcity. The Soil and Water Assessment Tool (SWAT), a physically - based
hydrological model, has established a comprehensive simulation system covering the water cycle,$ediment,
and non-point source pollution, becoming one of the most widely used tools. However, the traditionhal SWAT
model is increasingly constrained by high dependencies on high-quality input data, €dmplex.-parameter
calibration processes, and significant technical barriers for non-expert users, limiting its potential in regions
with limited data and rapid decision-making scenarios. [Methods] Based on a systematic review of the
development history and application limitations of the SWAT model, this<paper focuses on the paradigm
shift of SWAT model development driven by Artificial Intelligence (Ad)fechnology. The research framework
categorizes the convergence of Al and SWAT into specific technological pathways, evaluating how data-
driven techniques address the limitations of physically based’mechdnistms. [Results] The analysis identifies
two distinct yet complementary pathways for AI-SWAT integration: “Embedded Fusion” and “External
Empowerment.” The Embedded Fusion pathway utilizes deep learning and Physics-Informed Neural
Networks (PINNs) to construct hybrid models, optiniizing parameter calibration and process simulation
accuracy through data-driven methods. Conversely, the External Empowerment pathway, exemplified by the
recently released SWAT VEXA system, utilizes'generative Al and Large Language Models (LLMs) to build
the user interaction interface. Thistinnovation transforms complex professional tools into conversational
intelligent assistants, significantly lowering the technical threshold for widespread application.
[Conclusions] This paper compares the development of digital twin watershed technology in China, pointing
out that the SWAT modél is.in a critical transition period from a solitary reliance on physical mechanisms to
a paradigm integrating physical mechanisms and data intelligence. Although this transformation faces new
challengesysuch as’model interpretability and interaction accuracy, it provides a feasible technological
paradigm, for. building smart watershed management decision support systems.
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Tab. 1 Evolution of major SWAT model versions.
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VR S 1 & B, Hrf SWRRB 72 SWAT & FLELIIHT & .
CREAMS, GLEAMS,
Origins and Integrated multiple USDA®ARS models, evolving from the field scale to small
EPIC, SWRRB
predecessors watersheds capable oflsimulating multiple subbasins. Among them, SWRRB is the most

direct predecessor of SWAT.
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Integration and SWAT (1994) Integrated SWRRB with the ROTO channel routing tool, resolving the limitation on the
inception namber 6f subbasins and officially establishing the capability for large river basin
simulation.
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SWAT94.2 (1994) Introduced the concept of HRU to more precisely depict the spatial variability of

underlying surface characteristics.
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THEREIR 25T .
iREH SWAT96.2 (1996) Added auto-irrigation/fertilization, canopy interception, Penman-Monteith
Functional evapotranspiration equation, and soil lateral flow modules; initiated the simulation of
expaision pesticide transport.
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SWAT98.1 (1998) Improved snowmelt and water quality modules, expanded nutrient cycling, and became

applicable to the Southern Hemisphere.
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SWAT99.2 (1999) Modified nutrient and wetland modules, and added calculations for urban pollutant

build-up and wash-off.
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SWAT2000 (2000)
i Added bacteria transport, Green-Ampt infiltration, and Muskingum river routing




Maturation and modules; improved the weather generator.

platformization HAN ArcView GIS BIEF I, KIESEFEIRL 5 F M.
period AVSWAT2000 (2000) Introduced the first ArcView graphical user interface, significantly enhancing the

model’s usability.
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AVSWAT2005 (2005) Integrated sensitivity analysis, auto-calibration, and uncertainty analysis modules;

added a sub-daily precipitation generator.
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SWAT2009 (2009) Improved the bacteria module, enhanced weather scenario simulation, updated the

vegetative filter strip model, and improved nitrogen deposition calcutations/
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SWAT2012 (2012) Incorporated substantial code revisions and optimizations, remaining the classic and
B 5 TR
widely adopted version to date.
Restructuring
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and open-
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source period SWAT+ (2018)

Rewritten next-generation model. Adopts a “connéction-nod@-network™ structure to

represent landscape spatial connectivity and/ntanagement practices more flexibly.
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© How can LKelpyo(?

Capabilitie,

- Tpis model isRrained on 17,000 research papers from the SWAT database

- Fjprecise results, please add as many details as possible and state questestions clearly
andWighout ambiguity

Limitations

- The model has no access to real-time weather data
This model is conversational and not able to execute calculations

Exagnples of SWAT VEXA Questions

B 2 SWAT VEXA 5& .7t
Fig.2 Main Interface of SWAT VEXA.
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