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Based on the recently released National Glacier Inventory (NGI), we analyzed the characteristics and the mass balance rates of ice masses in the Argentinean Central Andes (ca. 30°–37° S). The NGI provides unprecedented information on area, number and distribution of different ice masses, including debris-covered glaciers and rock glaciers. In the Central Andes, a number of 8,076 ice masses were identified covering a total area of 1767 km2. For the period 2000–2018, a general lowering of the ice surface was observed with a region-wide mass balance rate of −0.18 ± 0.19 m w.e. yr−1. Clear differences depending on the debris coverage of the different ice masses were identified, with mass balance rates ranging from −0.36 ± 0.19 m w.e. yr−1 for partly debris-covered glaciers to −0.02 ± 0.19 m w.e. yr−1 for rock glaciers. Considering different sub-periods, the region-wide mass balance rate was slightly positive (+0.12 ± 0.23 m w. e. yr−1) from 2000 to 2009 and negative (−0.21 ± 0.30 m w.e. yr−1) from 2009 to 2018. A comparison with the Randolph Glacier Inventory (RGI version 6.0) indicates that the NGI provides more detailed information regarding different type of ice masses whereas region-wide mass balance rates show limited sensitivity to the choice of the inventory. The inclusion of rock glaciers and “debris-covered ice with rock glacier” in the NGI causes mass balance rates to be slightly less negative than when using the RGI. Since the Central Andes are experiencing an unprecedented decade-long drought, our study provides crucial information to estimate current and future hydrological contribution of the different type of ice masses to river discharge in the arid subtropical Andes.
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INTRODUCTION
Comprehensive and detailed glacier inventories provide important reference datasets for assessing the current status and estimating the recent and future glacier changes (Paul et al., 2013; Vaughan et al., 2013). In recent decades, with the development of satellite remote sensing techniques, more precise and standardized glacier outlines have been produced from optical satellite imagery, permitting the mapping of glaciers at a regional scale with high accuracy (Nagai et al., 2016; Meier et al., 2018; Mölg et al., 2018). Argentina is the second country in the Southern Andes with the largest glacierized area (WGMS, 2020). Previous inventories for the Argentinean Andes were mostly local (Pitte et al., 2010; WGMS, 2012; Masiokas et al., 2015; Falaschi et al., 2016). The recent National Glacier Inventory of Argentina (hereafter NGI), conducted by IANIGLA-CONICET in accordance with the National Law 26,639 for glacier protection in Argentina, provides a comprehensive dataset and detailed outlines of all Argentinean ice masses (Zalazar et al., 2020). The NGI, developed following international standards (UNESCO-IASH, 1970; Raup et al., 2007; Kargel, 2014), identified 16,078 ice masses covering a total area of 5,769 km2 in the Andes of Argentina. Until the publication of the NGI (Zalazar et al., 2020), the Randolph Glacier Inventory (RGI; Pfeffer et al., 2014) was the only glacier inventory considering the entire Argentinean Andes; still, some debris-covered glaciers and rock glaciers were not classified as this was not part of the RGI objectives.
In the Central Andes of Chile and Argentina ice masses play an important hydrological role providing meltwater during the dry season (austral summer) and during droughts periods (Gascoin et al., 2011; Ayala et al., 2016; Rivera et al., 2017). Since 2010 this region has experienced an unprecedented drought (commonly known as the “mega-drought”) that has severely affected the water supply at both sides of the Andes (Rivera et al., 2017; Garreaud et al., 2019; Masiokas et al., 2019). Regional glacier melt contributed to mitigate the negative impacts of this unprecedented long dry period (Dussaillant et al., 2019).
As observed elsewhere in the Andes, most glaciers in the Central Andes of Chile and Argentina, have experienced a generalized retreating pattern during the last decades (Masiokas et al., 2009; Barcaza et al., 2017). For example, in the Aconcagua river basin (Chile), the total glacier area reduction was ca. 20% between 1955 and 2003 (Bown et al., 2008). Similarly, Malmros et al. (2016), detected a ca. 30% glacier reduction between 1955 and 2013/14 in the Central Andes of Chile and Argentina. Continuous measurements at the Echaurren Norte glacier in Chile provide the longest (>30 years) record of glacier variations including a complete in-situ mass balance time series (Masiokas et al., 2016; Farías-Barahona et al., 2019). The Echaurren Norte glacier experienced a significant downwasting from 1955 to 2015, with a total cumulative glacier-wide mass balance of −40.64 m w.e. (Farías-Barahona et al., 2019). The cumulative glaciological mass balance for the Piloto Este glacier during 1979–2003 amounted −10.5 m w.e. (Leiva et al., 2007). Besides these two mass balance series, in-situ observations of glacier mass balance still remain scarce for the region, with most of the records starting after 2010 (Kinnard et al., 2018; Pitte et al., 2018). More recently, geodetic mass balance observations have been used to estimate changes in glacier volumes over large glaciated regions (Falaschi et al., 2018b; Braun et al., 2019; Burger et al., 2019; Dussaillant et al., 2019). Two recent Andes-wide geodetic mass balance assessments identified continuous mass loss along the entire Andes after the year 2000, showing a marked latitudinal pattern of glacier mass change rates (Braun et al., 2019; Dussaillant et al., 2019). In this study, we combine the glacier elevation change rates obtained by Dussaillant et al. (2019) with the recently released NGI to calculate the mass balance of all the ice masses of the Central Andes of Argentina over the 2000–2018 period, and the 2 decades within, 2000–2009 and 2009–2018 sub-periods.
