

  geosciences-12-00048




geosciences-12-00048







Geosciences 2022, 12(2), 48; doi:10.3390/geosciences12020048




Review



Mountain Permafrost Hydrology—A Practical Review Following Studies from the Andes



Lukas U. Arenson 1,*[image: Orcid], Jordan S. Harrington 1, Cassandra E. M. Koenig 2 and Pablo A. Wainstein 3





1



BGC Engineering Inc., Vancouver, BC V6Z 0C8, Canada






2



BGC Engineering Inc., Toronto, ON M5H 2W9, Canada






3



BGC Engineering Inc., Calgary, AB T2E 7W6, Canada









*



Correspondence: larenson@bgcengineering.ca; Tel.: +1-604-330-8043







Academic Editors: Marina Leibman, Maurizio Barbieri and Jesus Martinez-Frias



Received: 11 October 2021 / Accepted: 18 January 2022 / Published: 19 January 2022



Abstract

:

Climate change is expected to reduce water security in arid mountain regions around the world. Vulnerable water supplies in semi-arid zones, such as the Dry Andes, are projected to be further stressed through changes in air temperature, precipitation patterns, sublimation, and evapotranspiration. Together with glacier recession this will negatively impact water availability. While glacier hydrology has been the focus of scientific research for a long time, relatively little is known about the hydrology of mountain permafrost. In contrast to glaciers, where ice is at the surface and directly affected by atmospheric conditions, the behaviour of permafrost and ground ice is more complex, as other factors, such as variable surficial sediments, vegetation cover, or shallow groundwater flow, influence heat transfer and time scales over which changes occur. The effects of permafrost on water flow paths have been studied in lowland areas, with limited research in the mountains. An understanding of how permafrost degradation and associated melt of ground ice (where present) contribute to streamflow in mountain regions is still lacking. Mountain permafrost, particularly rock glaciers, is often conceptualized as a (frozen) water reservoir; however, rates of permafrost ground ice melt and the contribution to water budgets are rarely considered. Additionally, ground ice and permafrost are not directly visible at the surface; hence, uncertainties related to their three-dimensional extent are orders of magnitude higher than those for glaciers. Ground ice volume within permafrost must always be approximated, further complicating estimations of its response to climate change. This review summarizes current understanding of mountain permafrost hydrology, discusses challenges and limitations, and provides suggestions for areas of future research, using the Dry Andes as a basis.
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1. Introduction


Climate change is expected to have a major impact on mountain regions, leading to reduced water security around the world [1,2]. Consequently, mountain water resources are expected to be stressed due to increases in air temperature, sublimation, and evapotranspiration, as well as changes in precipitation patterns, particularly in arid and semi-arid zones, such as the Dry Andes of South America [1]. Mountain glaciers around the world are receding under a changing climate (e.g., [3,4,5]), shifting the predominant dynamics of the mountain cryosphere from glacial to periglacial (Figure 1), which has, depending on the area, implications for mountain water resources [6]. The influence of this shift from glacial to periglacial dynamics on mountain hydrology is due to major differences in the rate at which these two environments respond to atmospheric changes, superimposing shifts in hydrology due to projected changes in snow cover and precipitation pattern. Surface ice responds much faster to climatic change than ground ice, which is insulated from the atmosphere by the active layer and often by snow [6,7]. Because heat transfer to the subsurface is attenuated according to the physical properties of the ground, increases in heat fluxes acting on permafrost due to climate warming are delayed and dampened compared to for glaciers, resulting in melt rates of ground ice being substantially lower than for surface ice (Figure 1). While melt rates of surface ice would remain relatively constant if climate warming rates did not change, ground ice melt rates could decrease with time in response to a thickening of overlying unfrozen materials (i.e., active layer deepening), provided that the unfrozen material is not removed by mass movement processes [8,9,10].



The freeze–thaw dynamics of surface ice, i.e., found in glaciers and on lakes, are vastly different from the dynamics of ground ice, which can be found ranging from near the ground surface seasonally during the winter to depths of hundreds of metres in some regions. Therefore, ground ice may be much older than surface ice [11,12], specifically in smaller surface ice bodies that are found in mountainous environments (Figure 2). To put this into perspective of a global hydrological cycle, average residence times of groundwater can range from ~200 to 10,000 years (depending on spatial scale), whereas residence times of lakes can be ~100 years, and rivers as low as two weeks [13]. An attempt to summarize the complexity of flow paths and temporary water storages in a glacial/periglacial watershed is presented in Figure 2. Every drop of precipitation, whether deposited in liquid or solid form, will ultimately leave the watershed, and snow patches, glaciers, or rock glaciers, act as temporal storages along with lakes and groundwater, i.e., they are not the origin of the water recorded as discharge. The figure focuses on the pathway from precipitation to surficial flow; however, some water either sublimates or evaporates. Specifically in the high and arid mountain regions of the world, sublimation rates can be substantial, reaching more than 80% [14,15]. A raindrop or a snowflake can pass through various temporary storages or cryoforms before it leaves a mountainous watershed. For example, it may start as snow, be compressed to firn and to surface ice (a glacier), from where it can melt, potentially infiltrate, freeze within the active layer for one winter (seasonal ground ice), melt again and infiltrate to greater depths, then later flow towards a permafrost body where the droplet segregates and remains in the ground as ground ice for several thousand years. Eventually, this part of the permafrost degrades, releasing the drop of water that then flows as groundwater until it typically surfaces at a spring and joins the surface drainage system. Following this schematic, it also becomes apparent that the active layer influences near-surface water storage and drainage [16,17,18].



Glacier hydrology has long been a major focus of scientific research and the role of glaciers within the hydrological cycle is well understood, with seasonal melt from glaciers known to contribute substantial amounts of water to runoff (e.g., [20,21,22]). Conversely, it is unclear whether ground-ice melt from thawing mountain permafrost contributes meaningful amounts of water to the water cycle. Furthermore, most research in this area has focused on rock glaciers [23,24], which represent only a small component of mountain permafrost. Limited research has been completed on the influence of climate change in mountain watersheds characterized by the presence of permafrost and studies to date highlight the lack of data in these environments [25,26,27,28]. In the context of rock glaciers in the Dry Andes, conclusions of two recent studies [27,29] illustrate how the current state of knowledge on mountain permafrost hydrology is conflicting. Falaschi et al. [27] stated that “Rock glaciers near the Andean mountains of central and northwestern Argentina provide an important supply of water for agriculture, but data on their number, size, geographic distribution and altitudinal range are poorly known”, suggesting that the role of rock glaciers contributing to streamflow had been established. Conversely, Schaffer et al. [29] wrote more recently that “There is insufficient knowledge available to adequately quantify the hydrological contribution of rock glaciers to streamflow within the semiarid Andes [27°–35° S]”; hence, they concluded that “It is therefore important to quantify the hydrological importance of rock glaciers in order to provide adequate protection to ensure sufficient water availability for future generations.”.



