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We present a satellite-derived glacier inventory for the whole Patagonian Andes south of 45. 5°S and Tierra del Fuego including recent changes. Landsat TM/ETM+ and OLI satellite scenes were used to detect changes in the glacierized area between 1986, 2005 and 2016 for all of the 11,209 inventoried glaciers using a semi-automated procedure. Additionally we used geomorphological evidence, such as moraines and trimlines to determine the glacierized area during the Little Ice Age for almost 90% of the total glacierized area. Within the last ~150 years the glacierized area was reduced from 28,091 ± 890 km2 to 22,636 ± 905 km2, marking an absolute area loss of 5,455 ± 1,269 km2 (19.4 ± 4.5%). For the whole study region, the annual area decrease was moderate until 1986 with 0.10 ± 0.04% a−1. Afterwards the area reduction increased, reaching annual values of 0.33 ± 0.28% a−1 and 0.25 ± 0.50% a−1 for the periods of 1986–2005 and 2005–2016, respectively. There is a high variability of change rates throughout the Patagonian Andes. Small glaciers, especially in the north of the Northern Patagonian Icefield (NPI) and between the latter and the Southern Patagonian Icefield (SPI) had over all periods the highest rates of shrinkage, exceeding 0.92 ± 1.22% a−1 during 2005–2016. In the mountain range of the Cordillera Darwin (CD), and also accounting for small ice fields south of 52°S, highest rates of shrinkage occurred during 1986–2005, reaching values up to 0.45 ± 0.23% a−1, but decreased during the 2005–2016 period. Across the Andean main crest, the eastern parts of the NPI, SPI and adjoined glaciers had in absolute values the highest area reduction exceeding 2,145 ± 486 km2 since the LIA. Large calving glaciers show a smaller relative decrease rate compared to land-terminating glaciers but account for the most absolute area loss. In general, glacier shrinkage is dependent on latitude, the initial glacier area, the environment of the glacial tongue (calving or non-calving glaciers) and in parts by glacial aspect.
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INTRODUCTION

The climate of southwest Patagonia is heavily influenced by the straight zonal band of Westerlies from the Pacific Ocean (Garreaud et al., 2013; Lenaerts et al., 2014). The mountains of the southern Andes form an orographic obstacle perpendicular to the prevalent atmospheric flow. This generates an uplift of humid air masses which results in extreme amounts of precipitation at the windward side of the orogen (Schneider et al., 2003; Smith and Evans, 2007). Accordingly, precipitation on the western side can exceed up to 10,000 mm a−1 (Carrasco et al., 2000; Schneider et al., 2003), whereas the amount rapidly decreases within a distance of ~50–150 km eastwards to <500 mm a−1, thus forming a steep west-east gradient (Carrasco et al., 2002) (Figure 1). The vicinity of the Pacific Ocean causes moderate temperatures, yet the vast precipitation rate nourishes many glaciers, constituting the largest temperate ice bodies in the Southern Hemisphere outside the Polar Regions (Aniya, 2013). The main ice bodies of South America, the Northern Patagonian Icefield (NPI) and the Southern Patagonian Icefield (SPI), cover an area of about 4,200 and 13,000 km2, respectively (Aniya, 1988; Aniya et al., 1992). For both ice fields a continuous retreat has been reported in several studies, except for some unusual advances e.g., by glacier Pío XI (Rivera et al., 1997, 2007; Masiokas et al., 2009b and references therein; Lopez et al., 2010). The 76 major outlet glaciers of the NPI and the SPI typically descent to sea level and are frequently calving into fjords in the west and into lakes to the east, with extraordinary flow velocities up to several km a−1 (Sakakibara and Sugiyama, 2014). The tidewater—and lacustrine-calving outlet glaciers are frequently used as indicators of climate change, although they are subject to the influence of more complex glacial—and geomorphologic features leading to an asynchronous behavior (Lopez et al., 2010; Sakakibara and Sugiyama, 2014).
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FIGURE 1. Location of the investigated glacierized area of the Patagonian Andes and Tierra del Fuego with its main ice bodies: Northern Patagonian Icefield (NPI), Southern Patagonian Icefield (SPI), Gran Campo Nevado (GCN), the Cordillera Darwin (CD), and smaller ice bodies: (A) Cerro Erasmo (CE) (B) Monte San Lorenzo (MSL) (C) Sierre de Sangra (SD) (D) Cordillera Sarmiento (CS) (E) Isla Santa Inés (ISI) (F) Isla Hostle (IH). Many glaciers are covered with volcanic deposits due to the eruption of Cerro Hudson in 1991 (red). The high relief energy, displayed by the height transects (A–D) transverse to the Andean range and alongside the Cordillera Darwin, leads to high precipitation amounts on the windward side. Eastward of the main ridge, precipitation is rapidly decreasing (Meteorol. data from the Argentinian and Chilean Meteorological Services, lakes from Messager et al., 2016).



