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Abstract 

Over the last few decades, the instrumental climate record shows a progressive global warming. 

As one of the most sensitive elements of the Earth's climate system, the cryosphere is significantly 

affected by this trend. As a result, its various components are readjusting in a situation of 

disequilibrium with the climate through a series of dynamics. These include the thinning and 

retreat of glaciers that may lead to the formation of new lakes; the thawing of ground ice, leading 

to the deformation of terrain; the reduction of snow cover; and the occurrence of mass movements 

that threaten populations and infrastructures. This Special Issue contains 23 scientific papers with 

case studies that explore the above issues in the Arctic, Antarctic and high mountain regions. 
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Preface 

Since the end of the 19th century, the Earth’s climate has been undergoing a long-term warming 

trend, which has particularly intensified in recent decades (PAGES 2k Consortium, 2013; 

Hegerl et al., 2018). It affects the cryosphere as one of the most climatically sensitive components 

of the Earth’s climate system, and its adjustment towards a new equilibrium with the climate 

triggers abrupt changes in the various pieces of the complex puzzle it forms (Ding et al., 2021). 

This is particularly evident in the high latitudes, where the climate has warmed significantly 

compared to the global average due to the so-called ‘polar amplification’ (Taylor et al., 2013). 
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One of the most dramatic dynamics is glacier shrinkage and associated retreat, which is occurring 

in both high-latitude and mountainous areas (see e.g. Dussaillant et al., 2019; Sommer et al., 

2020). Ice loss dynamics has been observed on different timescales and can in some cases induce 

the degradation of glaciers and the appearance of a series of transitional landforms (e.g. debris-

covered glaciers, ice-cored moraines, etc.; see Palacios et al., 2021). On the other hand, this 

glacial trend also triggers glacial thinning and the activation of paraglacial processes (e.g. deep-

seated rock slope deformation, rockslides, rock avalanches, etc.; Ballantyne, 2002) and the 

increase in the number and size of glacial lakes (Shugar et al., 2020), the consequences of which 

can be catastrophic (e.g. glacial lake outburst floods; Zheng et al., 2021; Taylor et al., 2023). 

However, this degradation also contributes to the creation of new surfaces exposed to erosion and 

new terrestrial ecosystems (Bosson et al., 2023). 

Global warming also affects the thermal state of permafrost (Smith et al., 2022), including 

changes in the active layer and thawing of the ground ice, amongst others. Permafrost degradation 

has a wide range of climate-related impacts (e.g. release of greenhouse gases; Natali et al., 2021), 

geomorphological processes (e.g. thermokarst, rock glacier collapse, increase in erosion) and 

natural hazards (e.g. catastrophic mass movements triggered by ground ice thaw, which pose a 

great threaten to human settlements and infrastructure in high latitudes and mountain areas (.e.g. 

Sæmundsson et al., 2018; Hjort et al., 2022). 

In addition, climate variability has a profound impact on snow by reducing water availability, 

increasing surface runoff and associated slope mass movements, altering radiative balance of the 

Earth’s surface (i.e. albedo), and changing the frequency and nature of avalanche events. Climate 

models predict a decrease in the duration (Notarnicola, 2022) and thickness of the snow cover, 

which also implies a reduction in its insulating effect, with direct consequences for vegetation and 

wildlife. 

This special issue explores these dynamics in more detail and presents 23 research papers on the 

state of different components of the cryosphere in different regions. The papers show how the 

rapid and intense Holocene climate changes, especially in the last decades, have led to profound 

changes in the landscape of cold regions. Mountain ranges, proglacial and coastal areas at 

different latitudes - from the Arctic and sub-Arctic to the European mountain ranges - have 

undergone geomorphological changes consisting of glacier retreat and imminent disappearance, 

the creation of vast areas dominated by buried dead ice transformation, the increase of glacial-fed 

lakes, and pronounced marine erosion in permafrost or recently deglaciated coastal areas. 

The global climate warming trend that has characterised the recent decades has had a major impact 

on the cryosphere, probably the most sensitive component of the Earth system, consisting of snow, 

glacial ice, and permafrost. In this Special Issue, Knight & Harrison (2023) presented a thorough 

review of the sensitivity of each of these components and the implications for the spatio-temporal 

patterns of glacial retreat, geomorphic change, surface instability and natural hazards. From 

various study cases, the authors inferred directions of geomorphic change for different mountains 

and proposed an integrated evolutionary model for mountain system evolution under the current 

climate change. 

As a result of this trend, snowfall and snowpack characteristics are undergoing important changes 

(Bonsoms et al., 2024), with a direct impact on avalanche activity. This geohazard represents a 

major threat to mountain populations and their infrastructure, especially road networks. This issue 

is examined by Kern et al. (2023), who studied the spatial and temporal correlations between 



meteorological snowpack conditions, snow avalanche deposits, and road network vulnerability in 

two valleys of the French Alps.  