The mountain permafrost environment is highly heterogeneous, particularly outside of polar regions, as temperature and tropical mountains are subject to large spatial and temporal differences in climate conditions and ground conditions can vary substantially over short distances. Therefore, the extrapolation of conclusions from limited rock glacier hydrology studies to generalize permafrost hydrology of mountain watersheds is a scientific oversimplification that creates critical limitations for water management planning and policy making and may be raising wrong expectations related to freshwater availability. This generalized perspective neglects complex differences and interactions between glacial and periglacial environments in terms of process and scale, limiting the ability of scientists to estimate how climate change induced modifications to the hydrology of mountain watersheds could influence natural and socio-economic environments in the future. This knowledge gap amplifies uncertainties in projections of future change and increases associated environmental risks, consequently presenting challenges for water management, project development, and mitigation planning.



This review provides an overview of available permafrost hydrology literature with a focus on mountainous terrains outside polar regions and discusses associated challenges and limitations of the current state of science. In response to major limitations in available research and the authors’ own experience, this review primarily uses observations from the Dry Andes and presents these in a global context. First, general concepts related to permafrost hydrology are introduced, followed by concepts specific to mountain ranges outside polar regions, including detailed aspects related to rock glaciers. This review also includes a focus on climate change impacts on mountain permafrost hydrology and the authors’ views on future research directions. Selected terms are defined throughout this review where their precise definition is of relevance. The reader is referred to van Everdingen [30] for the authoritative glossary of terms related to the periglacial environment.




2. Permafrost Hydrology


Hydrology can be defined as “the geoscience that describes and predicts the occurrence, circulation, and distribution of the water of the earth and its atmosphere” [31]. Permafrost is defined as ground (soil or rock, including ice and organic material) that remains at or below 0 °C for at least two consecutive years [32]. The presence of permafrost influences water flow paths and, to a lesser extent, water sources and storage mechanisms [33]. The widespread distribution of permafrost across the globe [34] and its unique hydrological effects have led to the study and development of the field of permafrost hydrology.



The primary influence on water movement exerted by permafrost is through physically constraining flow. Permafrost thermal state is less important since water flow is possible at temperatures even below 0 °C; for example, in saline waters or under certain grain size and pressurized conditions [35]. Williams and van Everdingen [36] provide a detailed overview of permafrost hydrology in Arctic regions and state that “Permafrost […] acts as a confining bed, and both its composition and distribution have a significant influence on patterns and rates of groundwater flow. […] Groundwater discharge may be restricted to the lower, central part of many river valleys where the permafrost is discontinuous. In some valleys, the resulting strong upward movement of groundwater causes quick conditions and instability of the affected streambeds. In the region of continuous permafrost, unfrozen zones penetrate the permafrost only where salinity of the groundwater prevents freezing, or where heat transfer from a body of surface water or from discharging subpermafrost water is sufficient to maintain the unfrozen condition.”.



In 1975, Dingman [37] concluded that hydrologic effects of permafrost are profoundly non-static due to long-term climate change. He further indicated that permafrost acts as an aquitard, restricting the movement and recharge of groundwater, and stressed that resultant effects on hydrology are not necessarily the expected straightforward ones of increased runoff and flashier streamflow. Studies available at that time suggested long hydrograph recessions for streams draining permafrost areas, and some large basins had a high proportion of their runoff occurring as groundwater outflow [37]. Runoff percentages estimated for small central and northern Alaskan watersheds were moderately high (around 50%) and mostly snowmelt. Dingman [37] continued to stress that seasonal freeze–thaw processes have important dynamic hydrologic impacts influencing infiltration in complicated ways: sometimes increasing and sometimes decreasing it.



In a key reference on permafrost hydrology [33] and a paper published just before that [38], Woo and colleagues concluded that “Permafrost hydrology should continue to be of practical relevance. Hydrologic knowledge is of paramount importance to water supply, flood control, construction, and operation of development projects in permafrost regions. Hydrologic information available to other branches of science and engineering is crucial to the management of fish and wildlife habitats, forestry and agriculture, aquatic waste disposal and community health.”. The authors continue stressing that despite recent advances in the understanding of permafrost hydrologic processes, ground-based observations, which are still scarce in polar regions, are critical and there are substantial limitations when those are substituted by remote sensing.



Permafrost hydrology is controlled by the spatial and temporal peculiarities of permafrost. The technical definition of permafrost, as presented by Muller [32], has already been introduced. This can be illustrated schematically, as shown in Figure 3, for steady climatic conditions where the changes in temperature over time and with depth are presented. If the minimum and the maximum temperature at each depth is plotted, the figure on the right is obtained, which is known as the temperature trumpet curve [30]. Freezing and thawing processes, also referred to as frost action, occur within the top layer of the ground, known as the active layer, which is not part of the permafrost. In the winter, when the ground is completely frozen, the active layer forms an aquitard. As the active layer develops during the summer, flow within these shallow soil layers may occur, changing the overall flow regime as it becomes dependent on the soil’s hydrological characteristics, often related to unsaturated flow conditions [39]. In addition, the time of concentration increases as the active layer develops. As the active layer starts to refreeze, mainly from the surface, but also to a lesser degree from the permafrost table upwards, flow may initially be limited to an ever-thinning layer that will eventually freeze, creating a completely frozen aquitard once more. Only towards the end of the summer when the active layer is fully developed, water frozen in the permafrost may be released if the active layer penetrates deeper than it had during previous years, hence, permafrost is degrading.



Without permafrost degradation, discharge originating from an area with permafrost can be water released from seasonal storage in the active layer (Figure 4) or sub-permafrost groundwater. During the winter, the ground is frozen, and a snow cover may be present. The combined effect of intense solar radiation, high wind speeds and low air relative humidity in many mountain regions of the world results in a substantial amount of snow sublimation [14,15,40]. As the snow cover disappears, surface runoff may occur and complex infiltration processes form, which have been discussed with respect to geohazards [41,42]. As the active layer thickens during the summer, moisture that had been frozen in the previous fall and winter, forming seasonally frozen ground, will melt and can potentially contribute to runoff. It is, however, important to note that active layer deepening is a slow process and therefore the amount of water that can thaw is limited. In order to melt 1 kg of ice, 334 kJ of energy is required [43]. Due to the insulating and, hence, dampening effect of the active layer, the deeper into the ground, the less energy is available for ground ice thawing; therefore, the melting of ground ice and the advancement of the thaw front decelerates over time, similar to the penetration of the freezing front in the winter [43]. The contribution from active layer thaw to the discharge is, therefore, small, and increases noted in the hydrograph are likely related to precipitation, flow through the active layer, or deeper groundwater flow. Watersheds underlain by permafrost tend to have a quick response to precipitation in the summer, resulting in their hydrographs peaking earlier than basins without permafrost [44] (low concentration time). As the ground starts to freeze back, the active layer discharge from permafrost underlain areas ceases. In general, permafrost acts as an aquitard and the active layer acts as a seasonal aquifer and seasonal ice storage from the previous year’s snowmelt, for example.