The goals of the present study are three-fold: 1) Analyze the main characteristics of the different ice masses identified in the NGI of the Central Andes of Argentina, focusing especially on the presence of debris coverage and rock glaciers, and compare these results with those provided by the RGI version 6.0 for the same region; 2) revise the geodetic mass balance estimates from Dussaillant et al. (2019) using the improved NGI; and 3) compare the mass balance rates of the different NGI ice masses in relation to their percentage of debris coverage.
REGIONAL SETTING
Following Lliboutry (1998), the Argentinean NGI was divided into five glaciological regions. The Central Andes of Argentina are located between ca. 30°S and 37°S and can be characterized by a semi-arid climate with precipitation largely concentrated during the austral winter season. Precipitation events are associated with passing fronts embedded in the mid-latitude Westerly flow and enhanced by the orographic effect of the Andes Mountains (Garreaud et al., 2009; Viale et al., 2019). Overall environmental conditions in this region can be considered as transitional between those in the Desert Andes to the north, and the northern Patagonian Andes to the south. Surging glaciers have been detected in the Central Andes (Pitte et al., 2016; Falaschi et al., 2018a) as well as glaciers on both extinct (e.g., Tupungato, 6,635 m a.s.l) and extremely active volcanoes (e.g., Peteroa, 4,113 m a.s.l).
According to Sagredo and Lowell (2012), ice masses in the Central Andes of Chile and Argentina can be climatically arranged in two latitudinal-distributed groups. A first northern group located around 30°–31°S with precipitation (∼300 mm/yr) evenly distributed throughout the year (slightly higher during the winter months) and with the coldest mean annual temperatures reported for the Andes (ca. −4.5°C). In the second group of glaciers, located between ca. 32° and 37°S, precipitation is concentrated during the austral winter months (∼700 mm/yr) and mean annual temperatures are around 0°C (Sagredo and Lowell, 2012). The snowline along the Andes decreases from ∼5,000 to ∼3,200 m a.s.l. from north to south (Nogami, 1972). South of 35°S, the mean elevation of the Cordillera decreases with latitude, and the glacier area is comparatively smaller than further north (Zalazar et al., 2020).
A total of seven large hydrological basins were delimited in the Central Andes of Argentina. From north to south they are: the San Juan, Mendoza, Tunuyán, Diamante, Atuel, Llancanelo and Colorado rivers basins (Figure 1). The San Juan basin is the northernmost catchment (30–32°S) with one of the highest summits in the region, the Cerro Mercedario (6,770 m a.s.l). Further south, the Mendoza river basin (32–33°S), contain the highest peak of the Americas, the Cerro Aconcagua (6,961 m a.s.l.). The two better studied surging glaciers in Argentina, the Horcones Inferior and Grande del Nevado glaciers, are also located in this basin (Pitte et al., 2016). The Tunuyán river basin (33–34°S), contains the San Jose volcano (6,070 m a.s.l.) and, together with the Mendoza basin, contain the two of the most important irrigated “oases” and the largest population centers east of the Central Andes in Argentina. The Diamante river basin (around 34°S) contains the Maipo volcano (5,318 m a.s.l.) and a large high elevation lagoon at its base. Further south, in the Atuel river basin (34–35°S), historical documents indicate that the Humo glacier retreated approximately 3.2 km between 1914 and 1947 (Cobos and Boninsegna, 1983), showing one of the largest glacial retreats documented during the first half of the 20th century in the region. The headwaters of the Llancanelo basin (35°S) are situated along a small mountain range to the east of the main Cordillera. In the Colorado river basin (34–37°S), the mass balance of the Azufre glacier has been monitored since 2017 using the glaciological method (Pitte et al., 2018). South of 35°S in the Colorado river basin the presence of ice masses is mostly associated with volcanoes such as the Tromen (4,114 m a.s.l.) and the Domuyo (4,702 m a.s.l.).
[image: Figure 1]FIGURE 1 | (A) Map of the main river basins in the Central Andes of Argentina. (B–G) Some examples of the ice masses that can be found in this region (B) The Calingasta rock glacier, San Juan basin. (C) Thermokarst in a debris-covered glacier, Mendoza basin. (D) Proglacial stream and ice front of the Tunuyán glacier, the largest glacier in the Central Andes of Argentina. Note the debris cover at the glacier surface, Tunuyán basin. (E) Clean ice glaciers and perennial snowfields in the Maipo volcano area, Diamante basin. (F) The Azufre glacier, Colorado basin. Since 2010 the glacier is partially covered by a thin layer of ash due to the eruption of the neighboring Peteroa volcano. (G) Debris-covered ice with rock glacier, Llancanelo basin. (Photos: M. Castro, IANIGLA).
