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ARTICLE INFO ABSTRACT

Edited by Jing M. Chen Rock glaciers (RGs) are ice and debris landforms shaped by long-term permafrost creep. Their inventory has
expanded significantly in the past two decades due to their importance as water resources and indicators of
climate change. Previous inventories in the Pyrenees are sparse and lack essential kinematic data, leading to an
underestimation of active RGs. This study presents the first kinematic database of Pyrenean RGs, integrating
European Ground Motion Service (EGMS) InSAR data with airborne Laser Imaging Detection and Ranging
(LiDAR) datasets and seven years of Sentinel-1 high-resolution InSAR data processed by the SqueeSAR algorithm.
The analysis focuses on three igneous plutons (Panticosa, Cauterets, and Neouvielle) in the central Pyrenees,
comparing surface displacement rates from these techniques to previous geodetic measurements. A total of 733
RGs have been mapped in the Pyrenees, covering an area of 58.9 km2. 73 % of the mapped RGs are inactive or
relict, showing no ground displacement and being partially vegetated. Only 13 % (96 RGs) remain active,
covering less than 10 km?, and are primarily north-facing. An additional 14 % (102 RGs) lack InSAR data but
they are considered potentially active based on their orientation, altitude, and remarkable morphological fea-
tures. The existence of active RGs at relatively low altitudes lowers the permafrost boundary between 2100 and
2600 m on north- and south-facing slopes, respectively. Despite the limitations of InSAR to measure displace-
ments along the north-south axis and the fact that most active RGS are oriented to the north, according to the
decomposition of the LOS displacement to vertical and horizontal components and LiDAR data, the ongoing
subsidence and decline in horizontal movement related to ice degradation suggest a transition of many RGs from
active to relict, marking rapid permafrost degradation. Finally, the EGMS has proven inadequate for detecting
slow-moving active RGs in the Pyrenees due to temporal decorrelation caused by prolonged snow cover periods,
particularly when compared to the combined use of SqueeSAR and airborne LiDAR datasets. The EGMS detected
ground information for only 14 out of 89 active RGs, provided inaccurate kinematic data and underestimated the
decomposed vertical and horizontal velocities by up to fourfold.
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1. Introduction

Rock glaciers (RGs) are periglacial landforms, either lobate or
tongue-shaped, composed of ice and debris, characterized by a frontal
slope, lateral margins, and a distinctive ridge-and-furrow surface
morphology, which results from long-term permafrost creep (White,
1976; Barsch, 1992; Berthling, 2011). Over the past two decades, the
number of RG inventories has increased significantly due to their hy-
drological importance as water resources in arid and semiarid regions
(Jones et al.,, 2018), and their value as indicators of mountain
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permafrost, serving as sensitive markers of climate change (Bertone
etal., 2022). As a result, RGs have been extensively studied in the Arctic
and sub-Arctic regions (Serrano, and Lopez-Martinez, J., 2000; Lillegren
et al.,, 2022), as well as in many high mountain ranges worldwide,
including the Himalayas (Wang et al., 2017; Cai et al., 2021; Hu et al.,
2023), the Rocky Mountains (Munroe, 2018; Johnson et al., 2021), the
Andes (Villarroel et al., 2018; Zalazar et al., 2020), and the Alps (Colucci
et al., 2016; Wagner et al., 2020).

In the Pyrenees, active RGs are frequently found above 2600 m
(Martinez de Pison et al., 1998; Serrano et al., 1999), but their inventory
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remains sparse in the Spanish side (Serrano et al., 2011; Garcia-Ruiz
et al., 2011; Gomez Ortiz et al., 2011; Fernandes et al., 2017; Ventura,
2020) and even more limited in the French side (Cazenave-Piarrot and
Tihay, 1983; Cazenave-Piarrot and Tihay, 1986; Serrano et al., 2011;
Feuillet and Mercier, 2012; Ventura, 2016). In addition, none of the
previous regional inventories include information related to their ki-
nematics which is necessary to classify them as active, non-active and
relict as recommended by the guidelines of the International Permafrost
Association (IPA) Action Group (RGIK, 2023). Consequently, the ve-
locity and dynamics of RGs in the Pyrenees remains poorly understood
with only five RGs are known to be active based on the use of GNSS and
in-situ geomatics techniques (Serrano et al., 1999; Chueca and Julian,
2005; Serrano et al., 2006, 2010; Gonzalez-Garcia et al., 2013; de
Sanjosé et al., 2014; Martinez-Fernandez et al., 2024). This underesti-
mation highlights the need for a comprehensive RG inventory at a
regional scale, providing detailed information on their location and
activity. This inventory will provide a more detailed characterization of
the spatial and altitudinal distribution of permafrost in the Pyrenees and
elucidate its current dynamics in order to assess the impact of climate
change on its degradation.

To address this gap, multi-temporal Interferometric Synthetic Aper-
ture Radar (MTInSAR) has been proven a powerful technique and a
reliable method for the remote detection of active RGs and the quanti-
fication of their surface displacement (Liu et al., 2013; Wang et al., 2017;
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Cai et al., 2021; Bertone et al., 2022; Reinosch et al., 2021; Zhang et al.,
2021; Hu et al., 2023) even at velocities lower than 1 cm/yr (Strozzi
et al., 2020; Lillegren et al., 2022). In this context, the European Space
Agency (ESA) launched the European Ground Motion Service (EGMS) in
May 2022, offering precise, free-access Sentinel-1 differential InSAR
(DinSAR) data for non-expert users to detect ground movements across
Europe with millimetre-level precision (Crosetto et al., 2020; Crosetto
et al., 2021; Constantini et al., 2021; EGMS, 2023). While this space-
borne radar database has been successfully applied for monitoring
landslides, subsidence, earthquakes, and volcanic phenomena
(Constantini et al., 2021; Sala Calero et al., 2023), its efficacy in
detecting active RGs has yet to be demonstrated.

This study presents the most recent and comprehensive RG database
for the Pyrenees, encompassing the entire range and including kinematic
data derived from velocity maps provided by the EGMS InSAR dataset.
In order to assess the efficiency and accuracy of this online platform for
RGs inventories, the resulting surface displacement maps are compared
with the ones obtained by the multi-technique integration of airborne
LiDAR (Laser Imaging Detection and Ranging) point clouds acquired in
2010 and 2020 and 7-year Sentinel-1 InSAR data at full resolution in
ascending and descending orbits processed by the commercial software
SqueeSAR, focusing on three igneous plutons in the central western
Pyrenees (Fig. 1). Lastly, we discuss the current permafrost distribution
based on the altitude and orientation of active RGs, compare their
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Fig. 1. (A) Geographical location and geological map of the Pyrenees depicting the larger RGs whose creep rates have been derived from the EGMS dataset. The black
box, that is zoomed in the lower image, delineates the area used for the EGMS data analysis by LiDAR and the SqueeSAR algorithm. (B) Geological sketch of the
central axial Pyreenes showing the prevailing location of RGs in the westernmost igneous plutons. The green squares indicate rock glaciers identified using a
combination of LiDAR and SqueeSAR data. The blue dots represent rock glaciers detected solely using SqueeSAR data. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)
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movement rates with previous geomatics studies and analyse their
future scenario in response to global warming.

2. Study area (geology, geomorphology (glacial and permafrost
history/current situation) and climatology

The Pyrenees is an alpine, narrow, NNW-SSE oriented mountain
range that serves as a natural boundary between Spain, France and
Andorra (Fig. 1). The range was formed as a result of the convergence
between the Iberian and European tectonic plates, spanning from the
Late Cretaceous to the Miocene (Munoz, 2002). Its structure is rather
simple and can be divided into three main structural domains (e.g.
Barnolas and Pujalte, 2004). These domains consist of a central Paleo-
zoic basement outcrop, referred to as the Axial Zone, flanked by two
fold-and-thrust belt units comprising Mesozoic and Tertiary rocks to the
north and south, known as the North-Pyrenean and South-Pyrenean
Zones, respectively (Fig. 1A).

