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The Andes Cordillera contains the most diverse cryosphere on Earth, including extensive areas covered by seasonal snow, numerous tropical and extratropical glaciers, and many mountain permafrost landforms. Here, we review some recent advances in the study of the main components of the cryosphere in the Andes, and discuss the changes observed in the seasonal snow and permanent ice masses of this region over the past decades. The open access and increasing availability of remote sensing products has produced a substantial improvement in our understanding of the current state and recent changes of the Andean cryosphere, allowing an unprecedented detail in their identification and monitoring at local and regional scales. Analyses of snow cover maps has allowed the identification of seasonal patterns and long term trends in snow accumulation for most of the Andes, with some sectors in central Chile and central-western Argentina showing a clear decline in snowfall and snow persistence since 2010. This recent shortage of mountain snow has caused an extended, severe drought that is unprecedented in the hydrological and climatological records from this region. Together with data from global glacier inventories, detailed inventories at local/regional scales are now also freely available, providing important new information for glaciological, hydrological, and climatological assessments in different sectors of the Andes. Numerous studies largely based on field measurements and/or remote sensing techniques have documented the recent glacier shrinkage throughout the Andes. This observed ice mass loss has put Andean glaciers among the highest contributors to sea level rise per unit area. Other recent studies have focused on rock glaciers, showing that in extensive semi-arid sectors of the Andes these mountain permafrost features contain large reserves of freshwater and may play a crucial role as future climate becomes warmer and drier in this region. Many relevant issues remain to be investigated, however, including an improved estimation of ice volumes at local scales, and detailed assessments of the hydrological significance of the different components of the cryosphere in Andean river basins. The impacts of future climate changes on the Andean cryosphere also need to be studied in more detail, considering the contrasting climatic scenarios projected for each region. The sustained work of various monitoring programs in the different Andean countries is promising and will provide much needed field observations to validate and improve the analyses made from remote sensors and modeling techniques. In this sense, the development of a well-coordinated network of high-elevation hydro-meteorological stations appears as a much needed priority to complement and improve the many glaciological and hydro-climatological assessments that are being conducted across the Andes.
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INTRODUCTION

The Andes Cordillera extends for almost 8,000 km along the western portion of South America, from ca. 11°N in northern Colombia and Venezuela to ca. 55°S in southern Chile and Argentina. Over this extensive latitudinal range, the Andes portray an impressive variety of topographic and climatic conditions that result in a vast and diverse cryosphere. In fact, no other mountainous region on Earth contains such a diversity of cryospheric features. The Andes contain the largest extension of tropical glaciers on Earth (many located above 5,000 m a.s.l.; Kaser and Osmaston, 2002). In the semi-arid subtropical Andes of Chile and Argentina one of the greatest areas of rock glaciers exists (Zalazar et al., 2017). In south-western Patagonia and Tierra del Fuego, extensive temperate glaciers and icefields terminate into terrestrial, lacustrine and marine environments. The Andes also include the largest glacierized area in the Southern Hemisphere outside Antarctica (the South Patagonian Icefield alone covers ca. 12,200 km2), and they have the greatest extension of seasonal snow and mountain permafrost in this part of the globe (RGI Consortium, 2017; Hammond et al., 2018; Jones et al., 2018).

Recent global estimates suggest that Andean glaciers are probably one of the highest contributors per unit area to sea level rise (e.g., Braun et al., 2019; Dussaillant et al., 2019; Wouters et al., 2019; Zemp et al., 2019), and many scientific assessments have used the Andean ice mass loss as a clear indicator of climate change. Furthermore, in vast semi-arid regions from Peru-Bolivia to central Chile and Argentina, the meltwater originating from different components of the Andean cryosphere represents a crucial water resource for sustaining human consumption, agriculture, mountain ecosystems, hydro-electric generation, and numerous industrial activities in the adjacent lowlands (e.g., Masiokas et al., 2013; Soruco et al., 2015; Dangles et al., 2017; Schoolmeester et al., 2018; Vuille et al., 2018; Zimmer et al., 2018). It is noteworthy that in the tropical regions, perennial and seasonal snow covers are limited or absent, strengthening the importance of glaciers to maintain water availability in the dry periods of the year (Kaser et al., 2010). Andean glaciers are also considered valuable natural elements of the landscape that attract hundreds of thousands of tourists each year and generate significant revenues for the local and regional economies (e.g., Schoolmeester et al., 2018; Vuille et al., 2018). On the other hand, the recent ice mass loss and the associated destabilization of slopes in the vicinity of newly formed proglacial lakes can also pose potential hazards and threaten the human populations and infrastructure located downvalley in the Andes (e.g., Worni et al., 2012; Cook et al., 2016; Wilson et al., 2018).

The diversity of glaciological and geocryological features and conditions briefly mentioned above demonstrate the enormous potential for cryospheric studies of the Andes Cordillera. In this paper we provide an overview of the Andean cryosphere by describing the current understanding and recent advances in the study of seasonal snow, glaciers and mountain permafrost (with a focus on rock glaciers) in this region. We also discuss recent trends observed in these main components of the Andean cryosphere in an attempt to put the more recent results in a longer term perspective. This review concludes with the discussion of some pending issues regarding the current understanding and potential future directions in the study of the major elements of the Andean cryosphere, hoping they can motivate and promote additional new scientific research in this mountain range.



SEASONAL SNOW

One of the typical characteristics of the Andes is the accumulation of variable amounts of snow on the ground in different periods of the year (Figure 1). This seasonal natural process constitutes a major feature in the Andean hydro-climatic system and is crucial for the distribution and preservation of other components of the cryosphere. For many Andean river basins, and in particular those in semi-arid climates in Chile and Argentina, this seasonal accumulation and subsequent melting of snow during warmer months provides a significant portion of the surface runoff (e.g., Masiokas et al., 2006; Favier et al., 2009) and is one of the most important sources of water for the maintenance of mountain ecosystems, for the recharge of aquifers, and for numerous human populations that rely on Andean waters for human consumption, irrigation, industries, and hydro-power generation. According to Masiokas et al. (2006), over 85% of the interannual variability in Andean streamflows between 30° and 37°S can be explained by variations in winter snow accumulation alone.
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FIGURE 1. (A,C) Percentage of snow covered area in the Andes, averaged for the winter (June to August) and summer (December to February) seasons, respectively, and derived from MODIS sensors over the period 2000–2019. (B) Surface area covered with snow (NDSI > 0.4) during the two seasons mentioned above. Note the substantial differences in snow covered area at different times of the year. Source: NASA NSDIC DAAC (https://doi.org/10.5067/MODIS/MOD10CM.006).


The interaction between the main atmospheric circulation patterns and the orographic barrier of the Andes modulates the spatial and temporal distribution of solid precipitation across western South America, creating specific hydro-climatic regimes at different latitudes (Garreaud, 2009; Viale et al., 2019; Espinoza et al., 2020). In the tropical Andes most of the moisture has an Atlantic origin and is transported to the mountains by the dominant easterly circulation in a series of convection-driven precipitation events. This general pattern is in turn governed by the seasonal latitudinal changes of the Inter-Tropical Convergence Zone (ITCZ), which moves the zone of highest convective activity southward in late spring - summer (December-February), and equatorward during the winter (May-August). Thus in the inner tropical Andes of Ecuador, Colombia and Venezuela, humidity remains high throughout the year but two wetter seasons can be discerned in spring (October to November) during the southward passage of the ITCZ, and in autumn (April to May) when the belt of convective activity moves northward. In contrast, further south in the outer tropical Andes of Bolivia and Peru, most of the solid and liquid precipitation occurs when the ITCZ reaches these latitudes during the summer months (for more details see Espinoza et al., 2020). It is important to note, however, that the snow that falls outside of the glacier limits typically lasts for only a few days due to the high solar radiation which exists throughout the year, and thus the seasonal snow cover is almost entirely limited to the glacierized areas (Lejeune et al., 2007; Wagnon et al., 2009; Vuille et al., 2018).

Precipitation in the subtropical Andes (i.e., ca. 18°–29°S) is also of predominantly Atlantic origin and occurs during the austral summer months, but is driven primarily by the tropical easterlies associated with the South American summer monsoon (Garreaud, 2009). At the southernmost reaches of the subtropical region some precipitation can have a Pacific origin, but overall the precipitation amounts are comparatively much lower than those observed further north in the tropical Andes. In northernmost Chile (ca. 18–18.5°S), precipitation totals for upper Andean river basins range between ca. 150 and 400 mm a–1, but further south at 27–28°S these values can decrease to 40 mm a–1 (Alvarez-Garreton et al., 2018). These small precipitation amounts are clearly evidenced by the arid conditions of the region and the very limited number and extent of glaciers and snow patches in southwestern Bolivia, northern Chile and northwestern Argentina, despite the high elevation of the Andes at these latitudes.

South of ca. 29°S most of the precipitation reaching the Andes has a predominantly Pacific origin and is modulated by a series of frontal systems embedded in the dominant westerly circulation. At these latitudes the location of the subtropical Pacific anticyclone plays a major role in the intensity of the westerlies and precipitation seasonality. The equatorward displacement of this high pressure center allows the westerly storm tracks to move northward and result in a peak in precipitation in winter in the central Andes of Chile and Argentina and also in the north Patagonian Andes. At high elevations this peak in precipitation usually falls as snow and remains frozen until the onset of the melting season in the spring (September to October). Typical annual precipitation totals for upper Andean river basins in Chile (Alvarez-Garreton et al., 2018) increase from 150 to 200 mm a–1 around 30°S to 1600–2200 mm a–1 at 35°S. Further south, the Andes are exposed to the westerlies throughout the year and thus precipitation is more uniformly distributed in the different seasons, with a more mixed pattern of rain and snow that depends on the annual cycle of temperatures and the overall conditions during each specific precipitation event (Garreaud et al., 2009; Saavedra et al., 2017).