DATA AND METHODS
Glacier Inventory Datasets
National Glacier Inventory of Argentina
The NGI of Argentina targeted different ice masses that represent strategic water reserves according to the National Law 26,639 (Zalazar et al., 2020) and includes: glaciers (both clean ice and debris-covered ice), glacierets or perennial snowfields and rock glaciers (active and inactive). Following international guidelines, the minimum area for an ice mass to be included in the NGI was 0.01 km2 (Paul et al., 2009; RGI Consortium, 2017b). In the Central Andes of Argentina, the NGI was based on medium spatial resolution satellite images such as ASTER (28 scenes), ALOS-AVNIR (20 scenes) and LANDSAT 5 (1 scene) acquired between 2007 and 2011. A supervised classification was applied to the selected images to detect and delineate clean ice and perennial snowfields. Debris-covered ice and rock glaciers were delimited by visual interpretation and manual digitization. High resolution images were also used to improve the delineations (e.g. ALOS-PRISM, CBERS-HRC and Google Earth). The classification and morphological parameters of each ice mass are included into a database with a total of 38 attributes following international guidelines (UNESCO-IASH, 1970; Rau et al., 2005). The NGI includes an additional category termed “debris-covered ice with rock glacier” that represents a transitional phase where debris-covered ice gradually transforms into rock glaciers with no clear boundary between these surfaces (Zalazar et al., 2020). Additional fields were added to classify rock glaciers considering their origin, activity, form and structure. To improve the mapping quality and assess the activity of rock glaciers, a total of 598 ice masses where directly surveyed in the field during austral summers from 2012 to 2015. See Zalazar et al. (2020) for more details on materials and methods used in the NGI.
In this study, an additional field was included in the dataset to account for the percentage of debris-cover. This classification ranges from 0% for debris free glaciers, 10–50% for partly debris-covered ice (Figure 2A), 50–90% for mostly debris-covered ice and >90% for completely debris-covered ice. The same classification was used for “debris-covered ice with rock glacier” category (Figures 2B,C). Rock glaciers are considered as an independent category, completely covered by debris with no visible ice on the surface (Figure 2D).
[image: Figure 2]FIGURE 2 | Examples of ice masses showing the wide range of debris coverage that can be found in the study area. (A) Partly debris-covered glacier (8%) in the Atuel basin. (B) Partly debris-covered ice with rock glacier (30% debris coverage) in the San Juan basin. (C) Completely debris-covered ice with rock glacier (90% debris) in the Tunuyán basin. (D) Rock glacier (considered 100% covered by debris) in the Mendoza basin.fx.
Randoph Glacier Inventory
The RGI data were obtained from the GLIMS’s website https://www.glims.org/. We used the RGI version 6.0 (hereafter RGI) to compare with the NGI outlines. According to the RGI documentation, the glacier outlines for the Central Andes were created from Landsat seven ETM + imagery acquired between 2000 and 2003. Version 6.0 includes some upgrades such as images of better quality to reduce the presence of seasonal snow. However, the ice cover for this region may still be overestimated (RGI Consortium, 2017). It is also important to note that rock glaciers are not explicitly included in this dataset as the main focus of the RGI is to provide a near global picture of glaciers for large-scale assessments.
Geodetic Mass Balance Dataset
Ice mass changes for the periods 2000–2018, 2000–2009 and 2009–2018, were calculated using the “ASTER monitoring of Ice towards eXtinction” geodetic method (hereafter the ASTERIX method, Dussaillant et al., 2019), for both the NGI and the RGI inventories. Individual glacier mass balance rates reported here for the RGI are the same as those reported by Dussaillant et al. (2019). Results for the NGI inventory were calculated from the original ASTERIX elevation change grids using the newer outlines. The ASTERIX method calculates surface elevation changes using times series of digital elevation models (DEMs) obtained from Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) stereo images (Wang and Kääb, 2015; Berthier et al., 2016). This methodology has been validated in different glaciated regions of the world with different climatic contexts and glacier types (Brun et al., 2017; Berthier et al., 2018; Menounos et al., 2019) including the Andes (Dussaillant et al., 2018). ASTERIX elevation changes rates in the Central Andes were derived from a mean for 26 DEMs, with 92% of the total glacierized area covered with valid elevation change measurements. Mass balance rates were estimated for every individual ice mass using the local hypsometric approach (McNabb et al., 2019) over 100 m elevation bands. Data gaps in the elevation change grids were filled on an individual ice mass basis using the mean rate of elevation change of the corresponding elevation bin. Elevation change outliers were also excluded and replaced by the mean elevation change of every bin. The glacier-wide volume change rate was calculated as the sum of the mean elevation changes multiplied by the area of each elevation band. The corresponding mass balance rates were computed assuming a volume to mass conversion factor of 850 ± 60 kg m−3 (Huss, 2013). Uncertainty on the glacier mass balance is calculated as a random error derived from three independent sources: the uncertainties in the rate of elevation change, the volume-to-mass-conversion factor and the glacierized area (Rolstad et al., 2009; Fischer et al., 2015). For larger regions (e.g., basin-wide or region-wide), the mass balance rates were calculated as the area weighted sum of all ice masses contained in the basin/region. The few ice masses with no valid elevation change rates, and thus presenting no mass balance rate estimate (5% of glacier covering only 1% of the total glacier surface), were assumed to respond with the regional mean mass balance rate. As in Dussaillant et al. (2019), the regional uncertainty was calculated as the quadratic sum of the regional random and triangulation uncertainty, both calculated considering all glaciers as one ice body. For more details in the methodology and uncertainty assessment of the ASTERIX elevation change grids used here we refer the reader to Dussaillant et al. (2019).