The Federal initiatives of Argentina and Chile document the need for a detailed glacier inventory on a national and/or regional scale that does not only focus on the already well-epresented major ice fields. Glaciers of NPI and SPI solely make up 20% of the total number of 9,429 glaciers (Randolph Glacier Inventory: RGI 6.0) south of 45.5°S (Pfeffer et al., 2014; Randolph Glacier Inventory Consortium, 2017). As the NPI and SPI cover almost 65% of the total glacierized area of southern South America, their contribution to sea level rise is one of the most substantial outside the ice sheets of Greenland and Antarctica (Rignot et al., 2003; Glasser et al., 2011; Malz et al., 2018). Recently, Malz et al. (2018) reported that the SPI solely contributes to the global sea level rise between 2000 and 2015/16 with a mass loss rate equivalent to 0.033 ± 0.006 mm a−1. Geodetic mass balance calculations, as performed by Dussaillant et al. (2018) for the NPI and Malz et al. (2018) for the SPI, require a precise knowledge of the glacial extent. Though the Randolph Glacier Inventory (Pfeffer et al., 2014; Randolph Glacier Inventory Consortium, 2017) is the globally most complete glacier dataset, its accuracy is highly variable and small ice bodies are underrepresented (e.g., Masiokas et al., 2015). Also for larger glaciers (>10 km2), the glacier outlines and ice divides incorporated in the RGI were not sufficient e.g., for the study of Malz et al. (2018). For this purpose, Dussaillant et al. (2018) had to correct the glacier outlines (taken from the RGI) and ice divides manually, whereas Malz et al. (2018) used an automated mapping approach and also generated new ice divides. Paul and Mölg (2014) named a problematic bias that appears for glacial delineation in the Northern Patagonian Andes from e.g., large amounts of seasonal snow due to the maritime climate and the steep terrain causing widespread cast shadow. Hence, a spatially well-replicated high-resolution dataset of glaciers for the accurate assessment of the regional glacial change in the Southern Andes is still missing.

While studies of individual ice caps (e.g., Rivera and Casassa, 2004; Falaschi et al., 2013) and –fields (Rivera et al., 2007; Schneider et al., 2007; Masiokas et al., 2015) provide a high level of detail, their results are largely incomparable, as they document the state of the local cryosphere at specific points in time, and employ a wealth of methods differing by sensor, approach or thresholds. For example, newly established glacier inventories for the Chilean Andes (Barcaza et al., 2017) performed a glacial change analysis on a small amount of 100 glaciers along a 4,000 km transect for the period 2000–2015 using Landsat TM/ETM+, while Masiokas et al. (2015) report changes of the northeast SPI between 1979 and 2005 using ASTER and ETM+ data for 250 glaciers.