The extensive and persistent cloud cover associated with large precipitation amounts that are common in the latitudinal extremes of the Andes (i.e., in the inner Tropics and in southern Patagonia and Tierra del Fuego) have limited the use of optical satellite images to derive large-scale snow cover assessments in these regions. Saavedra et al. (2017) developed a detailed Andean snow climatology based on daily moderate resolution imaging spectroradiometer (MODIS) satellite images for the 8°–39°S latitude range. They found, for example, that in the tropics until ca. 23°S the snow cover is largely constrained to elevations above 5,000 m. Their analyses also showed that between 8° and 14°S snow cover has minimal seasonal variability but further south (14°–23°S) it peaks in late summer-early fall at the end of the wet season. At higher latitudes (south of 23°S) the highest snow coverage coincides with the austral winter months. The high elevation of the Andes and the relatively high precipitation that occurs between 28° and 37°S determine the greatest concentration of seasonal and permanent snow covered areas in this region (Saavedra et al., 2017; Figure 1). At higher latitudes, the southward decrease in elevation of the Andes also determines a concomitant gradual lowering of the regional snow line (Nogami, 1972; Rabassa, 1981; Saavedra et al., 2017). These regional patterns explain, to a large extent, the limited glacierization of the high arid Andes of northern Chile and Argentina, and the extensive glaciers and icefields in southern Patagonia, where greater and more frequent snow accumulation can be observed all year long (Aniya et al., 1997; Lliboutry, 1998; Garreaud, 2009; Bravo et al., 2019a; Durand et al., 2019).


ENSO and Seasonal Snow

The El Niño – Southern Oscillation phenomenon, and the associated ocean-atmosphere conditions in the tropical Pacific, constitute major factors modulating the interannual variability of the solid and liquid precipitation that reaches the Andes. The impacts of ENSO on Andean glaciers and snowfall records are well known in western South America and have been described using a variety of indicators, including in situ measurements (e.g., Masiokas et al., 2006; Maussion et al., 2015), and more recently data derived from remote sensing (e.g., Cortés and Margulis, 2017; Saavedra et al., 2017; Cordero et al., 2019) and snow mass balance models (Réveillet et al., 2020).

In the tropical Andes, El Niño events associated with warm conditions in the tropical Pacific usually result in reduced and delayed snow accumulation and higher temperatures in the mountains, which ultimately produce significant ice mass loss in glaciers during these years (e.g., Wagnon et al., 2001; Francou et al., 2003, 2004; Maussion et al., 2015; Vuille et al., 2018). In contrast, La Niña events are often associated with higher snow accumulation and colder temperatures that tend to lead to less negative or even slightly positive glacier mass balances across this region. In the southern Andes, numerous studies have reported a significant association between ENSO and winter snow accumulation. However, the impacts of ENSO have an opposite effect than that observed in the tropical Andes. In the central Andes of Chile and Argentina between ca. 29° and 37°S, above-average snowfall anomalies tend to occur during the warm phases of ENSO (El Niño years), and below-average snow conditions during the cold ENSO phases (La Niña events; Masiokas et al., 2006; Rivera et al., 2017). This relationship is nonetheless not straightforward and does not necessarily apply in all warm or cold ENSO years (Masiokas et al., 2006). This non-linear relationship was also observed by Saavedra et al. (2017) using snow cover data derived from MODIS imagery, and by Garreaud et al. (2017) based on precipitation series from central Chile. They showed that although ENSO appears as a main climate driver in the region, not all El Niño (La Niña) years result in above-average (below-average) precipitation anomalies in the Andes at these latitudes. Cordero et al. (2019) found a discernible influence of ENSO in dry season snow patterns.



Recent Snow Trends

The magnitude and spatial patterns of the snow accumulated each year in many tropical, subtropical and extratropical Andean basins have remained largely unknown until very recently. This limited knowledge is likely due to the sheer magnitude of the Andes Cordillera as a whole, the systematic lack of snowpack measurements at high elevations, and the great diversity in topographic and climatic conditions that exist over this mountain range. In this regard, the freely available data from the MODIS sensors have become useful for the study and characterization of snow cover variations across large areas, providing new important information for many previously unstudied regions throughout the Andes. Several recent studies (e.g., Cara et al., 2016; Cortés et al., 2016; Cortés and Margulis, 2017; Saavedra et al., 2018) have used the MODIS dataset, other remote sensing sources (such as Landsat imagery), in situ snowpack measurements and/or modeling approaches to assess recent changes in snow cover across the Andes. Saavedra et al. (2018), for example, assessed snow cover patterns using 2000–2016 daily MODIS data from the region between 8° and 36°S (further north and south, the high frequency of clouds precluded detailed assessments). One prominent finding of their analyses is the identification of an extensive area in the Andes between 29° and 36°S where snow cover has decreased at an average rate of 2–5 fewer days per year, and where the snowline elevation increased at an annual rate of 10–30 m a–1. Cordero et al. (2019) used Landsat images from the Andes between 18° and 40°S, and found that despite significant interannual variability, dry-season snow cover in this extensive region has declined at an average annual rate of −12% decade–1 between 1968 and 2018.

Given that snowfall is a major component of the glacier mass balance in the tropical Andes, the recent decline in tropical glacier mass could be associated, at least partly, with a decreasing trend in snow accumulation at high elevations. However, as stressed by Vuille et al. (2018), snowfall measurements at these sites are quite scarce and the spatio-temporal patterns of this climatic variable are virtually unknown, highlighting the need to improve the measurements and characterization of this crucial climatic process in this region. In contrast, further south in the central Andes of Chile and Argentina, the recent decline in winter snow accumulation is relatively well known and is being monitored with concern on both sides of the international divide. Particularly because since 2010, this region has been experiencing the most extreme dry period since at least the beginning of the 20th century. Due to its severity and duration, this sustained dry period has been termed the “Megadrought” (Garreaud et al., 2017; Rivera et al., 2017). This drought (which still persists in 2020) is apparently unprecedented even in a tree-ring based precipitation reconstruction that spans the last millennium (Garreaud et al., 2017), and is readily observable not only on the snowpack records, but also on streamflow series and glacier mass balance records (Masiokas et al., 2016; Rivera et al., 2017; Dussaillant et al., 2019).

The widespread retreat reported for most Patagonian glaciers (see section “Glaciers” below) could also be partly associated with a decrease in winter snow accumulation. However, although this is probably true for the north Patagonian region (Masiokas et al., 2008; Garreaud et al., 2009), the assessment is much more uncertain further south where there is a serious lack of direct in situ snowfall measurements. A recent study by Falaschi et al. (2019) showed a clear atmospheric warming and a reduction in precipitation in the eastern side of the North Patagonian Icefield (hereafter NPI) in the last 5–6 decades. Other studies have used modeling approaches combined with reanalysis data to derive spatially resolved precipitation maps (e.g., Lenaerts et al., 2014; Schaefer et al., 2015). Bravo et al. (2019a) assessed spatial and temporal patterns in snow accumulation in the NPI and the South Patagonian Icefield (hereafter SPI) using a regional climate model, four phase partitioning methods, and few short-term snow accumulation observations. They found a marked contrast between the wetter western side vs. the drier eastern side at both icefields, and no significant trend during the 1980–2015 period for all seasons except in the austral autum. In this season they found a positive (negative) trend in snow accumulation in the western (eastern) side of the SPI. Further south, Aguirre et al. (2018) used MODIS snow cover products and historical climate data to reconstruct snow cover changes in the Brunswick Peninsula around the city of Punta Arenas in southwestern Patagonia (ca. 53°S, 71°W). Their analyses showed that snow extent in this region has decreased ca. 20% between 1972 and 2016, and that this pattern could be related to the long-term warming observed at Punta Arenas during the cold season.



GLACIERS


Tropical Andes (11°N – 17.5°S)

The tropical Andes can be divided into two zones with different climate characteristics (Troll, 1941). The inner tropics with more or less continuous precipitation throughout the year, and the outer tropics characterized by a dry, a wet and a transition season. From a glaciological point of view, one can consider that glaciers from 11°N in Colombia and Venezuela to about 5°S in the northern part of Peru belong to the inner tropics, whereas glaciers located south of 5°S in Peru to 17.5°S in Bolivia belong to the outer tropics. Homogeneous air temperature conditions in average prevail throughout the year but with a slight seasonality in the outer tropics (1 to 2°C higher temperatures during the austral summer). The incident solar radiation is also more or less constant throughout the year (∼200 W m–2), as the seasonality of the extraterrestrial irradiance in the outer tropics is attenuated by pronounced cloud seasonality (Sicart et al., 2005). In the inner tropics, humidity remains almost unchanged throughout the year (e.g., ∼80 ± 10% at Antisana glacier in Ecuador), whereas the outer tropics are characterized by notable seasonal differences in humidity and increased precipitation during the wet season. These climate features lead to specificities in the glacier surface mass and energy balance regimes (e.g., Rabatel et al., 2012, 2013; Vuille et al., 2018).