RESULTS
Characteristics of Ice Masses in the Central Andes
The NGI in the Central Andes of Argentina includes a total of 8,076 ice masses covering 1767 km2 (Figure 3). This is the largest number of ice masses per region in the Argentinean Andes, and the second largest area covered by glaciers after the Southern Patagonia Andes (Zalazar et al., 2020). In terms of numbers, the most abundant type of ice masses are rock glaciers (68%). This region constitutes one of the places where rock glaciers are most abundant worldwide (Brenning, 2005; Blöthe et al., 2019). The majority (86%) of these rock glaciers were classified as active and 14% as inactive. The second most abundant category are perennial snowfields (20%) followed by glaciers (includes mountain and valley type glaciers) with a 12%. In terms of area, however, glaciers occupy 65% of the total, followed by rock glaciers (31%) and perennial snowfields (4%).
[image: Figure 3]FIGURE 3 | Inventory of ice masses in the Central Andes of Argentina. (A) Distribution and number of ice masses according to their size. (B) Hypsometry of the different types of ice masses. (C) Mean elevation and aspect of the ice masses in the different river basins.
Most of the ice masses presented in this region are smaller than 1 km2 (96%), half of them with areas between 0.01 and 0.05 km2. The number of ice masses decreases markedly as size increases; only 14 ice masses cover 16% of the total inventoried area (Figure 3A). The largest ice masses correspond to valley glaciers that in some cases can reach areas of 10–60 km2, lengths of 10–18 km, and a vertical gradient of up to 2,500 m. Most of the tongues of the valley glaciers are debris-covered, or “debris-covered with rock glacier.” The largest rock glaciers in Argentina were identified in this region, reaching in some cases over 2 km2. The ice masses in the study region range between 2,600–2,800 and 6,700–6,800 m a.s.l., but the largest amount of ice is concentrated around 4,500 m a.s.l (Figure 3B). This wide altitudinal range is related to the high elevation of the Andes at these latitudes. The region hosts the highest ice bodies in the Americas (6,700–6,800 m a.s.l.), i.e. the hanging glaciers on the south face of Cerro Aconcagua. Some perennial snowfields and the accumulation areas of valley glaciers also reach high altitudes. In general, the northernmost basins (San Juan, Mendoza and Tunuyán) contain the highest glaciers and rock glaciers (Figure 3C). The ice masses with the lowest elevations (2,600–2,800 m a.s.l.) correspond to inactive rock glaciers and some perennial snowfields. These low elevations are recorded at the southernmost part of the region, where the Andes gradually decrease in elevation but receive larger amounts of precipitation. The San Juan, Mendoza and Tunuyán river basins also contain the largest ice masses and the greatest concentration of rock glaciers in this region. Similar to other Andean regions, ice masses are usually more frequent on the south and south-east facing slopes, where snow persistence is favored by the lower insolation compared to those facing to the north. The ice masses mean elevation in relation to the aspect indicates that northeast and northwest oriented ice masses show the highest elevations, while those on the southern and southeastern slopes reach the lowest altitudes (Figure 3C).