The processes described above are further complicated by heterogeneity in the ground conditions that impact the unfrozen moisture content and hydraulic conductivity of frozen or partially frozen ground [45,46,47], and also influence the moisture dependent thermal properties [48] and the ground thermal regime. Pore water freezes as temperature decreases below 0 °C; however, not all pore water freezes, and a substantial unfrozen water content can persist well below 0 °C, depending on the soil properties (Figure 5), pore water salinity, and pore water pressure [49,50]. The decrease in unfrozen water content results in a concurrent decrease in hydraulic conductivity (Figure 5). Permafrost represents a thermal state, not a physical state, such that the ground ice content of permafrost may range from fully ice-saturated to zero volumetric ground ice content, and its hydraulic conductivity may range from its unfrozen and saturated hydraulic conductivity to several orders of magnitude lower. Furthermore, water flow is often responsible for the formation of taliks because of heat advection and convection, i.e., the transport of heat with flowing water [37]. Permafrost degradation is controlled primarily through heat transfer from the ground surface; however, the diffusive and advective processes through supra-, intra-, and sub-permafrost taliks can accelerate degradation and alter local hydrology in complex ways.



Water and permafrost are interrelated in different ways. Water influences the distribution and thermal regime of permafrost, whereas the spatial distribution, depth, and thickness of the permafrost body has an effect on hydrology, runoff, and infiltration [51]. In areas of discontinuous permafrost, precipitation further influences the depth of seasonal thaw and the ground thermal regime [52]. Specifically, the soil moisture content immediately prior to freezing in the fall determines the ice content of this layer. The amount of surface water and infiltration capacity of the soil then influences the depth of thaw during the following summer [52].



The main effect of permafrost on the hydrology of a watershed is the restriction, but not exclusion, of an exchange between surface waters and subpermafrost groundwater [53]. If the exchange is sufficiently restricted, the result is a perched water table within the active layer above the permafrost table. This vertical flow restriction may result in surficial ponding of water within flat terrain and high rates of surface soil erosion in steeper terrain, where surface runoff is considerable due to limited infiltration [53]. Rising and lowering of the water table between a low-conductivity layer and an overlying high-conductivity layer within the active layer may trigger a threshold response behaviour, similar to the ‘transmissivity feedback’ mechanism [54]. Finally, subpermafrost layers are typical aquifers within permafrost environments and it is not unusual that they are confined [55,56].




3. Mountain Permafrost Hydrology


Hydrological processes within mountainous terrain are strongly influenced by local topography and the type of surficial material. Therefore, it is important to differentiate hydrological processes that occur within polar regions from those where topographic impacts are essential, such as in the Dry Andes. The flow of water, but also mass movements, such as creep of ice-rich sediments, snow avalanches, debris flows, rock falls, or other forms of landslides, are controlled by gravity and local topography [42]. In addition, solar radiation in mountainous terrain varies greatly within short distances in response to slope aspect, elevation, and local shading [57]. Together with microclimatic conditions, this forms a complex and heterogeneous permafrost distribution [58,59,60]. The three main factors controlling this distribution are:




	
The surface energy balance, largely driven by atmospheric conditions, which controls heat inputs to and outputs from the Earth’s surface;



	
The heat derived from the Earth’s interior, which is generally defined by the geothermal gradient at depth; and



	
The presence of surface (lakes or rivers) or subsurface (taliks) bodies of water that do not freeze completely during the winter.








In consequence, the concept of continuous and discontinuous permafrost, as it is used within a polar context, should not be applied within mountainous environments. It is recommended to either use mountain permafrost as a general term that inherently implies the complex and heterogeneous nature of permafrost within a mountainous environment, or a permafrost probability, for example, from a permafrost distribution model [61,62,63]. Regardless of whether a permafrost region is presented in a polar (continuous–discontinuous) context or within mountains, the actual extent of the permafrost is substantially smaller than the extent of a permafrost zone or region [64] and there is also a key depth component associated with permafrost distribution.



In the southern hemisphere, north facing slopes along mountain ridges are typically warmer than south facing slopes because of the difference in solar radiation, impacting the permafrost distribution (Figure 6). With increasing elevation, the extent of the permafrost and its depth increases, and the number of non-permafrost zones decreases. The mountain ridge shown in Figure 6 is located within a permafrost region, i.e., a geographical area where permafrost may be present. However, the continuity within the permafrost body itself decreases with decreasing elevation allowing, even strictly from a thermal perspective, more infiltration and both groundwater recharge and discharge. In parallel, permafrost temperatures increase at lower elevations, further influencing the unfrozen moisture content and hydraulic conductivity of the frozen sediments (Figure 5). Different types of taliks may allow for water to flow through the system, influencing the regional distribution of hydraulic conductivity and, hence, the distribution of relatively permeable and less permeable pathways for groundwater flow.



However, while the presence of permafrost and taliks may be critical for understanding groundwater recharge, flow, temporal storage, and discharge, it is essential to consider its presence within the larger context of the local hydrogeological characteristics. Ultimately, permafrost, nor a periglacial cryoform, can ever be the origin of water within a mountainous watershed, but its presence may influence groundwater recharge and surface runoff hydrographs at varying times.



In addition, the hydrology in mountain regions is highly controlled by local weather patterns, air temperature, and elevation, which determine the spatial distribution of precipitation and its physical state (i.e., solid or liquid). In general terms, mountainous environments, which are often composed of a multitude of different landforms (Figure 7), are regulators of the downstream hydrology [65]. Winter precipitation, typically snow, is stored on the surface by accumulation. This is especially true for a glacier dominated watershed that stores water in the form of surface ice and snow. A dry winter landscape forms at high elevation with wetter conditions downstream, where precipitation falls in the form of rain. During spring and summer, when rain is often marginal at lower elevations, surface ice and snowmelt provide water for surficial runoff.



In mountain catchments, most of the water from snowmelt and rain flows through the ground before entering a stream [23], depending on the local type of surface material that largely controls infiltration capacity. Permafrost directs the hydrology mainly by changing flow paths due to the lower storage capacity induced by the decreased unfrozen water content and hydraulic conductivity of frozen soil [17,66] and bedrock [67,68], or other secondary processes, such as lake damming by rock glaciers [69]. Notable water accumulations were, for example, visible in the 2017 Pizzo Cengalo, Switzerland rock avalanche detachment zone [70,71].



