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Abstract. Rock glaciers are key periglacial landforms in high mountain systems, serving as indicators of per-
mafrost, contributors to mountain hydrology, and sentinels of climate change. Despite their scientific and prac-
tical importance, detailed knowledge of their distribution, characteristics, and dynamics in the Peruvian Andes
remains limited. This study presents the Peruvian Rock Glacier Inventory (PRoGI v1.0), — a comprehensive
inventory of rock glaciers covering the entire Peruvian Andes, encompassing their spatial distribution, morpho-
logical attributes, and topoclimatic controls. Unlike previous local-scale studies, PRoGI v1.0 provides national-
scale coverage using standardized methods aligned with International Permafrost Association (IPA) guidelines
and updated data. Using sub-meter satellite imagery (Bing Maps 2024 and Google Earth 2017) and IPA classi-
fication standards, we mapped 2338 rock glaciers with a total area of 94.09 & 0.05 km?. Approximately 31 % of
these landforms were classified as active, 49 % as transitional, and 20 % as relict. They predominantly occur be-
tween ~ 4416 and 5783 m a.s.l. (mean elevation ~ 4999 m) on slopes averaging ~ 20.7° (range 7-37°). Spatially,
rock glaciers are concentrated in the southern Peruvian Andes, with sparse distribution in central and northern
Peru. Most have a southern to southwestern aspect (predominantly S, SW, and SE-facing), and the lower limit
of permafrost (indicated by the lowest active rock glacier fronts) is ~ 3541 ma.s.l. Our inventory serves as a
benchmark dataset that significantly advances the understanding and monitoring of mountain permafrost, and it
provides a basis for assessing the hydrological importance of rock glaciers in the Peruvian Andes under climate
change scenarios. The dataset is available at https://doi.org/10.1594/PANGAEA.983251 (Medina et al., 2025a).
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1 Introduction

The periglacial environment, characterized by cold, non-
glacial conditions, represents one of Earth’s most dynamic
and climate-sensitive landscapes. Dominated by freeze-thaw
cycles, permafrost dynamics, and distinctive landforms such
as patterned ground, solifluction lobes, and rock glaciers
(French, 2017), these environments play a critical role in
high-mountain hydrology, biodiversity, and geomorphology.
Recent studies highlight their exceptional vulnerability to
climate change, with rising temperatures driving permafrost
degradation and destabilizing landforms across global moun-
tain systems (Haeberli et al., 2017; IPCC, 2022). This warm-
ing trend is particularly evident in the tropical Andes, where
elevations above 5000 m a.s.1. have warmed at ~0.17 °C per
decade since the mid-20th century (Aguilar-Lome et al.,
2019), threatening water security and ecosystem stability.

Mountain permafrost, defined as ground remaining <0 °C
for at least two consecutive years (Van Everdingen, 1998),
underpins these systems. It stabilizes steep slopes, modulates
groundwater flow, and sustains ecosystems (Gruber and Hae-
berli, 2007). However, mountain permafrost is highly sen-
sitive to warming; rising temperatures lead to permafrost
degradation and can trigger the release of stored greenhouse
gases (Biskaborn et al., 2019). In the Andes, where glacial
retreat has increased the relative importance of permafrost
as a water resource, its hydrological role remains critical yet
poorly quantified due to sparse observations in remote high-
altitude areas.

Among periglacial landforms, rock glaciers serve as direct
visual indicators of mountain permafrost, with their presence
delineating the occurrence of ground ice and the approx-
imate lower limits of discontinuous permafrost These ice-
debris landforms, formed by the creep of ice-rich permafrost
and shearing at depth, optionally exhibit steep fronts, lateral
margins, and ridge-and-furrow surface topography (RGIK,
2023). Rock glaciers stand out as both geomorphological
archives of past climate conditions and development history
(Haeberli et al., 1999), and as vital water reservoirs. Com-
prising 15 %—-70 % ice by volume (Halla et al., 2021; Haq and
Baral, 2019), rock glaciers store substantial water equivalents
in arid regions like the southern Peruvian Andes (Schaffer et
al., 2019; Janke et al., 2017; Rangecroft et al., 2015). Their
debris mantle confers thermal inertia through ventilation ef-
fects, buffering ground ice against short-term climate vari-
ability (Brighenti et al., 2021; Scapozza et al., 2011). This
dual role as climate sentinels — providing insights into both
contemporary climate change through velocity monitoring
(Kéidb et al., 2021) and Quaternary climate history through
dating of their formation (Palacios et al., 2022) — and hydro-
logical buffers makes rock glaciers indispensable for under-
standing long-term environmental change. It should be noted
that while the origin of rock glaciers (permafrost creep vs.
glacier-to-rock glacier transition) remains debated interna-
tionally, this paper focuses on their morphological character-
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ization and distribution without addressing formation mech-
anisms.

Along the higher South American Andes (> 4000ma.s.1.),
studies in Argentina, Chile, and Bolivia have leveraged rock
glacier inventories to map permafrost and assess water stor-
age (Azoécar and Brenning, 2010; Esper Angillieri, 2017;
Falaschi et al., 2015; Rangecroft et al., 2015). However
knowledge gaps still persist, in Peru: existing inventories
are fragmented (Badillo-Rivera et al., 2021; Leé6n et al.,
2021) and lacking standardized methods or detailed topocli-
matic analyses. To address this, we present the Peruvian
Rock Glacier Inventory (PRoGI v1.0), the first nationally
comprehensive rock glacier dataset for the Peruvian An-
des, compiled using the mapping standards of the Interna-
tional Permafrost Association’s Action Group (IPA) on Rock
Glacier Inventories and Kinematics (RGIK, 2023). By com-
bining high-resolution remote sensing imagery with rigor-
ous geospatial analysis, PRoGI v1.0 documents the distribu-
tion, morphology and climatic characteristics of rock glaciers
across Peru.

This new dataset enables advances in permafrost mod-
elling and can be integrated into water resources assessments
and disaster risk management efforts in the Peruvian Andes
by environmental authorities (e.g. National Water Authority
(ANA), National Center for Estimation, Prevention, and Dis-
aster Risk Reduction (CENEPRED). In addition, by adher-
ing to standardized IPA criteria, the inventory is interoperable
with other international databases, representing a significant
step toward a global rock glacier database.

2 Study area

The Peruvian Andes (spanning ~4 to 18°S and 80 to
~69°W) are the central sector of the tropical Andes, a
mountain range that plays a critical role in regional hydrol-
ogy and climate regulation (Vuille et al., 2018). This re-
gion is characterized by dramatic topography, with elevations
reaching 6757 ma.s.l. on Nevado Huascaran, over an area
of approximately 308 124 km? (about 30 % of Peru’s terri-
tory; INAIGEM, 2023). The climate of the Peruvian Andes
is highly heterogeneous shaped by global atmospheric cir-
culation and local topography. The eastern (Amazon-facing)
slopes of the Andes receive moist air masses from the Ama-
zon Basin, resulting in steep precipitation gradients (up to
~1100mmyr~! in windward areas) and generally humid
conditions. In contrast, the western slopes are much drier
and colder, often receiving less than ~ 500 mm yr_l, due to
the rain-shadow effect of the Andes (Garreaud, 2009). These
sharp climatic gradients, combined with the extreme eleva-
tion range, create a mosaic of microclimates that influence
the distribution and characteristics of periglacial landforms
(including rock glaciers).

Bonshoms et al. (2020) divided the Peruvian Andes into
four climatological subregions (Fig. 1) based on precipitation
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Figure 1. Distribution of active, transitional and relict rock glaciers
in the Peruvian Andes overlaid on a 30m ALOS DEM. The inset
map highlights the location of the study area in South America.

and temperature regimes. We adopt these four subregions as
the basis for our analysis, identifying them as the Northern
Wet Outer Tropics (NWOT), Northern Dry Outer Tropics
(NDOT), Southern Wet Outer Tropics (SWOT) and Southern
Dry Outer Tropics (SDOT). Each subregion encompasses the
mountains covered by current glaciers as well as surrounding
highland areas below the glaciers. It is important to empha-
size that this regional framework is based solely on climatic
criteria and does not incorporate other factors.

In addition, the four subregions have distinct lithological
characteristics that influence the potential for rock glacier
formation. The SDOT subregion is dominated by Miocene-
Neogene volcanic-sedimentary sequences (Nm-vs), which
produce abundant block debris for rock glacier develop-
ment. The NWOT subregion is mainly characterized by Neo-
proterozoic schists and gneisses (NP-esq,gn), which break
down into competent debris. The NDOT contains impor-
tant Paleogene-Neogene volcanic and sedimentary forma-
tions (PN-vs), while the SWOT mainly sits on Ordovician
metasedimentary rocks (O-ms).
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3 Data

3.1 Data sources

The rock glacier inventory was manually compiled using
high-resolution satellite imagery. Bing Maps Aerial im-
agery served as the primary data source for mapping, ac-
cessed within QGIS 3.40 using the QuickMapServices plu-
gin. Google Satellite imagery was used as a supplemen-
tary source in areas where Bing imagery was unavailable
or affected by cloud cover, snow obstruction, or poor im-
age quality. This combination ensured nearly complete high-
resolution coverage of the Andes of Peru and facilitated
consistent mapping and geodatabase creation (Rangecroft et
al., 2014; Jones et al., 2018a, 2021). The imagery has high
spatial resolution, allowing detailed identification of rock
glacier features. In a few cases, we also consulted histori-
cal Google Earth images (from earlier dates or different sea-
sons) to identify rock glaciers in locations where seasonal
snow cover, cloud or shadows hid the landforms in the pri-
mary imagery (Pandey, 2019). Table 1 summarizes the main
imagery sources and acquisition dates used for rock glacier

mapping.