The Axial Zone is characterized by numerous Late Hercynian calc-
alkaline plutons intruded into highly deformed Paleozoic sedimentary
and metamorphic rocks (Santana Torre, 2002). The westernmost
igneous massifs include the Panticosa-Cauterets complex and the Neo-
uvielle pluton (Fig. 1B). The Panticosa-Cauterets complex comprises the
syntectonic Panticosa, Western Cauterets, and Eastern Cauterets plu-
tons, which were emplaced during the D2 Variscan tectonic phase in a
transpressive regime into Devonian and Carboniferous shales, lime-
stones, and quartzites (Santana Torre, 2002). These plutons exhibit
concentric compositional zoning, transitioning from tonalites at the
margins to granodiorites and monzogranites towards the center (Galé,
2005). Additionally, Permian mafic dykes cut through both the pluton
and surrounding country rocks (Gil et al., 2012). The Neouvielle massif,
with a triangular shape, displays a high-K calc-alkaline geochemical
signature and consists of monzogranites at its core and granodiorites at
its periphery (Gleizes et al., 2001). The surrounding country rocks,
metamorphosed to greenschist facies, are composed of Devonian shales,
sandstones, limestones, and quartzites, as well as Carboniferous shales
and limestones (Lemirre et al., 2019).

The Pyrenees have been shaped by glacial phases spanning the Late
Pleistocene to the Holocene, resulting in a range of erosional and
depositional glacial landforms, such as arétes, cirques, horns, and deep
glacial valleys bordered by lateral and frontal moraines, as well as steep
slopes. Optically stimulated luminescence (OSL) and cosmic-ray expo-
sure (CRE) dating of moraines, boulders, fluvioglacial and landslide-
dam deposits have provided insights into the glacial history of the
Pyrenees (Andrés et al., 2018 and references therein; Turu et al., 2023
and references therein). The glacial evolution can be summarized as
follows: (1) an early glacial cycle during Marine Oxygen Isotope Stage
(MIS) 6, around 150 ka, (2) maximum ice extent (MIE) during MIS 4,
approximately 65 ka, (3) the global Last Glacial Maximum (LGM)
around 25 ka, (4) rapid glacial retreat post-LGM, punctuated by ad-
vances during the Older (17.5-14.5 ka) and Younger Dryas (12.9-11.7
ka), and (5) near-complete deglaciation of most cirques by the end of the
Younger Dryas and Early Preboreal (10 ka), with glacier disappearance
occurring during the Holocene Thermal Maximum (7-5.5 ka).

CRE dating of relict RGs boulders throughout the range suggests that
these landforms primarily developed during the Bglling-Allergd inter-
stadial or shortly after the Younger Dryas, as a natural transition from
glacial to periglacial conditions (Palacios et al., 2015, 2017; Andrés
et al., 2018). This period marked the evolution from debris-free glaciers
to debris-covered glaciers, and finally to RGs (Fernandes et al., 2023).
Some RGs at the highest summits likely remained active until the Ho-
locene Thermal Optimum (Palacios et al., 2015) and some might per-
sisted to the early Holocene (Serrano et al., 2010; Garcia-Ruiz et al.,
2014), owing to the insulating effect of large block and boulder masses.
The Little Ice Age (LIA) (14th to 19th centuries) represents the most
recent cold period following the Younger Dryas-Holocene transition,
during which small glaciers reformed at the highest summits (Oliva
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et al.,, 2019). Since 1850, these glaciers have been receding, with
accelerated shrinkage observed from the late 20th century onward
(Vidaller et al., 2021, 2023). Today, only 19 small glaciers remain, with
a maximum thickness of 45 m and a total area of 2.42 km? (Rico, 2019).
Based on current rates of glacial retreat and the progressive temperature
increase recorded over the past 60 years (OPCC, 2024), it is projected
that Pyrenean glaciers may completely disappear within the next 20
years (Vidaller et al., 2021). Consequently, it is reasonable to infer that
the disappearance of current glaciers will also mark the end of activity
for the few RGs that remain active today. Current knowledge of frozen
ground distribution in the Pyrenees remains limited, with most available
data derived from localized studies of periglacial landforms, such as
patterned grounds (Feuillet and Mercier, 2012), frost mounds (Serrano
et al, 2010; Gonzalez-Garcia et al., 2016a), protalus ramparts
(Gonzalez-Garcia et al., 2016b) and active RGs situated at elevations
above 2600 m a.s.l (Serrano et al., 1999; Chueca and Julian, 2005;
Serrano et al., 2006, 2010; Gonzalez-Garcia et al., 2013; de Sanjosé
et al., 2014; Martinez-Fernandez et al., 2024). However, the measure-
ments of basal snow cover temperatures (Julian and Chueca, 2007),
indicates the potential existence of permafrost at lower altitudes.

The climate of the Pyrenees is highly variable, with a pronounced
west-east gradient in temperature and moisture. The western and north-
facing slopes are characterized by an Atlantic climate, with mild tem-
peratures and annual precipitation exceeding 2000 mm. In contrast, the
eastern and south-facing slopes experience a Mediterranean climate,
with higher temperatures and annual precipitation as low as 600 mm in
the driest regions (Del Barrio et al., 1990; Serrano et al., 2018). The 0 °C
isotherm ranges from 2700 to 3000 m in elevation from west to east, and
snowpack above 2000 m typically persists for six months (Lopez-Moreno
et al.,, 2020 and references therein). In this context, the Panticosa,
Cauterets, and Neouvielle plutons host numerous peaks that rise above
the 0 °C isotherm, with elevations ranging from 2700 to 3150 m. The
Panticosa pluton, located on the southern slope of the range, receives
approximately 1500 mm of annual rainfall, with an average annual
temperature of 8 °C at 1000 m. In contrast, the Cauterets and Neouvielle
plutons, located on the northern slopes, receive an additional 500-1000
mm of rainfall and exhibit temperatures 3—4 °C lower than the Panticosa
massif at equivalent altitudes (Feuillet, 2010).

3. Methodology
3.1. Inventory

The geomorphological mapping of RGs was performed manually by
their distinct ridge and swale surface topography using high resolution
orthoimages taken in 1956 and 2021 and a 5 m spatial resolution digital
elevation model (DEM) downloaded from the Spanish and French Na-
tional Cartographic Institutes (IGN and RGE, respectively) and Google
Earth Pro that provides access to multiples three-dimensional images of
the same location at different years. The database was complemented
with Basemap Esri images and later integrated in a GIS environment.
Their topographical and morphometric parameters (maximum and
minimum altitude, slope, length, width and area) were extracted from
the DEM.

3.2. Techniques (InSAR, EGMS, LiDAR)

The detection of active RGs was determined from the EGMS InSAR
dataset. The EGMS viewer, which is included in the Copernicus Land
Monitoring Service, freely distributes consistent and reliable LOS
displacement maps in ascending and descending orbits and decomposed
vertical (Vv) and horizontal (Vh) components products resampled to a
100 m grid, covering the complete period between 2015 and 2022 all
over Europe. Ground measuring points are derived from the advanced
DiNSAR processing of Sentinel-1 images at full resolution using Per-
manent Scatterers (PS) and Distributed Scatterers (DS). The key
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elements of the EGMS are outlined in the White Paper (EGMS, 2017),
and the implementation plan and product specification document
(EGMS, 2020). A review of the technical approaches employed by the
EGMS are described in Crosetto et al. (2021) and Ferretti et al. (2021).