The study of Davies and Glasser (2012) intends to overcome this issue by extrapolating glacier change from the extent during the Little Ice Age (LIA, ~1870 AD) to the actual extent in 2011, covering the area between 41 and 56°S. Based on a sample depth of 640 manually digitized glaciers, a total area loss of 4,131 km2 since the LIA was calculated. With 60% of the studied glaciers being outlet glaciers of the major ice fields, the study focuses on the area change of the large glaciers, whereas observed change rates of medium—to small glaciers may be subject to a considerable uncertainty. Additionally, smaller glaciers (<0.1 km2) were not investigated by Davies and Glasser (2012) and change analysis for 20% of the total glacier number (RGI 6.0) was performed. Consequently, their derived LIA extents are also based on a pixel resolution of 30 m, which justifies the focus on the larger ice bodies. Based on multiple digitization of six glaciers of the NPI an area uncertainty of ± 2% (Davies and Glasser, 2012) was estimated and used for the whole dataset and the whole studied period. This uncertainty value might be questionable, as the relative area error increases strongly with decreasing glacier area (Fischer et al., 2014). In summary, a comprehensive and unbiased glacier inventory, based upon a uniform set of methods, sensor resolution and investigation periods is still lacking for Patagonia. In order to overcome the existing incomparability of local inventories and covering the whole glacierized area of the Southern Andes, we revised and extended the existing glacier inventories for the Patagonian Andes south of 45.5°S including the Tierra del Fuego (Figure 1). Based on multi-spectral remote sensing techniques glacier outlines were derived in a semi—automated process from Landsat-5 TM, and Landsat-8 OLI. To assess the regional glacier change, the glacier outlines were inferred for almost all glaciers between the periods 1985/1986, 2005/2006, and 2016/2017. For the LIA, the extents of over 2,500 glaciers were compiled by manual digitization using the Landsat data and additionally Sentinel-2 data from the European Space Agency (ESA). This approach provides a better pixel resolution of 10 m compared to the Landsat data with 30 m. We provide a robust error assessment based on a representative sample of the LIA glacier extents, considering the area class specific area uncertainty. Our LIA glacial extents involve almost 90% of the total glacierized area of 1985/86 thus reveling a change rate assessment during the last 150 years for nearly the whole studied area.

METHODS

Glacier Inventory 1986/87, 2005/2006, and 2016/17

Different techniques for an automated glacier delineation using optical satellite imagery have been successfully applied in various glacierized regions (Andreassen et al., 2008; Bolch et al., 2010a,b). These automated methods provide precise, reproducible and consistent results (Paul et al., 2013) and are well-suited for the examination of larger geographical areas. Since glacier mapping requires as a prerequisite a low surface coverage with seasonal snow and optical sensors are restricted by cloud cover, the availability of suitable satellite scenes from the end of the ablation period is limited. In addition, a small solar altitude angle or inconvenient azimuth angle combined with steep terrain resulting in cast shadows hamper an automated mapping approach. Hence, multiple Landsat satellite scenes for the same periods served as a baseline for our semi-automatic multi-temporal mapping between the periods 1986/87, 2005/2006, and 2016/2017. We used both, Landsat-5 TM and Landsat-8 OLI scenes from the United States Geological Survey (level 1T) for the semi-automated mapping. Due to the failure of the scan line corrector (SLC) the Landsat-7 ETM+ data were not used for the automated approach but serve frequently as well as the Sentinal-2 images as auxiliary data for manual improvement of the outlines, e.g., in shadowed regions (Figure 2c) and for seasonal snow.
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FIGURE 2. (a) Landsat-8 OLI false color composite (Bands 6,5,4; acquired 05-03-2016) showing the southern part of the Monte San Lorenzo massive (see Figure 1) in the north east (Peak of MSL at 47°36'S). Vegetation trimlines are clearly visible for larger valley glaciers. Images (b–d) show magnified sub-regions with Sentinel-2 True Color Image (Bands 2,3,4; acquired 16-04-2017). Black lines represent the manually improved glacier outlines derived from the semi-automated glacier delineation of 2016 (threshold of the TM4/TM6 = 1.8). Ice below a debris cover is visible by ice flow pattern and thermocarst processes (b). The semi-automated mapping reveals good results except for shadowed regions. For the latter (c) the original derived outlines (orange) were manually improved. The higher resolution datasets enable the delimitation of several frontal moraine systems (d). In some cases the derived LIA extents from Davies and Glasser (2012) and from this study are very well aligned. But by using better resolved satellite images more LIA glacial extent could be precisely digitized.