Tropical glaciers are characterized by large vertical mass balance gradients in the ablation area (e.g., Kaser et al., 1996; Favier et al., 2004; Soruco et al., 2009; Vincent et al., 2018), implying a significant contribution of the lowest areas of the glacier to total ablation. For example, for the Zongo glacier in Bolivia, the ablation area (one third of the glacier surface at the low elevation ranges) contributes with 80% to the yearly specific mass balance of the glacier (Soruco et al., 2009). Distributed simulation of the energy fluxes at the glacier scale showed that the frequent changes in snow cover throughout the ablation season are the main explanation for the marked vertical mass balance gradients of tropical glaciers (Sicart et al., 2011). In addition, tropical glaciers have year-round ablation conditions close to the glacier snout. Indeed, the ablation is almost constant in Ecuador (around 25 to 30 cm on average per month at about 4950 m a.s.l., Francou et al., 2004) but toward the outer tropics the melt rate seasonality is more evident. In the inner tropics, the sensitivity of Ecuadorian and Colombian glaciers to climate is closely linked to the absence of temperature seasonality. The 0°C isotherm constantly oscillates through the ablation zone of the glaciers, and a minor variation in air temperature can influence the melt processes by determining the phase of precipitation and consequently affect the surface albedo in the ablation zone. The frequency and intensity of snowfall, which can occur all year long, play a major role in attenuating the melt processes. The interannual variability of ablation is mainly controlled by year-to-year variations in air temperature (Francou et al., 2004), which determine the snowline altitude.

In the outer tropics, where liquid precipitation is rare on glaciers, the surface mass balance is closely related to the total amount and the seasonal distribution of precipitation (Wagnon et al., 2001; Francou et al., 2003; Sicart et al., 2005). Concerning the evolution of melt at the glacier surface throughout the year, three seasons can be distinguished for outer tropical glaciers (Sicart et al., 2011; Rabatel et al., 2012): (1) the transition season from September to December, when accumulation is still limited and the ablation of ice gradually increases to reach its maximum in November; (2) the rainy season from January to April, which corresponds to the period of accumulation, where in the lower part of the glacier, snow ablation predominates; and (3) the dry season from May to August, where ablation, although reduced, is largely present by sublimation over the entire surface of the glacier. Finally, the annual surface mass balance depends largely on the beginning of the wet season, which interrupts the period of high melt caused by solar radiation (Sicart et al., 2011). Any delay in the onset of the wet season and the concurrent accumulation of snow causes a very negative surface mass balance due to the existence of exposed ice and high ablation rates in the lower portion of the glaciers.



Recent Glacier Changes in the Tropical Andes

Rabatel et al. (2013) made an extensive review of the glacier changes in the tropical Andes over recent decades. The information between the early 1940s and the early 1960s is scarce but the available evidence from Peru, Bolivia and Colombia indicates a moderate retreat, followed by a relatively stable period from the mid-1960s to the second half of the 1970s (and even with some glacier snouts advancing during this interval; e.g., Zongo glacier; Soruco et al., 2009). In the late 1970s a clear shift toward increased ice mass wastage occurred and glacier volumes, lengths and surface areas started to decrease substantially. The glacier shrinkage in the three last decades appears to be unprecedented at a multi-secular scale (Rabatel et al., 2013).

Rabatel et al. (2013) and more recent works have shown that glaciers in Venezuela have almost completely disappeared. Morris et al. (2006) reported that glacier surface area decreased from 2.03 km2 in 1952 to 0.3 km2 in 2003, representing a total loss of 87%. In Colombia, Rabatel et al. (2018a) reported an overall glacier extent of about 42.4 ± 0.71 km2 in 2016 distributed in four glacierized mountain ranges. This is 36% less than in the mid-1990s, 62% less than in the mid-twentieth century and almost 90% less than the Little Ice Age (LIA) maximum extent. Considering the strong imbalance with the current climate conditions, the limited altitudinal extent of these glaciers and their reduced accumulation areas, most of the Colombian glaciers will likely disappear in the coming decades whatever the considered climate scenario. Only the largest ones located on the highest summits will probably persist, covering a reduced area, until the second half of the twenty-first century.

In Ecuador, results obtained by Jordan et al. (2005) using photogrammetry on the Cotopaxi Volcano (5897 m a.s.l.) showed that Cotopaxi glacier area remained stable between 1956 and 1976 and then decreased by approximately 30% between 1976 and 1997. Recent updates are mostly based on satellite imagery (LANDSAT, ASTER, and ALOS), and show that over the 1962–1997 period, the surface area of the glaciers on Chimborazo (6268 m a.s.l.) decreased 57% from 27.7 to 11.8 km2 (Caceres, 2010). For Cotopaxi and Antisana (5753 m a.s.l.) volcanoes, the loss in surface area was 37% and 33% for the period 1979–2007, respectively (Caceres, 2010). Intermediate data indicate that the retreat increased since the early 1990s (Basantes, 2010; Collet, 2010).

In Peru, four national inventories were produced since the 1960s. The first one used aerial photographs from 1962 and presented a total glacierized area of 2042 km2, but in many sectors of the Andes the glacier data were incomplete. These data were reanalyzed and completed recently with Landsat images from 1975, and the glacier area for 1962/1975 estimated to 2399 km2 (INAIGEM, 2018). The second inventory was performed in 1997 using Landsat satellite images, resulting in a total area of 1595 km2 (CONAM, 2001). The third inventory (using Landsat, ASTER and SPOT satellite images from 2003 to 2010) showed a further decrease in the total glacierized area to 1298 km2 (ANA, 2014). Finally, the fourth inventory showed that by 2016 the glacierized area of Peru had reduced to 1114 km2 (INAIGEM, 2018). The INAIGEM report (2018) indicates that the northern, central and southern cordilleras lost 1285 km2 (54%) of ice cover between 1962 and 2016. The northern cordilleras (Blanca, Huallanca, Huayhuash, and Raura) lost 40% during this period, whereas the central cordilleras (Huagoruncho, La Viuda, Central, Huaytapallana and Chonta) showed much larger glacier shrinkages reaching up to 70% of areal loss. Finally, in the southern cordilleras (Ampato, Vilcabamba, Urubamba, Huanzo, Chila, La Raya, Vilcanota, Carabaya and Apolobamba) the glacier areal loss was ca. 60% (INAIGEM, 2018).

Other studies have shown a similar pattern of glacier recession in Peru: in the Cordillera Blanca areal changes were relatively low from the 1950s to the 1970s, but were followed by a sharp glacier retreat (e.g., Hastenrath and Ames, 1995; Salzmann et al., 2013). A twenty-seven percent areal loss was reported for the entire Cordillera Blanca between the 1960s and the 2000s (UGRH, 2010), with a glacier surface area shrinking from 723 to 527 km2. For the second largest glacierized mountain range in Peru (the Cordillera Vilcanota), Salzmann et al. (2013) reported a 32% glacier area loss between 1962 and 2006 (from 440 to 297 km2), with changes concentrated mostly after 1985. More recently, Drenkhan et al. (2018) estimated for this region a rate of glacier area loss of about 1% a–1 between 2010 and 2016.

In Bolivia, Jordan (1991) published the first and almost complete (excluding the Cordillera Occidental) glacier inventory using aerial photographs from 1975. The total glacierized area was estimated to about 560 km2. Many additional studies have been presented in the following decades, all showing alarming degrees of deglaciation in different sectors of the Bolivian Andes (Table 1). The most recent estimate indicates that in Bolivia the total glacierized area is ca. 266 km2 (Veettil et al., 2018).


TABLE 1. Compilation of studies based on aerial photographs and/or satellite imagery showing the recent glacier changes in Bolivia.

[image: Table 1]Multi-decadal time series of surface mass balance in the Tropical Andes are scarce (Figure 2) and have been complemented with the geodetic method that uses the differences in surface elevation derived from digital elevation models (DEMs) from different dates. The available information clearly indicates a predominant pattern of glacier mass loss over the past 50 years. As reported in Rabatel et al. (2013), this information would also suggest that in the last decades of the 20th century, glaciers in the tropical Andes experienced highly negative mass balances, particularly from the late 1970s to the early 2000s. A break point in the late 1970s is clearly discernible in the series of mean annual mass balances, which decreased from −0.2 m w.e. yr–1 during 1964–1975 to −0.76 m w.e. yr–1 during 1976–2010. Rabatel et al. (2013) compared mass balance records from glaciers at different elevations and showed that glaciers with a maximum elevation located above 5400 m a.s.l (i.e., approximately the uppermost altitude reached by the equilibrium line during very negative mass balance years) showed an average trend of −0.6 m w.e. yr–1 from the mid-1970s to the late 2000s. In contrast, glaciers with a maximum elevation lower than 5400 m a.s.l. showed much stronger negative trends with an average of −1.2 m w.e. yr–1. The negative trend in the observed mass balances has continued until recent times (Figure 2).
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FIGURE 2. Location of the glaciers with long (>5 years) series of mass balance measurements in the Andes. Note that only the Echaurren Norte series is longer than 30 years. Source: Official glacier mass balance data provided by the national correspondents and published by the World Glacier Monitoring Service (https://wgms.ch/).


A recent study by Dussaillant et al. (2019) used multi-temporal DEMs based on stereo-pairs of ASTER satellite optical images (Raup et al., 2000) to quantify the overall ice mass changes along the Andes over the 2000–2018 period. The authors showed that glaciers of the Tropical Andes have lost ice at an almost constant rate of -1.0 ± 0.5 Gt yr–1 between 2000 and 2018 (corresponding to a mass balance of −0.42 m w.e. yr–1). Braun et al. (2019) estimated roughly half of this value using satellite radar data, a discrepancy that can be partly explained by a lower spatial coverage in the latter study (56% vs. 90% of glacierized area considered in Dussaillant et al., 2019). Differences between the two estimates might also be related to the respective uncertainties of the methods that used different satellite data (optical for Dussaillant et al., vs. radar for Braun et al.) and to the data processing (e.g., filtering of outliers, gap-filling). Please refer to Dussaillant et al. (2019) for an in-depth analysis of these issues.