3.2 Topoclimatic datasets

To analyse the topographic and climatic context of rock
glacier distribution, we compiled several datasets:

1. Digital Elevation Model (DEM): we used the 12.5 m-
resolution ALOS PALSAR for Peru from Japan
Aerospace Exploration Agency DEM (Rosenqvist et al.,
2007) to derive topographic attributes (elevation, slope,
aspect) for each rock glacier.

2. Climate data (temperature and precipitation): Mean An-
nual Air Temperature (MAAT) and Annual Precipita-
tion (AP) were obtained from the CHELSA 2.1 cli-
mate dataset at 0.1° (~ 10km) resolution (Karger et
al., 2017). We extracted the 1979-2013 climatology
(CHELSA provides high-resolution modelled climate
surfaces). The CHELSA data have been widely used for
characterizing rock glaciers climates in regional stud-
ies and show good correlation with ground meteorologi-
cal observations (Anderson-Teixeira et al., 2015). These
temperature and precipitation values allowed us to ap-
proximate the climatic regime (e.g., cold-dry vs warm-
wet) in each rock glacier’s location (Drewes et al., 2018;
Esper Angillieri, 2017; Haq and Baral, 2019; Range-
croft et al., 2014).

3. Permafrost model data: we included Mean Annual
Ground Temperature (MAGT) data for the period 2000—
2016 from Obu et al. (2019) as a supplementary descrip-
tive variable. We acknowledge that this global model
has not been validated for the tropical Andes and car-
ries significant uncertainty in mountain regions due
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Table 1. Image sources and acquisition dates.

K. Medina et al.: A comprehensive rock glacier inventory for the Peruvian Andes (PRoGl)

Image source Sensors

Spatial resolution  Acquisition date

Maxar Technologies
CNES/Airbus

Bing Satellite
Google Satellite

November 2024
April 2017

~1to3m
~1toS5m

to unresolved local heterogeneity. The data were used
for broad-scale context only; morphological classifica-
tion took precedence when discrepancies occurred with
modelled temperatures.

All spatial datasets were co-registered and clipped to the
extent of the Peruvian Andes. We used these layers to ex-
tract topoclimatic attributes (elevation, slope, aspect, MAAT,
AP, MAGT) for each rock glacier, which are analysed in
Sect. 5.3.

3.3 Auxiliary data

To distinguish rock glaciers from other ice-related land-
forms, we also utilized existing inventories of glaciers in
Peru. In particular, we employed data from the National
Inventory of Glaciers and Glacial Lakes (INGLOG II) of
Peru (INAIGEM, 2023), which provides outlines of both
clean glaciers and debris-covered glaciers. By overlapping
the glacier outlines from INGLOG II on the rock glaciers
polygons, it allows avoid mistaking debris-covered glaciers
for rock glaciers during mapping. This additional reference
was especially useful in complex high-mountain environ-
ments where rock glaciers are often on the same slope as
present-day glaciers. In the database, the cases where a rock
glacier is immediately downstream of a glacier was flagged.
to ensure no double-counting or misclassification occurred.

4 Methodology

4.1 Identification and mapping of rock glaciers

The mapping approach followed the official guidelines of the
International Permafrost Association (IPA) Action Group on
Rock Glacier Inventories and Kinematics (RGIK) for inven-
torying rock glaciers (RGIK, 2023), with specific adaptations
for the scale and context of our national inventory:

1. In accordance with the mandatory requirements of
RGIK, we compiled two vectors (in *. gpkg format),
the first containing the primary markers for each rock
glacier unit or system and the second, the extended foot-
print of the polygonal delineation for each rock glacier
including its associated attributes.

2. In the activity classification approach, while RGIK rec-
ommends six activity classes (including “uncertain” cat-
egories), we employed a simplified three-class system
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(active, transitional, and relict) due to the extensive spa-
tial coverage required for a practically implemented sys-
tem.

3. The scheme for the inventory attributes has been par-
tially adopted from the RGIK guidelines, as they have
been complemented with topoclimatic variables for hy-
drological and climatic applications.

To ensure thorough coverage and consistency, we imple-
mented a systematic mapping workflow following the next
steps (Sect. 4.1.1-4.1.3).

4.1.1 Grid-based systematic mapping

The entire study region was divided into a grid of 50 x 50 km
cells to cover the Peruvian Andes uniformly. Each grid cell
was examined in detail using the high-resolution satellite im-
agery described in Sect. 3.1, following the established pro-
tocol of primary Bing imagery with Google Earth supple-
mentation for areas with visibility issues. This grid-based ap-
proach ensured that no areas were overlooked, and it helped
organize the work among the mapping team. This grid-
based approach ensured that no areas were overlooked, and
it helped organize the work among the mapping team.

4.1.2 Digitization protocol

When a rock glacier was identified in the imagery, we de-
lineated it as a polygon following a consistent digitization
criteria follow RGIK guidelines. Each rock glacier was as-
signed a unique identifier derived from its geographic coor-
dinates (specifically, an ID based on the centroid latitude and
longitude, e.g., “RGU154384S0729196W” as illustrated in
the data dictionary). We then manually digitized a polygon
to capture the entire rock glacier landform. The mapping of
each feature included:

1. Upslope extent: the rooting zone or talus contributing
area, depending on the type of connection with the up-
slope, in the case of a rock glacier unit overlain by an-
other, its upper boundary is shared with the extended
footprint of the upper unit, and the same is true for a
rock glacier that is partially covered by another relief
form (e.g., a moraine system, a slope). In all other cases,
the upper part of the lateral margins was taken as a ref-
erence.

2. Main body: the central part of the rock glacier charac-
terized by its typical surface morphology (e.g., longitu-
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dinal/latitudinal ridges and furrows, or a lobate debris
structure).

3. Frontal and lateral margins: the steep front (toe) and
sides of the rock glacier, which often have sharper con-
vex profiles or abrupt edges separating the landform
from surrounding terrain.

For complex frontal and lateral margins morphology cases,
we applied RGIK’s conservative approach specifically for
“exaggerated” fronts and lateral margins (RGIK, 2023),
where the landform boundary was drawn along collapse fea-
tures or the farthest ridge, limiting extension to 50 m be-
yond discernible boundaries. For “truncated” fronts, we draw
the contour maintaining an almost constant distance from
the restricted contour or as a continuation of the visible ex-
tended side margins to avoid overestimation. Figure 2 illus-
trates our mapping approach for both straightforward and
challenging cases. Figure 2a shows a classical rock glacier
with well-defined margins and typical morphology, while
Fig. 2b presents a complex case where mapping uncertain-
ties required careful interpretation. In challenging situations,
where frontal morphology was ambiguous due to bedrock
ledges or lateral margins crossed morphological flow lines,
we acknowledged the mapping difficulty and applied con-
servative delineation based on visible geomorphological evi-
dence. After delineation, the date and source of the imagery
used for each polygon was recorded, to document the tempo-
ral coverage of the inventory. Table 2 includes an “Imagery
Date/Source” attribute for each entry.

4.1.3 Quality Control

After initial mapping, we undertook a quality control process
to improve the accuracy and completeness of the inventory.
First, we assigned a certainty level to each mapped polygon:
“1” for high-confidence rock glaciers and “0” for features
where identification was uncertain. Approximately 12 % of
the polygons (281 features) were flagged as low certainty due
to factors such as snow cover, shadows, or borderline mor-
phology that made interpretation difficult. All low-certainty
cases were subjected to careful review and resolution: fea-
tures that could be confidently identified as rock glaciers after
expert review were retained in the inventory, while those that
remained ambiguous were excluded. This approach ensured
that only confidently identified landforms were included in
the final dataset.

To be applied during this quality control stage, four possi-
ble review operations were defined, similar to the procedure
described by Sun et al. (2024):

— Remain: no change needed — the polygon accurately de-
lineates a rock glacier and is confirmed as correct.

— Remove: delete polygon if it was determined not to be
a rock glacier (e.g., a misidentified landform such as a
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solifluction lobe or a pronival rampart). These misiden-
tified features are usually associated with the downslope
margins of perennial or semi-permanent snow patches
(Matthews et al., 2011) and can exhibit superficial
ridge-like forms due to processes like snow push, so-
lifluction, or rockfalls from nearby scarps, which slide
over frozen snow and accumulate at the base of the slab.
However, they lack the internal ice thickness and other
diagnostic traits of rock glaciers (Colucci et al., 2016).
We also cross-checked the national glacier inventory
(INGLOG 1) to ensure that any feature in question was
not actually a debris-covered glacier.

— Refine: modify the polygon if the feature is indeed a
rock glacier but our original delineation missed part of
it or included extraneous parts. This could involve ad-
justing boundaries to more closely match the visible ge-
omorphological edges.

— Retrieve: add a new polygon for any previously over-
looked rock glacier. During the review, some subtle or
small rock glaciers that had been missed in the first pass
was discovered, particularly in areas of complex ter-
rain or where imagery was less clear. In total, 32 rock
glaciers were “retrieved” in this manner. Additionally, if
a single mapped polygon was found to contain multiple
adjacent rock glaciers (i.e., a compound feature), it was
split into separate units when distinct lateral boundaries
could be discerned in the imagery.