The EGMS velocity maps were validated in three granodioritic plu-
tons (Panticosa, Cauterets, and Neouvielle) using airborne LiDAR data
and high-resolution InSAR data processed with the SqueeSAR algorithm.
The airborne LiDAR data, covering only the Spanish territory, were
freely accessed from the IGN public server. Point clouds were acquired
in January 2010 and July 2020 (a span of 3842 days; 10.52 years), using
Leica ALS-60 and ALS-80 laser scanners from an aircraft at an altitude of
3500 m (Lorite Martinez et al., 2016). The ground point density
exceeded 0.5 points/m?, with mean square errors of 20 cm and 10 cm in
the vertical and horizontal axes, respectively. Co-registration errors in
stable areas on steep slopes ranged from 80 to 100 cm. Thus, considering
the vertical, horizontal, and co-registration errors, only RGs with a mean
displacement rate exceeding 10 cm/yr (100 cm over 10 years) could be
confidently detected. Point clouds were aligned and compared in 3D
using the CloudCompare software and the M3C2 algorithm (Lague et al.,
2013), following the procedures outlined by Zahs et al. (2019) and Sevil
Aguareles et al. (2021). It is pertinent to mention that the European
Ground Motion Service (EGMS) exhibits a lack of ground deformation
data in the Andorran Pyrenees, resulting in a significant data deficit.

A total of 886C-band Sentinel-1 IW mode Single Look Complex im-
ages, with a resolution of 5 x 20 m and 6-day temporal baselines, were
acquired in ascending and descending geometries from May 2015 to
September 2021. These were processed using the commercial SqueeSAR
algorithm (Ferretti et al., 2011) to generate ground deformation maps
for the Panticosa, Cauterets, and Neouvielle plutons. To reduce noise
and avoid temporal and volumetric decorrelation due to snow cover
(Klees and Massonnet, 1998; Bertone et al., 2022), only snow-free pe-
riods (from mid-May to mid-December) were considered. The SqueeSAR
method analyzes entire stacks of SAR images, identifying and combining
PS and DS to overcome the low density of PS in natural areas, thus
maximizing the spatial density of measurement points (Ferretti et al.,
2011; Nardini et al., 2024). This technique measures surface displace-
ment along the satellite LOS with millimetric accuracy (Colesanti et al.,
2003). In accordance to the EGMS framework (Crosetto et al., 2020) and
assuming that the north-south component is almost negligible due to the
near-insensitivity of InSAR to motion in that direction (Bru et al., 2024),
the decomposed horizontal (Vh) and vertical (Vv) velocities were
derived by combining ascending and descending data using the method
described by Notti et al. (2014). Later, the resulting displacement maps
were classified according to the mean decomposed vertical and hori-
zontal deformation velocities. The green colour reflects motionless areas
and deformation rates between +3.0 and — 3.0 mm/yr (sensitivity of the
SqueeSAR technique) (Nardini et al., 2024) while the colour gradients
from yellow to red and from blue to violet represent increasing defor-
mation rates. Lastly, the decomposed vertical and horizontal displace-
ment time series (TS) were plotted from all the moving points of each RG
to assess temporal average movement patterns and compare the
SqueeSAR and EGMS datasets.

3.3. Classification

RGs were classified according to the traditional geomorphological
framework proposed by Barsch (1992), rather than the kinematic clas-
sification advocated by the International Permafrost Association (IPA)
Action Group (RGIK, 2023). This approach was adopted because the
EGMS is lacking movement data for a substantial number of RGs and the
absence of any relevant data for the Andorra region. Based on their
geomorphological features and available InSAR data, RGs were cate-
gorized into four categories: active (coherent movement across most of
the surface, with steep front slopes and prominent ridges and furrows),
possibly active (no InSAR data but significant topographical features,
appropriate altitude and orientation, and occasionally literature
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evidence of movement), inactive (InSAR displacement less than 3 mm/
yr movement but fresh-looking geometry and minimal vegetation
cover), and relict (InSAR displacement less than 3 mm/yr, substantial
vegetation cover, thermokarst structures, and an incised drainage
network).

4. RGs inventory in the Pyrenees

A total of 733 RGs have been mapped across the entire study area.
Their geographical locations are provided in a point-type KML file,
available as supplementary material. They cover an area of 58.9 km? and
are situated at average slopes of 14 degrees and elevations between 1288
and 3062 m with an average altitude of around 2400 (Table 1). This
elevation range results in the majority of RGs being located within the
axial zone (Fig. 1), which contains the highest peaks, with over 150
summits exceeding 3000 m in altitude. The equilibrium line altitude of
the remaining glaciers is situated around 3100 m (Campos et al., 2021).
The morphometric characteristics of the RGs exhibit high variability,
with maximum, minimum, and average widths of 885 m, 28 m, and 210
m, respectively, and maximum, minimum, and average lengths of 2758
m, 52 m, and 484 m, respectively. Most RGs (66 %) are found in highly
fractured Paleozoic granodioritic batholiths and volcanic rocks, while
31 % occur in metamorphic rocks, both of which provide significant
quantities of gelifracts. As a result, RGs in igneous rocks exhibit greater
lengths and cover larger areas (Fig. 2A). A smaller proportion (3 %) are
located in sedimentary rocks, primarily limestone. Following the clas-
sifications proposed by Barsch (1992), Berthling (2011), and Pandey
(2019), as well as previous inventories (Serrano et al., 2011; Garcia-Ruiz
et al., 2011; Gomez Ortiz et al., 2011; Fernandes et al., 2017; Ventura,
2020), the RGs were categorized into two types: (1) talus-type RGs,
which are associated with talus slopes originating from steep headwalls
and are characterized by interstitial ice, and (2) moraine-type RGs,
which are located between the inner frontal moraine and the cirque
walls and are likely the result of the natural evolution of debris-covered
glaciers. Talus-type RGs constitute 38 % (277) of the total, while
moraine-type RGs represent 62 % (456). With respect to their orienta-
tion, the RGs are predominantly oriented towards the north, with
significantly fewer RGs facing NE or NW, indicating that northern slopes
were more favourable for RG formation in the past due to reduced solar
radiation and mean temperature, coupled with greater snow cover
thickness and persistence (Fig. 2B).

Today, based on InSAR data, 73 % of the Pyrenean RGs (536 out of
733) are classified as inactive or relict, with ground displacement less
than 3 mm/yr. These RGs exhibit complete or partial vegetation cover
and are degraded by the drainage network. Only 13 % (96 out of 733)
remain active, covering an area of less than 10 km2. The active RGs
predominantly face north (49), northeast (16), or northwest (13) slopes,
with a smaller number oriented towards the east (5), southeast (3),
southwest (3), and west (7); none are oriented to the south (Table 1,
Fig. 2). The majority of the active RGs are moraine-type (66 %), with
lengths and widths ranging from several tens to hundreds of meters.
They are primarily located at the base of vertical headwall cirques, at
elevations exceeding 2000 m. An additional 14 % of RGs (102 out of
733) lack InSAR data and have been classified as possibly active based
on their northern orientation, high altitude, and relatively fresh
geomorphological appearance (Table 1).