Southern Andes (17.5° – 55°S)

The southern Andes cover more than 4500 km from northernmost Chile to the southern tip of South America in Tierra del Fuego. According to the glacio-climatological regions proposed by Lliboutry (1998), this region can be divided into the Dry Andes (17.5° – 35°S) and the Wet Andes (35° – 55°S). The Dry Andes include the Desert (17.5° – 31°S) and the Central Andes (31° – 35°S) regions, whereas the Wet Andes are divided here into the North Patagonian (35° – 45.5°S) and the South Patagonian Andes (45.5° – 55°S). Over this extensive range the Andes contain a wide variety of glaciers including permanent snowfields or glacierets, mountain glaciers, valley glaciers, outlet glaciers, piedmont glaciers, icecaps, and extensive icefields (Figure 3).
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FIGURE 3. Different types of ice masses that can be found in the Southern Andes. (a,b) snowfields/glacierets and mountain glaciers, Desert Andes, (c) ice penitent on mountain glacier, Desert Andes, (d) debris-covered, surging glacier, Central Andes, (e) rock glacier, Central Andes, (f) hanging and debris-covered glaciers, Central Andes, (g) calving valley glacier, Central Andes, (h) dome-shaped glacier, North Patagonian Andes, (i,j) valley and mountain glaciers, South Patagonian Andes, (k) hanging glacier, South Patagonian Andes, (l,m) outlet glacier and calving front, South Patagonian Andes, (n) iceberg from calving glacier front, South Patagonian Andes. Photos provided by IANIGLA-CONICET.




Dry Andes (17.5° – 35°S)

The Dry Andes constitute a high elevation semi-arid region where the high inter-annual variability in seasonal snow accumulation (e.g., Masiokas et al., 2006; Garreaud, 2009) is likely the main driver of the inter-annual variability in glacier mass balance (Masiokas et al., 2016; Farías-Barahona et al., 2019). Indeed, in dry years, the regional snowline is usually above the upper limits of many glaciers, exposing their entire surface to ablation and ice mass loss. In contrast, during snowier years, the regional snowline descends below the glacier fronts and thus many of these glaciers accumulate mass over their entire surface. This particular phenomenon lead Lliboutry (1965) to term these ice masses as “reservoir glaciers” and complicates their study using classical techniques as it is usually difficult to define the ablation and accumulation areas and the equilibrium-line altitude (ELA) of these glaciers. The large year-to-year variability of precipitation and the wind drifting of snow (Gascoin et al., 2013) also result in weak altitudinal gradients of snow accumulation and glacier mass balance in this region (Rabatel et al., 2011; Pitte, 2014).

Other characteristic features of this region are the so-called “penitentes” (Lliboutry, 1954; Corripio and Purves, 2005; Cathles et al., 2014; Figure 3c). Penitentes are irregular blades of snow and/or glacier ice, oriented east-west and leaning toward the sun (north in the Southern Hemisphere). They are created as the result of long periods of high shortwave radiation acting on a snow or ice surface exposed to a cold and dry atmosphere (Lhermitte et al., 2014). Differential sublimation and melting rates gradually increase the size of the penitentes, which can reach up to a few meters in height (Figure 3c) and be observed throughout the austral summer across the Dry Andes (Nicholson et al., 2016; Sinclair and MacDonell, 2016). In fact, the lower latitudinal limit of generalized distribution of penitentes (ca. 35°S) marks the southern limit of the Dry Andes. These features also show that in this region, sublimation is often a non-negligible factor: ice mass loss by sublimation has been estimated to represent more than 50% of the total ablation at some sites (Ginot et al., 2006; MacDonell et al., 2013; Ayala et al., 2017; Réveillet et al., 2020).

The glaciers in the Dry Andes constitute a crucial water reserve and can play a significant hydrological role during extended dry periods or at the end of the warm season when most of the seasonal snow has disappeared from the mountains (Gascoin et al., 2011; Radić and Hock, 2014; Huss and Hock, 2018). Although it is well known that in normal or snowy years the seasonal snow provides the largest proportion of surface runoff in this region (e.g., Masiokas et al., 2006, 2013; Favier et al., 2009), the current lack of snow due to the “megadrought” that started in 2010 has put additional pressure on the limited water resources and on the permanent ice masses of this region. A recent study by Dussaillant et al. (2019) reported that, after 2009, surface runoff in four of the main river basins of the Dry Andes decreased between 28 and 46%, and was accompanied by a substantial increase in glacier mass loss. Their calculations also showed that the ice mass loss partly helped to mitigate the impacts of the widespread drought by contributing with 3 to 8% of the total discharge in these four rivers (Dussaillant et al., 2019). These glacial contribution values, which represent quasi-decadal estimates, would very likely be larger if considered seasonally at the end of the summer (Gascoin et al., 2011; Radić and Hock, 2014; Ayala et al., 2016, 2017).

Debris covered glaciers are prevalent throughout the central parts of the Dry Andes (Janke et al., 2015), but are largely underrepresented in glaciological studies. Ayala et al. (2016) presented the first modeling comparison of debris-covered and debris-free glaciers for the Dry Andes, and found that the spatial mass balance patterns were vastly different. In their study debris-free glaciers followed a classical positive altitudinal mass balance gradient, whilst the debris-covered glacier displayed no obvious gradient. However, the two glacier types showed similar contributions to streamflow in the studied catchment, although discharge from the debris-covered glacier began earlier in the season, possibly due to the fact that debris-covered surfaces are located at lower elevations.

In the Desert Andes, the predominantly cold and dry conditions produce an ELA that is usually several hundred meters above the 0°C isotherm (ca. 4500 m a.s.l. in the northern sectors of the Desert Andes; Figure 4). This determines that ice and snow only persists on the highest peaks or in protected high elevation sites, ultimately resulting in a low glacier coverage and an extended distribution of mountain permafrost with numerous rock glaciers and other periglacial features (Nicholson et al., 2009). The climatic contrasts that exist between both sides of the Andes at these latitudes are also reflected in glacier distribution: on the western drier flanks, mountain glaciers, glacierets and permanent snowfield were mapped with a total area of 71 km2 (Barcaza et al., 2017). In contrast, on the eastern more humid slopes, the analyses identified three times the total surface covered with ice (217 km2; Ianigla-Conicet and Mayds, 2018). In general, glaciers in this region (and throughout the Southern Andes) have a dominant southeastern orientation that reflects the differential insolation patterns of mountain regions in the Southern Hemisphere.
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FIGURE 4. Gradient along the southern Andes of the 0°C isotherm and the equilibrium-line altitude (ELA) of glaciers estimated from climatic variables. Individual summits are shown in triangles. Adapted from Carrasco et al. (2008).


The high, semi-arid plateau known as “Altiplano” extends from southern Peru and southwestern Bolivia to Chile and Argentina until ca. 28°S. This plateau has a mean elevation of ca. 4,000 m a.s.l. and on the western margin it contains some very high (over 6,000 m a.s.l.) isolated volcanoes with permanent snow patches or glacierets on their summits. To the east, the Cordillera Oriental forms a more continuous mountain range where rock glaciers are relatively common and only few debris-free ice surfaces can be observed. Glaciers in this region are usually located above 5900 m a.s.l. in the northern sectors but descend to 4600–4800 m a.s.l. in the south, where the Andes become a set of parallel, generally north-south oriented ranges and small to mid-size (1–10 km2) glaciers start to become more common. Here most ice masses can be considered to be cold based, with ice temperatures several degrees below 0 °C and almost no liquid water at the base (Figure 5; Bolius et al., 2006; Ginot et al., 2006).
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FIGURE 5. Temperatures measured in glacier boreholes in the Desert Andes. The Mercedario glacier is located at ca. 32°S, Tapado at ca. 30°S, and Guanaco at 29.3°S (adapted from Pitte, 2014).


In the Central Andes the combination of the overall high elevation of the mountains with increasing precipitation levels from the Pacific produces one of the largest concentrations of glaciers in South America (Rivera et al., 2016; Barcaza et al., 2017; Zalazar et al., 2017). Many peaks in this region are above 6,000 m a.s.l., and together with other lower elevation massifs they host a large variety of glaciers that includes snowfields/glacierets, mountain glaciers, hanging glaciers, and large debris-covered and clean-ice glaciers. This region also contains the largest concentration of rock glaciers in the Andes (Barcaza et al., 2017), and includes many complex units that start as clean-ice glaciers at high elevations, gradually turn into debris-covered glaciers further down, and finally end as rock glaciers at the lowest sectors (Monnier and Kinnard, 2015, 2017; Zalazar et al., 2017). Recent inventories in this region (Barcaza et al., 2017; Ianigla-Conicet and Mayds, 2018) identified ca. 1700 km2 of glacier surface area, with large valley glaciers descending to ca. 3,000 m a.s.l. in the west but only reaching 3500 m a.s.l. on the eastern drier side of the Andes. These recent inventories also indicate that most of the glacier area in this region is concentrated between 3,600 and 4,000 m a.s.l. and with a predominant southeastern orientation.



Recent Glacier Variations in the Dry Andes

Glaciers in the Dry Andes have shown an overall thinning and areal reduction in the last century. The longest available series of glacier length fluctuations show retreating trends at both sides of the Andes with some minor advances (Masiokas et al., 2009; Rivera, 2019). The reconstruction of mean annual mass balance records from this region (Masiokas et al., 2016) also show some periods with positive mass balances and minor glacier advances around the 1920s–1930s, the 1980s, and in the first decade of the 21st century. Several mass balance monitoring sites are maintained in the north-central Andes of Chile and Argentina (Figure 2). The record from the Echaurren Norte glacier in Central Chile (33°S) is the longest series in the region and in the entire Andes, and constitutes the only Andean reference series in the World Glacier Monitoring Service (WGMS) dataset. Since 1975/76 this glacier has lost ca. 20 m w.e., a critical amount that puts this small glacier at the risk of disappearing in the next decades (Farías-Barahona et al., 2019). The overall glacier mass loss pattern described above appears to be related to the recent decreasing trend in precipitation observed in the subtropical region, which has clearly intensified since 2010 (e.g., Rabatel et al., 2011; Garreaud et al., 2017). Indeed, modeling exercises of mass balance observations at Glacier Echaurren Norte suggest that precipitation variability is the dominant forcing at this site, with temperature variations likely playing a secondary role (Masiokas et al., 2016). Interestingly, some of the glaciers in the Desert Andes have shown positive mass balances in recent years and a marked increase in their cumulative record (Figure 2). We hypothesize that this pattern is probably associated with slightly positive snow accumulation anomalies observed in this region in 2015 and 2016.