Each low-certainty or complex case was re-examined by the
team, and the appropriate operation (remain, remove, re-
fine, or retrieve) was applied. After this systematic check,
a cleaned and verified set of rock glacier polygons was
achieved. The final inventory includes only features that were
confidently identified as rock glaciers after this rigorous qual-
ity control process. The quality control review significantly
improved the inventory’s reliability, reducing spurious inclu-
sions and omissions.

4.2 Geomorphological identification and classification of
rock glaciers

Our classification approach builds upon the RGIK (2023)
framework while implementing a simplified three-class ac-
tivity system suited to national-scale mapping. When classi-
fying rock glaciers by activity state, we employed a morpho-
logical scheme based on Barsch (1996) and RGIK guidelines
(RGIK, 2023), distinguishing three categories: active, transi-
tional, and relict (Fig. 3).

This simplified system addresses the practical challenges
of large-scale inventorying while maintaining scientific rigor
through our consensus validation process. In the absence
of kinematic data, active rock glaciers are defined as land-
forms containing interstitial ice (Roer et al., 2005; Wirz et al.,
2016) and typically exhibit pronounced ridges and furrows
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350 K. Medina et al.: A comprehensive rock glacier inventory for the Peruvian Andes (PRoGl)

Truncated fren
Google Earth

NG

Morphological
flow

Restricted boundary

Exaggerated lateral
margin

Figure 2. Examples of rock glacier mapping: (a) Classical case with well-defined morphology (15°37'3.79” S, 72°23/0.32" W) showing
clear frontal and lateral margins; Complex case with mapping challenges (17°04'30” S, 69°59'24” W) showing truncated frontal morphology

and uncertain lateral boundaries. Imagery © 2025 CNES/Airbus.

(Charbonneau and Smith, 2018; Sattler, 2016), frontal slopes
steeper than 30-35°, and generally lack vegetation (Tielidze
et al., 2023). Transitional rock glaciers may still contain ice
but have ceased moving, displaying gentler frontal slopes
(< 30-35°), subdued microtopography (Kellerer-Pirklbauer
et al., 2012), and may support some vegetation (Ahumada
et al., 2014; Brenning, 2005). Relict rock glaciers show
no evidence of recent movement, characterized by collapse
structures, subtle micro-relief (Colucci et al., 2016), and of-
ten vegetated surfaces at lower elevations (Abdullah and
Romshoo, 2024; RGIK, 2023; Scotti et al., 2013; Baroni et
al., 2004).

We prioritized frontal slope characteristics and overall
landform preservation as primary classification criteria, as
these show the most consistent relationship with activity sta-
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tus across different environmental settings. Ridge and furrow
topography was considered as supporting evidence where
clearly visible, acknowledging that this feature is optional
in RGIK guidelines but has demonstrated utility in Andean
contexts. Vegetation presence was used cautiously as a sec-
ondary indicator, with recognition of its limited applicability
in arid high-elevation environments where vegetation may be
absent regardless of activity status (RGIK, 2023).

For activity classification uncertainties, we implemented a
consensus-based approach where borderline cases were re-
viewed by at least three team members. This process effec-
tively internalized the classification uncertainty that RGIK
addresses through “uncertain” categories, providing a sta-
tistically robust alternative for large-scale inventories. This
consensus approach specifically addressed the high inter-
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operator variability in activity classification reported in the
literature (Brardinoni et al., 2019), ensuring consistent appli-
cation of our modified three-class system across the entire
inventory.

These criteria guided the visual interpretation of each land-
form and were consistently applied to ensure the classifica-
tion of activity state and morphology in the inventory was
as objective as possible. Any marginal cases were noted for
further scrutiny (often with assistance from the external re-
viewers, as described below).

4.3 Topoclimatic features

For each rock glacier, a suite of topographic characteristics
and climatic variables was extracted. Topographic attributes
include geographic coordinates (latitude and longitude), min-
imum, mean and maximum elevations, and mean slope and
aspect in the rock glacier centroid. These parameters were
derived in QGIS by superimposing the mapped rock glacier
polygons on a digital elevation model (DEM) and apply-
ing zonal statistics for each polygon. The minimum eleva-
tion corresponds to the lowest point within a rock glacier’s
outline (generally at the front), while the maximum eleva-
tion is the highest point (typically at the rooting zone). The
mean elevation was calculated as the midpoint between these
two extremes. Similarly, mean slope was obtained by aver-
aging within each polygon the DEM-derived slope and as-
pect values. The mean aspect was calculated using a circu-
lar mean transformation (using sine and cosine components)
rather than a simple arithmetic average. The surface area of
each rock glacier (in km?) was computed using QGIS ge-
ometry tools. The smallest rock glacier included in the in-
ventory has an area of 0.001 km?. While the RGIK (2023)
guidelines suggest 0.01 km? as a general minimum area
threshold for global inventories, we included smaller fea-
tures because these smaller rock glaciers (14 % of our inven-
tory) provide crucial information on permafrost distribution
at lower altitudinal limits and under marginal conditions. The
climatic variables considered were mean annual air temper-
ature (MAAT), mean annual ground temperature (MAGT),
annual precipitation (AP), and potential incoming solar ra-
diation (PISR). These data were obtained by overlaying the
rock glacier polygons on the respective climate raster layers
and extracting the mean value of all pixels within each poly-
gon for each variable. Each rock glacier was thus attributed
with an average MAAT, MAGT, AP and PISR based on its
location. All the above topographic and climatic parameters
were compiled into the rock glacier inventory’s attribute ta-
ble (Table 2).

Finally, it is important to mention that the MAGT values
obtained from the Obu et al. (2019) model have a limited
capacity to capture the small-scale heterogeneity of moun-
tain permafrost distribution, particularly in the tropical An-
des; the lack of regional validation and the scarce field veri-
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fication imply that the modeled values should be considered
indicative, not definitive.

4.4 Inventory compilation and validation

The mapping and review process was carried out by a team
consisting of five primary cartographers (the core authors of
this study) and sixteen independent expert reviewers with ex-
perience in rock glacier inventories. The inventory was di-
vided into regional sub-areas, and one or more reviewers
were assigned to each sub-area for an external check. A com-
plete list of expert reviewers and their affiliations is provided
in Table S1 (Supplement). The reviewers examined the draft
inventory and provided feedback, marking any polygons that
might require one of the four quality-control operations de-
scribed above (remain, remove, refine, retrieve).

Each suggested change was discussed and then imple-
mented by the mapping team, ensuring that the final deci-
sions were internally consistent across the entire inventory.
When the characteristics of a particular rock glacier were
uncertain or ambiguous in Bing imagery, we used Google
Earth’s high-resolution imagery as a supplementary perspec-
tive to confirm features like flow structures or boundaries.
After incorporating all reviewer comments and finalizing
the polygon delineations, we compiled the attribute table
for the inventory. For each rock glacier unit, we recorded
a comprehensive set of attributes (see Table 3 for full def-
initions). All attributes were recorded in a GIS vector and
cross-checked for consistency. The attribute schema is out-
lined in Table 3 for reference. This rich database structure
ensures that PRoGI v1.0 is not just a collection of polygons,
but a data-rich inventory that can be queried for spatial pat-
terns, compared with other inventories, and used for quanti-
tative analyses of Peru’s rock glaciers.

4.5 Geometric classification

Our geometric classification aligns with the RGIK hierarchi-
cal framework, distinguishing between Rock Glacier Units
(RGUs) representing individual landforms and Rock Glacier
Systems (RGS) comprising multiple coalesced units. This
approach addresses mapping consistency for complex mor-
phologies while providing insights into debris supply pat-
terns and topographic controls.

For simple/monomorphic landforms (RGUs), we classi-
fied geometry based on planform characteristics:

— Tongue-shaped: length-to-width ratio > 1, indicating
downslope-oriented flow (Harrison et al., 2008; Hum-
lum, 1982).

— Lobate: length-to-width ratio <1, characteristic of
cirque-floor or slope-base accumulation (Humlum,
1982).

For complex configurations (RGS), we identified:
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352 K. Medina et al.: A comprehensive rock glacier inventory for the Peruvian Andes (PRoGl)

AR :‘!

Debris supply ~—g

Steep frontal slope

Google Earth

Smooth frant and
block field area \

Rounded furrows and

/ ridges
|
I

Steep front with fresh material
(slow move ment)

Figure 3. Rock glacier mapping and classification examples (using images from Google Earth): (a) active rock glaciers (15°25'31.85” S,
72°10'31.68” W); (b) transitional rock glacier (17°7/58.62" S, 69°52/24.82" W); and (c) relict rock glacier (16°29'6.81” S, 71°8'36.74" W).
Yellow outline indicates the rock glacier extent and dashes white line illustrates the width. Imagery © 2024 Maxar Technologies and © 2025
CNES/Airbus.
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Table 2. Detailed attribute table of polygons representing rock glaciers. M: mandatory attribute and O: optional attribute.

Attribute

Description

Type [Values]

Source

fid (M)

Internal ID:
Unique identifier of each rock glacier.

Automatic filling

Primary ID (M)

Rock glacier ID:

RGU/RGS + 12 to 15 digits depending on the “Lat”, “Lon”
values. Always 4 decimal places after the degrees.