5. RGs kinematics and movement characterization in the central
western Pyrenees

The mean decomposed vertical and horizontal displacement rates of
96 active RGs in Panticosa, Cauterets and Neouville granodioritic plu-
tons were calculated using LiDAR and SAR imagery processed with the
SqueeSAR commercial software (Fig. 1B). The following subsections
describe the location, kinematic status, and decomposed vertical and
horizontal velocities of these RGs, along with the detection rates
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Table 1
Statistical summary of rock glaciers (RGs) in the Pyrenees. Values for active RGs are highlighted in red.
ACTIVITY TYPE LITHOLOGY ORIENTATION ~ WIDTH (m) ~ LENGTH (m)  ALTITUDE (m)  SLOPE(")  AREA
(Km2)
Min = 6.9
ACTIVE (96/13 %) Limestone (17/4) N (276/49) #1074
NE-NW (193/ Min = 28 Min = 1288 Min = 4
POSIBLY ACTIVE Metamorphic rocks 29) (32) Min = 52 (69) (2010) 3) Max = 0.9
(102/14 %) (232/12) E-W (144/12) Av = 0.08
INACTIVE (265/36 Max = 885 Max = 2758 Max = 3062 Max = 35
%) SE-SW (76/6) (743) (1525) (2914) (33)
Moraine (456/64) Igneous rocks (484/ Av = 210 Av = 484 Av = 2346 Av =14 Total = 58.9
RELICT (271/37 %) Talus (277/32) 80) S (44/0) (227) (532) (2404) 13) 9.4
IAI Morphometry-Lithology relationship
2000
1800 " igneous
1600 » Metamorphic
1400 ¥ Limestone
1200
1000
800
600
400
200
0
Width Width Width Length Length Length Area Area Area
(Min)  (Max)  (Av)  (Min)  (Max) (Av)  (Min) (Max)  (Av) s

Fig. 2. (A) Morphometric parameters depending on the lithology of the source area of the debris. (B) Aspect angle plots of moraine-type, talus-type and active RGs
preferably facing north.
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Fig. 3. (A) Geological sketch of the Panticosa-Western Cauterets Plutons showing the location, the unsuccessful identification performance of the EGMS viewer and
kinematic status of RGs based on LiDAR and InSAR data processed by the SqueeSAR software. (B) LiDAR surface change map and LOS displacement rate in ascending
and descending orbits of Argualas RG.
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provided by the EGMS viewer.
5.1. Panticosa-Western Cauterets plutons

A total of 34 small RGs, predominantly oriented towards the north,
northeast, or northwest, were mapped, covering a surface area of 14.3
km? (Fig. 3A). SqueeSAR identified 7 RGs as relict, 18 as inactive, 1 as
possibly active (Argualas RG), and 8 as active (Fig. 3A; Table 1, Sup-
plementary material). These findings contrast with previous kinematic
studies (Serrano et al., 2011; Ventura, 2016), which classified only 4 RGs
as active. However, InSAR data revealed that 2 of these 4 RGs had been
previously misinterpreted and are now considered inactive.

The Argualas RG (Figs. 3B and 4), characterized by its tongue-shaped
morphology, is the only one lacking InSAR measurement points but is
considered possibly active due to its fresh appearance, altitude, orien-
tation and geodetic studies (Serrano et al., 2006). It is situated within a
deep cirque excavated in Devonian limestones and slates, surrounded by
peaks exceeding 3000 m in elevation. Previous studies using resistivity
profiles and total station measurements (Serrano et al., 2006) between
1991 and 2000 indicated that the internal structure of the Argualas RG
consists of a frozen core 10 to 20 m thick, beneath 4 m of unfrozen
debris. These measurements showed mean annual horizontal and ver-
tical motion rates of 20-40 cm/yr and up to 16 cm/yr, respectively, with
significant temporal variations, particularly increasing during warmer

-
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years. These movement rates are too high for InSAR and consequently,
as noted, neither the SqueeSAR algorithm nor the EGMS viewer provides
surface motion data of this RG (Fig. 2B). However, a comparison of the
two LiDAR datasets in 10-year period (2010—2020) reveals significant
surface changes along the Z axis. No positive values, indicative of glacier
advance due to creep, were observed. In contrast, negative values
associated with frost melting and subsidence (Zahs et al., 2019) were
recorded in the frontal, central, and root areas, ranging from —10 to
—25 cm/yr, with the greatest subsidence along the central axis. These
lowering values and surface changes are consistent with data recorded
by Serrano et al. (2006) and confirms the melting tendency and the rapid
thinning of the frozen body visible since 1991.

All active RGs are small, moraine-type, and oriented towards the
north or northwest (Fig. 3A and Table 1, Supplementary material). They
are located at elevations above 2340 m and exhibit well-defined arcuate
ridges and furrows, devoid of vegetation. The largest RGs, Cambales and
Serrato, are tongue-shaped and oriented to the north, with surface areas
of 90,000 m? and 70,000 rn2, and frontal elevations exceeding 2400 m
and 2600 m, respectively (Figs. 3A and 4). These RGs are situated at the
base of steep headwalls, excavated in monzogranites and diorites,
respectively, and are covered by talus slopes and cones. The SqueeSAR
ground surface velocities along the radar line of sight (LOS) in both
ascending and descending geometries reveals a similar kinematic
pattern in these two RGs (Fig. 5). The central and upper portions exhibit

. NEOUVIELLE #
N \ '\.\ : ¢

et
2

Fig. 4. Google Earth images of active RG in the Pyrenees exhibiting well-defined arcuate ridges and furrows. Notice the retreat of RGs in the Neouvielle massif.
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Fig. 5. LiDAR surface changes, LOS displacement rates in ascending and descending geometries and decomposed vertical and horizontal displacement rates of

Cambales (A) and Serrato (B) RGs.

very low decomposed vertical and horizontal average displacement
rates of —8.4/5.4 mm/yr for Cambales and — 5.5/5.9 mm/yr for Serrato,
respectively. In contrast, their frontal sections show negligible velocities
and are no longer in motion. These minimal creeping rates are consistent
with deformation rates of less than 10 mm/yr in the decomposed hori-
zontal and vertical components calculated for the remaining active RGs
in the massif (Table 1, Supplementary material). The Time Series of
deformation (TS) for Serrato RG shows a similar linear cumulative
deformation trend in the decomposed vertical and horizontal compo-
nents, suggesting continuous downslope creep at very low rates since
2015 (Fig. 5). In the case of Cambales RG, there is marked seasonal
variation of its surface velocity with increasing displacement values in
the summer. In contrast, the Lavasa, Piniecho, Punta Puerto, and Xuans
RGs display low negative decomposed vertical displacement values and
horizontal movement rates close to the detection error margin of +3
mm/yr, indicating little to negligible downslope movement (Fig. 3A and
Table 1; Supplementary material).

The EGMS only provides ground information for 3 out of 34 RGs (2
inactive and 1 relict) and fails to detect any active RGs (Fig. 3A),
including Cambales and Serrato (Fig. 5). Similarly, the comparison of
LiDAR point clouds did not reveal statistically significant surface
changes for any of the active RGs (Fig. 5). This is consistent with their
very low rates of movement, which are well below the detection
threshold of 10 cm/yr for airborne LiDAR dataset comparison.

5.2. Eastern Cauterets pluton

We have identified a total of 51 RGs, 33 moraine-type and 18 talus-
type. They are above 2100 m high and display variable surface areas
from less than 5000 to more than 200,000 m?, 83 % are facing N, NE or
NW slopes and 85 % are developed in acid igneous rocks. The SqueeSAR
ground deformation maps suggests that 23 out of 51 are still active
which represent 45 % of the total and 22 more than the previous in-
ventory. In addition, 19 (37 %) and 9 (18 %) out of 51 are inactive and
relict, respectively. The majority of the active RGs are located along two
granodioritic ridges separated by the Lutour river (Fig. 6A). These are
mainly north-oriented and show a remarkable fresh-looking topography

with deep furrows and ridges independently of the moraine or talus
typology (Table 2, Supplementary material). Nevertheless, those RGs
located at altitudes lower than 2100 m are already partly colonized by
bushes and small trees in response to climate warming and tree line
rising in the Pyrenees (Camarero et al., 2015).