Dussaillant et al. (2019) showed that over the period 2000/2001–2017 the glaciers in the Desert and Central Andes have experienced moderate thinning rates of −0.12 ± 0.17 and −0.31 ± 0.19 m w.e. yr–1, respectively. When this interval is split and assessed for changes before and after 2009, the Desert Andes maintain these relatively stable annual rates during both periods (0.00 ± 0.22 m w.e. yr–1 for 2000–2008, and −0.11 ± 0.20 m w.e. yr–1 for 2009–2017). In contrast, the glaciers in the Central Andes show stable to positive ice mass change rates (0.17 ± 0.23 m w.e. yr–1) between 2001 and 2008, but much more negative values between 2009 and 2017 (−0.40 ± 0.21 m w.e. yr–1; Dussaillant et al., 2019). It is important to note, however, that these values represent regional estimates and that specific cases will likely differ from these estimates. This is clearly demonstrated in recent detailed studies (Pitte et al., 2016; Falaschi et al., 2018), which identified up to 21 cases of surge-type glaciers with well documented advancing fronts embedded within the recent regional pattern of glacier thinning in the Central Andes. Burger et al. (2019) also found that, in the Central Andes, debris-covered glaciers have been more heavily impacted by the recent drought than debris-free glaciers, noting that the differential response of these glacier types to climate forcings has a direct impact on the hydrological role these features play in their catchments.



Wet Andes

The Wet Andes are located south of 35°S, where the elevation of most peaks and massifs usually does not exceed 4,000 m a.s.l. This lower elevation of the mountain range, together with the more intense influence of the westerly circulation from the Pacific, result in markedly higher precipitation amounts. Some high peaks in the north Patagonian Andes can receive 3–5 m w.e. of precipitation per year (Schaeffer et al., 2017), and further south these values increase to 4–7 m w.e. yr–1 on the Patagonian icefields (Schaefer et al., 2015). Seasonality is gradually reduced southward, with higher amounts concentrated during the winter months in the north, but a more regular precipitation regime throughout the year in Tierra del Fuego (Sagredo and Lowell, 2012). The Wet Andes are also characterized by strong precipitation gradients, with clear contrasts between the wetter western slopes and the much drier conditions only a few tens of km to the east of the mountains in Argentina (Viale et al., 2018). The presence of numerous rivers, lakes, and an extensive forest cover is also characteristic of the Wet Andes, where some 4800 km2 of the former extent of large glaciers are now occupied by more than 4,000 lakes (Wilson et al., 2018). In this region the mean annual 0°C isotherm decreases in elevation from about 3,000 in the north to less than 1,000 m a.s.l. in Tierra del Fuego (Condom et al., 2007; Carrasco et al., 2008). The topographic and climatological conditions mentioned above allow the development of numerous and extensive glacierized areas, which are mostly concentrated in the South Patagonian Andes and constitute the largest glacierized surface in South America. Most glaciers in the Wet Andes have their ELA below the mean annual 0°C isotherm (Figure 4).

The hydrological significance of glaciers in the Wet Andes is comparatively lower than that in the Dry Andes. This is largely due to the much higher precipitation amounts in the Wet Andes, making most rivers dependent on rainfall and snowmelt patterns (Masiokas et al., 2019). However, the very large size of some of the glacierized areas in the South Patagonian Andes does have a noticeable hydrological signature on some of the most important rivers of the region. This is the case of the Baker and Santa Cruz rivers, which drain large portions of the NPI and SPI, respectively, and are sporadically affected by huge amounts of meltwater draining after the rapid collapse of ice-dammed lakes in the icefields (Pasquini and Depetris, 2011; Dussaillant et al., 2012).

In the North Patagonian Andes, glaciers are comparatively smaller than those located further south (i.e., from a few km2 to tens of km2, compared to glaciers that can cover tens to hundreds of km2 in the south). The north Patagonian glaciers are usually found on isolated volcanoes and high peaks (Reinthaler et al., 2019), forming small ice caps with a dominant radial flow (Figure 3h). The elevated precipitation levels of the region (up to a few meters per year), the relatively mild temperatures (annual means ranging between 0° and 10°C; Alvarez-Garreton et al., 2018), and the steep average slopes of most glaciers in the region result in high ice mass turnover rates and fast ice velocities, which can reach several hundred meters per year for some of these temperate glaciers (Ruiz et al., 2015). The total glacierized area in the North Patagonian Andes is ca. 1800 km2. At 35°S the glaciers do not descend below 3,000 m a.s.l., but their fronts can reach 700 m a.s.l. at 45°S (Barcaza et al., 2017; Zalazar et al., 2017).

The glaciers in the South Patagonian Andes have historically received a great deal of attention from scientists and explorers, and many reviews are already available in the literature (Warren and Sugden, 1993; Glasser et al., 2008, 2011; Aniya, 2013). This region contains a very large number of mountain glaciers, outlet glaciers, and icefields, including the NPI, the SPI, and the icefield of Cordillera Darwin (hereafter CDI) in the southwestern corner of Tierra del Fuego (Figure 3). The SPI alone is formed by 139 glaciers larger than 5 km2, and in total this ice mass currently covers an area of ca. 12200 km2 (De Angelis, 2014; Meier et al., 2018). The NPI is ca. 3700 km2 (Dussaillant et al., 2018), and the icefield at Cordillera Darwin is ca. 2300 km2 (Bown et al., 2014). Other minor ice caps can be found at Mount San Lorenzo (ca. 140 km2; Falaschi et al., 2013) and Gran Campo Nevado (ca. 200 km2; Schneider et al., 2007; Weidemann et al., 2013).



Recent Glacier Changes and Ice Dynamics in the Wet Andes

The assessment of areal glacier changes during the last decades in the Wet Andes has been discussed by many studies. These studies have focused on different study areas and periods of time, and have sometimes used different methodologies, but in most cases they have relied on early historical records, aerial photographs, and/or satellite imagery to assess recent glacier variations (see e.g., Masiokas et al., 2009; Lopez et al., 2010; Davies and Glasser, 2012; Paul and Moelg, 2014; Meier et al., 2018; and references therein). Despite their inherent differences, the results from these studies largely point to a widespread pattern of recent glacier recession that is consistent with what has been observed in the Andes further north (Figures 6, 7). This inequivocal recent trend toward increasingly smaller glaciers started sometime after the occurrence of the LIA, which was an extended period of generalized glacier growth and frontal advances that culminated between the 17th and 19th centuries (see e.g., Masiokas et al., 2009; Davies and Glasser, 2012; and references therein). Most LIA glacier advances in the Wet Andes can be associated with vegetation trimlines and/or lateral and frontal moraines with varying degrees of forest recolonization that provide valuable evidence for assessing glacier recession patterns over the past centuries (e.g., Villalba et al., 1990; Masiokas et al., 2009; Ruiz et al., 2012). Davies and Glasser, 2012 used this geomorphological evidence and Landsat imagery to map the LIA glacier extent in the Andes south of 41°S, estimating that by the year 2011, the glaciated area had decreased by ca. 15%. Meier et al. (2018) used a similar approach to estimate glacier changes south of 45.5°S, and found that the overall area covered by glaciers during the LIA (ca. 28100 km2) had shrank almost 20% by the year 2016. According to their results, the SPI alone lost ca. 13% during the same period, reducing its area from ca. 14200 km2 during the LIA to ca. 12230 km2 in present times (Figure 8).
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FIGURE 6. Areal changes of San Quintín glacier between the LIA and 2019. San Quintín is the largest outlet glacier of the North Patagonian Icefield. Sources of data: Geomorphological reconstructions and available aerial photographs and satellite imagery.
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FIGURE 7. Areal recession of south Patagonian glaciers between 1945 and 2019. Sources: Available aerial photographs and satellite imagery.
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FIGURE 8. Areal fluctuations of the SPI between the LIA and 2016 derived from reconstructions based on geomorphology and recent optical remote sensing data (Davies and Glasser, 2012; Meier et al., 2018).


Ruiz et al. (2012) presented a detailed dendro-geomorphological record of LIA and post-LIA fluctuations for Esperanza Norte glacier in the North Patagonian Andes (ca. 42°S), and compared these fluctuations with those reported for Frías glacier (Villalba et al., 1990; Leclercq et al., 2012) ca. 110 km to the north. They conclude that both glaciers probably reached a peak LIA position during the early-mid 17th century and since then have had roughly similar patterns of recession, with changes during the 20th century occurring much more rapidly than in the previous interval. In a larger-scale study of 1985–2011 glacier changes in the North Patagonian Andes (40.5°–44.5°S), Paul and Moelg (2014) found a total glacier area reduction of ca. 25% and a concomitant marked increase in the number and surface area of proglacial lakes. Further south, Lopez et al. (2010) studied the length fluctuations of 72 glaciers of the NPI, SPI, and CDI between 1945 and 2005 using historical maps, aerial photographs and satellite images. They found a considerable frontal retreat for most glaciers during this 60-yr period, with the highest retractions for each icefield recorded at San Rafael Glacier in the NPI (5.7 km frontal retreat), O’Higgins glacier in the SPI (11.6 km retreat), and Marinelli glacier in the CDI (12.2 km retreat). White and Copland (2015) used ASTER and Landsat images from the mid-1970s to the early 2000s to compile glacier changes of 130 SPI glaciers concluding that nearly 4% (542 km2) of the original area was lost with some indications of acceleration in the ice mass loss rates in recent years. This acceleration was also reported recently by the large-scale study of Meier et al. (2018): since the LIA and until 1986, the annual glacier areal loss for the Andes south of 45.5°S was −0.10 ± 0.04% a–1, increasing to −0.33 ± 0.28% a–1 between 1986 and 2005, and to −0.25 ± 0.50% a–1 for the period 2005–2016.

