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Fig. 13 Comparison of east—west velocities of the Osbornebreen Glacier from four methods over different monitoring periods
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Fig. 14 Comparison of north—south velocities of the Osbornebreen Glacier from four methods over different monitoring periods
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Monitoring surge—type glacier velocities using Pixel Offset Tracking Small
Baseline Subset method with Robust Trend—Outlier Decomposition
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Abstract: Conventional pixel offset tracking small baseline subset (SBAS) methods, including Multidimensional SBAS based on pixel
offset tracking (PO-MSBAS) and Three-dimensional pixel offset tracking SBAS (3D PO-SBAS), suffer from severe outlier contamination
when deriving 3D time-series velocities of surge-type glaciers. These outliers obscure true glacier motion and reduce the reliability of
retrieved velocity fields, especially during rapid surge episodes. This study aims to develop a robust signal-processing strategy to identify
and suppress outliers effectively, thereby improving the accuracy, continuity, and physical plausibility of 3D time-series velocity monitoring
for surge-type glaciers.

This study proposes a Robust Trend-Outlier Decomposition (RTOD) algorithm that decomposes an original time series into trend,
outlier, and residual components. RTOD first estimates a trend using an adaptive moving average whose window width depends on the series
length. RTOD then performs an iterative two-step outlier detection on the detrended residuals: For each time point, it calculates the local
median and the Median Absolute Deviation (MAD) within a local window (excluding the point itself and previously identified outliers). It
computes two anomaly scores: one based on the raw MAD and the other based on the MAD scaled by 1.4826 (which provides a consistent
estimate of the standard deviation). It flags a point as an outlier if either score exceeds a predefined threshold of 3.5. After detecting outliers,
the algorithm reconstructs a cleaned signal using a variance-based decision rule: If the residual component has the largest variance
contribution, the cleaned signal retains only the trend; otherwise, it retains both the trend and residuals. The RTOD algorithm is integrated
into two frameworks: (1) RTOD-PO-MSBAS, where RTOD is applied to the Line of Sight (LOS) and azimuth displacement time series from
ascending/descending Sentinel-1A/B synthetic aperture radar (SAR) images before constructing the sparse inversion matrix; and (2) RTOD-
3D PO-SBAS, where RTOD is applied to the LOS and azimuth velocity time series after SBAS processing. Both methods then solve for
cleaned 3D (east-west, north-south, and vertical) velocity time series. Validation uses 2018 — 2024 Sentinel-1A/B SAR data (286 descending
and 176 ascending images) over the surge-type Osbornebreen Glacier, Svalbard, with cross-validation against Sentinel-2A/B optical
velocities and the inter-mission time series of land ice velocity and elevation (ITS_LIVE) annual velocity products.

RTOD processing substantially suppresses outliers and improves agreement with independent datasets. On the western branch,
compared with Sentinel-2 derived horizontal velocities, the correlation coefficient increases from 0.03—0.77 (traditional methods) to 0.15—
0.98 (RTOD-based methods), and the interquartile range (IQR) drops from 35.45—717.26 to 33.59—142.42. On the eastern branch, the
correlation coefficient rises from 0.01—0.27 to 0.47—0.80, and the IQR decreases from 140.07—3056.97 to 40.70—113.62. The annual
velocity curves from RTOD-PO-MSBAS and RTOD-3D PO-SBAS show strong consistency with ITS LIVE products, with differences
mostly within 150 m/a (western branch) and 100 m/a (eastern branch). Furthermore, the cleaned 3D velocity maps (east-west, north-south,
and vertical) exhibit spatially continuous, physically plausible patterns, effectively removing the fragmented, outlier-dominated fields
produced by traditional methods.

The RTOD method effectively removes outliers from time-series velocity data of surge-type glaciers, substantially enhancing the
reliability of 3D time-series monitoring. The proposed RTOD-PO-MSBAS and RTOD-3D PO-SBAS algorithms provide clean, continuous
velocity signals while preserving true glacier motion trends. This approach not only supports high-quality studies of surge-type glacier
dynamics but also offers a methodological reference for monitoring other large-magnitude surface displacements, such as landslides and
debris flows.

Key words: surge-type glacier, glacier 3D time-series velocity, robust trend-outlier decomposition, PO-MSBAS, 3D PO-SBAS, Osbornebreen
Glacier, Svalbard
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