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Fig. 7 Ascending vs. descending track intensity and interferometric coherence of Gongcuo and Langcuo
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Freeze—thaw effects on SAR-based glacial lake mapping:
Gongcuo and Langcuo case study
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Abstract: Under global warming, glacier retreat and meltwater accumulation drive the expansion of glacial lakes. As a result, the risk of
glacial lake outburst floods that threaten downstream infrastructure and communities increases significantly. Continuous and accurate
monitoring of glacial lakes is essential for disaster prevention. Synthetic aperture radar (SAR) has become widely applied in complex
mountainous glacial lake studies because of its all-weather, continuous capability and cloud-penetrating advantage, with high temporal
resolution enabling capture of seasonal dynamics. However, identification errors caused by seasonal freeze-thaw processes affecting SAR
backscatter characteristics remain inadequately explored, thereby limiting extraction accuracy. This study aims to investigate the response
mechanisms of SAR features to glacial lake freeze-thaw cycles systematically and develop methods to improve monitoring reliability under
seasonal ice conditions.

This study selected two adjacent glacial lakes with distinct freeze-thaw characteristics—Gongcuo and Langcuo in Basu County, Tibet—
as test sites. We analyzed lake area changes throughout 2020 by combining Sentinel-1 SAR imagery with multisource optical data (Sentinel-
2, Landsat-8, and PlanetScope). SAR preprocessing included radiometric calibration, multilooking, and geocoding using GAMMA software.
Lake boundaries were extracted using a simple noniterative clustering algorithm applied to dual-polarization Vertical-Vertical (VV) and
Vertical-Horizontal (VH) intensity data. Interferometric coherence was computed from temporally adjacent SAR image pairs with 12-day
intervals to assess surface stability. The dark channel prior algorithm was employed for cloud masking of optical imagery. ERA5-Land
reanalysis climate data were integrated to correlate SAR feature variations with temperature, precipitation, and wind conditions through
Pearson correlation analysis.

Analysis revealed that Langcuo rarely experiences seasonal freezing, with lake areas extracted from optical and SAR imagery showing
good agreement. By contrast, Gongcuo exhibited pronounced seasonal freeze-thaw differences; in particular, SAR-derived areas fluctuated
between 1.85 and 2.65 km®, whereas optical imagery showed stable areas from 2.6 km” to 2.8 km”. Combined analysis of SAR intensity and
interferometric coherence revealed that Gongcuo develops relatively stable lake ice from November through March annually. This stable ice
is the primary cause of discrepancies between SAR and optical lake extraction. Backscatter intensity exhibited a strong negative correlation
with temperature (=-0.75), thereby confirming that warming promotes ice thinning and reduces effective scattering surfaces. Coherence
analysis demonstrated that stable thick ice maintains high coherence values (mean ~0.2; upper quartile 0.25—0.3), whereas open water and
thin ice show low coherence (mean ~0.15). An empirical threshold classification was established: open water (VH<-24 dB; coherence<
0.15), thin ice (-20 dB <VH<-24 dB; coherence < 0.15), and stable ice (VH=-20 dB; coherence=0.15).

This study demonstrates that SAR imagery is highly suitable for monitoring glacial lakes during warm ice-free seasons or for lakes
without significant seasonal freeze-thaw cycles. Moreover, combining SAR intensity with interferometric coherence provides effective
evidence for identifying the presence of stable lake ice. The findings reveal that seasonal ice cover is the core source of SAR extraction
errors in glacial lake monitoring. The proposed intensity-coherence joint threshold method offers a feasible technical approach for dynamic
monitoring under seasonal freeze-thaw conditions; however, further validation across the diverse glacial lakes of the Tibetan Plateau is
needed to optimize broad applicability.

Key words: glacial lake, area evolution, Synthetic Aperture Radar, backscatter intensity, polarization characteristics, interferometric
coherence, stable ice detection
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