During a research study where near-surface runoff in a coarse grained surface layer and base flow in a finer-grained layer below the permafrost base of a rock glacier were differentiated, Krainer and Mostler [72] concluded that snowmelt was the dominant water source during spring, whereas rain water dominated during summer. Although direct contribution from snowmelt and surface ice melt can generally be identified in watershed hydrographs (Figure 4), there is a fundamental difference between melt of snow ice on the surface compared to melt of ground ice, e.g., from permafrost thaw. Snow and surface ice are directly exposed to atmospheric conditions, including solar radiation and air temperature, and respond instantaneously to changing conditions. For example, runoff from glacier melt is the highest towards the afternoon in direct response to daily maxima of air temperature and solar radiation. Ground ice, on the other hand, is controlled by ground temperatures as it is insulated from solar radiation by snow during the winter and overlying soil or rock during the summer. Further, changes in ground temperature with time and depth depend on the thermal conductivity and heat capacity of the ground, convective heat transfer parameters, and the latent heat of fusion [73]. Therefore, there is a lag for summer temperatures to penetrate the subsurface and to melt any ground ice at depth [43]. Given the temporal lags in temperature propagation with depth, it is challenging to directly link watershed hydrographs for a whole basin to permafrost degradation and associated ground ice melt, or to differentiate between contributions from seasonally versus permanently frozen ground. In response to an increase in the storage capacity of the sediments due to permafrost degradation, a decrease in flood peak runoff and an increase in runoff during recession periods are likely [17]. Frampton et al. [74] used a three-phase water flow model coupled to heat transport to show decreased seasonal variability in groundwater discharge may serve as an early indicator of permafrost degradation, since increased annual mean flows may take a longer time to become apparent.




4. Rock Glacier Hydrology


The hydrology of the glacial environment in mountainous areas has been well studied for decades [21,22,65,75]. However, hydrological studies on mountain permafrost are still relatively novel and much research in this field has focussed on rock glaciers [76]. There is currently no consensus on the relationship between rock glaciers and their hydrology in terms of water storage and their potential contributions to runoff and/or discharge quantities [29].



Several authors have suggested that rock glaciers, for example in the Dry Andes and the Himalaya, are hydrologically important or significant based on the potential volume of water stored in permafrost ground ice estimated using empirical approaches [24,76,77,78,79,80,81,82,83,84,85,86,87]. Empirical estimates of ground ice volume are subject to substantial uncertainties; for example, Jones et al. [76] wrote in a review of these studies that: “[…] potential bias may be introduced by the typically lower ice contents of inactive [rock glaciers]. Additionally, information regarding [rock glacier] genesis, i.e., permafrost origin or glaciogenic origin, is predominantly absent within the [rock glacier database] (RGDB) despite strongly influencing ice content. Therefore, we acknowledge that due to the nature of the RGDB and the methodology, we cannot comprehensively account for regional specificities. Further research related to ice-thickness and ice content by volume is certainly needed. […] Therefore, overall uncertainty is likely larger than that quantified here.”. These approaches to estimating the volume of water stored as ground ice require simplifying assumptions, such as a rock glacier area–volume relationship that has major uncertainties and should be avoided [88], volumetric ground ice content, and to a lesser extent ice density.



However, the potential water storage capacity of rock glaciers (and mountain permafrost in general) in ground ice does not indicate their ability to contribute measurable volumes of water to streamflow, which instead depends on the heat fluxes acting on ground ice. Many studies on rock glacier hydrology do not evaluate the actual water supply of rock glaciers at discharge points or availability to downstream users, but rather roughly estimate the volume of water stored as ground ice or extrapolated from water observed downstream of a rock glacier, independent on its actual origin. The value of these studies is therefore limited to the insight they provide on the overall storage of water in mountainous regions.



Some publications use the terminology hydrological significance for rock glaciers [29,79,81,86]. However, its meaning is typically not clearly defined. Often, the stated significance seems to be understood as the sole existence of a (frozen) reservoir or the ability to act like an aquifer. As illustrated in this review, the hydrological behaviour of rock glaciers and mountain permafrost in general cannot be assigned a single unchanging function, and the hydrological outcomes driven by the presence of mountain permafrost will vary greatly depending on the processes and climate acting on each watershed. Therefore, the hydrological significance of a specific rock glacier, or permafrost in general, should be clearly defined in studies, e.g., with respect to runoff, and assessing significance should be carried out in a quantifiable and statistical context relative to the hydrology of the entire watershed, acknowledging other relative contributors.



4.1. Rock Glacier Volume Change


Rock glaciers have received much scientific attention from geomorphological, climatic, and kinematic perspectives [89,90,91,92,93,94,95], but only a few studies focused on quantifying their hydrological behaviour from surface and subsurface perspectives, e.g., [72,96,97,98]. This limited number of study results, often conducted in challenging field conditions which limit investigation methods, results in continued uncertainty as to their potential hydrological roles. There have been few studies on the quantification of the hydraulic contribution of ground ice melt to runoff; most of them were unable to achieve results due to the considerable uncertainties involved in calculating the water balance [99]. For example, Krainer et al. [97] were not able to resolve isotopic similarity of precipitation and rock glacier ground ice melt. More recently, at a different rock glacier, Krainer et al. [11] found an average annual rate of ground ice melt from thawing permafrost of 10 cm/year, which represented only 2.3% of the average discharge from the rock glacier catchment area. Even if the melt rate of ground ice was doubled to 20 cm/year, this would amount to less than 5% of the average discharge from the rock glacier catchment area. Because the contribution of permafrost ground ice melt to discharge in these studies is small to begin with, marginal additional contributions from melting ground ice would be difficult to measure and are likely to be within the range of sensor uncertainty or natural variability of catchment hydrology. Often, climatic conditions within mountain environments vary greatly from year to year, adding an additional level of complexity when assessing an individual contribution as near average conditions rarely occur. Recent advances in geophysical methods (e.g., [100]) have demonstrated an ability to estimate permafrost degradation; however, uncertainties in the methodology, which are sometimes difficult to quantify, must to be considered. Measurements of ground heat flux and simple heat transfer calculations have been used to estimate a conservative upper bound of ground ice melt representing less than 1% of the discharge between June and October from an inactive rock glacier’s catchment [101]. Finally, using a theoretical approach, Arenson et al. [102] showed that ground ice melt from rock glaciers due to permafrost degradation in a mountainous basin would account for less than 0.1% of annual basin runoff, assuming a 100-year air temperature increase of 4 °C.



The Swiss Permafrost Monitoring Network [103] probably has the most comprehensive compilation of ground temperature measurements, annual thaw depth data, and ground ice content for individual rock glaciers [104,105,106]. Based on available data, the average annual ground ice melt rates of these rock glaciers are less than 5 cm/year.