The decomposed vertical and horizontal SqueeSAR velocity maps
show a consistent kinematic trend across all active RGs in the massif.
Decomposed vertical displacement values, ranging from —3 to —13 mm/
yr and indicative of subsidence or northward displacement, are observed
almost uniformly across the entire area of each RG, even at their head
(Fig. 7 and Fig. 1 and Table 2, Supplementary material). The maximum
negative decomposed vertical displacement occurs at the root zones,
gradually decreasing along the slope, becoming negligible at the fronts
where the frozen bodies or interstitial ice have completely disappeared.
Only Mayouret (Fig. 4), Des Batans, Cestrede and Lit Loungue RGs, with
average decomposed vertical velocities around —11 mm/yr, continue to
exhibit displacement at their fronts suggesting the persistence of surface
ice throughout their entire areas (Fig. 7, Fig. 1, Supplementary mate-
rial). Probably, the Moraine-type Ardiden (Fig. 4) and Bastampe RGs
characterized by prominent and apparently active surface morphol-
ogies, also retain an underlying frozen core across their entire extent.
However, their north-facing orientation, high altitude and long-lasting
snow cover result in image decorrelation, limiting InSAR data to iso-
lated deformation points on their flanks where sidewall friction reduces
ground displacement (Fig. 7). Consequently, the kinematic status of
these RGs remains incomplete, and their displacement rates should be
regarded as minimum estimates. The decomposed horizontal motion
displays a spatial pattern similar to that of the vertical component, with
maximum values (3 to 33 mm/yr; Table 2, Supplementary material)
concentrated in the root zones and minimal or absent displacement at
the fronts (ie: Lazahare RG, Fig. 5B and C). Additionally, the InSAR-
derived time series (TSs) of displacement exhibit a constant slope,
indicative of slow and continuous decomposed vertical and horizontal
movements, supporting a steady downslope creep since 2015 across all
RGs in the massif (Fig. 1, Supplementary material). It is worth
mentioning that Badet RG is the only active RG facing southeast
(Figs. 6A and 7, right panel). This talus-type RG, located between 2560
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software and the EGMS. (B-C) Decomposed vertical and horizontal velocity maps of the Lazahare RG derived from the SqueeSAR algorithm and the EGMS viewer.

and 2660 m high terminates into and advances forward a glacier lake.
The serial analysis of old and recent aerial images evidences that the RG
tongue and the lake shoreline have not experienced significant changes
since 1956 supporting its slow or absent front advance (Fig. 2. Supple-
mentary material). This finding is corroborated by the SqueSAR ground
deformation maps, which record an inactive front and decomposed
vertical and horizontal displacements confined to the root zone above
2600 m (Fig. 7).

The EGMS viewer provides ground deformation points of 14 RGs out
of 51 which means that only 23 % of the RGs have displacement infor-
mation (Fig. 6A). However, among those 14, 5 active RGs are classified
as inactive (Active RG not detected by EGMS in Fig. 6A) which yields a
classification error rate of 35 %. In detail, this online InSAR platform
identifies 7 out of 9 relict (77 % detection rate), 5 out of 19 inactive (26
% detection rate) and only 3 (Badete, Chanchou and Lazahare) active
RGs out of 23 (13 % detection rate) (Fig. 7). The comparison of the
decomposed vertical and horizontal EGMS deformation points and
SqueeSAR raster velocity maps of the latter RGs evidence that the EGMS
platform is not able to register the complete spatial distribution of the
deformation detecting surface changes in less than 50 % of the RGs
aerial surfaces mainly due to a lack of ground points at their heads in all
the cases (Figs. 6B, C and 7). Besides, the long-term average displace-
ment TSs from the decomposed vertical and horizontal components
(Fig. 8A and B) demonstrate that EGMS viewer provides similar

deformation slopes and cumulative displacement values for Chanchou
RG but a shallower motion line and up to 4 times lower average veloc-
ities for Lazahare RG than the ones obtained by SqueeSAR. In the case of
Badete RG, the EGMS viewer does not give data for the descending orbit
but yields an ascending LOS average velocity of —5.7 mm/yr which is
less than half of the one recorded by SqueeSAR (—12.4 mm/yr). Both the
EGMS and SqueeSAR record surface velocity changes over a year with an
increasing displacement trend in the warmer seasons for Lazahare,
Chanchou, Badete, (Fig. 8) and Ardiden, Badet and Bastampe (Fig. 1,
Supplementary material).

5.3. Neouvielle pluton

The photointerpretation conducted in this study allows updating the
inventory to 105 RGs which are mainly located at the northern part of
the pluton (Fig. 9) covering a surface area of 9.1 km?. The SqueeSAR
data analysis suggests that 32 are still active, 47 are inactive and 22 are
relict. In addition, 3 north-facing RGs have not PS or DS for their kine-
matic classification and are considered to be possibly active based on
their fresh-looking ridge and furrow surface topography, high altitude
situation and lack of vegetation. Most of the active ones are moraine-
type (23 out of 32; 71 %), developed in igneous acid rocks (31 out of
32; 96 %) and facing north (27 out of 32; 85 %) with only 3 facing South
(Contade RG), Southeast (Pic Bastan) or Southwest (Bastan RG).
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Fig. 7. Decomposed vertical displacement maps generated using SqueeSAR software and vertical and LOS displacement rates in ascending and descending orbits
derived from the EGMS viewer for the western (left) and eastern ridges (right) of the Eastern Cauterets pluton.
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Fig. 8. TS graphs showing the differences in the decomposed vertical and horizontal average displacement for Lazahare and Chanchou and LOS average
displacement for Badete RGs obtained by the SqueeSAR software and the EGMS viewer.

Regarding their altitudinal distribution, the SqueeSAR ground defor-
mation maps register movement in RGs located at relatively low heights
above 2100 and 2400 in north-oriented and south-oriented slopes,
respectively.

The westernmost sector holds the largest, active, talus-type RGs of
the pluton which are developed at a deep glacial valley excavated into
two granodioritic aretes situated at 2700-2500 m in altitude (Fig. 9).
Fig. 10 shows the location and ground velocities of 5 RGs located in this

sector. The talus-type and northeast facing Lurtet, Touatere and Tracens
and the debris-type and north-facing Estagnol and Madamate RGs
(Fig.4) show a similar surface change pattern (Fig. 10 and Table 3,
Supplementary material). Image photointerpretation and the InSAR
ground displacement maps evidence that all their fronts are no longer
moving since they are already partially or fully eroded by the drainage
network and colonized by the vegetation. Only their heads at their
contact with their feeding talus cones register deformation. Here, the
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decomposed vertical velocities are always negative ranging from —13 to
—19 mm/yr related to surface lowering and positive decomposed hori-
zontal velocities between 4 and 16 mm/yr, indicating flow movement in
the east direction. The TS of deformation show a linear trend with a
steady slope in the decomposed vertical and horizontal components
without significant changes with time (Fig. 10).

In contrast to the westernmost sector, the central area of the Neo-
uvielle Pluton is characterized by a significant concentration of active,
small, debris-type RGs situated at elevations exceeding 2150 m, pre-
dominantly at the base of narrow cirques with subvertical headwalls
(Fig. 9). Most of these RGs are oriented towards the north or northwest,
with the exception of the Contade RG, the only active glacier facing
southeast (Fig. 11). In this context, flow velocities are distinctly influ-
enced by orientation. North-facing RGs typically exhibit movement
across nearly their entire surface, while northwest-oriented RGs display
immobile fronts with deformation limited to their central and upper
sections. In contrast, south- or southeast-facing RGs are either relict or
inactive, apart from the Contade RG, which shows deformation above
2400 m along the north-facing cirque headwall slope. Notably, the
surface velocities of RGs are more strongly correlated with elevation
than with orientation. Those with root zones located above 2500 m, such
as Contade and Negre, exhibit the highest displacement rates, with
decomposed vertical and horizontal components exceeding —10 mm/yr
and + 10 mm/yr, respectively (Fig. 11 and Table 3, Supplementary
material). Below this elevation, flow velocities progressively decrease,
with decomposed vertical and horizontal displacement values of
approximately —5 mm/yr and + 5 mm/yr, respectively. The RGs situ-
ated at the lowest altitudes no longer exhibit decomposed horizontal
movement, showing only very low negative decomposed vertical
displacement, which indicates that downslope flow has almost ceased
pointing to their transition towards inactivity (Table 3; Supplementary
material).