Since the period of southern hemispheric summer is overlapping parts of two calendar years, we set the respective time span to the starting date of the summer, thus defining the three periods as 1986, 2005, and 2016. In contrast to the recommended GLIMS threshold of 0.01 km2 as the minimum glacier area (Raup and Khalsa, 2007) we adjusted the minimum threshold in our inventory to ice bodies larger than 0.025 km2 due to (i) the available image resolutions; (ii) a probable misclassification of snow patches; and (iii) a necessary minimum area to detect consistent area changes over the analyzed period.

After re-projecting all scenes to the local UTM zone (18S/19S) for each scene the quality of the orthorectification was checked. Ratio images were calculated by dividing the raw digital numbers for the bands TM3/TM5 (Landsat-5 TM) and TM4/TM6 (Landsat-8 OLI), respectively. The ratio images were converted to a binary image using different threshold values. Starting with a threshold value of 1.0, the value was stepwise increased by 0.1 intervals, ending at a maximum threshold of 3.0. The chosen interval is reasonable since only a few pixel in the outlines change by modifying the threshold by 0.1 (Paul and Hendriks, 2010; Paul et al., 2015). Afterwards, the resulting binary raster was vectorized to generate the glacier polygons without applying any filter. The glacier polygons were compared to a false color composite of the mid-infrared, near infrared and red channels (5-4-3 and 6-5-4, respectively) to obtain the most suitable threshold, mostly ranging between values of 1.7 and 2.2 (Figure 2a). The used threshold values and utilized Landsat scene (acquisition date, path/row) are stored within the attributes of the derived respective glacier outline. We created a mask within the already obtained glacier outlines to apply larger thresholds for the band ratio to enhance the assessment of slightly snow-covered rock outcrops. Though water bodies are mistakenly classified as glacier and snow, ratioing the red and mid-infrared channel provided the advantage that glaciers situated in cast shadows could be better delineated than by ratioing of near-infrared and mid-infrared (Paul and Andreassen, 2009). Despite a DEM-derived mask to exclude sea surface in fjords and water bodies >0.1 km2 from the HydroLAKES database (Messager et al., 2016), a manual correction of the outlines was necessary for nearly every glacier. Additionally, we mapped the shape and area of every lake that was formed between the LIA maximum and 2016 by using the Normalized Difference Water Index (NDWI, threshold value 0.015) and manual mapping.

Suitable scenes since the beginning of the Landsat-5 TM mission, i.e., with only sparse cloud cover and seasonal snow (acquisition date: summer and autumn) were used for a temporal consistency test to distinguish between seasonal snow and small glaciers. Moreover, the use of multi-temporal scenes permitted the manual correction for debris-covered glaciers, as some glaciological structures, i.e., expanding melting ponds, collapse structures or flow patterns were visible (Figure 2b). The glacier outlines were subdivided into individual catchments by extracting the ridgelines and glacier basins using a UTM-projected void-filled DEM with a resolution of 1 arc second (SRTM, LP DACC NASA Version 3). Frequently, the ice bodies reached over the crest of the mountains but are separated by the hydrological basin into distinct individual glaciers. Only if the subsequent ice body exceeds the used threshold value for the glacierized area of 0.025 km2 we treated them as individual glaciers. At times, drainage basins are ambiguous, hence a few parts of the ice fields are more or less plain in higher elevations and no information about the actual ice flow can be attained by the hydrological basin analysis. Additionally, some large outlet glaciers of the NPI and SPI were subdivided into single glaciers although they share the same hydrological basin. In those cases we used the recently proposed suggestions for glacier divides based on ice flow directions by Mouginot and Rignot (2015).