Some studies have estimated annual ground ice loss using remote sensing [23]. The available data indicate highly variable annual ice creep rates with annual surface subsidence ranging from centimetres to decimetres. Estimated volume losses ranged from 320 m3 to 7515 m3 for the Schafberg rock glacier in Switzerland and the Hinteres Langtalkar rock glacier in Austria, respectively [23,107]. Volume changes of one of these rock glaciers may be attributed to ground ice melt, whereas the much larger volume loss recorded for the other rock glacier can be attributed to detachments of sediments at the rock glacier front, i.e., unrelated to the release of water.




4.2. Glacier vs. Rock Glacier


The influence of the insulating layer of soil or rock overlying permafrost, typically the active layer, on the ground ice melt rate of permafrost thaw has already been introduced and the primary differences to the melting of glacier ice discussed. With respect to rock glaciers, the difference in the dynamics between a glacier and a rock glacier is worth reviewing. Glaciers constantly exchange their ice mass. Snow is accumulated at high elevation, turning into glacier ice that creeps internally to the glacier front where it ablates and the ice melt contributes to glacier runoff [108]. If the glacier mass balance is positive, more ice mass advances than can melt, and if the mass balance is negative, the glacier recedes. The total melt of glacier ice is directly linked with the glacier advance. On the other hand, rock glaciers, whether of glacial or periglacial origin [76], do not have a mass balance in glaciological terms. There is no annual accumulation or ablation of ice that would control its dynamics and therefore the advancement of a rock glacier is not linked to a mass balance. While a rock glacier can slowly creep downslope due to gravity, which is mainly controlled by local topography, ground ice would not melt in direct response to the minor advancement of a rock glacier, which is in the orders of centimeters to meters per year [89,103,109].




4.3. Hydrological Characteristics of Rock Glaciers


There is no clear consensus on how a rock glacier should be defined [91]. It is, however, important that some understanding exists on what constitutes a rock glacier, in order to assess its hydrological role in mountain watersheds. The term “rock glacier” was originally coined in 1910 by Capps [95] where he wrote: “The rock glaciers also differ from true glaciers in that, although they may advance spasmodically, or at varying rates, they never retreat, for their form remains intact even if the ice melts out and movement ceases.”, which is a critical observation. More than a century later, discussions are still ongoing, with attempts being made to offer a technical definition for applications such as inventorying, for example [110]: “Rock glaciers are debris landforms generated by the former or current creep of frozen ground (permafrost), detectable in the landscape with the following morphologies: front lateral margins and optionally ridge-and-furrow surface topography. In a geomorphological slope sequence, rock glaciers are landforms conveying (or having conveyed) debris from an upslope area (source area or rooting zone) towards their front.”



An example of a cryogenic rock glacier in the Central Andes with complex drainage conditions is shown in Figure 8. The illustrative photograph shows the source zone and gravity induced creep deformation of the ice-rich frozen soil mixture with its characteristic surface composed of furrows and ridges. Water from seasonal melting of the upslope snowpack flows in streams surrounding the landform in its current configuration, partially also because the permafrost within the rock glacier creates a frozen dike. Water also emerges from a spring at the front of the rock glacier. Field observations suggest that the stream that is currently shown at this front was likely present prior to the rock glacier advancing to its current position, and that the existing topographic and hydrogeologic conditions of the rock glacier would support continued drainage of water below the base of the rock glacier. This is because the material at the base of this type of rock glacier is often coarse [105] and therefore likely to have a high hydraulic conductivity. In addition, the rock glacier is expected to naturally advance following the lowest point of a valley as a stream of frozen sediments, comparable to a lava flow. Therefore, water from the rock glacier surroundings will naturally accumulate below the rock glacier (i.e., where it would have accumulated prior to the rock glacier advancing) and resurface at the rock glacier front. This scenario is applicable to this example rock glacier and may or may not be transferable to other rock glaciers, as there are a myriad of geomorphologic and topo-climatic conditions that can create complex hydrological characteristics within rock glaciers [89,110] themselves. Furthermore, rock glaciers often change surface water drainage conditions post-advancing. Thus, a holistic assessment of rock glacier hydrology requires an understanding of basin drainage conditions prior to rock glacier advance, its origin and genesis, as well as an understanding of ongoing geomorphologic changes that can influence internal drainage of the landform.



Water within rock glaciers can be present as perennially frozen in permafrost, seasonally frozen in the active layer, or perennially unfrozen in taliks where present. The distinction between water in different states is not particularly specific to rock glaciers and is broadly applicable to mountain permafrost. Rock glaciers are traditionally classified as one of three types: active, inactive, and relict (e.g., [89]), of which active and inactive rock glaciers are sometimes grouped together and referred to as intact. Relict rock glaciers, which no longer contain ground ice and, therefore, are not part of the periglacial environment, are not discussed in this review. Active rock glaciers consist of ground ice in the form of matrix ice and/or massive ice, depending on its origin and genesis, and ground ice melt from the rock glacier could supply water to downstream users only if the permafrost is degrading [111]. Due to the thermally insulating effect of the active layer [18], latent heat effects, and the slow conduction of heat through the ground, the degradation of intact rock glaciers is a slow process and only occurs under climatic conditions where permafrost would not form.



Rock glaciers transition from active to inactive and eventually to relict over centennial to millennial time scales. For example, Krainer et al. [11], Konrad et al. [112], and Haeberli et al. [12] dated rock glaciers in Austria, Wyoming and Switzerland and found that they formed before the Little Ice Age, containing ice dating to the middle Holocene or earlier. On the other hand, glaciers of a comparable ice volume lose ice at rates that are orders of magnitude higher. This explains why many small glaciers in the European Alps have completely disappeared since the Little Ice Age [5], while in the same time-period, few visible changes have been observed for rock glaciers in the Alps. The latter only react to long-term trends in changes in precipitation [113,114] and longer-term (decadal/centennial scale) air temperature variability [115], being insulated from short-term variability in air temperature. Glaciers on the other hand are far more sensitive to changes in precipitation and air temperature. For this reason, more rock glaciers than glaciers exist in the arid areas of the world, such as the Dry Andes.




4.4. Ground Thermal Regime


Atmospheric conditions induce complex energy fluxes within the active layer of a rock glacier, which in turn control the thermal regime and evolution of the landform [116,117]. Mass gain occurs in the form of snow and ice, groundwater, precipitation, and debris. Mass loss of interstitial ice comes from various forms of permafrost degradation, but due to the thermal protection of the ground ice, changes in the permafrost temperature are slow and delayed with respect to modern climate. Because ice contents within rock glaciers are often high and the thickness of the ice containing sediments substantial, the lag between rock glacier temperatures and changes in temperature at the ground surface is probably higher compared to other permafrost zones within the periglacial belt. In addition, active layers consisting of coarse blocks, which are often found in regions where metamorphic rocks are dominant, allow air convection to increase heat extraction during the winter [118,119]. However, permafrost is unlikely to be in equilibrium with the modern climate, specifically in current times when climate is changing at unprecedented rates [1,2]. The lag between permafrost temperatures and modern climate has been recognized for decades, which allows extraction of historic climate conditions from deep permafrost temperature readings [7,120].