Debris-covered ice is an important characteristic of this region: 59% of the total inventoried area presents some degree of debris coverage (Figure 4; Table 1). Only 10% of the inventoried area corresponds to clean ice or perennial snowfields with no debris coverage. The remaining 31% corresponds to rock glaciers. It is interesting to note that the most common type of ice mass and the percentage of debris coverage also change with latitude (Table 1; Figure 4). The percentage of area covered by debris and by rock glaciers show a generalized decrease from north to south, with the exception of Llancanelo basin. The highest percentage of rock glaciers (53%) occurs at the northernmost San Juan basin (between ca. 30° and 32°S). Further south in the Mendoza, Tunuyán and Diamante basins (ca. 32°–34°), debris-covered ice and rock glaciers are still dominant, but the percentages of clean ice glaciers (including glaciers and perennial snowfields) increases in comparison with the northern San Juan basin. From the Atuel basin to the south (ca. 34°-35°S), the proportions of clean ice glaciers and snowfields increase markedly. This is also true for the southernmost Colorado basin (34°–37°S) which limits with the northern Patagonian Andes. Located in a drier environment east of the Colorado basin, the Llancanelo basin does not fit this regional pattern (Figure 1). The lowest elevation and the lowest humidity from the west that reaches this basin result in a much larger proportion of rock glaciers and “debris-covered ice with rock glacier” category, which represents the 98% of the total inventoried area. This basin presents characteristics more similar to those recorded in the northern part of the study area, where rock glaciers are also predominant.
[image: Figure 4]FIGURE 4 | Different debris coverage in glaciers and rock glaciers in the Central Andes basins of Argentina. “Debris-covered ice with rock glacier” corresponds to the new category included in the NGI of Argentina.
TABLE 1 | Glacier area for different types and debris coverage in the main river basins of the Central Andes of Argentina. Percentages refer to total glacier area (all types) in each basin.
[image: Table 1]Ice Mass Loss in the Central Andes of Argentina
Based on the ASTERIX methodology and the NGI dataset we found a thinning trend of the ice surface in the Central Andes during the period 2000–2018, with a regional mean mass balance rate of −0.18 ± 0.19 m w.e. yr−1. From all ice masses, partly debris-covered glaciers and clean ice glaciers exhibited the most negative mass balance rates (−0.36 ± 0.19 and −0.31 ± 0.19 m w.e. yr−1, respectively). Contrarily, mostly debris-covered glaciers, completely debris-covered and rock glaciers, underwent considerably lower mass losses and slightly negative or stable mass balances rates (−0.12 ± 0.18, −0.07 ± 0.19 and −0.02 ± 0.19 m w.e. yr−1, respectively; Figure 5A). The strongest negative mass balance rates of −0.56 ± 0.20 m w.e. yr−1 resulted in the Colorado basin. In contrast, the less negative mass balance rates of −0.08 ± 0.18 m w.e. yr−1 were registered in the San Juan river basin. This suggest a general latitudinal pattern with a southern increase in ice mass loss, mirroring the increase of clean ice surface. The Llancanelo basin is the only exception to this latitudinal pattern, probably a consequence of the predominance of debris-covered glaciers and rock glaciers at this location (Figure 5B).
[image: Figure 5]FIGURE 5 | (A) Mass balance rates for different ice masses based on the percentage of debris coverage for the period 2000–2018 and for the sub-periods 2000–2009 and 2009–2018. (B) Mass balance rates averaged for the main river basins in the study area.
An evident inter-decadal shift in mass balance rates was recorded for the region (Figure 5). During the 2000–2009 decade, regional mass balance rates were slightly positive, reaching +0.12 ± 0.23 m w.e. yr−1. Positive mass balance rates are consistent for all basins except for Llancanelo (−0.17 ± 0.25 m w. e. yr−1, Figure 5B). Similarly, almost all the independent ice mass types experienced positive mass balance rates during this period, except for the completely debris-covered glaciers, registering a close to zero mass balance rate of −0.09 ± 0.22 m w.e. yr−1 (Figure 5A).
A notable change in this pattern was observed for the 2009–2018 decade, with all ice masses shifting towards more negative mass balance rates (Figure 5), and a mean regional mass loss of −0.21 ± 0.30 m w.e. yr−1. Clean ice glaciers and partly debris-covered glaciers experienced the largest mass losses, amounting to −0.53 ± 0.26 and −0.53 ± 0.21 m w.e. yr−1 respectively. Conversely, completely debris-covered with rock glaciers and rock glaciers showed slightly positive mass balance rates of +0.05 ± 0.22 and +0.07 ± 0.21 m w.e. yr−1, respectively. During this period nearly all basins in the Argentinean Central Andes showed consistent negative glacier mass balance rates, again with the exception of the Llancanelo basin, presenting positive rates of +0.12 ± 0.26 m w.e. yr−1 (Figure 5B). Examples of the changes in elevation maps for the long period 2000–2018 and the two sub-periods can be observed in Figure 6 for three different glacier subsets located in different basins. A clear trend from positive to negative changes in elevation rates between decades can be readily observed for the three subsets.
[image: Figure 6]FIGURE 6 | Examples of elevation changes in different areas of the Central Andes for different sub-periods. NGI glacier outlines are shown in black lines. (A) Small mountain glaciers and perennial snowfields in San Juan basin. (B) Large valley glaciers in Mendoza basin, some of them classify as surging glaciers. (C) Mountain and valley glaciers in Atuel basin.