(e.g., RGU153844S0729196W means 15.3844° South and
72.9196° West)

Automatic filling

RGIK (2023): Sect. 5.2

Sour_Data (M)

Source data:
Source data used to digitize rock glacier outlines Bing Satellite

Text [Bing Satellite, Google Satellite]

RGIK (2023): Sect. 5.3

Map_Date (M)  Date of mapping: Date
Date on which the rocky glacier was digitized (Format:
YYYY-MM-DD UTC-5)
Mapper (M) Mapper’s name: Text
Name of the operators who performed the digitization of rock
glaciers.
Reviewer (M) Reviewer’s name: Text
Name of the reviewers who verified the rock glacier outlines.
Addi_Inf (M) Additional information: Text
This attribute allows recording some elements of the
environment that may be of interest for future studies (e.g.,
proximity to wetlands, roads, etc.)
Region (O) Region of rock glacier: Text IGN (2023)
Peru is divided into 24 political regions, of which the rock
glacier inventory is distributed in 9.
Subregion (O) Subregion of rock glacier: Text [1. Southern Dry Outer Tropic. Bonshoms et al. (2020)

Name of the subregion where the inventoried rock glaciers are
located. Based on Peru’s temperature and precipitation
patterns.

2. Southern Wet Outer Tropic.
3. Northern Dry Outer Tropic.
4. Northern Wet Outer Tropic.]

Hydro_Wat (O)  Hydrographic watershed of rock glacier: Text [1. Regién Hidrografica del Pacifico. ANA (2003)
Name of the level 1 hydrological watershed (Pfafstetter 2. Regioén Hidrografica del Amazonas.
coding) where the inventoried rock glaciers are located. 3. Regién Hidrografica del Titicaca.]
River_Basi (O)  River basin of rock glacier: Text ANA (2003)
Name of the level 4, 5 or 6 river basins (Pfafstetter coding)
where the inventoried rock glaciers are located.
Activity (O) Activity of rock glacier: Text [1. Active. RGIK (2023):
Activity class assigned to the rock glacier. 2. Transitional. Sects. 3.4, 5.3 and 6.1
3. Relict.]
Act_Assess (O)  Criteria for activity assessment: Text RGIK (2023):
Criteria used for the evaluation of activity classes. Sect. 3.4.2
Geometry (O) Morphology of rock glacier: Text [1. Tongue-shaped. Humlum (1982);
Defines the morphology of the identified rock glacier. 2. Lobate. Krainer and Ribis
3. Coalescent. (2012)
4. Polymorphic.]
Delin_type (O)  Delineation type of rock glacier: Text RGIK (2023):

Extended geomorphological footprint that includes the outer
parts (frontal and lateral margins).

Sects. 3.6 and 5.4

Lon (M) Longitude of the rock glacier centroid in decimal degrees. Automatic filling
[—77 to —69°]

Lat (M) Latitude of the rock glacier centroid in decimal degrees. Automatic filling
[—18 to —10°]

Area (O) Rock glacier area ( kmz): Automatic filling

Values obtained by field calculator tool in QGIS 3.40.

[0.001 to 0.89]

Elev_mean (O)

Mean elevation of rock glaciers (ma.s.l.):
Values extracted by zonal statistics (mean) in QGIS 3.40 using
the ALOS PALSAR DEM (12.5m).

Automatic filling
[4416 to 5783]

https://doi.org/10.5194/essd-18-345-2026

Earth Syst. Sci. Data, 18, 345-369, 2026



354

Table 2. Continued.

K. Medina et al.: A comprehensive rock glacier inventory for the Peruvian Andes (PRoGl)

Attribute Description

Type [Values] Source

fid (M) Internal ID:

Unique identifier of each rock glacier.

Automatic filling

Elev_min (O)  Minimum elevation of rock glaciers (ma.s.l.):
Values extracted by zonal statistics (minimum) in QGIS 3.40

using the ALOS PALSAR DEM (12.5 m).

Automatic filling
[3541 to 5657]

Elev_max (O)  Maximum elevation of rock glaciers (ma.s.l.):
Values extracted by zonal statistics (maximum) in QGIS 3.40

using the ALOS PALSAR DEM (12.5 m).

Automatic filling
[4477 to 5977]

Slope (O) Mean slope of rock glacier (Degrees): Automatic filling
Values obtained using the slope tool and zonal statistics (mean)  [7 to 37°]
in QGIS 3.40 using the DEM.

Aspect (O) Aspect of rock glacier (Degrees): Automatic filling
Values obtained using the aspect tool and zonal statistics [22 to 335°]
(mean) in QGIS 3.40 using the DEM.

MAAT (O) Mean Annual Air Temperature (°C): Automatic filling
Values extracted by zonal statistics (mean) in QGIS 3.40 using  [—3.0t0 5.3]
the biol2 variable from CHELSA 2.1 (1 km).

MAGT (O) Mean Annual Ground Temperature (°C): Automatic filling
Values extracted by zonal statistics (mean) in QGIS 3.40 using [—0.1 to 10.9]
the ground temperature raster (1 km) obtained by Obu et
al. (2019).

AP (O) Annual precipitation (mm): Automatic filling
Values extracted by zonal statistics (sum) in QGIS 3.40 using [315 to 2389]
the biol variable from CHELSA 2.1 (1 km).

PISR (O) Annual Potential Incoming Solar Radiation (kWh m72): Automatic filling

Values obtained using the Potential Incoming Solar Radiation

tool of SAGA GIS 9.1 from DEM and zonal statistics (mean)
in QGIS 3.40.

[1744 to 2727]

— Coalescent: composite features formed by convergence
of multiple tongue-shaped lobes with discernible indi-
vidual sources (Humlum, 1982).

— Polymorphic: heterogeneous assemblages displaying
multiple geometric forms within a single system, often
indicating complex developmental histories (Falaschi et
al., 2015).

The distinction between units and systems was based on the
discernibility of individual frontal and lateral margins, debris
source differentiation, and spatial separation of constituent
lobes. This geometric classification, documented through our
RGIK-compliant primary markers, provides insights into:

— Debris supply mechanisms and source area characteris-
tics

— Topographic constraints on rock glacier development.

— Spatial organization of periglacial processes in different
Andean environments.

The specific criteria and illustrative examples for geometric
classification are provided in Table 3.

Earth Syst. Sci. Data, 18, 345-369, 2026

4.6 Uncertainty assessment

Mapping and interpreting rock glaciers present many chal-
lenges due to the inherently subjective nature of optical im-
age analysis. This subjectivity can lead to significant variabil-
ity in delineated rock glacier boundaries, as demonstrated by
Brardinoni et al. (2019), who observed considerable differ-
ences when multiple analysts mapped the same rock glaciers
on high-resolution imagery. To reduce mapping subjectiv-
ity and quantify the uncertainty in the rock glacier area
estimates, an intercomparison experiment was carried out.
Five different analysts independently mapped the outlines
of a representative set of 400 rock glaciers (Fig. 4). Then
the uncertainty in area for each rock glacier was quanti-
fied by calculating the standard deviation of the five area
values obtained. Regarding the classification of activity re-
ported in the literature, we specifically addressed this through
our multi-level validation process. All rock glaciers initially
classified as transitional (the most uncertain category) un-
derwent independent review by at least two additional car-
tographers. Discrepancies in classification were resolved by
consensus through discussions, and the final decisions were
documented in the attribute table.
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Table 3. Criteria for the classification of rock glaciers based on their geometry.

Geometry class  Criteria

Example

Tongue-shaped  Relationship length/width > 1

Lat/Lon: 15°25'34.11” S, 72°11/31.08"” W

e ~

Lobate Relationship length/width < 1

Coalescent They are various tongue-shaped landforms with a spatulate flaring at the
end and do not have well-defined margins to be individualized.

Polymorphic Based on their composition, here are landforms in which the length-

/width ratio is greater and less than 1 (tongue-shaped and lobate)

Lat/Lon: 17°24/32.35” S, 69°40'57.41" W

Note: Imagery © 2024 Microsoft Corporation, Map data © 2024 Bing Maps.

In addition, how uncertainties in delineation translate into
uncertainties in derived properties such as elevation and
slope was assessed. For each rock glacier in the intercom-
parison set, we compared the minimum elevation, maximum
elevation, and mean slope values derived from each analyst’s
mapping. The discrepancies in these parameters were ana-
lyzed using Bland—Altman plots (Bland and Altman, 1986)
to evaluate any systematic biases or limits of agreement with
adjustments for spatial data.

5 Results

5.1 Inventory overview and spatial distribution

In total, 2338 rock glaciers (2095 from Bing and 243 from
Google imagery) were identified in the Peruvian Andes,

https://doi.org/10.5194/essd-18-345-2026

with a total mapped area of 94.09 40.05km?. The size
of individual rock glaciers ranges from very small features
(~0.001 km?) to large complexes (~ 0.83 km?), with an av-
erage area of ~ 0.04 km? per rock glacier.