It is interesting to note, however, that there are few exceptions to this century-long trend of ice mass loss in the Wet Andes. The most remarkable case is probably Pío XI glacier (the largest outlet of the SPI), which has shown a net advance of 11 km since 1945 (Wilson et al., 2016; Rivera, 2018; Figure 9). In this period this glacier formed a prominent moraine overridding 400 yr-old trees located in the glacier forefield. Another anomalous case is Perito Moreno glacier on the eastern side of the SPI, which has shown a relatively stable frontal position with several re-advances during the last century (Guerrido et al., 2014; Minowa et al., 2015). Contrasting glacier behavior has also been observed at Cordillera Darwin in Tierra del Fuego, where some glaciers like Marinelli have retreated markedly but others like Garibaldi have shown clear frontal advances in recent times (Melkonian et al., 2013).
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FIGURE 9. Changes in surface area of Pío XI glacier between 1945 and 2019. This glacier is the largest outlet glacier of the SPI and unlike most of the glaciers in the region, it has shown an anomalous behavior with an advancing front over most of the last century. Sources: Available aerial photographs and satellite imagery.


Due to logistic and meteorological constraints for conducting the direct surface mass balance measurements (Rivera et al., 2016), many studies have also applied the geodetic method to investigate recent ice mass changes in the Wet Andes. The existence of the freely available Shuttle Radar Topography Mission (SRTM; 90 m horizontal resolution) DEM for the year 2000 has provided a very valuable and reliable reference that has been compared to other DEMs, such as the ASTER-GDEM (30 m horizontal resolution). Melkonian et al. (2013) used this approach in Cordillera Darwin, southernmost Chile, and Willis et al. (2012a,b; Figure 10) in the SPI and the NPI, respectively. More recently, Dussaillant et al. (2019) applied this methodology for the whole Andes Cordillera including the large glaciated areas in Patagonia (Figure 10). The SRTM has also been compared to SPOT5 DEMs (40 m horizontal resolution; Korona et al., 2009), Dussaillant et al. (2018) in the NPI, and Falaschi et al. (2017) in Monte San Lorenzo glaciers to the east of the Patagonian icefields.
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FIGURE 10. (A) Mean annual ice thickness changes for the SPI between 2000 and 2012, derived from the SRTM and ASTER DEMs (Willis et al., 2012a). Note that the ice loss is larger in the tongues of the large outlet glaciers and, in many cases it extends toward the higher sectors near the ice divides. (B) Same as A, but for the period 2000–2018 (Dussaillant et al., 2019). The anomalous behavior of Pío XI glacier is also evident in these maps.


In contrast, studies using topographic data prior to SRTM are very scarce in the southern Andes (e.g., Rignot et al., 2003, who used 1975 regular cartography in the SPI). Falaschi et al. (2019) used historical vertical and oblique aerial photographs to generate topographic information for Monte San Lorenzo glaciers for the years 1958 and 1981, and subsequently compared these early DEMs with those derived from the SRTM mission and recent Pléiades (Berthier et al., 2014) and Spot 5 (Korona et al., 2009) imagery. Their analyses show strong negative glacier mass balances (between −0.78 and −1.65 m w.e. a–1) in this region during the last six decades. The SRTM DEM was also compared to the TanDEM-X mission, for example by Malz et al. (2018) for the whole SPI, or by Abdel Jaber et al. (2019) for both the NPI and SPI. Foresta et al. (2018) used Cryosat-2 to study the 2011–2017 elevation changes of the Patagonian icefields. In this case the results have a coarse spatial definition but high temporal resolution, allowing the retrieval of elevation changes at seasonal scales.

The increasing availability of satellite images and the application of automatized methods has also resulted in marked improvements in our knowledge of the ice velocity and dynamics of many Patagonian glaciers (e.g., Rivera et al., 2012b; Muto and Furuya, 2013; Sakakibara and Sugiyama, 2014; Mouginot and Rignot, 2015; Ruiz et al., 2015; Euillades et al., 2016; Lenzano et al., 2018; Lo Vecchio et al., 2018; Moragues et al., 2018). Cross-correlation of radar remote sensing data (SAR) has revealed that surface velocities of some SPI glaciers can reach several hundred meters per year, placing these glaciers among the fastest on Earth (only exceeded by some glaciers in Greenland, Alaska and Antarctica; Howat et al., 2007; Moon et al., 2012; Gardner et al., 2018). Indeed, in some sectors of the Pío XI, Upsala and O’Higgins glaciers, ice can move a few km per year (Figure 11), suggesting a dominant role of basal sliding in the dynamics of these large SPI outlet glaciers (Sugiyama et al., 2011; Bown et al., 2019). These remote sensing data also show that the longitudinal velocity profiles of these outlet glaciers are typical of calving glaciers, with low speeds at the ice divides and increasing values toward their snout (e.g., Euillades et al., 2016). This pattern is very different from that of mountain glaciers, which show low velocities at the ice divides and the glacier front but maximum speeds at the ELA due to the maximum glacier thickness in this area. Other analyses (Sakakibara et al., 2013; Sakakibara and Sugiyama, 2014; Mouginot and Rignot, 2015) indicate a recent acceleration of some calving glaciers, which may suggest a possible destabilization of these ice masses. These glaciers show an acceleration and recession of the ice front, and accelerating patterns that extend to the upper central plateaus and along the ice divides of the SPI.
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FIGURE 11. Mean annual surface ice velocity of SPI glaciers between 2000 and 2012, derived from synthetic aperture radar (SAR; Mouginot and Rignot, 2015). High velocities can be observed along the central flowline of some of the largest outlet glaciers.


Calving has been frequently addressed in the region since many of the largest glaciers in southern Patagonia terminate in fjords or lakes (Warren and Sugden, 1993). According to Rivera et al. (2012c), many of these calving glaciers follow the so-called Tidewater Glacier Calving Cycle, that in general is controlled by mass balance and water depth at the glacier front. An example of a glacier in the advancing phase of this cycle is Pío XI glacier (Wilson et al., 2016), whereas an example of a glacier reaching new equilibrium after fast retreat is the Upsala glacier (Sakakibara et al., 2013). Other calving glaciers, such as Jorge Montt, are currently in the retreating or collapsing phase of the cycle due to near buoyant conditions when the ice front ends in deep waters (Bown et al., 2019).

Recently published global models of ice thickness and volumes (Huss and Farinotti, 2012; Carrivick et al., 2016; Farinotti et al., 2019) provide valuable information in this region and can work relatively well in mountain glaciers with well-defined tongues. However, these models have some limitations when dealing with large icefields such as the NPI and SPI, because the modeled subglacial topographies are often unrealistic and may contain many artifacts. Patagonian glaciers have been occasionally surveyed with radar methods that are able to reach up to 700 m of ice thickness, with penetration ranges restrained by the temperate conditions of the ice and the presence of crevasses and water (Zamora et al., 2017). Gravity methods (e.g., Gourlet et al., 2016) offer one option to overcome this limitation as they have no limits in ice thickness determinations, but they need to be validated and controlled by more accurate methods, such as radar. This combined approach has been applied in Patagonia (Millan et al., 2019), resulting in an improved ice thickness distribution coverage and the first comprehensive subglacial topography of the whole NPI and the northern part of the SPI.

Information on ice thickness, subglacial topography, and ice flux, among others, are critical parameters for a proper modeling and understanding of the observed glacier changes and their contrasting behaviors between adjacent basins, and for forecasting future responses to climate change. Collao-Barrios et al. (2018) applied a physically based model that relies on surface climatic data plus ice fluxes from ice thickness and surface velocities to estimate the surface mass balance of San Rafael glacier in the NPI. This analysis showed that the mass balance is slightly positive (0.08 ± 0.06 Gt a–1) between 2000 and 2012, with an ice discharge of ca. −0.83 Gt a–1. These numbers seems to contradict previous surface mass balance models for San Rafael based mainly on climatic data (mainly reanalysis since automatic weather stations are very scarce) and calving fluxes based on geodetic measurements, that obtained a much higher surface mass balance of 1.19 Gt a–1 between 1979 and 2011 (Schaefer et al., 2013) and 0.72 ± 0.37 Gt a–1 (Koppes et al., 2011), and also higher ice discharges of −1.68 and −1.04 Gt a–1 by Schaefer et al. (2013) and Koppes et al. (2011), respectively. Using a coupled snow and ice energy and mass balance model, Weidemann et al. (2018a) concluded that the Tyndall and Gray glaciers, located at the southern tip of the SPI, experienced a 2000–2014 climatic mass balance +1.02 ± 0.52 m w.e. a–1 and +0.68 ± 0.54 m w.e. a–1, respectively. These positive numbers are, however, counterbalanced by strong ablation at the calving ice fronts, yielding an overall mass balance of −1.05 ± 0.18 m w.e. a–1 and 2.58 ± 0.28 m w.e. a–1 for Gray and Tyndall glaciers, respectively. Schaefer et al. (2015) modeled the surface mass balance for the entire SPI during the period 1975–2011. They estimated an average annual acumulation on the SPI of ca. 67.7 km3, an average ice surface melt of ca. 36.5 km3, and a strong increase in annual ice mass losses due to calving between 1975–2000 and 2000–2011 (changing from 44.4 to 61.3 km3 of ice).