In the easternmost sector, there is a reduced number of RGs located
on both sides of a north-south trending aréte at an elevation of
approximately 2500 m (Fig. 9). Here, the InSAR velocity maps reveal a
ground deformation pattern similar to that observed in other sectors,
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with motionless, vegetation-covered, and eroded fronts, as well as
negative decomposed vertical velocities ranging from —3 to —12 mm/yr
(Fig. 12). Decomposed horizontal flow rates of up to 12 mm/yr are
confined to the RGs’ head regions and increase with elevation (Fig. 12,
Table 3, Supplementary material). In this context, the 1200 m long,
debris-type, north-facing Cettiou RG (Fig. 4) exhibits the highest surface
velocities, with a decomposed vertical rate of —12.7 mm/yr and a
westward flow rate of —12.3 mm/yr.

Based on the SqueeSAR data, the EGMS viewer provides ground data
for 42 out of 105 RGs, accounting for 40 % of the total RGs with
available displacement information (Fig. 9). To be more precise, this
online tool has detected 8 out of 32 active (25 % detection rate), 22 out
of 47 inactive (46 % detection rate), and 12 out of 22 relict RGs (54 %).
Additionally, it incorrectly categorizes 6 active RGs as inactive (Fig. 8).
Similarly, it does not provide detailed information for the entire surface
experiencing deformation with a lack of data in the upper root areas
close to the headwalls. On the other hand, the comparison of the TSs in
the central and westernmost sectors reveals that EGMS reports velocity
values that are 1.2 to over 4 times lower than those obtained by the
SqueeSAR algorithm. Nevertheless, the error in the deformation rates is
minimized for RGs facing west, such as Verde (Fig. 10) and Greziolles
(Fig. 12), while it is most pronounced for south- and north-facing RGs,
such as Contade (Fig. 11) and Cettiou (Fig. 12), respectively, where the
difference in the velocity of displacement can reach a factor of 4.
Although this measurement error is evident in both decomposed vertical
and horizontal velocities, it is particularly pronounced in the east-west
velocity component, yielding negligible deformation values or values
very close to the detection threshold limit of the technique in all cases.
Finally, the TSs curves derived from the EGMS data exhibit greater
dispersion of the measurement points and trendlines with a shallower
slope compared to those obtained from SqueeSAR data.
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Fig. 10. Decomposed vertical displacement maps generated using SqueeSAR software and vertical and LOS displacement rates in ascending and descending orbits
derived from the EGMS viewer for the western side of Neouvielle pluton. The SqueeSAR TSs of Lurtet, Madamate, Touatere and Tracens are displayed in the upper

left corner.

6. Discussion
6.1. Inventory of RGs

The integration of Google Earth, high resolution orthoimages and
InSAR-derived ground deformation maps, provided by the EGMS viewer
and SqueeSAR, has enabled the development of the first kinematic in-
ventory of RGs in the Pyrenees, following the baseline concepts pro-
posed by the International Permafrost Association (IPA) Action Group
(RGIK, 2023). This new InSAR inventory, which includes 733 RGs, is
significantly more complete than the geomorphic-based databases
developed by the Spanish (IGME, 2009) and French (BRGM, 2024)
Geological Surveys, and updates previous periglacial studies (Chueca,
1992; Serrano et al., 2011; Garcia-Ruiz et al., 2011; Gémez Ortiz et al.,
2011; Fernandes et al., 2017; Fernandes et al., 2023; Ventura, 2016,
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2020, and references therein). Building on the most comprehensive
geomorphic-based inventory to date, which identified 5 active and 60
possibly active RGs (Ventura, 2016), this new InSAR database signifi-
cantly increases the number of confirmed active glaciers to 95 and
identifies 102 glaciers as possibly active despite the previously
mentioned limitations of the EGMS viewer. When combining the active
and possibly active glaciers, the total number rises to 197, representing a
258 % increase.

In the Panticosa-Eastern Cauterets pluton, our InSAR inventory
identifies 26 previously RGs that were missed in earlier studies (Garcia-
Ruiz et al., 2011; Serrano et al., 2011). It also reclassifies 5 RGs previ-
ously considered active as inactive and raises the total number of active
RGs to 8. In the Eastern Cauterets and Neouvielle plutons, the geomor-
phological maps developed by the French Geological Survey (BRGM,
2024) do not include any rock glaciers. The earlier inventory by Feuillet
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Fig. 12. Decomposed vertical displacement maps generated using SqueeSAR software and vertical and LOS displacement rates in ascending and descending orbits
derived from the EGMS viewer for the easternmost area of Neouvielle pluton. The TSs, depicted in the right top corner, exhibit the differences in the decomposed
vertical and horizontal average displacement for Caderolles, Greziolles and Cettiou RGs obtained by the SqueeSAR software and the EGMS viewer.

(2010) listed 15 RGs, only 3 of which were classified as active. Subse-
quently, Ventura (2016) increased the number of active RGs to 9. The
integration of photointerpretation and InSAR data has now enabled the
identification of 156 RGs, 57 of which are active and 1 possibly active,
representing a 1040 % increase in RG identification. These findings align
with previous studies (Liu et al., 2013; Wang et al., 2017; Cai et al.,
2021; Bertone et al., 2022; Reinosch et al., 2021; Hu et al., 2023) and the
IPA guidelines (RGIK, 2023) that highlight the necessity of integrating
aerial image interpretation with InSAR techniques to improve the
identification of RGs and the quantification of their kinematics.

6.2. Potential and limitations of LiDAR, SqueeSAR and EGMS viewer in
RG detection

The integration of SqueeSAR and airborne LiDAR datasets provided
essential information on surface kinematics in three granodioritic plu-
tons of the central Pyrenees. Nevertheless, SqueeSAR resulted more
efficient than airborne LiDAR to detect active RGs. Airborne LiDAR
point cloud comparison has proven to be an extremely useful technique
to quantify surface displacement with high accuracy over annual and
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decadal timescales (Mora et al., 2018; Bataller, 2019; Liu et al., 2019;
Guerrero et al., 2021). However, ground measuring and co-registration
errors in high alpine areas made this technique only useful for detecting
large movements involving important topographic changes. In the study
area, the co-registration error between the two datasets allows the
confiden detection of RGs with a mean displacement rate threshold over
10 cm/yr. Considering the very low moving rates of Pyrenean RGs, only
those with marked surface changes are detected. In contrast, thanks to
the exploitation of a large set of interferograms (886 radar images
covering 6 years), the surface motion rate threshold limit of SqueeSAR in
the study area is 3 mm/yr (Nardini et al., 2024) which is almost one
order of magnitude lower than LiDAR, becoming a reliable technique for
the detection of slow-moving active RGs. However, the technique has
shown several limitations in RG detection and quantification of their
surface deformation inherent to InSAR processing (Wang et al., 2017;
Bertone et al., 2022; Hu et al., 2023). More specifically, some active RGs
could not be detected by SqueeSAR due to coherence loss mainly related
to a long-lasting snow cover, their north topographic orientation
insensitive to LOS measurements, geometric distortions and their
topographic location in shadow areas. In these cases, the use of airborne
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LiDAR point cloud comparison helps detect active RGs that lack InSAR
kinematic information and are missed due to decorrelation. The
advantage of this combined methodology is clearly demonstrated in the
Panticosa-Western Cauterets pluton. Here, SqueeSAR provides kine-
matic information for 8 out of 9 active RGs while airborne LiDAR
datasets subtraction only detects 1 out of 9 active RGs, which is, in
particular, the one missed by SqueeSAR.

