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Table 1 The comparative results between the SWD
inverted from five GNSS validation stations and the SWD

reconstructed from four tomographic schemes

it TrE— TEZ = JrEEm
Bias 0.29 0.33 -0.13 -0.02
RMS 11.56 10.64 10.16 7.53
Min -43.49 -42.08 -38.47 -29.44
Max 44.33 42.18 39.31 29.33
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Fig. 4 Comparative analysis between GNSS—inverted SWD
and tomographically reconstructed SWD from four distinct

schemes across five validation stations
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Fig. 7 The precipitation distribution map of Hunan Province
on June 19, 2022
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Fig. 8 The evolution map of PWV in Hunan Province from UTC 00:00 to 22:00 on June 19, 2022, based on ERAS reanalysis data
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High—dynamic node—parameterized water vapor tomography modeling
for subtropical regions: A case study of Hunan province
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2. Beidou High-precision Satellite Navigation and Location Service Hunan Engineering Research Center, Changsha 410018, China,
3. Hunan Province Mapping and Science and Technology Investigation Institute, Changsha 410018, China

Abstract: Atmospheric water vapor is a crucial component of the troposphere, playing a decisive role in the global energy budget and the
formation of severe weather events. Hunan province, located in a subtropical monsoon humid climate zone with complex topography,
frequently experiences extreme weather disasters such as severe convection and rainstorms driven by intense water vapor activity. Precisely
monitoring the high-dynamic three-dimensional (3D) water vapor field is of great significance for early warning of these disasters. However,
Global Navigation Satellite System (GNSS) water vapor tomography, a primary remote sensing technique, faces significant challenges.
Traditional voxel-based models assume uniform water vapor distribution within a grid, failing to describe continuous spatial variations.
Moreover, limited by station density, these methods often require long time windows (e.g., 30 minutes) to accumulate observations, resulting
in low temporal resolution that misses the rapid evolution of water vapor during extreme weather. This study aims to develop a novel
tomography framework to reconstruct water vapor fields with high spatiotemporal resolution (e.g., 5 minutes) in high-dynamic environments.

A High-dynamic Node-parameterized Water Vapor Tomography Two-step Method (HNT-TSM) is proposed. Unlike discrete voxel
models, this method employs a node-based parameterization strategy where the wet refractivity at any spatial point is determined by the
interpolation of eight surrounding node parameters, ensuring spatial continuity. To address the ill-posed problem in high-resolution retrieval,
the method incorporates an adaptive vertical constraint, introducing a vertical variation parameter that updates automatically during iteration
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to optimize the design matrix. The core reconstruction follows a "two-step" framework: (1) a 30-minute window is used to reconstruct the
linear variation trend (background field) to ensure model stability; (2) based on the modeling residuals from the first step, a residual
tomography model inverts high-frequency deviation terms within short 5-minute intervals. This approach effectively separates stable
background signals from rapid dynamic fluctuations, implemented using the Algebraic Reconstruction Technique (ART).

The method was validated using GNSS data from 123 stations in the Hunan Continuously Operating Reference Stations (HNCORS)
network during June 2022. Four schemes were designed for comparison: Scheme 1 (traditional voxel-based model with uniform distribution),
Scheme 2 (standard node-parameterized model), Scheme 3 (linear time-varying node-parameterized model), and Scheme 4 (the proposed
HNT-TSM). Evaluation using independent Slant Wet Delays (SWD) and ERAS reanalysis demonstrated that HNT-TSM significantly
outperforms the benchmarks. Specifically, in terms of external validation accuracy, the proposed method improved by 35%, 29%, and 26%
compared to Scheme 1, Scheme 2, and Scheme 3, respectively. Furthermore, in a heavy rainstorm case study on June 19, the 5-minute
resolution products generated by HNT-TSM successfully captured rapid water vapor convergence and dissipation processes missed by low-
resolution models, showing high consistency with the precipitation distribution.

The HNT-TSM effectively resolves the conflict between temporal resolution and model stability in GNSS tomography. By integrating
node parameterization with a two-step reconstruction strategy, it achieves high-precision 3D monitoring at a 5-minute level. This method
demonstrates significant advantages in regions with complex terrain and active water vapor changes, such as the subtropical monsoon
region. The resulting high-spatiotemporal-resolution products provide robust data for analyzing extreme weather mechanisms and hold great
potential for data assimilation in numerical weather prediction systems.

Key words: water vapor tomography, wet refractivity, node parameterization, high-dynamic, subtropical
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