Important limitations still remain, however, due to the serious lack of in situ validation data, especially of precipitation/accumulation in the upper plateaus, temperature/melt patterns on the ice, and calving fluxes and dynamics at many more sites throughout the region. To partly overcome the lack of basic climatic information, many modeling studies have used data from the ERA or NCEP/NCAR climate reanalyses (Lenaerts et al., 2014; Weidemann et al., 2018b), and more recently the WRF simulations (e.g., Villarroel et al., 2013; Schaefer et al., 2015). Meteorological stations from lowlands away from glaciers have also been used, but the scarcity and lack of continuity remains a serious problem in this region (Masiokas et al., 2015; Bravo et al., 2019b).

One of the consequences of the ongoing shrinkage of Patagonian glaciers (Figures 7–9) is the formation and expansion of lakes in lands recently abandoned by ice. For example, at the NPI, Loriaux and Casassa (2013) detected an increase in glacial lake area of 66 km2 between 1945 and 2011. At Monte San Lorenzo, south-east of the NPI, Falaschi et al. (2019) measured a three-fold increase in the number of lakes and 5 km2 of new lake area formed between 1958 and 2018. The retreating glaciers are also uncovering rock outcrops and nunataks with unknown geological information. The regional geological maps show little information about these areas but recent works revealed tectonic features that extend under the ice and are controlling present glacier location and flow (Georgieva et al., 2016).



MOUNTAIN PERMAFROST

Mountain permafrost, i.e., ground which remains at or below 0°C for at least two consecutive years (Harris et al., 1998), is widespread in the high Andes mountains where the air temperature is at freezing temperatures most of the year. However, as only a few instrumented permafrost boreholes have been published in the Andes, our ability to analyze the current state of Andean permafrost is limited (e.g., Trombotto, 2014). The local variations in topography, solar radiation, snow cover, ground surface type, subsurface hydrology and geology, and their differential influences on smaller scale ground temperature patterns, determine a predominant discontinuous mountain permafrost distribution in the Andes (Haeberli and Gruber, 2009). However, given the practical and technical difficulties in the identification and mapping of permafrost (defined, as indicated above, by the thermal condition of the ground), most of the efforts to assess the extent of permafrost along the Andes have been based on modeling approaches (Arenson and Jakob, 2010a; Gruber, 2012; Ruiz and Trombotto, 2012; Azócar et al., 2017; Esper Angillieri, 2017) and/or the recognition and mapping of ice-rich permafrost landforms such as rock glaciers (Barcaza et al., 2017; Zalazar et al., 2017). In this sense, the publication of local and regional inventories of perennial ice masses that includes rock glaciers represents a substantial improvement in our efforts to characterize and understand the distribution of permafrost in the Andes. Rock glaciers are formed by permanently frozen ground which is supersaturated in ice, favoring the movement and creeping of the permafrost in specific mountain slopes (Haeberli, 1985; Barsch, 1996). This movement and creeping generates the characteristic transverse and longitudinal ridges and furrows on the surface of rock glaciers, which resemble viscous lava flows and allow the identification of these cryoforms in aerial photographs and satellite images (Haeberli, 1985; Trombotto Liaudat et al., 2014; Jones et al., 2019).

The first estimation of mountain permafrost distribution in the Andes was conducted by Trombotto Liaudat (2000), who identified the areas of seasonally frozen, discontinuous and continuous permafrost surfaces using the elevation of 5°C, 0°C and −5°C isotherms, respectively. Although no areal extents were presented, this simple approach showed that it is possible to find permafrost conditions from Venezuela to Tierra del Fuego. Gruber (2012) presented the first global model of permafrost extent using DEMs and gridded air temperatures. The study provided a Permafrost Zonation Index (PZI) map which indicated the possibility of finding permafrost (from very low to high possibilities) and showed that, in the Andes, it is much more likely to find permafrost conditions south of 18°S with most of the area (∼70%) concentrated between 23° and 36°S. Arenson and Jakob (2010a) developed a mountain permafrost distribution model primarily based on physical evidence (elevation, slope aspect and angles, and potential solar radiation) and field observations, and showed promising results in local tests in the Dry Andes at ca. 31.6°S. Other local efforts have used statistical permafrost distribution models such as the Bottom Temperature of the Snow Cover (BTS) model (Ruiz and Trombotto, 2012) to identify the presence of permafrost conditions in the eastern margin of the North Patagonian Andes at 42°S. Azócar et al. (2017) presented an empirical model of mountain permafrost favorability, with a spatial resolution of 30 m, for the semi-arid Andes of central Chile (29°–32°S). The model is based on rock glacier activity and temperature data, and similarly to Gruber (2012), their results provide a permafrost favorability index. They found conditions highly favorable for permafrost presence over 1051 km2 (2.7% of the total investigated area) and favorable conditions for 2636 km2 (6.8% of the total area). Esper Angillieri (2017) presented a high resolution (30 m pixel size) permafrost probability model for the Andes of the San Juan province in central-western Argentina based on the presence and activity of rock glaciers and their relationship with topoclimatic variables such as altitude, aspect, mean annual air temperature, mean annual precipitation and potential incoming solar radiation. Based on this model and using the 70% threshold for the probability of rock glacier occurrence, they estimated an extent of permafrost of ca. 10772 km2 in this province.

In the inner Tropical Andes, Trombotto Liaudat (2000) reported evidence of patterned ground and other periglacial environments in the Páramo ecosystem and in the highest volcanoes of Ecuador. Rangecroft et al. (2014) presented the first rock glacier inventory for the Bolivian Andes (15–22°S) based on remote sensing and field validation data. They found 94 rock glaciers (57% classified as active and the remaining as relict) which cover a total area of 11 km2 with a mean size of 0.12 km2. Based on the mean minimum altitude of rock glacier fronts, they approximate the lower limit of permafrost at 4700 m a.s.l. in the Bolivian Andes. Barcaza et al. (2017) presented the first glacier inventory of the Chilean Andes based on remote sensing data. They found a total of 2831 rock glaciers covering a total area of 369 km2 and spanning from 17°S to 37°S. The mean area of the Chilean rock glaciers is 0.13 km2, and their mean minimum elevation decreases from ca. 4800 m a.s.l. at around 18°–23°S, to a minimum of ca. 2500 m a.s.l. at 37°S. Zalazar et al. (2017) presented the first glacier inventory of Argentina, including a detailed description of rock glaciers, expanding the classification to include their genesis (permafrost-related or glacial related), form, activity, and other characteristics. In the Andes of Argentina there are almost 7600 rock glaciers (almost 75% classified as active) that cover an area of ca. 673 km2 between 21° and 55°S. These rock glaciers have a mean surface area of 0.08 km2, and their mean minimum elevation decreases from 4800 to 4500 m a.s.l. between 22° and 28°S, to less than 1,000 m a.s.l. in the south of Tierra del Fuego (55°S). Interestingly, these new regional-scale rock glacier inventories from Chile and Argentina show that the region from ca. 28° to 36°S concentrates almost 90% of the total area covered by rock glaciers in South America.

Falaschi et al. (2014, 2015, 2016) and Perucca and Esper Angillieri (2008), among others, also provide inventories and detailed descriptions of rock glaciers in the northern, central and southern sectors of the Andes of Argentina. The existence of rock glaciers in southern Patagonia and even in Tierra del Fuego has been confirmed in recent studies (e.g., Falaschi et al., 2015; Masiokas et al., 2015; Zalazar et al., 2017) and is an interesting characteristic of these regions, which are usually appreciated by their numerous and extensive glaciers and a persistent cloud cover throughout the year. In these southern regions these periglacial features are usually concentrated toward the eastern drier margin sectors of the mountain ranges (Ruiz and Trombotto, 2012; Falaschi et al., 2015, 2016; Masiokas et al., 2015; Zalazar et al., 2017). This new evidence provides solid information of these southernmost rock glaciers that contributes to a more comprehensive understanding of the cryosphere and the mountain climatology in these regions.

The role of rock glaciers as long-term water reserves and short-term sources of freshwater in many semi-arid sectors across the southern Andes has also received an increasing attention in recent years (Azócar and Brenning, 2010; e.g., Arenson and Jakob, 2010b; Jones et al., 2018, 2019; Schaffer et al., 2019). These permanent ice masses are inherently more resilient to changes in climate than clean-ice glaciers, and can provide a relatively steady amount of freshwater in many catchments where glacier ice is absent or very scarce, especially during extended dry periods when precipitation is also reduced to a minimum (Schaffer et al., 2019). Recently, Jones et al. (2018, 2019) estimated that the water volume equivalent stored within rock glaciers on a near-global scale is around 83.7 ± 16.7 Gt (ca. 68–102 trillion litres), with rock glaciers in the Andes contributing with almost 40% (i.e., 32.84 ± 6.57 Gt; the highest percentage of all individual regions). At a local scale, studies using empirical methods have estimated that, in total, rock glaciers may account for more stored ice than glaciers in the Central Andes (Azócar and Brenning, 2010; Janke et al., 2017), but more measurements are required to confirm these results (Arenson and Jakob, 2010b). Also, as rock glacier formation processes are still up for debate (Monnier and Kinnard, 2015, 2016, 2017), determining ice content of glaciogenic vs. cryogenic, or active vs. inactive rock glaciers is still contentious.