Spatially, the distribution of rock glaciers is highly uneven
across the country. The analysis of rock glacier density (num-
ber per 100 km?2) and area coverage (%) reveals a stark con-
trast between the climatic subregions (Table 4). The South-
ern Dry Outer Tropics (SDOT) subregion contains a den-
sity of approximately 1.98 rock glaciers per 100 km? , which
is an order of magnitude higher than the densities found in
the northern and wetter subregions (NDOT: 0.11, NWOT:
0.05, SWOT: 0.15 per 100km?). Similarly, the percentage
of land area covered by rock glaciers in SDOT (0.08 %) is
substantially greater than in other parts of the Peruvian An-
des (< 0.01 %), unequivocally confirming the Southern Dry

Earth Syst. Sci. Data, 18, 345-369, 2026
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Figure 4. Example of mapping variability: outlines of the same
rock glacier delineated by five different analysts are superimposed.
Each colored outline represents one analyst’s mapping of the same
landform. Basemap: © Microsoft Corporation. Bing Maps imagery
(2024).

Outer Tropics as the principal rock glacier zone of the coun-
try.

The inventory spans 35 distinct river basins across the An-
des of Peru. Even within the rock glacier-rich south, their
distribution varies by basin. For example, the Camana basin
(in SDOT) has the highest number of rock glaciers (507 fea-
tures) covering a total area of ~ 17.43 km?, with a mean rock
glacier elevation around 5005 m a.s.1. In contrast, the neigh-
boring Ocofia basin (also SDOT) contains slightly fewer rock
glaciers (463), but those tend to be larger, yielding a greater
total rock glacier area (~ 23.08 kmz) at a similar mean eleva-
tion (~ 5001 ma.s.l.). A detailed breakdown of rock glacier
counts and areas by river basin is provided in Supplement
Table S2.

5.2 Rock glacier characteristics: activity and geometry

A majority (~55%) of the inventoried rock glaciers are
tongue-shaped, meaning they have a single elongate lobe ex-
tending downslope. About 26 % are lobate forms, which are
wider and shorter (often at the base of escarpments). Another
11 % have polymorphic or complex shapes (e.g., coalesced
multi-lobate forms), and the remaining ~ 8 % are classified
as coalescent rock glaciers (where two or more units merge
into a combined body).

The inventory contains 715 active rock glaciers, 1162
transitional, and 461 relicts (Table 5). These correspond to
roughly 31 % active, 49 % transitional, and 20 % relict of the
total population. In terms of area, the active rock glaciers
account for ~42.0 % of the total mapped rock glacier area
(39.75km? out of 94.09 km?). Transitional rock glaciers
make up about 43.5 % of the area (approximately 40.9 km?),
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and relict rock glaciers constitute the remaining ~ 14.5 %
(~ 13.4km?). Relict rock glaciers have the smallest mean
size (mean area ~ 0.03 km?), compared to ~0.04 km? for
transitional and ~ 0.06 km? for active rock glaciers. It is im-
portant to note that this classification, particularly for dis-
tinguishing transitional and relict forms, is associated with
a well-documented degree of uncertainty in the absence of
geophysical or InNSAR data (e.g., Brardinoni et al., 2019).

The prevalence of active vs. relict rock glaciers varies by
subregion. The SDOT subregion contains by far the most
rock glaciers in all categories (active, transitional, relict),
with transitional forms slightly outnumber active and relict
being least common. The Minimum Altitude of rock glacier
Fronts (MAF) is relatively uniform across subregions — dif-
fering by only on the order of 100 m. In both northern and
southern subregions, active rock glacier fronts are found
around 4800-5000 m a.s.1.

5.3 Topographic and climatic attributes

Figure 5 presents the spatial distribution and geomorphic
characteristics of rock glaciers in the Peruvian Andes within
50km grid cells. Rock glaciers are widespread and densely
distributed in the SDOT subregion, whereas they are sparse
in the other subregions (Fig. 5a). Rock glaciers in SDOT have
larger areas (mean=0.06 km?) than in the northern subre-
gions (mean =0.02km?), as evident in Fig. 5b. It is worth
mentioning that an increasing gradient in the minimum ele-
vations of rock glaciers is observed, with higher elevations
in the subregions located more towards the south (Fig. 5c).
The average slopes of rock glaciers are greater in NDOT and
NWOT, suggesting a tendency for rock glaciers to develop
on steeper slopes in these areas (Fig. 5d).

The elevational distribution of individual rock glaciers is
constrained between 4400 and 5800 m a.s.1., with an average
minimum elevation of ~4951 ma.s.l. and an average max-
imum elevation of ~ 5051 ma.s.l. Approximately 75 % of
all rock glaciers are concentrated within a relatively narrow
band between 4800 and 5200 m a.s.l. (Fig. 6). The total area
covered by rock glaciers is nearly equally divided between
the 4800-5000 m band (~36.0km?) and the 5000-5200 m
band (~ 34.8 km?).

The surface slopes of rock glaciers range from ~7 to
~38°, with a mean of ~21°. The distribution of slopes is
not uniform; the 15-20° class contains the largest number of
individual rock glaciers (891) and the largest share of the to-
tal area (~ 44 %, Fig. 7). This is followed by the 20-25° class
(779 rock glaciers, ~ 29 % of area) and the 25-30° class (354
rock glaciers, ~ 8 % of area).

Aspect analysis confirms a strong preferential orientation
of rock glaciers toward the southern half of the compass. Ap-
proximately 89.5 % of all inventoried rock glaciers have as-
pects between east-southeast and west-southwest. The most
frequent orientations are due to south (~36 %), southeast
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Table 4. Count and density of rock glaciers by subregion.

Subregion Count Total area  Subregion area Density  Area coverage (%)

(km?) (km?)  (per 100km?) (per 100km?)

NDOT 17 0.63 16 061.03 0.106 0.004

NWOT 47 1.89 91 321.86 0.051 0.002

SDOT 2135 87.73 107 643.97 1.983 0.082

SWOT 139 3.84 93 097.51 0.149 0.004

Table 5. Summary of characteristics by activity status.
Area (kmz) ‘ Elevation (ma.s.l.)

Activity Count Min Max Mean Total ‘ MAF Max Elev  Mean Elev  Mean Slope (°)
Active 715 (30.58 %) 0.003 0.42 0.06 39.754+3.01 | 5001 £212 5134+207 50654203 21.19
Transitional 1162 (49.70%) 0.002  0.83 0.04 40.93+4.60 | 4945£151 5032155 4986+152 20.49
Relict 461 (19.72%) 0.001 0.44 0.03 1341+£1.61 | 4894£159 4970£159 4930+ 157 20.29

(~ 28 %), and southwest (~ 19 % of rock glaciers) as shown
in Fig. 8.

Rock glaciers in the Peruvian Andes show differ-
ent climatic dependencies between subregions, predomi-
nantly clustering within a MAAT range of —2 to 4°C
despite encompassing precipitation gradients of 500 to
2500 mm yr~!. The SDOT subregion shows the highest den-
sity of rock glaciers with intermediate precipitation (500
to 1000 mmyr~!), while other subregions show divergent
patterns: NDOT and NWOT show predominantly occur-
rences of MAAT > 0 °C (including active forms), and SWOT
reaches maximum precipitation (1500 to 2500 mmyr—')
without thermal extremes. Notably, transitional forms of
SDOT dominate the entire MAAT spectrum, whereas relict
glaciers are concentrated above 0 °C (Fig. 9).

5.4 Uncertainty analysis

The mapping uncertainty of the inventory was evaluated
by comparing results among different mappers and consid-
ering potential delineation errors. The area of each rock
glacier polygon comes with an uncertainty estimate based
on multi-analyst mapping trials. Individual rock glacier area
uncertainty was found to range from as low as ~ 0.001 km?
for small, clearly defined features to up to ~0.3km? for
very large or diffuse features, with a mean uncertainty of
~0.06 km? (see Fig. S1 in the Supplement). This translates
to an overall relative uncertainty of about 18 % in area on av-
erage. Notably, this level of uncertainty is low for a manual
inventory of this scale, which, together with the high inter-
mapper agreement confirmed by the Bland-Altman analysis
and ICC scores, indicates the robustness of our methodolog-
ical protocol.

To further quantify consistency, a Bland—Altman analysis
was performed on a subset of rock glaciers independently
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mapped by five different team members. The results showed
very high agreement: the mean difference (bias) in mapped
area between operators was close to zero (dashed red line
in Fig. S1), and the 95 % limits of agreement (£1.96SD,
dashed grey lines) were within acceptable ranges, even for
the largest rock glaciers. For example, the average discrep-
ancy in calculated mean elevation for a rock glacier between
mappers was on the order of 10 m (0.2 %), and for mean
slope it was ~ 1.5° (4 % variance). The Intraclass Correla-
tion Coefficients (ICC) for key attributes (area, elevation,
slope) all exceeded 0.95, which confirms excellent consis-
tency among mappers. A slight heteroscedastic trend was ob-
served: larger rock glaciers showed proportionally a bit more
variance in area mapped (as noted by a conical distribution
in Fig. S1), but the effect is minor.

Overall, this uncertainty analysis gives confidence that er-
rors in mapping are small relative to the size of landforms,
and that our inventory is reproducible. The careful quality
control (Sect. 4.1.3) further reduced uncertainty by remov-
ing or correcting dubious polygons. Some degree of subjec-
tivity is inevitable in manual digitizing, but by documenting
these uncertainties, transparency is achieved. Future work
could apply semi-automated mapping or higher-resolution
data to further reduce uncertainty, but for a national-scale
manual inventory, an ~ 18 % area uncertainty is within ac-
ceptable bounds and substantially improves upon previous
knowledge, where uncertainties were effectively 100 % in
unmapped regions.

