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Abstract. The Antarctic Peninsula (AP), encompassing the ice sheet and its peripheral glaciers, is a highly dynamic compo-
nent of the cryosphere that disproportionately contributes to sea-level rise relative to its size. However, a large spread remains
between the mass changes estimated using gravimetry, altimetry and the mass budget method. Among these techniques, the
satellite (radar or laser) altimetry method has a resolution of, at best, 1 km, which is too coarse to resolve the mountainous land-
scape of the Peninsula. Therefore, we use digital elevation models (DEMs; 30 x 30 m) to provide an estimate of mass changes
across the AP between 2007 and 2021. We combine 476 DEMs derived from SPOTS-HRS satellite images (2006—2008) and
2525 DEMs of the Reference Elevation Model of Antarctica (2020—2022) to map elevation changes for the entire Peninsula.
We vertically adjusted each DEM using near-coincident ICESat/-2 laser altimetry measurements. Our observations cover 70%
of the AP Ice Sheet and 60% of its peripheral glaciers, including regions of the Peninsula poorly studied to date, and reveal
a spatially complex pattern of elevation changes. After correction with different models of firn air content and solid-earth re-
sponse, we find that between 2007 and 2021, the AP Ice Sheet lost -28 + 6 Gt/a while its peripheral glaciers lost -14 + 3 Gt/a.
For the AP Ice Sheet, our new estimate is 4 to 5 times more negative than the one obtained in IMBIE using altimetry data (-
5.2+ 1.8 Gt/a from 2007 to 2019) and in better agreement with gravimetry and the mass budget method. Our study highlights

the importance of resolving fine scale elevation changes of glaciers and ice sheets in complex, dynamic coastal areas.

1 Introduction

The Antarctic Peninsula, covering an area of 335 000 km? (Silva et al., 2020), is a mostly narrow and mountainous region,
characterized by a high altitude plateau that predominantly feeds marine terminating glaciers (Fig. 1a). The Antarctic Peninsula

Ice Sheet (APIS) is surrounded by numerous islands partly covered by ice that are independent from the mainland, referred
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herein as the peripheral glaciers (Pfeffer et al., 2014). Climate conditions vary greatly across the AP, with mild weather and
high snowfall in the west, and drier and colder conditions in the east, where most ice shelves are found (Orr et al., 2008). In
the context of climate change, the AP ice masses are responding dynamically. The region encompasses many of Antarctica’s
rapidly changing glaciers; these changes are often linked to the thinning or breakup of their ice shelves, e.g. Drygalski, Hekto-
ria, and Crane Glaciers (Rott et al., 2002; Rignot et al., 2004; Scambos et al., 2004). Although the APIS constitutes only 4%
of the total area of the whole continent and 0.5% of the total ice volume (extracted from Pritchard et al., 2025), it represented
~15% of Antarctica’s total glacier mass loss between 1992 and 2020 (Otosaka et al., 2023). Both tidewater and ice shelf
tributary glaciers of the AP are projected to significantly contribute to sea-level rise, caused by complex dynamic responses to

climate change (Schannwell et al., 2016).

Previous studies have estimated the mass evolution of the APIS at various timescales, from multidecadal (e.g. Nilsson et al.,
2022; Rignot et al., 2019) to short-term changes (e.g. Seehaus et al., 2023; Wouters et al., 2015). Three main methods are used
to study the mass changes of the polar ice sheets, including the APIS: gravimetry, the mass-budget method (also called the
input-output method) and the elevation-differencing method, based on laser or radar altimetry. Estimates have been calculated
regularly (e.g. Otosaka et al., 2023; Shepherd et al., 2018) and show a large spread in inferred mass loss, especially for the
APIS. For example, over the period 2007—2019, mass changes ranging from -5.2 4 1.8 Gt/a (altimetry) to -41.7 £9.5 Gt/a
(mass budget method) were estimated for this region (adapted from Otosaka et al., 2023). All these methods, providing APIS-

wide estimates, do not resolve fine-scale processes.