Besides the global estimates discussed above, determining the specific hydrological role of rock glaciers has been even more elusive, as few methods have been validated in the scientific literature to quantify the hydrological contribution of rock glaciers or to understand their wider impact on drainage system processes. Using seasonal discharge measurements in the La Laguna catchment (30°S), Schaffer et al. (2019) estimated that rock glaciers are likely to contribute around 10% of streamflow for this basin. Due to the paucity of published cores from rock glaciers (Monnier and Kinnard, 2013) and discharge measurements in headwater catchments, such estimations should be treated with caution.



DISCUSSION AND CONCLUSION

The information discussed above highlights the impressive richness and diversity of cryospheric features and conditions that can be found along the Andes from Venezuela and Colombia to Tierra del Fuego. Along this vast region, the cryosphere plays an important hydrological, climatological and socio-economic role providing, for example, a large proportion of the water that is consumed by the numerous human populations living near the Andes (Schoolmeester et al., 2018). This combination puts the Andes Cordillera in a very prominent position as a relatively pristine natural laboratory where many glaciological, geocryological, hydrological, climatological, ecological and socio-economic processes and phenomena can be assessed from different points of view. In this last section we discuss some pending issues that could improve the current knowledge of the Andean cryosphere and the potential application in related disciplines and studies.


Accurate Quantification of Glacier Ice Thickness

One of the main issues to better quantify the future changes of Andean glaciers, their contribution to sea level rise, and their hydrological contribution to glacierized watersheds is the complexity to quantify the ice thicknesses and glacier volumes. Unfortunately, accurate ice thickness quantifications are limited to very few glaciers (less than 1% at global scale) where in situ thickness measurements have been realized (Welty et al., 2020). To overcome this limitation, several methods have taken advantage of the increasing availability of morpho-topographic glaciological data from repeated glacier inventories, digital elevation models of the glacier surface, surface mass balance data, and more recently surface flow velocity data. The Working Group of the International Association of Cryospheric Sciences (IACS)1 conducted the Ice Thickness Models Intercomparison eXperiment (ITMIX). Farinotti et al. (2017, 2019) presented a review of existing methods together with the first results of the intercomparison experiment. One interesting finding was the possibility of using glacier surface flow velocities to faithfully represent the thickness distribution at the glacier scale. In contrast, approaches based on the shear stress (i.e., using the surface slope) provided less accurate results. Indeed, Rabatel et al. (2018b) strongly encouraged the use of glacier surface flow velocities to improve the quantification of glacier ice thickness distribution and underlined the need of at least a few in situ measured thickness data. The methods using the glacier surface slope as input data (e.g., Huss and Farinotti, 2012; Linsbauer et al., 2012) should be used with caution because of the strong uncertainties associated with this variable. Certain particular considerations are probably also needed if these methods are applied in regions such as the Desert Andes where cold-based glaciers are common.



Updated Simulations of Future Glacier Changes

Studies of projections of potential future changes of glaciers in the Andes have been regional/global in scale (e.g., Marzeion et al., 2012; Radić and Hock, 2014; Huss and Hock, 2015; Huss et al., 2017), or site-specific (e.g., Frans et al., 2015; Réveillet et al., 2015; Yarleque et al., 2018). The different approaches range from simple extrapolations of past surface or length changes, to complex modeling of glacier mass balance and ice flow dynamics. All studies indicate an important reduction of glacier ice volume in the Andes by the end of the 21st century, and even the disappearance of many glaciers. Small glaciers are likely to completely disappear in the coming decades (e.g., Rabatel et al., 2018a for Colombia), and even the largest tropical ice cap (the Quelccaya ice cap in the Cordillera de Vilcanota, Peru; Yarleque et al., 2018). Given the limited altitudinal extent of many glaciers, even if air temperature is assumed to stabilize by the second half of this century according to the most optimistic climate scenario, such glaciers will not reach a new equilibrium with climate and will likely disappear or shrink substantially.

For improved estimations of future glacier evolution, ice dynamics models will need to be coupled to adequate representations of glacier surface mass balance. Application of models able to resolve the full energy balance is thus required (e.g., Bravo et al., 2017). However, such models need accurate projections of atmospheric variables, and thus decreasing the uncertainties in future projections of atmospheric variables and improving their downscaling at the glacier scale are two other important issues. Finally, a better quantification of the impact of supraglacial debris and related feedbacks will also be required as many glacier tongues are covered by debris especially in the southern Andes.



Development of a Coordinated Network of High Elevation Hydro-Meteorological Stations

The current lack of an extended, well-coordinated network of permanent, complete and reliable meteorological stations at high elevations in the Andes constitutes a very important limitation to properly understand the atmospheric processes and phenomena that affect the cryosphere and many other natural systems in this mountain range. Very few automatic weather stations (AWS) that measure the whole range of relevant variables including snow accumulation are located near glacierized areas, and thus many studies have relied on remote stations and/or gridded datasets that do not necessarily capture the local processes in a proper manner. In many cases the different research groups have installed and maintain AWS at their study sites, but currently there is no coordinated effort to integrate this dispersed information for improved analyses of glacier-climate relationships and climate change related studies. Additionally, very few discharge gauging stations exist in glacierized zones, which greatly limits our ability to validate runoff models, as well as accurately estimate the cryospheric contribution to streamflow.



Geological Impacts of Deglaciation

The deglaciation that is widespread across the Andes (Braun et al., 2019; Dussaillant et al., 2019; Reinthaler et al., 2019) has important associated impacts that include the increase in frequency of landslides due to slope instabilities, possible moraine dam failures, various effects on volcanic activity, and glacio-isostatic rebounds. In view of the observed increases in proglacial lake areas due to glacier shrinkage (Wilson et al., 2018), the occurrence of glacial lake outburst floods (GLOFs) due to the sudden release of glacier- or moraine-dammed lakes poses a real and growing threat in some sectors of the Andes. In many cases these lakes have experienced GLOF events with strong impacts in downstream valleys and in the runoff of the outlet rivers (Dussaillant et al., 2012). According to Harrison et al. (2018), these processes are expected to increase in the future as the glacier retreat continues along the Andes. Thus the monitoring of this phenomenon should be established as a precautionary measure in places where human populations and infrastructure are located downstream from potentially dangerous sites. In steep terrains, thawing of mountain permafrost can also influence the frequency and magnitude of gravitational natural hazards with consequences for local communities and infrastructure (Arenson and Jakob, 2015; Deline et al., 2015). To date, only few studies have focused on the issue of volcanic activity and ice-volcano interactions (Rivera et al., 2012a; Rivera and Bown, 2013). This is particularly relevant in the region south of 46°S, where there are three active volcanoes (Lautaro, Reclus and Burney) that contain glaciers but with very little direct information on their impacts and interactions (Martinic, 2016).



Hydrological Significance of Rock Glaciers

As discussed above, the recent publication of up-to-date inventories of glaciers and rock glaciers has improved substantially the knowledge about their current state and distribution in the Andes. An increasing number of studies has focused on quantifying the amount of ice present in rock glaciers (Monnier and Kinnard, 2013; Janke et al., 2017; Jones et al., 2018), and on the possible impacts of climate change on rock glacier dynamics (Deline et al., 2015; Iribarren et al., 2015). Increasingly, both regionally (Rangecroft et al., 2015; Schaffer et al., 2019), and globally (Jones et al., 2018, 2019), the importance of rock glaciers as water reserves is being recognized in semi-arid areas (Rangecroft et al., 2013; Jones et al., 2019). However, as very few studies are available that provide rock glacier depths, the estimations of the ice volume contained in rock glaciers must be considered preliminary.

Long-term monitoring sites are showing that permafrost temperatures appear to be increasing (Trombotto, 2014), and modeling exercises indicate that temperatures will likely continue to increase in the coming decades. This permafrost warming may become a relevant issue especially in arid and semi-arid areas of the Andes as this could promote the degradation of permafrost and affect the rock glacier contribution to the water supply in these areas. A coordinated effort is urgently needed to determine the ice content in rock glaciers, how this ice is changing through time, and the implications for catchment hydrology.

More ground temperature and active layer thickness measurements along the Andes are also needed to have a better understanding of the role of ground fabric, air temperature, radiative fluxes, snow cover, and turbulent heat fluxes on the surface energy balance and on the current presence and the future extent of mountain permafrost. Most of the data from ground temperature and active layer thicknesses are restricted to the Central Andes of Argentina and Chile, in many cases collected by mining companies, but a substantially larger network is needed to better understand the ground temperature patterns in permafrost sites across the Andes.



Final Thoughts

The wide range of studies and analyses discussed above clearly shows that our knowledge about the different components of the Andean cryosphere has improved substantially in the last 1–2 decades. In this relatively short period of time, an astounding number of assessments have become available tackling increasingly complex patterns and phenomenons pertaining to the snow, glaciers and/or mountain permafrost in specific sectors of the Andes, or involving the Andes Cordillera as a whole. Certainly, the increasing availability of medium to high resolution data from remote sensors has played a critical role in this process. These remote sensing data have been particularly useful, for example, for developing local and regional-scale glacier inventories and for assessing glacier changes with greater temporal and spatial detail. Combined with the increasing capabilities of numerical models, this detailed information has allowed in many cases the faithful simulation of specific cryospheric processes that were previously unknown or extremely difficult to estimate using the very limited set of in situ measurements that are usually available for most sectors of the Andes. These combined approaches are most certainly welcome and needed in many regions, but we nonetheless would like to stress the overarching need for continued and renewed efforts to expand the sets of direct cryospheric measurements across the Andes. It is only through the careful comparison with direct in situ measurements that many of the remote sensing analyses and modeling exercises can reliably validate their results and provide solid evidence to further our understanding of many of the complex snow and ice processes that occur in the Andes.
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