The mass balances of some prominent glaciers in the Central Andes of Argentina are shown in Table 2. The list includes some of the ice masses with the largest overall lowering rates in the region as the Azufre, Peñón and Grande del Nevado glaciers. During the complete period 2000–2018, the Azufre and Peñón glaciers lost −1.5 ± 0.15 and −1.4 ± 0.13 m w.e. yr−1, respectively (Table 2). The Grande del Nevado glacier, a well-documented surging glacier (Helbling, 1935; Pitte et al., 2016), also experienced a strong negative mass balance. Its last surging event was registered during 2006-2007, concurrent with the decade (2000–2009) of positive mass balances across the Central Andes. Afterwards, a general down-wasting was observed during the 2009–2018 period (−0.97 ± 0.16 m w.e. yr−1), related to a quiescent phase of this glacier (Pitte et al., 2016). The mass balance rates for the surging glaciers in this region during the period 2000–2018 was −0.30 ± 0.19 m w.e. yr−1. This mean value is more negative but not statistically different than the mean recorded for the non-surging glaciers (−0.17 ± 0.19 m w. e. yr−1) over the same period in this region. Elevation changes for several of the surging glaciers listed in Table 2 are depicted in Figure 6B.
TABLE 2 | Mass balance rates calculated for particular ice masses with different percentages of debris coverage.
[image: Table 2]Differences between the National Glacier Inventory and Randolph Glacier Inventory Datasets
In the Central Andes of Argentina, the RGI version 6.0 contains 1,135 glaciers covering a total area of 1,085 km2. In total, 6,941 more ice masses and 682 km2 of inventoried area were identified in the NGI (Figure 7A). For example, in the San Juan river basin alone, the NGI recorded 3,810 ice masses (i.e., 47% of the total number of units in the entire region), almost three times more units than those represented in the RGI (Figure 7B). As for the glacierized area, the RGI seems to have overestimated the glacier surface in some particular locations probably due to the use of scenes with presence of seasonal snow and the inclusion of some outcrops and avalanche contributing areas. Most of the glacier areas that were not included in the RGI correspond mostly to rock glaciers (69% of the area). The remaining 31% of the areal discrepancies between the NGI and the RGI corresponds to the lower tongues of valley glaciers, mainly the category “debris-covered ice with rock glacier,” and some mountain glaciers and perennial snowfields. Comparing the inventoried areas for each basin, the larger differences occur in the San Juan and Mendoza basins, where rock glaciers are more frequent (Figure 7B). Further south, debris-covered ice and rock glaciers are less extensive and the differences between the inventoried areas in the RGI and NGI are smaller. As mentioned above, 98% of the area inventoried in the Llancanelo basin corresponds to rock glaciers and “debris-covered ice with rock glacier” category, and the RGI does not include ice masses in this basin.
[image: Figure 7]FIGURE 7 | (A) Comparison of results from the RGI version 6.0 and NGI for the main river basins in the study area: San Juan (SJ), Mendoza (MDZ), Tunuyán (TU), Diamante (DI), Atuel (ATU), Colorado (CO) and Llancanelo (LL). (B) Example from the San Juan river basin showing the differences in glacier outlines between the RGI and the NGI.
Despite the differences in area and number of ice masses recorded in the RGI and NGI datasets, the geodetic mass balances calculated for both inventories are in good agreement (Figure 8 and Table 2). The regional mass balance rate for the period 2000–2018 for the RGI (−0.26 ± 0.16 m w.e. yr−1) is only slightly more negative than the regional mass balance obtained with the NGI (−0.18 ± 0.19 m w.e. yr−1). Similarly as reported for the NGI a moderate positive regional mass balance rate is observed for the RGI (+0.16 ± 0.23 m w.e. yr−1) during the 2000–2009 decade, with a marked shift towards more negative mass balance rates for the next decade 2009–2018 (−0.35 ± 0.21 m w.e. yr−1).
[image: Figure 8]FIGURE 8 | Different mass balance rates in the Central Andes ice masses based on the NGI and RGI version 6.0 inventories.
Since glaciers in the RGI are not classified by ice mass type (i.e., debris coverage, rock glaciers, etc.) it is not possible to compare the changes in ice surface elevations using these parameters. At the watershed level, mass losses in the RGI show a general agreement with those recorded in the NGI (Figure 8), with an increase in thinning rates from north to south, and with the southernmost basins showing the most negative mass balance rates. Differently to the NGI inventory, the most negative mass balance rates over the period 2000–2018 correspond to the Atuel basin with −0.70 ± 0.19 m w.e. yr−1. Inter-decadal mass balance rates for both inventories are presented in Figure 8. As expected, the main discrepancies between estimates occur in the basins where the differences in the total inventoried areas are larger. In the San Juan and Mendoza basins, where inventoried area in the NGI is more than two times larger than in the RGI, most of the differences correspond to the rock glacier and “debris-covered ice with rock glacier” category (Table 3).
TABLE 3 | Mass balance rates calculated for the main river basins using the RGI version 6.0 and NGI datasets and different time periods.