Current climate warming is particularly affecting glaciers worldwide, causing melting, thinning 

and retreat at different timescales. The low-latitude glaciers of the Cocuy-Güican Mountains 

(Colombian Andes) are a good example; in this area, López-Moreno et al. (2022) reconstructed 

the evolution of the glacier cover since the Little Ice Age (LIA), measured ice surface and volume 

loss, and analysed the topographic and climatic factors that may have contributed to a recent 

slowdown of glacier retreat and to near-equilibrium conditions. On the other hand, Martínez-

Fernández et al. (2023) focused on the evolution of a mid-latitude glacier in the Spanish Pyrenees 

to demonstrate how small glaciers are one of the best indicators of climatic variability. The authors 

covered the decade 2010-2020 using several geomatic techniques (GPS survey, terrestrial laser 

scanner, UAV photogrammetry) and reported the dramatic surface, thickness, and volume loss of 

this glacier (0.2 ha yr-1, 1.7 m yr-1, 21 x 103 m3 yr-1). The data show that the glacier has evolved 

from a tongue-glacier climatically sensitive to a cirque glacier whose behaviour is strongly 

influenced by the local topography. According to the measured trend, it could disappear by the 

end of the 2030s. 

Over the last century, several retreating marine glaciers have become land-based glaciers, with 

important implications for the ecosystem dynamics of the surrounding fjords. In many cases, this 

has resulted in the creation of new islands due to the retreat of tidewater glaciers, which is one of 

the less understood and studied consequences of cryospheric degradation in marine areas. Ziaja 

&Haska (2022) explored this phenomenon using available maps and satellite imagery, which 

allowed them to detect, describe and monitor the size of new islands in Greenland and the 

European and Asian Arctic. In inland areas, glacier shrinkage is also of great importance because 

of its geoecological implications. This topic has been studied extensively in the high latitudes of 

both hemispheres. In the northern hemisphere, García-Oteyza Ciria et al. (2023) reconstructed 

the glacial response of the Greenland Ice Sheet (GrIS) to the climate variability over the last 

millennia and the subsequent deglaciation through the application of cosmic-ray exposure (CRE) 

and optically stimulated luminescence (OSL) dating. Focusing on the Tyroler Valley (NE 

Greenland) the authors found that the deglaciation began in the Early Holocene (at ca. 10–8.5 ka, 

CRE age) and experienced a non-linear trend, interrupted by three phases of glacial advance 

during the Neoglacial (before ca. 5.9 ka, CRE age) and the LIA (0.6 ka and 0.3 ka, CRE age) 

cooling periods. The authors also highlighted a different geomorphological configuration during 

the LIA, which favoured the formation of an ice-dammed lake (0.53 ± 0.06 ka, OSL age). On the 

other hand, in the Southern Hemisphere, less of the 0.4% of Antarctica, corresponds to new ice-

free areas resulting from the Holocene deglaciation. This is the case of the northern Fildes 

Peninsula, on King George Island, where Oliva et al. (2023) used 36Cl cosmic-ray exposure dating 

on glacially polished rock outcrops, aiming to reconstruct the spatio-temporal patterns of the 

deglaciation. The authors pointed that the deglaciation process was not continuous as suggested 

by some cirque moraines in the valley with mid-Holocene glacial deposits, although no evidence 

of a LIA glacial advance was found.  

However, surface changes do not only affect to the ice itself but some of the most dynamic areas 

are the proglacial regions where a common phenomenon is the formation of glacial lakes, in the 

vicinity of the melting terminus. In the High Arctic, where temperatures have risen almost four 

times faster than the global average over the past four decades (Rantanen et al., 2022), polar 

amplification (Dai et al., 2019) is rapidly reshaping the environmental dynamics of the region, 

with widespread glacier retreat. This has been observed, for example, in the Austerdalsbreen 



glacier, one of the outlets of the Jostedalsbreen ice cap (W Norway). Here, Seier et al. (2023) 

analysed the evolution of the glacial and proglacial area using a variety of remote sensing data to 

quantify glacier surface lowering and the interactions between the lake and terminus. On the SE 