The results provide the first comprehensive picture of rock
glaciers in Peru. Below their significance in the context of
regional permafrost and prior studies is discussed.
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Figure 5. Rock glacier (a) density, (b) area, (¢) minimum elevation and (d) slope averaged over grid cells of 50 km x 50 km.

6 Discussion

6.1 Peruvian rock glacier distribution in global context

The primary objective of this work was to create a compre-
hensive inventory of rock glaciers in the Peruvian Andes.
The resulting PRoGI dataset, with 2338 rock glaciers, pro-
vides a much-needed baseline for understanding mountain
permafrost in tropical South America. The strong clustering
of rock glaciers in the southern (SDOT) subregion points to
the importance of a drier, colder regional climate compared
to the north, a pattern also observed in adjacent countries like
Bolivia and northern Chile (Rangecroft et al., 2014; Perucca
and Esper Angillieri, 2011). The role of lithology, particu-
larly high-albedo volcanic rock surfaces, also appears to be a
key contributing factor (Yoshikawa et al., 2020).

Earth Syst. Sci. Data, 18, 345-369, 2026

The average sizes of Peruvian rock glaciers are some-
what smaller than those reported in other Andean inventories.
We found mean areas of ~0.04km? overall, which is less
than averages reported for the Bolivian Andes (~0.13 km?
for active; Rangecroft et al., 2014) or the Patagonian Andes
(~0.09 km? for intact; Falaschi et al., 2015). These discrep-
ancies may arise from a combination of climatic and method-
ological factors, including our use of very high-resolution
imagery leading to more conservative delineations.

A critical metric for comparison is the mean altitude of
rock glacier fronts (MAF). In our inventory, the MAF for
active rock glaciers is ~ 5001 ma.s.l., aligning closely with
independent estimates of the 0 °C MAAT isotherm in the Pe-
ruvian Andes (Leé6n et al., 2021) and confirming that ac-
tive rock glacier fronts mark the current permafrost bound-
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Figure 6. Elevation distribution of rock glaciers. The histogram
shows the number of inventoried rock glaciers within 200 m ele-
vation intervals (based on mean elevation of each feature).
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Figure 7. Rock glacier frequency and area by slope. The inventory
is binned into slope angle categories (e.g., 5-10, 10-25°, etc.), and
the plot shows both the number of rock glaciers (left axis) and the
total area (right axis) in each slope bin.

ary. This limit is dramatically higher than in the extra-
tropical Andes (e.g., ~2660m in the semi-arid Argentine
Andes; Falaschi et al., 2016), illustrating the dominant effect
of latitude.

Beyond elevation (Table 6), other characteristics of Peru-
vian rock glaciers are broadly similar to global patterns. The
mean slope of ~21° is in line with typical values reported
elsewhere (Robson et al., 2020), and the strong preference for
southerly aspects is a universal trait in the Southern Hemi-
sphere. Thus, while situated in an extreme tropical environ-
ment, the fundamental morphometric characteristics of Peru-
vian rock glaciers conform to global patterns.

Nevertheless, this dataset is subject to several limitations.
Factors such as seasonal snow cover, persistent cloudiness,
and topographic shadowing, especially near ice glaciers or
in high-relief areas, hindered consistent visual interpretation
and may have led to the omission of some features. Although
manual verification and cross-checks were conducted, the
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Figure 8. Aspect distribution of rock glaciers by subregion. For
each subregion (NWOT, NDOT, SWOT, SDOT), a rose diagram
of rock glacier aspect is shown, indicating a strong preference for
south-facing orientations.

possibility of omissions due to image limitations or mis-
takes in the human interpretation cannot be fully excluded
(Brardinoni et al., 2019; Pandey, 2019). Despite these lim-
itations, the dataset presented here represents a significant
advancement in the mapping and understanding of tropical
periglacial landscapes. It offers a consistent and reproducible
foundation for the study of cryospheric processes in the Pe-
ruvian Andes and supports transdisciplinary applications in
water resources, ecosystem services, natural hazards, and cli-
mate monitoring. The inventory’s harmonized format also
facilitates future regional and global-scale comparisons, as
well as integration into modeling frameworks assessing the
role of rock glaciers in mountain hydrology under changing
climatic conditions.

6.2 Environmental controls on rock glaciers

The analysis of this inventory highlights climate (tempera-
ture and precipitation) as the overarching control on rock
glacier distribution in Peru. Rock glaciers are essentially
absent in areas with higher mean annual air temperatures
(MAAT) and abundant precipitation, such as the wetter
northern Andes, and are prolific in cold, arid areas, such
as the southern outer tropics. Low MAAT ensures the pres-
ence of permafrost, and low precipitation (with associated
thin snow cover) reduces insulation of the ground and allows
deeper winter cooling — both conditions are necessary for
rock glaciers to develop and persist (Esper Angillieri, 2017).
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Figure 9. Spatial distribution of rock glaciers analyzed according to Annual Precipitation (AP), Mean Annual Air Temperature (MAAT),
Potential Incoming Solar Radiation (PISR), and Area in the four subregions.

In the subregional breakdown, the SDOT has the lowest
average MAAT and a pronounced dry season, aligning with
its dominance in rock glacier count. By contrast, NWOT and
parts of SWOT have higher precipitation and more cloud
cover, which likely limit permafrost despite some high ele-
vations; accordingly, rock glaciers there are few or marginal
(often transitional or relict). The remarkable concentration
of rock glacier in SDOT, is best understood as the result of
a geoclimatic synergy where geological predisposition am-
plifies the effects of climatic constraints. The abundance of
rock glaciers aligns not only with regional aridity but also,
critically, with the underlying Neogene volcano sedimentary
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lithologies (INGEMMET, 2022). These geological environ-
ments are crucial, as they are readily weathered by gelifrac-
tion processes, creating a highly permeable layer necessary
to insulate and protect the interstitial ice core, or permafrost.
Furthermore, the presence of high-albedo volcanic rock sur-
faces acts as a crucial positive feedback mechanism for ice
preservation by reducing energy absorption (Yoshikawa et
al., 2020).

An interesting observation is that within the zones where
rock glaciers do exist, microclimatic variations (like slope
aspect and shading) further control where active versus relict
forms are found. For instance, in SWOT (southern, wet), rock

https://doi.org/10.5194/essd-18-345-2026



K. Medina et al.: A comprehensive rock glacier inventory for the Peruvian Andes (PRoGl)

361

Table 6. Characteristics of rock glacier inventories reported from various regions of the world.

Study area Count  Area (km?) Activity* Min. Eleva- Max. Ele- Mean Ele- Source
tion vation vation
(ma.s.l.) (ma.s.l.) (ma.s.l.)
South America
Aconcagua River Basin 669 70.00 All 2370 4565 3810 Janke et al. (2017)
Central Andes, Atacama region 477 4434  All 3807 5504 4427 Garcia et al. (2017)
Valles Calchaquies region 488 58.50 Intact 4183 5908 4873 Falaschi et
Relict 4072 5397 4695 al. (2014)
Bolivian Andes 94 0.24  Active 4983 5162 - Rangecroft et
Relict 4870 5009 - al. (2014)
Argentinean Andes 8454 952 Active 3951 4102 4018 TANIGLA (2018)
Transitional 3865 3986 3919
Intact 3935 4718 4274
Chilean Andes 3586 483 Al 3801 4037 3903 DGA (2022)
Cordillera Volcanica, Pert 187 8.30 Active - - 5081 Badillo-Rivera et
Transitional - - 4961 al. (2021)
Relict - - 4851 Leon et al. (2021)
Peruvian Andes 2338 94.09  Active 5001 5134 5065 This study
Transitional 4945 5032 4986
Relict 4894 4970 4930
North America
Colorado Front Range 220 19.90  Active 3525 3668 3594 Janke (2007)
Transitional 3424 3541 3477
Relict 3227 3358 3288
Europe
South Tyrol 2798 146  Active 2690 - - Scotti et al. (2024)
Transitional 2595 - -
Relict 2255 - -
Tyrolean Alps 3145 167.2  Active 2628 2797 2704 Krainer and Ribis
Transitional 2542 2665 2598 (2012)
Relict 2279 2384 2330
Asia
Tibetan Plateau 44273 6000 All 4000 5000 4729 Sun et al. (2024)
Western Himalaya, India 5807 712 All 3190 5753 4491 Bhat et al. (2025)

* “Inactive” class is the same to “Transitional” class and “Intact” class include “Active” and “Transitional (Inactive)” classes.

glaciers tend to survive only on south-facing, well-shaded
slopes at the highest elevations — conditions that locally off-
set the warmer/wetter climate. Transitional and relict rock
glaciers in SWOT and NWOT indicate that permafrost likely
existed more broadly during past colder periods (e.g., the Lit-
tle Ice Age), but current conditions are only just sufficient
to maintain a few active ones. In SDOT, even north-facing
slopes largely lack rock glaciers, despite dryness, because so-
lar radiation is too high — again underscoring that solar aspect
is a key factor.