Rock glaciers, or in more general terms mountain permafrost, may not be sufficiently deep to extract changes in the geothermal gradient, but as illustrated in Figure 9, temperatures within shallow permafrost do not adjust evenly at all depths, but the warming penetrates from the ground surface. While temperatures close to the base of the permafrost are still reflecting colder atmospheric conditions, ground temperatures at the permafrost table slowly adjust to modern conditions. The permafrost table slowly penetrates deeper as a function of the ground thermal properties and ground ice content. The more ground ice is available, the slower the penetration due to the latent heat effect. As climate is warming, a condition may be reached where the summer thaw penetration exceeds the frost penetration during the winter. While permafrost conditions are still present at depth, a layer (suprapermafrost talik (Figure 6)) forms that remains unfrozen throughout the year. The layer now has hydrological implications because it allows drainage all year round. Moisture that may have been trapped within the active layer prior to the formation of this suprapermafrost talik may now no longer freeze and is allowed to drain.




4.5. Water Quality and Isotopes


Water chemistry and temperature of discharge observed at the front of rock glaciers have been investigated to better understand environments and water usages downstream. Elevated natural heavy metal concentrations noted in mountain streams have been attributed to melting of ground ice from some rock glaciers [121,122,123]. Elevated levels of acid rock drainage were further observed to drain into a lake at the toe of a rock glacier in the Central Alps, which likely began at the onset of acidic drainage in the freshly deglaciated area [124]. However, it could not be associated exclusively with enhanced thawing of the rock glacier ground ice in recent years. Concentrations of solutes [125] and nitrate [126] observed in runoff at the toe of rock glaciers were attributed to ground ice melt and microbial communities in the cold environment, respectively. Isotopes were used to show the complexity of the fast flow component of rock glacier discharge during dry summer months in particular if a glacier still exists in the catchment [96,127]. Water derived from ice melt is suggested to be provided mainly by melting of two small cirque glaciers within the catchment and subordinately by melting of permafrost ice of the rock glacier.



Observations of discharge at the foot of rock glaciers and glaciers suggest that rock glacier meltwaters, which showed higher solute concentrations, may be representative of what future biogeochemical inputs will be in currently ice-glaciated watersheds [128]. A conceptual model of groundwater flow in an Andean rock glacier was developed by Trombotto-Liaudat et al. [129] following extensive hydrogeochemical research (Figure 10). The two endmembers of rock glacier origin (glacial and periglacial) added to the figure (after [76]) illustrate the independency of the rock glacier origin on its general water flow behaviour. There is no substantial difference between a massive ice body in a rock glacier of glacial origin and a frozen sediments body in a rock glacier of periglacial origin. Thermally they are both permafrost and due to the presence of an active layer, they are both insulated and protected from the atmosphere and hydrologically the extent to which water may infiltrate may vary.



Finally, water temperatures of discharge observed at the front of rock glaciers have generally been observed to remain below 3 °C throughout the year [72,101,125,130,131,132], indicating that if discharge is present from water that may be flowing on top of the permafrost, at the base, or through the permafrost body of a rock glacier, the presence of the frozen ground influences the thermal characteristics of the water and potentially its quality.



Geochemical mixing analysis was used in the United States to estimate water contributions to rock glacier-related drainage, separating snowmelt (30%), groundwater (32%), and baseflow (38%) [125]. By comparing the isotopic variation of discharge observed at the toe of a rock glacier with bare glacier discharge and snowpack values, the authors speculated that the baseflow has a substantial component of ground ice melt water that has been subjected to numerous freeze–thaw cycles (producing an isotopic enrichment signal), therefore likely originating from the active or the transition layer. Similarly, in Italy, Colombo et al. [133,134] concluded that rain occurring after complete melting of the snowpack and a prolonged period of warm temperatures result in a flushing of heavy isotope-enriched waters from melting ground ice.




4.6. Hydrological Role


Rock glaciers are landforms that are identifiable within a periglacial environment from a geomorphological point of view. Fundamentally, they are colluvium that contain or contained excess ground ice that allow creep [48,135]. Therefore, the specific constitution allows the frozen talus and ground ice mixture to creep in response to gravity. Hence, what has been described in the previous section on permafrost hydrology is also applicable to rock glaciers and vice versa. There is an active layer, and its hydrological role can be summarized as a temporal storage of water in the form of seasonal frost during winter months and a groundwater flow path during summer months. As the thaw front penetrates the seasonal frost, this moisture is released. Typically, this water flows laterally on top of the permafrost table at the bottom of the active layer, but some can also infiltrate to greater depths [76,96,132] and result in groundwater recharge or ground ice segregation (Figure 2 and Figure 10).



With decreasing ground ice content and increasing structural hindrance between soil particles [48], a rock glacier may become inactive, which means that it no longer advances. The now inactive rock glacier may show signs of permafrost degradation, such as volume loss and the formation of thermokarst [78,88,136], potentially resulting in a small and slow contribution to surface runoff from the melting ground ice. Once all the ground ice has melted, a relict rock glacier remains, which may not reliably be distinguishable from hummocky moraine deposits. Some are vegetated while some are still bare rocks, depending on the region they reside. They are no longer part of the periglacial environment and are predominantly found at lower elevations.



When addressing the hydrological role of a rock glacier it is irrelevant if rock glaciers or other specific periglacial cryoforms that can be geomorphologically identified and categorized are present within a mountain watershed or not. Of importance is the amount of ground ice and particularly its three-dimensional spatial distribution. Focusing only on rock glaciers because they are recognizable may result in a biased view on the watershed or regional hydrology, as these underestimate how much ground ice may be present. On the other hand, relying on rock glacier ground ice melt to supply streamflow during dry seasons may lead to inaccurate water management planning with less water availability than assumed.





5. Impact of Climate Change


Ground thermal conditions within a permafrost environment are rarely in thermal equilibrium with modern climate, as illustrated earlier in this review. Specifically, there is a lag in the propagation of a thermal anomaly (warming or cooling) from the ground surface to depth, which is a function of the ground’s surface characteristics and the thermal properties of the different ground layers themselves. However, atmospheric warming that has been ongoing since the Little Ice Age, and specifically the accelerated and unprecedented warming recorded in recent decades [2], resulted in warming and degradation of permafrost in most parts of the world [1,70]. The surface heat input to the top of permafrost is typically much greater than the subsurface inputs to the base of permafrost from heat derived from the Earth’s interior. In other words, permafrost is currently controlled primarily by atmospheric conditions (climate) and not by heat at depth (geothermal gradient).