Tibetan Plateau (SETP), the analysis of glaciers and glacial lakes in the time interval 1990 to 2021 

revealed a glacier area reduction of ~25.3%, and an increase in the glacial lake area and number 

of ~21.5% and ~27.3%, respectively, as reported by Dou et al. (2023) in their study. Comparison 

of these results with meteorological data revealed an inverse correlation between the glacier area 

and air temperature, and an inverse correlation between cumulative precipitation (decreasing) and 

glacial lake level (increasing) and area (increasing). Śledź et al. (2023) also focused on proglacial 

areas; in this case, in the Kviárjökull glacier (SE Iceland). The authors used UAV imagery to track 

the recent geomorphic evolution of several landforms in the foreland and to measure elevation 

and volumetric changes. A similar methodology was also used by Błaszkiewicz et al. (2023), who 

analysed how the temporally differentiated melting of glacier tongues and patches of dead ice 

were profoundly altering the landscape of glacial margins. The authors found that the result was 

the generation of a new landscape dominated by dead-ice landforms, attributed to thermokarst 

processes and the occurrence and development of permafrost. Nevertheless, accelerated glacier 

shrinkage has important geo-ecological implications in terms of the emergence of new coastal 

areas and the triggering of paraglacial processes, as demonstrated by Kavan & Strzelecki (2023) 

in their study. In the same line, Dudek et al. (2023) provided insights into the rate of post- LIA 

deglaciation and associated paraglacial transformations in the Gåsbreen (Svalbard), by using 

archival and imagery data, maps, digital elevation models and geomorphological mapping. 

These previous studies highlight the main consequences of permafrost thawing in today's 

warming climate. One of the most obvious is the accelerated development of thermokarst terrain, 

particularly through retrogressive thawing slumps. This process was studied by Jiao et al. (2023) 

on the Qinghai-Tibet Plateau, in the Himalayas, where a coupled heat-water-mass transport model 

was used to quantify the effects of erosion processes associated with freeze-thaw cycles and to 

better assess their geo-ecological implications. The detection and quantification of terrain 

deformation over large areas is greatly aided by remote sensing techniques such as InSAR, as 

shown by Ishikawa et al. (2023). The authors measured terrain deformation in Mongolia from 

2007 to 2017 and explained the main climatic and hydrological factors that control surface 

subsidence and uplift associated with ground ice. At high latitudes, permafrost degradation is 

leading to profound landscape changes, such as in the coastal areas of Svalbard. In Sørkappland, 

Ziaja et al. (2023) used old maps, archival documents, remote sensing data (interval 1990-2021) 

and fieldwork to track the progressive degradation of the coastal cryosphere. As a result, the 

authors found that glacial retreat during the 20th and 21st centuries, together with the shortening 

of the sea-ice season, caused the transformation of a bay with beaches into a coastal plain 

characterised by a lake. They also reported the progressive reduction of the lake in recent decades 

until its disappearance and reoccupation by the sea, as well as the ongoing erosion on cliffs, 

beaches, and ice-cored moraines by the sea, demonstrating how the degradation of the cryosphere 

can lead to pronounced coastal instability. 

However, an accurate assessment of cryospheric sensitivity and its associated geomorphological 

processes under the current climate warming also requires a detailed knowledge of the spatial and 

temporal patterns of ground surface temperature. To this end, Kasprzak & Szymanoswki (2023) 

combined direct thermistor measurements, satellite-derived land surface temperatures (LST) and 

electrical resistivity tomography in a small catchment in SW Spitsbergen (Svalbard). Using this 

methodology, the authors presented key data such as near-surface temperature, active layer 



thickness, depth of ground thaw and the environmental variables that determined the spatial 

distribution of ground temperature. In this area, the distribution of mountain permafrost is still 

under debate. To shed some light on this issue, Pradhan & Shukla (2023) presented new maps 

of probable permafrost distribution based on Landsat 8 LST, which is key to studying 

environmental processes in ice-free areas in high mountain regions, as well as natural hazards 

affecting local communities. However, the study and characterisation of periglacial dynamics is 

not limited to high mountain areas. In the Spanish Central System, a temperate mid-latitude 

mountain range, a top-to-bottom multidisciplinary approach was used for the characterisation of 

the Calderuelas hydrolaccolith by Fernández-Lozano et al. (2024); in this study, the authors used 

both high-resolution UAV mapping, surface temperature measurements, geoelectric surveying, 

core sampling and magnetic susceptibility profiling, and 14C-AMS dating. Nevertheless, there is 

room for technological innovation in periglacial research. Indeed, Zagórski et al. (2023) 

proposed a new measurement system based on the photonic sensor technology to provide higher 

spatial resolution in the vertical profiles and more detailed information on the evolution of the 

active layer thickness and the thermal state of the permafrost. 

The effects of a changing climate on permafrost are not only limited to geomorphological 

changes, but also affect the hydrochemical properties of surface and subsurface water. Lehmann-

Konera et al. (2023) studied the effects of temperature and precipitation on the discharge and 

lowering of the groundwater table, and on its chemical properties in a small permafrost catchment 

also in SW Spitsbergen, with interesting results on the physical and chemical processes operating 

in the area. Szumińska et al. (2023) also investigated the freshwater chemistry of a continuous 

permafrost zone in NE Siberia, in particular the mobility of metals, metalloids and non-metals 

released by permafrost thaw. 
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