In summary, temperature (elevation/latitude) sets a rele-
vant characteristic of rock glaciers (tropical permafrost is
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restricted to > ~ 5000 m), whereas precipitation and related
factors describe a priority distribution in dry and cold envi-
ronments. These findings are consistent with regional stud-
ies in South America (e.g., Azécar and Brenning, 2010;
Garcia et al., 2017) that emphasize a “sweet spot” of cold
and dry conditions for rock glacier prevalence, typically at
higher elevations and latitudes (Veettil et al., 2018). Future
climate changes (warming and changes in precipitation) will
likely have complex effects: warming alone will reduce the
climatic envelope for rock glaciers upwards, but increas-
ing aridity (if it occurs) could offset some insulating ef-
fects of snow (Jorgenson et al., 2010). However, the over-
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all smaller extent of rock glaciers in this inventory relative
to other Andean regions may indicate the presence of dis-
continuous permafrost, which tends to be restricted to fa-
vorable microclimatic conditions, especially on south-facing
slopes (Andrés et al., 2011). A clear latitudinal gradient is
observed, with the number of rock glaciers increasing from
north to south, consistent with decreasing MAAT and pre-
cipitation levels, except in the SWOT subregion, where pre-
cipitation increases due to moisture-laden winds from the
Atlantic. In contrast, in northern subregions, the predomi-
nance of clean, debris-covered glaciers (INAIGEM, 2023),
together with more temperate climates and higher precipi-
tation levels (Bonshoms et al., 2020; Sagredo and Lowell,
2012), has likely inhibited widespread rock glacier forma-
tion. Compared to other regions of South America, the re-
sults of this work show that Peruvian rock glaciers are found
in areas with relatively higher MAAT. For instance, Azécar
and Brenning (2010) report rock glaciers in the semi-arid
Andes of Chile occurring under MAATSs of 0.5 to 1 °C, and
Esper Angillieri (2017) notes —2 °C in Argentina, whereas
the dataset of this inventory has an average MAAT of 1.1 °C.
This relatively high value in Peru may be associated with
the predominance of transitional rock glaciers, which are in-
dicative of ongoing degradation. When analyzed by activ-
ity status, active rock glaciers occur under the coldest con-
ditions, with a mean MAAT of 1.08 °C, followed by tran-
sitional (1.21 °C) and relict (1.58 °C) forms. This supports
the notion that permafrost and internal ice can persist under
slightly positive MAATSs due to thermal insulation provided
by the debris mantle or active layer (Barsch, 1996; Gruber
and Haeberli, 2007). Precipitation values in the Peruvian An-
des exceed those reported in comparable inventories. For in-
stance, Rangecroft et al. (2014) reported 250-300 mm yr—!
in Bolivia, and Esper Angillieri (2017) found values as low
as 6-37 mmyr~! in Argentina. Despite these differences, the
presence of rock glaciers at much higher precipitation lev-
els (1000-2000 mm yr~!) has been documented in other high
mountain environments, such as the Himalayas and the Cau-
casus (Abdullah and Romshoo, 2024; Tielidze et al., 2023).
This supports the view that MAAT is a more critical control
on rock glacier distribution than precipitation (Bhat et al.,
2025).

The mean slope of rock glaciers in this study is 20.7°, with
values ranging between 7 and 37°, which is consistent with
those found in the Chilean Andes (mean 20.3°, range 0-68°;
Janke et al., 2017). In terms of aspect, rock glaciers predom-
inantly face south, southwest, and southeast — orientations
generally opposite the sun’s path — suggesting that reduced
incoming solar radiation favors permafrost stability (Janke et
al., 2017; Perucca and Esper Angillieri, 2011). Due to the
lower latitude, potential incoming solar radiation (PISR) val-
ues for Peruvian rock glaciers are higher than those reported
for the same landforms in the French Alps and Chilean An-
des (Azocar, 2013; Marcer et al., 2017), yet they are com-
parable to those documented on the Tibetan Plateau (Sun et
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al., 2024), possibly reflecting the high elevations and steep
slopes of the Peruvian Andes.

6.3 Inventory uncertainties and limitations
6.3.1 Delineation uncertainty and detection limits

Manual mapping, while providing high detail, inherently in-
volves some subjectivity. As demonstrated by Brardinoni et
al. (2019), different analysts can delineate boundaries with
significant variability. To quantify this, our intercomparison
experiment on a representative set of 400 rock glaciers re-
vealed an average area uncertainty of approximately 18 %
per mapped polygon. This uncertainty typically ranges from
~0.001 km? for small, well-defined features to ~ 0.3 km? for
very large or diffuse ones. While this level of uncertainty
is relatively low for a manual mapping product and demon-
strates the robustness of our methods compared to some other
inventories (e.g., Abdullah and Romshoo, 2024), it implies
that very small rock glaciers (< 0.01 km?) are near our map-
ping’s detection limit. Consequently, it is possible that some
extremely small landforms or those heavily obscured by de-
bris or seasonal snow were not captured.

Our rigorous quality control process (Sect. 4.1.3), which
involved removing ~ 281 low-certainty polygons and adding
32 missed ones, highlights that initial mapping can lead to
both over- and under-estimation if not rigorously reviewed.
Despite this, some subjective judgment calls remained, par-
ticularly in distinguishing relict rock glaciers from morainic
or talus landforms when surface patterns were faint. We pri-
marily relied on criteria such as the presence of a pronounced
front and lateral margins but acknowledge that a “gray zone”
exists in some cases. Users of the inventory should be aware
that certain transitional vs. relict classifications might require
revision with future ground truth or kinematic data.

Concordance analyses using Bland-Altman plots (Fig. S1)
revealed a characteristic conical pattern in pairwise com-
parisons of operators, indicating that inter-rater variability
was proportional to the magnitude of the measurements.
The differences between operators were more pronounced
in large glaciers (> 0.3 km?), mainly due to divergent inter-
pretations of composite systems and secondary lobes. To ho-
mogenize the inventory, composite glaciers with clear bound-
aries (front, edges, and distinguishable flow patterns) were
identified. Although these discrepancies reflect challenges
inherent in manual mapping (Brardinoni et al., 2019), sta-
tistical analyses show general agreement: Bias < 0.02km?,
95 % of differences within £0.15 km?”. This internal consis-
tency is further supported by Intraclass Correlation Coeffi-
cients (ICC) exceeding 0.95 for key attributes (area, eleva-
tion, slope), confirming excellent consistency among map-
pers. Uncertainty associated with minimum, maximum, and
mean elevation values was found to be very low, well within
the limits recommended by the IPA (< 10 %). This suggests
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a robust and internally consistent mapping procedure, partic-
ularly for topographic attribute extraction.

6.3.2 Temporal limitations and activity classification

The PRoGI v1.0 inventory compiles rock glaciers observed
in imagery primarily from 2017 through 2025 (most Bing im-
ages ~ 2024, Google ~2017; see Table 1 for details). Given
ongoing climate warming during this period, it is possible
that some rock glaciers classified as active based purely on
their surface morphology may in fact be very sluggish or al-
ready transitional but not yet exhibiting those characteristics.
Direct kinematic data (e.g., InSAR or GPS) would be neces-
sary to definitively confirm current activity, and such analy-
ses are planned for future work (see Conclusions). Our clas-
sification strategy adopted a conservative approach: if there
was doubt, rock glaciers were classified as transitional (or
relict) rather than active. Consequently, the count of “active”
rock glaciers in this inventory should perhaps be considered
a minimum estimate of truly ice-rich, moving landforms in
Peru at the time of imagery acquisition.

6.3.3 Limitations of auxiliary data

The climate variables (MAAT, AP) used from CHELSA are
model-based and at 0.1° resolution, which can smooth out
important microclimates. For instance, a rock glacier located
in a deeply shaded valley might experience colder condi-
tions than the grid-averaged MAAT suggests. This discrep-
ancy could introduce some noise in the climate correlation
analysis, although the broad trends observed remain robust.
Similarly, the Obu et al. (2019) MAGT data at 1 km res-
olution may not accurately capture small cold-air pools or
the precise thermal state under thick debris. While general
correlations between rock glaciers and these topoclimatic
variables are reported, users should exercise caution against
over-interpreting the absence or presence of any single rock
glacier solely based on these grid values.

6.3.4 Two-dimensional mapping and volumetric
estimates

This inventory is inherently two-dimensional, focusing on
planform outlines. Direct measurements of ice thickness or
volumetric content were beyond the scope of this study. As a
result, PRoGI v1.0 alone cannot provide total ice volume or
water equivalent estimates. For such applications, the inven-
tory would need to be combined with assumptions or models
of ice content (e.g., utilizing the empirical 15 %—70 % ice by
volume range; Halla et al., 2021). This is recognized as an
anticipated next step and a crucial future application of the
inventory, but it falls outside the current scope of this data
paper.

Despite the inherent challenges and documented uncer-
tainties, the manually curated PRoGI v1.0 stands as a reliable
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and robust foundation for rock glacier research in the Peru-
vian Andes. The detailed uncertainty assessment, including
the inter-analyst variability analysis, confirms the high con-
sistency and reproducibility of our mapping procedure, par-
ticularly for topographic attribute extraction. While some de-
gree of subjectivity is inevitable in manual digitizing, openly
documenting these uncertainties ensures transparency and
guides users in appropriate data application.

In comparison to similar inventories globally (e.g., in the
Alps or High Mountain Asia), this Peruvian inventory is no-
table as one of the few covering an entire country in the
tropics. It is anticipated that this dataset will be refined as
new data and methodologies emerge. For instance, future
work could explore the application of semi-automated map-
ping or deep learning techniques, such as those employed by
Sun et al. (2024) on the Tibetan Plateau, to potentially fur-
ther reduce subjectivity and detect even smaller landforms.
For now, PRoGI v1.0 significantly improves upon previous
knowledge, providing a critical baseline with quantified un-
certainty bounds upon which future improvements can be
built.