Within mountainous environments, complex topographies impose three-dimensional effects that complicate how the ground thermal regime responds to climate change. A numerical simulation of ground temperatures in a mountain for a period of 200 years showed that south facing slopes warm much faster in the northern hemisphere than north facing slopes [6], resulting in the development of non-symmetric isotherms (Figure 11). The right side of Figure 11 is a schematic representation on how the permafrost distribution in ice-rich slopes may alter over time in response to a warmer climate. As warming will be dominated from the surface, active layer thickening will occur, but permafrost conditions may persist at depth for an extended period. As the extent and the size of a connected permafrost body in elevated zones is reduced, remnants of permafrost may be found at depth and at low elevations even in a distant future. Global warming is therefore most likely causing increased fragmentation of permafrost and the formation of complex talik patterns, including suprapermafrost taliks. Consequently, areas where the ground historically remained frozen from the surface to the permafrost at depth during the winter, can develop layers that stay perennially unfrozen.



Streamflow in high mountain areas is strongly influenced by climate change and manifested through variations in magnitude, as well as shifts in the timing of peak seasonal surface discharge [1]. Many glacier-dominated mountain watersheds are showing an increase in total discharge in combination with a progressively earlier freshet. This has been observed in Western Canada [137], the European Alps [138,139] and Norway [140], and is generally attributed to increased rain resulting from rising air temperatures and moisture in the atmosphere. Impacts from climate change on summer and average annual discharge are less consistent. Variable changes in summer [138,141,142,143,144,145] and annual discharge [144,146,147,148] were reported for various high mountain regions. Considering the natural dynamics of high mountain regions and the complexity in how glacial and periglacial environments change in response to climate change, such observations are not surprising, reinforcing the diversity in size and complex spatial distribution of snow, surface ice, and ground ice that contribute meltwater within a watershed. As global temperatures rise, water is released from long-term glacial storages and may initially cause summer and annual meltwater yields to increase. However, as glaciers recede or disappear, and those temporary water storages are exhausted, meltwater yield quantities decrease and will eventually fade when glaciers have completely melted within the watershed. Yet, ground ice will melt (permafrost degradation) at a much lower rate (Figure 1). Specifically in arid areas, increased droughts may further delay permafrost degradation because the lack of snow furthers permafrost cooling during winter as more heat can be extracted from the ground [149,150,151], and also prolongs and delays ground temperature warming from solar radiation.



Climate change induced permafrost degradation will also lead to changes in flow paths as the melting of ground ice results in an increase in the hydraulic conductivity. In consequence, infiltration is likely to increase, which would cause an overall flattening of the hydrographs [17]. This may lead to reduced flood peaks and increased baseflows.



Peak water is defined as the year when annual runoff within a snow and glacier dominated watershed starts to decrease [1]. There is evidence that many glacial fed regions have already surpassed peak water, particularly where glaciers are smaller, including the Southern Andes, Western Canada, and the European Alps [1]. As climate changes and the atmosphere warms, the split in contribution to annual runoff changes annually, but also seasonally. Figure 12, as originally presented in [1], was modified for this review to include the conceptual contribution to runoff from ground ice melt from permafrost thaw. Not only is the general contribution from ground ice melt to surface runoff extremely small/negligible, so that it can barely be measured, its changes in response to climate change are most likely correspondingly small so that a change in discharge at the bottom of a mountain watershed likely remains unnoted.



A study completed for the Rio Turbio watershed in the Argentine Andes found that the total annual contribution in response to climate warming could range between 0.6% and 0.8% of the seasonal runoff and is thus well within the natural variability for this particular watershed [102]. During the summer months, inactive and degrading active rock glaciers and protalus ramparts would yield between 0.1 and 0.3 L/s runoff. This amounts to 0.03% to 0.05% of the total runoff from the watershed. Compared to melt from glacier ice, the runoff attributable to permafrost degradation in rock glaciers and protalus ramparts is almost negligible and resulted in an estimated 0.5% of the glacial runoff [102]. While these results are based on numerous assumptions that will need to be tested by more systematic measurements throughout the watershed, they suggest that the magnitude of contribution of surface runoff from permafrost degradation is extremely small even at the outlet of a small, high elevation watershed. At the first point of agricultural water use, the contribution further diminishes to less than 0.01%, as proportionally larger contributing areas are not underlain by permafrost. This is a contribution well below the gauging instruments measurement error and the recorded natural variability.




6. Conclusions and Outlook


Large areas of the high mountain environments around the world are covered by glaciers and/or underlain by permafrost. Unprecedented changes are currently impacting these regions in response to climate change, reducing water security specifically in arid areas, such as the Dry Andes of South America, that are threatened by prolonged droughts in the future. As glaciers recede and ultimately disappear, the role of permafrost in mountain hydrology is expected to become more relevant to water budgets. However, limited research is available to quantify contributions to streamflow from melting ground ice under permafrost degradation within a mountain watershed. This lack of scientific understanding results in substantial uncertainties regarding the behaviour, importance, and roles of certain cryoforms within the hydrological cycle. More studies quantifying ground ice distribution and documenting associated runoff within individual watersheds are needed to help close this knowledge gap.



This review compiled available research and information relevant to develop an improved understanding of mountain permafrost hydrology. The compilation, which presents many studies from the Dry Andes, thereby reflecting current discussions on the issue in that region, illustrates that there is consensus that the processes are complex, and that data are urgently needed to quantify current and future changes in the runoff of mountain watersheds within the periglacial belt. Permafrost acts as a barrier to water flow, physically regulating its dynamics; it is not the source of water, which originates as precipitation. Rock glaciers, which are iconic landforms of the periglacial environment and therefore received much scientific attention within the geomorphological realm, are only one element of a complex system and should not be assessed differently than other types of frozen ground independent of their origin. They, like glaciers, snow, and seasonally and perennially frozen ground, are not the source of the water, but form a temporal storage. The three-dimensional extent and heterogeneity of the ground ice distribution controls how much infiltration is possible, where flow within the active layer occurs, and how much ground ice melt from permafrost degradation is possible.



The hydrological function of permafrost environments, including rock glaciers when present, can be summarized as follows:




	
Temporary storage of water in the form of seasonal ground ice (frost) within the active layer during the winter months. This water is released during the summer months as the thaw front penetrates the active layer.



	
Water flows laterally at the bottom of the thaw front, as it develops, and ultimately at the top of the permafrost table, i.e., the lower boundary of the active layer, unless high porosity zones or taliks allow infiltration and may result in deeper groundwater recharge or ice segregation within the permafrost.



	
There is little melting of ground ice from the permafrost body itself, because of the thermal insulation from the active layer and the latent heat stored within the ground ice. Ground ice melt from permafrost only contributes after layers subjected to seasonal freeze–thaw have thawed.