[image: Table 3]DISCUSSION
Debris-Covered Ice
In the Argentinean Central Andes, the NGI confirms the presence of a high number of ice masses with a significant percentage of debris coverage (59% of the total inventoried area). The NGI also includes a new category for complex ice masses that represents a transition between debris-covered ice and rock glaciers (Zalazar et al., 2020). Although other studies identifying these complex forms are available (Janke et al., 2015; Monnier and Kinnard, 2015), the discussion on the delineation and classification of these interesting yet complex ice masses is still poorly documented and more detailed investigations are required. Nonetheless, the inclusion of different types of ice masses in the NGI allows for new analyses and studies that consider their particular characteristics and can facilitate our understanding of how they have reacted and may probably react to the ongoing climate changes.
Mass Balance Rate Vs. Debris Coverage
In the Central Andes of Argentina the different types of ice masses experienced dissimilar mass balance rates that are largely dependent on their degree of debris coverage. Partly debris-covered ice underwent the most significant downwasting in all basins, followed by clean ice glaciers and perennial snowfields. This behavior is consistent with that observed by Fyffe et al. (2019) over glaciers in the Italian Alps, where debris-covered glaciers showed the highest melt rates compared to clean and dirty-ice glaciers. El Peñón and Azufre glaciers recorded the greatest mass losses of the studied region, (Table 2). Both glaciers are located in the vicinity of the active Peteroa volcano crater (4,133 m a.s.l.), which has emitted fine particulates throughout the surrounding area in repeated occasions since 2010 (Haller and Risso, 2011; Aguilera et al., 2015). The thin layer of ash from this volcano has probably decreased the albedo of the ice surfaces, favoring the pronounced ablation recorded in these glaciers.
For glacier complexes in transition from debris-covered ice to rock glacier and rock glaciers, changes in volume were minor or stable over the study periods. Both categories are assumed to have a thicker debris layer that protect ice from ablation. Three different complex ice masses are shown in Figure 9. In their upper parts, they present clean ice evolving into debris-covered ice and rock glaciers (where characteristic features as furrows and ridges are visible on the lowermost reaches). From inspection of satellite images, they look similar to others debris-covered ice masses where debris increases in thickness toward their snouts (Rounce et al., 2018). For these particular cases, little or no change was observed in mass balance rates at their fronts during the period 2000–2018 (Figures 9A–C). However, we observe that the highest thinning rates (up to −2 m/year) were concentrated in areas with a thin layer of supraglacial till or dirty ice. This thinning can be observed in the three examples, although it is more remarkable in the glacier located at the Tunuyán basin (Figure 9A). This behavior is similar to that previously observed over ice masses in the Tien Shan, were most of the surface lowering also occurred in the transitional zone or “ice-debris complexes” (Bolch et al., 2019). This last study also evidences more stable mass balance rates in areas with thick debris coverage in transition to rock glaciers.
[image: Figure 9]FIGURE 9 | Different examples of “debris-covered ice with rock glacier” category (upper row) in (A) Tunuyán, (B) San Juan and (C) Mendoza basins and the corresponding rate of elevation changes from 2000 to 2018 (lower row).
Our results show a clear temporal difference in mass balance rates over the last 2 decades. During the first decade of the 21st century (2000–2009) most of the ice masses showed relatively stable and even positive mass balance rates markedly changing to overall negative mass balance rates after 2009. The direct mass balance measurements at the Echaurren Norte glacier in Central Chile are consistent with this regional pattern, showing almost balanced conditions during the first decade of the 21st century and consistently negative balances after 2009 (Masiokas et al., 2016; Farías-Barahona et al., 2019; WGMS, 2020). Other glaciers in the region showed minor re-advances and increased surging activity during the wetter and colder first decade of the 21st century (Masiokas et al., 2009; Pitte et al., 2016; Falaschi et al., 2018a). The marked increase in ice mass loss that occurred afterwards has been related to the decrease in snow accumulation over the Andes, a phenomenon that started around 2010 as is still affecting the ice masses and water resources in this semiarid region (Garreaud et al., 2017; Rivera et al., 2017; Masiokas et al., 2019).
All ice masses play an important role in Central Andes hydrology, contributing to streamflow especially during the driest years (Schaffer et al., 2019). According to our results, the ice masses that most contributed to the runoff of the main rivers of the Central Andes during the period 2009–2018 were clean ice glaciers (−0.53 ± 0.26 m w.e. yr−1) and partly debris-covered glaciers (−0.53 ± 0.21 m w.e. yr−1). Conversely, most of the “debris-covered ice with rock glacier” and rock glaciers, underwent an almost zero mass balance rate (+0.05 ± 0.22 and +0.07 ± 0.21 m w.e. yr−1) during the same period. Rock glaciers constitute an important long-term water reservoir in semiarid regions, with a large buffer capacity (Halla et al., 2020). Given their inherent characteristics, rock glaciers and completely debris-covered glaciers appear to be climatically more resilient than clean ice glaciers, suggesting that their importance as water storages will increase as climate warming continues in the Central Andes (Jones et al., 2018; Jones et al., 2019). This aspect is particularly important for the Central Andes of Argentina, because of the great variety and abundance of rock glaciers. Studies quantifying the role of the different ice masses are increasing rapidly, however, direct quantitative estimations of ice content and hydrological contribution of rock glaciers are still scarce in this region. Given the persistent drought conditions in the Central Andes, further research is clearly and urgently needed on this issue (Schaffer et al., 2019).
