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Fig. 2 Spectral characteristics of major gas compositions associated with coal spontaneous combustion process
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Fig. 3 Spectral curves of major land cover types in the pseudo—coal fire background areas
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Fig. 4 Detection results of various algorithms for the wide—swath hyperspectral imagery of coal fire point 1 (A mountain coal fire area

with complex terrain)
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Ground-based hyperspectral imaging detection method for methane
escape from coal fire sources
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Abstract: Coal-rich regions such as Xinjiang, Ningxia, and Inner Mongolia frequently experience spontaneous combustion of coal seams.
This phenomenon releases large quantities of methane, which is a high-impact greenhouse gas. The unorganized and diffuse nature of these
emissions introduces great challenges for detection and quantification, which often contribute to the so-called “missing carbon” sector in
greenhouse gas inventories. Owing to the limitations of satellite resolution and the inadequate adaptability of existing methane detection
technologies in rugged terrains, this study focuses on coal fire areas characterized by unorganized emissions. Using wide-swath ground-
based hyperspectral imagery, we developed a novel detection methodology for methane emissions from individual coal fire sources in
diverse terrains. The goal is to analyze methane escape patterns and assess latent risks of underground coal fires, which offer a new
framework for early-warning systems.

In this work, we investigated methane escape in two representative mountain coal fire areas located in Fukang, Xinjiang, using ground-
based hyperspectral wide-swath imagery collected in June 2023. Seven distinct algorithms were applied: first, we proposed a Modified Least
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Squares Image Enhancement (MLSIE) algorithm by applying the L2-norm least squares regression principle to methane-sensitive spectral
windows (1.66 and 2.3 um) in the SWIR range. Second, we developed the Methane Ratio Derivative Spectral Unmixing (RDSU) algorithm,
which is represented by RCH4I1 and RCH4I3. These algorithms incorporate the spectral ratio derivative unmixing technique and the
spectral sensitivity of methane to suppress background interference from pseudo-coal fire regions while enhancing the spectral signature of
methane. Third, by integrating factors such as cloud shadow detection, mineral content, combustion characteristics, and building-related
features, we developed two methane ratio indices: one is IDSRCH4I3, which enhances the contrast between methane and artifacts; the other
is 2DSRCH4I13, which mitigates artifact interference and highlights methane-enriched areas.

Our evaluation demonstrated the following results. (1) The proposed MLSIE, RDSU, and DSRCH4I algorithms significantly improved
methane detection accuracy compared with the existing CH4I algorithm. (2) The 2DSRCH413, MLSIE (2.3 um), and RCH4I1 algorithms
exhibited superior performance in complex terrains, while 2DSRCH41 and MLSIE (2.3 pm) algorithms were also effective in relatively
simple mountainous coal fire areas. (3) MLSIE (2.3 pm) displayed robust generalization ability. Moreover, 2DSRCH4I3 effectively
minimized artifacts and false positives, which led to superior detection accuracy. RCH4I1 also demonstrated clear detection efficacy in coal
fire areas with significant methane leakage. (4) Methane plumes were detected in two distinct forms: one coexisting with combustion flames,
and the other freely escaping into the surrounding atmosphere.

This work presents a novel methodology for detecting methane emissions from high-temperature and panoramic coal fire sources with
diverse geomorphic characteristics. The findings provide valuable technical support for the identification and assessment of underground
coal fire risks. Furthermore, this work introduces a new approach to early-warning systems for coal fire disasters, with the use of methane
escape as a diagnostic indicator of potential fire formation. However, we recognize that the influence of black carbon aerosols, which may
interfere with mixed spectral signals, was not addressed. Future research could explore the dynamic quantification of methane plumes by
integrating hyperspectral image spectral enhancement techniques to improve detection accuracy.

Key words: coal fire, methane, hyperspectral imaging, SWIR, unorganized emissions, plume detection, artifact suppression, greenhouse
gas, climate change
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