Despite the fact that the EGMS viewer has been confidently used to
monitor landslides, subsidence, earthquake and volcanic phenomena all
over Europe (Constantini et al., 2021; Sala Calero et al., 2023), the
performance of this spaceborne radar database to detect slow-moving
active RGs in the Pyrenees has been unsuccessful. In the Panticosa-
Western Cauterets pluton only provides ground information for 3 out
of 34 RGs (2 inactive and 1 relict) and could not detect any of the active
RGs. In the Eastern Cauterets and Neouvielle plutons, the EGMS viewer
provides ground data for only 23 % and 40 % of all the RGs, respectively,
and is able to detect only 11 out of 55 active RGs. In addition, the ki-
nematic information is erroneous 35 % of the time, does not register the
complete spatial distribution of the deformation detecting surface
changes in less than 50 % of the RGs surface and gives up to 4 times
lower average decomposed vertical and horizontal velocities than the
ones reported by SqueeSAR leading to shallower TS cumulative defor-
mation curves.

It is crucial to note that the primary cause of the inefficient detection
of RGs and measurement of their ground displacement by the EGMS
viewer, as compared to the SqueeSAR approach, lies in the differences in
processing strategies. While both methods utilize InSAR displacement
data derived from the same Sentinel-1 radar imagery for ascending and
descending orbits at full resolution, the EGMS processes all available
SAR images over a continuous annual time window, yielding velocity
measurements derived from the complete dataset (EGMS, 2017, 2020;
Ferretti et al., 2011). In contrast, the SqueeSAR algorithm used in this
research has selectively processed radar images acquired exclusively
during snow-free periods, mitigating the impact of snow cover and
reducing temporal decorrelation (Cai et al., 2021; Guerrero et al., 2021;
Huang et al., 2024). This approach is particularly significant in the
Pyrenees, where snowfall lasts for approximately five months
(December to April), with snow cover thickness reaching 2-3 m. As
highlighted in the guidelines of the IPA Action Group (2022; RGIK,
2023) and a large number of recent research papers (e.g. Bertone et al.,
2022; Lambiel et al., 2023; Onaca et al., 2025), SAR imagery for RG
detection in mountainous regions with prolonged snow cover should
primarily be acquired during snow-free periods. Consequently, given the
low detection rate of the EGMS platform due to the interferometric
decorrelation caused by extended snow cover, the current kinematic
assessment of our Pyrenean RG inventory should be considered a pre-
liminary evaluation. Future updates are necessary, employing a pro-
cessing strategy that relies on radar images covering only the snow-free
periods to avoid coherence loss in order to better capture the full range
of active RGs in the study area.

6.3. Movement rates of Pyrenean RGs

In this regard, the rate of displacement of Pyrenean RGs is largely
unknown and limited to geodetic surveys of 5 large and highly dynamic
RGs located in the central Pyrenees. Their monitoring has revealed
horizontal and vertical movement rates ranging from 2 to 40 and — 2 to
—22 cm/yr, respectively, depending considerably on their altitude,
slope, orientation and measuring time and with increasing velocities
from their fronts to the head and from the margins to the axis (Serrano
et al.,, 1999; Chueca and Julian, 2005; Serrano et al., 2006, 2010;
Gonzalez-Garcia et al., 2013; de Sanjosé et al., 2014; Martinez-Fernan-
dez et al., 2024). GNSS values are in agreement with LiDAR data. In the
Panticosa-western Cauterets pluton, the LiDAR negative velocities of
Argualas RG is between —10 and — 25 cm/yr in agreement with the
geodetic data recorded by Serrano et al. (2006). Likewise, in the eastern
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central Pyrenees, the elevation difference obtained from the subtraction
between two LiDAR derived DEM yield a motion rate for Besiberri RG
similar to those reported by GPS data (Chueca and Julian, 2005) and
allows Bataller (2019) to identify other four active RGs with average
vertical displacement ranging from —8 to —26 cm/yr. Unfortunately,
none of the latter RGs have InSAR kinematic data available since they
are located in deep north-facing cirques surrounded by vertical walls
covered by a persistent snow cover that may last all the year. In addition,
the surface displacement maps obtained from GPS and LiDAR surveys
cannot be strictly compared with decomposed InSAR datasets. The
decomposition of movement into east-west and up-down components,
while disregarding the north component of deformation (Bru et al.,
2024), may lead to biased estimates, particularly in the up-down
component (Brouwer and Hanssen, 2023; Brouwer and Hanssen,
2024). This assumption represents a significant limitation of the tech-
nique, especially given that most active RGs in the Pyrenees are pre-
dominantly oriented and moving northward. In such cases, the
projection of the horizontal displacement of RGs along the north-south
axis onto the LOS direction may result in negative values, which could
be misinterpreted as subsidence in the decomposed vertical component
(Brouwer and Hanssen, 2023, Brouwer and Hanssen, 2024). Conse-
quently, a negative vertical value should not be directly attributed to
permafrost degradation and ice thickness lowering since it may arise
from the combination of subsidence and horizontal northward
displacement. Despite these limitations, there are a large number of
active RGs in the study area that could serve as valuable comparisons.

In general, the EGMS and SqueeSAR decomposed horizontal
displacement maps display a deformation pattern consistent with the
geodetic measurements showing decreasing velocities to the fronts and
margins. However, the deformation magnitude is significantly lower
than the rates from other techniques. The InSAR decomposed horizontal
movement rate of the most active RGs in the Panticosa-Western Cau-
terets, Eastern Cauterets and Neouvielle varies from 4 to 5, 13 to 21 and
11 to 16 mm/yr, respectively (Tables 1-3, Supplementary material).
These averages velocities are one order of magnitude lower than the
geodetic measurements. Similarly, decomposed vertical velocities in
these plutons range from —5 to —9, —4 to —17 and — 3 to —19 mm/yr
which are between 11 and 13 times lower than GNSS values and LiDAR
surface changes. Although InSAR deformation results are validated and
often in agreement with GNSS data (Rémy et al., 2014; Tizzani et al.,
2007; Munroe, 2018), there are also a large number of studies that show
significant measurement discrepancies between these two techniques
(Bejar-Pizarro et al., 2016; Guerrero et al., 2021; Marshall et al., 2022;
Shi et al., 2022). Note that there are several causes that may explain the
underestimation of motion in the InSAR time series in our study. Firstly,
InSAR and geodetic data do not cover the same temporal period and
most important, they are referred to difference RGs. Secondly, InSAR
reflects the average deformation over a 520 m area, whereas GNSS
provides the local deformation of receivers located at specified sites.
Finally, considering that InSAR is less sensitive to ground displacement
oriented to the north and 81 % of the active RGs are facing North,
Northeast or Northwest, the motion rate might be largely under-
estimated (Klees and Massonnet, 1998; Liu et al., 2013; Wang et al.,
2017; Bertone et al., 2022). According to the guidelines of the IPA Ac-
tion Group (RGIK, 2023), the underestimation of InSAR data on ground
displacement has significant consequences for the classification of RGs,
depending on the measurement technique used. Based on InSAR velocity
maps, all active Pyrenean RGs could be classified as “transitional” from
active to inactive, with average displacement rates of less than 10 cm/
year. However, when considering GNSS and LiDAR data, along with the
underestimation of ground deformation in InSAR measurements, at least
some of them are moving above this threshold and should be classified
as “active slow-moving RGs”.
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6.4. Permafrost distribution in the Pyrenees