6.4 Significance of the inventory and future work

To our knowledge, PRoGI v1.0 is the most extensive rock
glacier inventory compiled in the tropical Andes to date, and
it is comparable in scope and detail to state-of-the-art in-
ventories in other regions. By adhering to uniform mapping
standards, it provides a coherent dataset that researchers and
policymakers can use with confidence. The inventory not
only fills a data gap for Peru but also serves as a bench-
mark for future monitoring: for instance, it establishes base-
line extents and classifications against which changes (e.g.,
rock glacier retreat or activation/inactivation) can be mea-
sured in coming decades. One important implication of this
work is the integration of Peruvian rock glaciers into global
networks. Because we followed the IPA Rock Glacier Inven-
tory (RGI) scheme, our data can feed into the Global Ter-
restrial Network for Permafrost (GTN-P) and related efforts
to map permafrost features worldwide. This opens opportu-
nities for interhemispheric-scale analyses, such as compar-
ing rock glacier density and characteristics between the An-
des and the Alps or Himalaya, to see how different climates
yield different permafrost responses. The finding that Peru-
vian rock glaciers are among the highest in the world could
be an interesting factor in this type of comparison, potentially
useful for validating climate models and climate change in-
dicators in high tropical mountains.

From an applied perspective, PRoGI v1.0 is also signif-
icant in Peru for natural resource management and hazard
mitigation. Rock glaciers store water in frozen form and
slowly release it, which can sustain baseflows in arid areas
during dry seasons (Jones et al., 2018a). This inventory’s
maps of rock glacier locations and estimated extents allow
hydrologists to include these landforms in water resource
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assessments, particularly for southern Peru where they may
contribute non-trivial to streams dry-season flow (Schaffer et
al., 2019).

Additionally, as climate warms, there is concern that desta-
bilization of rock glaciers, through ice melt or permafrost
thaw in adjacent steep rock walls, could pose risks in the
form of landslides or debris flows. By identifying which rock
glaciers are transitional or likely degrading, the inventory
dataset helps pinpoint locations that might experience in-
creased geomorphological activity. This information can sup-
port decision-making by agencies such as Emergency Oper-
ations Centers (COE) at the local, regional, and national lev-
els, as well as public institutions like ANA and INAIGEM,
by helping prioritize specific watersheds for detailed haz-
ard assessments. This work has effectively been provided
a country-wide inventory for climate adaptation planning,
something that did not exist before.

— Although it is unlikely in the current warming trend,
perhaps small protalus features might start creeping.
Also, the application of InSAR (Interferometric Syn-
thetic Aperture Radar) data could directly measure sur-
face velocities of rock glaciers. This would allow val-
idation of the active vs. transitional classifications and
might identify a subset of “active” rock glaciers with
significant movement (> 1 cmyr~1). It is planned to use
Sentinel-1 InSAR data as well as high-resolution DEM
differencing in a follow-up study. Field validation: field-
work is essential to truly confirm ice presence. Tar-
geted field investigations are proposed on a few accessi-
ble rock glaciers in each subregion. Techniques such as
Ground Penetrating Radar (GPR) or borehole drilling
can confirm ice thickness. Field observations can also
refine our understanding of surface characteristics (e.g.,
checking for springs at fronts, vegetation differences)
that might distinguish transitional vs. relict in marginal
cases. Such ground truth would improve interpretation
of remote sensing data.

— Climate/permafrost modelling: with this inventory,
models of permafrost distribution in the tropical Andes
can be calibrated. For example, one could run a per-
mafrost model forced by observational data and see if
it predicts permafrost where we see rock glaciers. Con-
versely, using the rock glacier locations as input, one
can attempt to reconstruct paleoclimate conditions that
would have allowed them to form in currently marginal
areas (similar to what Rangecroft et al., 2014 did for
Bolivia). This could yield insight into late Holocene cli-
mate fluctuations in Peru.

— Expansion to a global inventory: finally, PRoGI v1.0 can
contribute to the anticipated global rock glacier inven-
tory that the IPA action group is working towards. By
ensuring our data is formatted according to their speci-
fications, we effectively add the tropical Andes piece to
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that puzzle. As global datasets (like the one by Sun et
al., 2024 for Tibet) become available, comparative stud-
ies can assess, for instance, how tropical rock glaciers
differ in average size or elevation from similar land-
forms in other ranges and latitudes.

Finally, the establishment of this dataset is a major step
for Andean geoscience and cryosphere research. It creates
a platform for diverse investigations — from basic permafrost
science to practical applications in water management. We
stress that the inventory is not static: it will be updated as
new imagery and techniques arise, ensuring it remains a rel-
evant and accurate resource. By doing so, we aim to keep the
scientific community and decision-makers equipped with the
latest knowledge on where and how much permafrost exists
in the Peruvian Andes, and how it is evolving in our changing
climate.

7 Data availability

The PRoGI v1.0 dataset is available from the PANGAEA
repository at:

— Geopackages (footprint and Primary markers):
https://doi.org/10.1594/PANGAEA.983251 (Medina et
al., 2025a).

— CSV file with Geomorphological and topoclimatic char-
acteristics: https://doi.org/10.1594/PANGAEA.983295
(Medina et al., 2025b).

8 Conclusions

This study presents the first comprehensive inventory of rock
glaciers in the Peruvian Andes — the Peruvian Rock Glacier
Inventory v1.0 (PRoGI v1.0) — comprising 2338 rock glaciers
across a total area of 94.09 & 0.05km? . Developed follow-
ing internationally recognized IPA guidelines, PRoGI v1.0
addresses a critical data gap in the tropical Andes and pro-
vides a standardized baseline for scientific and environmen-
tal applications.
Key contributions and implications:

— Benchmark dataset. PRoGI v1.0 establishes a much-
needed benchmark for mountain permafrost in Peru.
The inventory reveals distinct spatial patterns: rock
glaciers are heavily concentrated in the southern Pe-
ruvian Andes (SDOT and SWOT subregions) at eleva-
tions of ~4800-5200 m a.s.1., predominantly on south-
to southwest-facing slopes. These patterns reflect the
sensitivity of periglacial features to the interplay of local
climate (temperature and precipitation) and topography.
The absence or scarcity of rock glaciers in the northern
Andes highlights the climatic conditions necessary for
their existence. This dataset thus provides insight into
the current extent of permafrost-related landforms un-
der ongoing climate conditions.
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— Global integration. By adhering to the standard proto-
cols of the IPA Action Group, our inventory is fully in-
teroperable with rock glacier inventories from other re-
gions. This interoperability means Peruvian data can be
directly compared or merged with data from, e.g., the
European Alps or Himalayas. As a result, PRoGI v1.0
contributes to broader efforts like the Rock Glacier In-
ventory and Kinematics (RGIK) initiative. It enables re-
searchers to include tropical Andean permafrost in com-
parative studies, improving our understanding of how
rock glacier characteristics vary across different moun-
tain systems and climatic zones.

— Environmental management. The nationwide scope of
the inventory has practical implications. For water re-
source management, PRoGI v1.0 pinpoints where hid-
den ice reserves exist in the Andes (outside of glaciers).
This information can feed into hydrological models, es-
pecially in arid regions of southern Peru where rock
glacier meltwater may sustain dry-season streamflow.
For hazard assessment, the inventory identifies numer-
ous steeps, ice-cored landforms; as climate warms,
some of these could destabilize under continued warm-
ing, thus warranting monitoring. Government agencies
(e.g., ANA, CENEPRED) can use this publicly avail-
able dataset as a decision-support tool to prioritize field
investigations or adaptation measures in high mountain
areas sensitive to permafrost changes.

While PRoGI v1.0 is a major step forward, we note that it
represents a snapshot in time of rock glacier distribution.
Given the continued climate warming, the state of some rock
glaciers will evolve — for example, currently transitional rock
glaciers may become relict in the coming decades. Therefore,
we envisage the inventory as dynamic: it will be updated as
new data and techniques become available. Future improve-
ments will include the integration of InSAR-based kinemat-
ics to directly measure rock glacier movement, which will re-
fine the activity classifications by providing independent ve-
locity data (RGIK, 2023). We also plan to incorporate next-
generation high-resolution optical datasets (e.g., Planet or
forthcoming sub-meter satellites) to detect any smaller land-
forms and to improve boundary precision. Furthermore, peri-
odic updates (e.g., PRoGI v2.0 in a few years) will document
changes in rock glacier extent or activity, thereby serving as
a monitoring tool for the effects of climate change on Peru’s
cryosphere. Field campaigns will complement these efforts
by validating the presence of ice and monitoring ground tem-
peratures at selected sites.

In conclusion, the PRoGI v1.0 dataset provides an es-
sential foundation for advancing our understanding of per-
mafrost in the tropical Andes. It delivers both the big-
picture view (national distribution patterns) and the fine de-
tails (individual landform characteristics) needed for cross-
disciplinary research. We expect that this inventory will spur
new research on Andean permafrost dynamics, contribute
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valuable data to global assessments of mountain cryosphere,
and inform local strategies for water resource management
and hazard mitigation in a warming world.
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