Elevation differencing has been extensively applied to the AP using sparse satellite altimetry measurements but rarely from
digital elevation models (DEMs). The DEM-differencing method has been used to study very localized sites (e.g. Zhao et al.,
2017), occasionally providing multidecadal time series (e.g. Kunz et al., 2012). When applied to larger subregions of the AP,
it was limited to short time periods (< 5 years, e.g. Seehaus et al., 2023; Scambos et al., 2014; Rott et al., 2018). Here, we in-
vestigate the mass changes of all AP glaciers using the DEM-differencing method. DEMs can provide elevation information at
high spatial resolution (2—100 m) across areas of hundreds to thousands of square kilometers. However, openly available DEM
datasets, derived either from optical or radar sensors, are not available at annual resolutions for the entire AP. This is due to fre-
quent and persistent cloud-cover hindering optical acquisitions, and the difficulty of unwrapping the phase of radar images due
to the region’s steep topography. Depending on the acquisition technique, DEMs have different limitations: radar-based DEMs
often have firn penetration biases (Bannwart et al., 2024; Rott et al., 2021), while DEMs from optical stereoscopic imagery
are affected by lack of contrast in very dark (e.g. shadows) and very bright (e.g. fresh snow) areas (Noh and Howat, 2015).
Furthermore, any elevation differencing method requires the use of external models to correct first-order elevation changes
for physical processes that affect surface height but not ice mass. These include firn densification, glacial isostatic adjustment

(GIA) and elastic rebound (ELR). The inclusion of these models can introduce large uncertainties into this method.



55

60

65

70

75

80

In this study, we provide a new estimate of the mass changes of the entire AP between 2007 and 2021, covering the APIS and
its peripheral glaciers (Hock et al., 2023). We used only optical imagery and laser altimetry to avoid signal penetration effects.
We generated nearly complete topography for 2006—2008 from the SPOT5-HRS archive (fifth Satellite pour I’Observation de
la Terre, High Resolution Stereoscopic) that we compared to REMA DEMs (Reference Elevation Model of Antarctica, Howat
et al., 2022b) from 2020—2022. Both stereoscopic datasets were vertically adjusted on near-coincident laser altimetry data
(ICESat and ICESat-2—Ice, Cloud, and land Elevation Satellite), resulting in a vertical precision for the elevation difference
maps of typically half a meter per year per pixel. We calculated maps of elevation difference rates over the 14-year period
2007—2021 that we corrected with different models of firn air content (FAC), GIA and ELR to obtain mass changes for the
entire AP.

2 Data

This study focuses on the elevation and mass changes between two epochs. Each epoch corresponds to three consecutive austral
summers, defined as the period from October of the previous year to March of the given year. The first epoch is centered on
2007, including austral summers of 2006, 2007 and 2008, and the second one is centered on 2021, including austral summers
of 2020, 2021 and 2022. We used elevation data from two types of measurements, stereoscopic imagery and laser altimetry,
defined in the polar stereographic coordinate system (EPSG 3031). Data sources differ between the two epochs: for the first, we
used ICESat for laser altimetry and SPOT5-HRS for the DEMs, and for the latter we used ICESat-2 and REMA. The temporal

distribution of the elevation datasets is shown in Fig. 2.

2.1 Stereoscopic imagery

SPOTS5-HRS archive

SPOTS is an optical satellite that was operated between May 2002 and March 2015. It was equipped with the HRS sensor that
acquired image pairs in panchromatic mode (0.48—0.71 m). Stereoscopic pairs were acquired in a single pass of the satellite,
90 seconds apart. The sensor was also characterized by a large 120-km swath and rectangular 5-m x 10-m pixels (along-track x
cross-track, Bouillon et al., 2006). As part of the SPIRIT program (SPOTS stereoscopic survey of Polar Ice: Reference Images
and Topographies, Korona et al., 2009), the Antarctic Peninsula was surveyed during the austral summers of 2006, 2007 and
2008 (Fig. 2). The data recorded by HRS used 8-bit encoding, which only allows for 256 different gray-levels. This is one of
the main limitations of this sensor in glaciological studies where ice and snow surfaces, that are highly reflective, can produce
saturated pixels (Berthier et al., 2023). To help mitigate this effect, during the SPIRIT program, the sensor gains were adapted
every week to ensure good contrast over ice sheets surfaces relative to the time of year and latitude. In 2021, all the SPOT5-

HRS data archive was made publicly accessible through the CNES Spot World Heritage Program.