The complex interaction between a permafrost body and various hydrological components that play into the overall water balance of a permafrost dominated mountain watershed is summarized in Figure 13. The specific geomorphological origin of the frozen ground that constitutes the permafrost body is irrelevant since the physical processes are similar. The thickness and the volumetric ice content of a rock glacier may be larger than that of a frozen talus slope, but this, if changes in the atmospheric conditions are equal, simply reduces the permafrost degradation rate in the rock glacier in response to the differences in the latent heat stored within the permafrost body. The schematic presented further suggests that credible conclusions regarding current or future hydrological conditions, such as future hydrograph projections, should only be made if surface water runoff, precipitation, sublimation rates, evaporation rates, and groundwater flows are recorded individually, and a thorough understanding of the hydrological regime is developed.



In conclusion, frozen ground within a mountain permafrost environment should be considered as hydrogeologic units that store and transmit water depending on their hydrological and thermal characteristics, either from direct recharge; for example, within the footprint of a rock glacier, or from runoff; for example, groundwater entering from contributing basins and flowing through a cryoform that is then discharged downstream. The hydrologic importance of mountain permafrost is primarily in the way that it modulates water input signals into discharge signals and the environmental effects of their discharge, the same as other coarse-grained hydrogeologic units in mountainous regions. It does not matter if rock glaciers or other specific periglacial cryoforms that can be identified and categorized are present within a mountain watershed or not. Of essence is the amount and distribution of ground ice and the ability to transmit water when released. Focusing on rock glaciers, simply because they are recognizable, offers a biased view of the watershed or the regional hydrology and may underestimate how much ground ice is present within a watershed.



Despite the growing interest and need in understanding mountain permafrost hydrology in arid regions around the world, and specifically the Dry Andes, there are few studies available to date that have investigated the major processes controlling discharge in detail, and its hydrological behaviour appears to vary with geology, morphology, and permafrost conditions. In addition, most of the studies available to date have focused on rock glaciers, causing a bias towards one specific landform. Thus, additional studies applying in situ characterization, long-term monitoring, and numerical modelling techniques should be conducted to determine the hydrologic behaviour and water contribution of melting ground ice in response to permafrost degradation, hence climate change. Such studies are complex, require continuous data collection for multiple years and a multi-disciplinary approach, but must be favoured over investigations that are short, selective, and lacking a holistic view. However, recent progress in environmental monitoring, remote sensing, and numerical modelling allows for improving the quality and the quantity of data that can be used in the calibration and validation of numerical models. Such studies can subsequently assist in modelling the current and projected role of permafrost within mountainous environments, including shedding light on the discussions around the role of rock glaciers within watersheds of arid mountain regions. Nevertheless, ground ice volumes and permafrost extents cannot be delineated precisely and, therefore, assumptions and approximations must always be used, complicating estimations of runoff in response to climate change.
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Figure 1. Schematic illustrating possible changes in future surface (glacial) and ground (periglacial) ice volumes in non-polar mountain regions and the shifting influence of glacial and periglacial dynamics over time (after [6]). The rate at which this transition will occur likely varies substantially between mountain regions. 
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Figure 2. Flow diagram, illustrating main water storages available withing the cryosphere and associated residence times (after [19]) from which water can contribute to runoff and how a drop of water may move through different storages. The green arrows indicate where water from surface discharge may flow back into a storage. 
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Figure 3. Changes in ground temperature with time (Left) and associated temperature trumpet (Right), showing the minimum and maximum temperatures at each depth recorded during a year. The figure on the left illustrates how the thaw front in the spring and the freezing front in the fall penetrate from the surface, forming the active layer. 
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Figure 4. Conceptual sketch for illustrating a simplified hydrograph showing the changes in contribution to water discharge in response to the freeze–thaw action within the active layer. If steady climate conditions exist, ground ice melt from permafrost thaw will not contribute, as there will be no permafrost degradation (Sketch by Derrill Shuttleworth). 
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Figure 5. Soil percentage of unfrozen water content (a) and hydraulic conductivity (b) as a function or soil temperature. Modified from [45]. 
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Figure 6. Dependency of the extent of mountain permafrost as a function of elevation and aspect for the southern hemisphere (not to scale). The inset shows different types of taliks that can be found in a permafrost environment and are relevant for water movement (after [45]). 
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Figure 7. Rock glaciers from different mountain ranges illustrating the variety in the periglacial landforms. (1): Switzerland (lat: 46.150°/lon: 7.528°); (2): Metropolitan Region, Chile (lat: −33.227°/lon: −70.257°); (3): Yukon Territory, Canada (lat: 60.562°/lon: −137.239°; (4): Alberta, Canada (lat: 51.126°/lon: −115.629°). (Photos: L. Arenson). 
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Figure 8. Illustrative example of a cryogenic rock glacier located in the province of La Rioja, Argentina (lat: −28.364°/lon: −69.544°). The rock glacier initiation was at the foot of a cirque, which provides the snow (via avalanche) and debris (via rockfall and debris flows) that constitutes the material of the landform. As this rock glacier advanced through creep (yellow dashed arrow) it crossed a stream, making it appear as if water originates from the rock glacier itself. However, the water that surfaces at the rock glacier front stems from the streams seen on the right and on the left (blue arrows) and flows through the sediments below the rock glacier before it resurfaces. 
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Figure 9. Schematic on how temperature trumpets and permafrost thicknesses change in response to warmer atmospheric conditions. With increasing warming, a suprapermafrost talik may form as the annual frost penetration no longer reaches the permafrost table. 
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Figure 10. Tri-directional (three different water paths) conceptual model of water flow in a rock glacier as proposed by [129]. The origin of the rock glacier, i.e., glacial or periglacial (see top illustrations), does not substantially influence the general conceptual model because the massive glacial ice body acts thermo-mechanically similar to the permafrost body. Sketches on rock glacier origin inspired by [76]. 






Figure 10. Tri-directional (three different water paths) conceptual model of water flow in a rock glacier as proposed by [129]. The origin of the rock glacier, i.e., glacial or periglacial (see top illustrations), does not substantially influence the general conceptual model because the massive glacial ice body acts thermo-mechanically similar to the permafrost body. Sketches on rock glacier origin inspired by [76].



[image: Geosciences 12 00048 g010]







[image: Geosciences 12 00048 g011 550] 





Figure 11. (Left): Changes in ground temperatures over a period of 200 years assuming +3 °C warming per century, assuming mainly bedrock (after [6]). (Right): Schematic representation of the changes in permafrost distribution in mountain slopes containing ground ice (not to scale). Figure is illustrative for the northern hemisphere. 
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Figure 12. Evolution of contributions from individual contributors of the cryosphere to total runoff in response to climate change. Figures is based on [1] with ground ice melt water contribution added by the authors. Time axis not to scale. 
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Figure 13. Schematic illustration of the interaction between permafrost and relevant hydrological components. 
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