Active RGs (Serrano et al., 1999; Chueca and Julian, 2005; Serrano
et al., 2006, 2010; Gonzalez-Garcia et al., 2013; de Sanjosé et al., 2014;
Martinez-Fernandez et al., 2024), patterned grounds and frost mounds
(Feuillet, 2010; Feuillet and Mercier, 2012; Serrano et al., 2019, 2020)
and ice caves (Sancho et al., 2018; Serrano et al., 2018; Bartolomé et al.,
2022), are reliable indicators of the occurrence and spatial distribution
of frozen ground in the Pyrenees. Based on the altitudinal distribution of
these landforms and thermal ground recordings, previous studies
establish the lower limit for the presence of permafrost above 2650 m on
north-facing slopes and 2900 m on south-facing slopes (Serrano et al.,
2019; Oliva et al., 2023). Excluding potentially active RGs and focusing
solely on the active RGs from the current kinematic inventory, the
altitudinal boundary of frozen ground in the Pyrenees appears to be
lower than previously reported, with significant differences between
north- and south-facing slopes. In this line, SqueeSAR ground defor-
mation maps record movement in RGs situated at relatively low eleva-
tions, over 2100 m and 2600 m in the Eastern Cauterets pluton and over
2150 and 2400 m in the Neouvielle plutons, on north- and south-facing
slopes, respectively. These altitudinal values lower the permafrost limit
around 500 m on both north- and south-facing slopes than the ones
previously reported (Serrano et al., 2019, 2020; Rico et al., 2021; Oliva
et al., 2023). This is supported by the monitoring studies of the basal
temperatures of the snow cover south of the Panticosa Massif where
permafrost appeared to exist at points between 1900 and 2400 ma.s.l.,
especially within the avalanche tracks (Julian and Chueca, 2007).
Nevertheless, caution must be exercised when interpreting a direct
relationship between active RGs and the regional permafrost limit.
Numerous studies have documented cases of sporadic permafrost or so-
called ‘cold spots’ on talus slopes, characterized by frozen ground and
temperatures considerably lower than those of adjacent soil or bedrock
(Niu et al., 2016 and references therein). Therefore, the presence of
active RGs at low altitudes may simply reflect the irregular distribution
of sporadic permafrost (Serrano et al., 2020), driven by local steep
topographic conditions that reduces solar radiation and promotes the
persistence of snow cover (Julian and Chueca, 2007). However, the
substantial number of active RGs observed at low elevations above 2100
m suggests the need to revise downward the currently established lower
limit of permafrost in the Pyrenees.

Notably, the altitudinal distribution of active RGs in the three studied
granodioritic plutons varies markedly depending on the orientation in
the range. In the Panticosa-Western Cauterets pluton, located at the
southern side of the range, active RGs are over 2340 m. In contrast, in
the Eastern Cauterets pluton and Neouvielle plutons, located at the
northern side of the range, SqueeSAR ground deformation maps record
movement in RGs situated at relatively low elevations over 2100-2150
m, respectively. This 200-250-m decrease in the permafrost limit in the
Eastern Cauterets and Neouvielle plutons, is explained by their 3-4 °C
lower average annual temperature and 500-1000 mm greater precipi-
tation (Feuillet, 2010) than the Panticosa massif. Consequently, peri-
glacial processes are expected to be more active in the north-facing
plutons even at lower altitudes.

Although the number of active RGs decreases towards the east as
peak elevation and rainfall diminish, surprisingly, the altitudinal limit of
active RGs does not change significantly from west to east. In fact, the
easternmost granitic massif (L’ Infern-Canig6 massif) hosts several active
RGs above 2300-2400 m as in the Panticosa massif in the central Pyr-
enees where rainfall rate is almost double, highlighting the importance
of local topographic factors in the occurrence of permafrost.

Finally, the decomposition of the InSAR deformation into decom-
posed vertical and horizontal velocities from the ascending and
descending geometries provides additional information than the
downslope velocities (projection of the LOS velocity field into the slope
direction) derived from a single orbit. In particular, most of the RGs in
the Pyrenees show low to negligible decomposed horizontal movement
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at their fronts and all display negative decomposed vertical values
probably related to a combination of subsidence and northward
displacement in their entire surface. The reduction in their decomposed
horizontal displacement rates and the lowering values recorded by the
SqueeSAR and EGMS viewer are clear signs of their transition from
active to relict due to the thinning of their ice content. In addition, the
drainage erosion of the fronts and tongues, a smoother surface topog-
raphy, and the rapid colonization of their fronts by vegetation support
ice content decline. The linear slope of the cumulative negative
decomposed vertical velocities visible in the TS graphs might suggest
that ice loss processes have been continuous since 2015 in agreement
with previous GPS studies and LiDAR data that record a steady subsi-
dence related to ice degradation since the beginning of the century
(Chueca and Julian, 2005; Serrano et al., 2006, 2010; Gonzalez-Garcia
et al., 2013; de Sanjosé et al., 2014). If this trend continues in the near
future, as expected from the presented rapid permafrost degradation
signs, the marked temperature increase recorded recently (Lopez-Mor-
eno et al., 2019) and the significant decline of snow depth at elevations
above 2000 m a.s.l. (Lopez-Moreno, 2005; Lopez-Moreno et al., 2020;
Vidaller et al., 2021), the number of active RGs in the Pyrenees will
dramatically decrease in the recent years.

7. Conclusions

The integration of SqueeSAR and airborne LiDAR datasets in this
study has demonstrated significant potential for detecting and quanti-
fying surface kinematics of RGs in the Pyrenees, albeit with notable
limitations. SqueeSAR proved to be more effective than airborne LiDAR
for identifying slow-moving active RGs, with a motion detection
threshold of 3 mm/year, almost an order of magnitude lower than Li-
DAR’s threshold. Despite this, SqueeSAR’s performance is hindered by
factors such as coherence loss, snow cover, and topographic orientation,
leaving certain RGs undetected. Airborne LiDAR, although less sensitive
to smaller displacements, complemented SqueeSAR by detecting RGs in
areas with poor InSAR coherence, demonstrating the strength of a
combined methodological approach.

The EGMS viewer, despite its success in monitoring other geo-
hazards, was ineffective in detecting slow-moving RGs in the Pyrenees.
The low detection rate, combined with significant errors in the kine-
matic data provided, underscores the need for a different strategy that
relies on radar images covering only the snow-free periods to avoid
coherence loss to update the kinematic status of RGs in future studies.

The newly developed InSAR-based RG inventory for the Pyrenees,
which identifies 733 RGs, marks a substantial improvement over pre-
vious geomorphic databases. This inventory highlights a significant in-
crease in the identification of active RGs, suggesting that the combined
use of InSAR techniques and aerial photointerpretation is critical for
enhancing the accuracy of RG inventories.

However, discrepancies between InSAR and geodetic measurements,
particularly in movement rates, highlight the need for caution in inter-
preting kinematic data. InSAR tends to underestimate RG motion,
especially for north-facing slopes, which could lead to misclassification
of active RGs as transitional. This study calls for further refinement of
InSAR techniques to ensure more accurate monitoring of RG dynamics,
particularly as permafrost degradation accelerates in response to
ongoing climate change.

In terms of permafrost distribution, this study presents evidence of
lower altitudinal limits for active RGs than previously reported although
further detailed investigations are required to establish the spatial and
altitudinal distribution of continuous, discontinuous and sporadic
permafrost, and to determine whether active RGs located at very low
elevations represent “cold spots”. In any case, these findings suggest
significant variability in permafrost occurrence between north- and
south-facing slopes, with topographic and climatic factors playing a
crucial role. The ongoing degradation of permafrost, coupled with
reduced snow cover and rising temperatures, is expected to lead to a
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dramatic decline in the number of active RGs in the Pyrenees in the
coming years.
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