Understanding the correlation between debris coverage and mass balance changes is still a topic of active research and discussion. Indeed, Brun et al. (2019) did not observe systematic differences between clean ice glaciers and debris-covered glaciers in terms of glacier mass balances rates over High Mountain Asia glaciers. However, they suggest that the influence of debris-cover on glacier mass balances should be tested on a large number of glaciers and in different regions of the world. Our study represents a first attempt to address this issue in the Central Andes of Argentina, providing evidence for a discernible reduction in ice mass loss with increasing percentages of debris coverage in the different ice masses.
Differences in Geodetic Mass Balance Depending on the Inventory
Our study detected notable differences in the number of ice masses and the total area covered by the NGI and the RGI version 6.0. However, the differences in mass balance rates over the period 2000–2018 between the two products are negligible (i.e., −0.08 m w.e. yr−1, which is within our uncertainty level). Nonetheless, a tendency towards comparatively more negative mass balance rates could be discerned in the RGI estimates. This pattern appears to be related to the fact that the RGI includes mostly clean ice glaciers, which represent one of the categories with the highest surface lowering over the period 2000–2018. As mentioned above, most of non-mapped units in the RGI correspond to the rock glaciers and “debris-covered ice with rock glacier” categories, which are the ones with the lowest thinning rates in the region. The different acquisition dates of the satellite imagery used to create the inventories may also account for the differences observed between the RGI and the NGI. The RGI used satellite imagery acquired between 2000 and 2003, prior to the acquisition of the images used in the NGI (images from 2007 to 2011). Despite these differences, it should also be noted that for basins with similar inventoried areas, the differences in mass balance between the NGI and RGI are minimal. The absence of successive inventories for this region hamper to account for area changes in the mass balance rate estimation. We estimate the area change impact on mass balance using a 0.5% annual area change rate estimated for the Andes (Vaughan et al., 2013). The corresponding sensitivity to mass balance rates was smaller than 0.01 m w.e. yr−1, a value far below our uncertainty estimates. Therefore, we assume that area changes are negligible for regional assessment of glacier mass balance in this region during the studied period. Nevertheless, successive inventories of ice masses in this region are needed to improve these first rough estimations and better account for areal changes in the mass balance changes in this region.
CONCLUSIONS
The Central Andes of Argentina host a vast number and diversity of glaciers, rock glaciers and perennial snowfields. The results discussed above are largely based on the recently published National Glacier Inventory of Argentina (NGI), which identified 8,076 ice masses covering 1767 km2 in this region. More than half (59%) of the inventoried area presents some degree of debris coverage and the region also records an abundant number and variety of rock glaciers (68% of the total number).
A general surface lowering of the ice masses was observed during the period 2000–2018 (mass balance rate: −0.18 ± 0.19 m w.e. yr−1). From 2000 to 2009 the mean regional mass balance rates were +0.12 ± 0.23 m w.e. yr−1, switching to negative rates (−0.21 ± 0.30 m w.e. yr−1) during the next decade 2009–2018. In general, the ice masses that experienced the most negative mass balance rates from 2000 to 2018 were partly debris-covered glaciers (−0.36 ± 0.19 m w.e. yr−1) and clean ice glaciers (−0.31 ± 0.19 m w.e. yr−1). On the other hand, completely debris-covered glaciers and rock glaciers showed almost zero mass balance rates (−0.07 ± 0.19 and −0.02 ± 0.19 m w.e. yr−1, respectively). The basins with the most negative mass balance rates are those located further south in the Central Andes, which is consistent with the lowest percentage of debris-covered ice and/or rock glaciers. Despite these findings, there is still a need for studies that quantify the ice content of rock glaciers and their hydrological contribution to streamflows.
Compared to global inventories such as the RGI, the NGI provides more detailed information regarding different type of ice masses (“debris-covered ice with rock glacier” and rock glaciers). Due to the inclusion of these ice masses in the NGI, the mass balance rates were slightly less negative than when using the RGI. In view of these findings, the ongoing updating activities of the NGI will allow the analysis of the temporal changes in the ice surface and also the evolution of the different types of debris-covered glaciers in this region in response to the recent climate changes.
More frequent long-term droughts such as the current mega-drought are predicted for the future in the Central Andes of Argentina and Chile. Understanding the climatic response of all the different ice masses and quantify their hydrological contributions to streamflows will be crucial for determining the availability of water reserves for the populations adjacent to the Central Andes.
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