Due to glacier retreat and the separation and disconnection of former connected glaciers into single basins, our glacier Inventory for 2016 possesses the most subdivides of all periods. For the change analysis, those separated parts were considered as parts of the prior glacier. The Global Land Ice Measurements from Space (GLIMS) identification system based on the latitude/longitude position of a glacier (Raup and Khalsa, 2007) was used and we maintained existing GLIMS IDs were appropriate. The dataset includes all important glacier parameters recommended by Paul et al. (2009). Glacier delineation is aggravated in the northern region of our study area due to the eruption of Cerro Hudson 1991. This event was the second largest Andean volcanic eruption in the twentieth century, causing with an eruptive volume of 8 km3 heavy ashfall toward the southeast of Patagonia (Scasso et al., 1994; Tilling, 2009). Every single glacier in the studied region was finally inspected visually for errors in misclassification of the band ratio. Additionally, for the year 1986 the automatic glacier delineation in parts of the Gran Campo Nevado and Cordillera Darwin was biased by a high seasonal snow cover and cirrus clouds. The latter still allows a visual identification and distinction of the glacier outlines but is misclassified by an automated mapping. Therefore, in those regions a higher amount of manual mapping and corrections had to be performed.

Determination of the LIA Extent

The Little Ice Age glacial extent was digitized manually, proceeding from the 1986 glacial extent, based on clear visible morphological evidence, e.g., vegetation trimlines or lateral—and terminal moraine systems (Figures 2a,d). To avoid an overestimation of the LIA extent, larger rock outcrops (as included in the scenes from 1986) were preserved. Due to its higher resolution compared to Landsat 8 OLI (30 m), data from Sentinel-2 (10 m) were also used for the mapping (Figures 2b–d). As proposed by Paul et al. (2013) we also crosschecked our retained glacial extents with high-resolution data from DigitalGlobe. In contrast to other locations like in South Eastern Tibet (Bräuning, 2006; Hochreuther et al., 2015), the ecesis time and thus the vegetation cover on the moraines in the Andes display a higher variation. For example, on the western side of the NPI and SPI, the noted ecesis time varies between 6 and 25 and up to 70 years, respectively (Heusser, 1964; Mercer, 1970; Winchester and Harrison, 1996). In contrast, on the eastern side succession needs between 22 and up to 92 years for the NPI (Winchester and Harrison, 2000; Winchester et al., 2001) and 40 up to 100 years for the SPI, respectively (Pisano, 1978; Dollenz, 1991). In the southernmost regions of Patagonia like Gran Campo Nevado and Cordillera Darwin, the colonization of a recently exposed moraine took <15 and 20 years (Holmlund and Fuenzalida, 1995; Koch and Kilian, 2005). Therefore, we included for the determination of the final LIA glacial extent both completely and partly forest covered terminal moraines.

As the end and also the maximum extent of the LIA is probably variable over the whole study region and local climate conditions as well as different glacial response times can create a bias we define the end of the LIA as 1870 AD for the change calculation. This is consistent with tree ring records for the northern and southern Patagonia, indicating a shift toward warmer temperatures at 1875 (Villalba et al., 2003) and cotemporaneous for the ice retreat and dated moraines (Moy et al., 2009 and references within).

In cases when glaciers formed multiple moraine ridges and trimlines, morphological features were used being closest situated to the recent appropriate glacier (Figure 2d). This approach avoids a possible bias caused by an overestimation of the LIA extent. The resulting glacier extent therefore can be considered as a minimum estimation. Finally, our resulting inventory was compared to already published LIA positions (Aniya, 1995, 1996; Holmlund and Fuenzalida, 1995; Kuylenstierna et al., 1996; Harrison and Winchester, 1998, 2000; Winchester and Harrison, 2000; Koch and Kilian, 2005; Araneda et al., 2007; Aravena, 2007; Harrison et al., 2007, 2008, 2012; Strelin and Iturraspe, 2007; Strelin et al., 2008; Masiokas et al., 2009a,b; Glasser et al., 2011; Aniya and Skvarca, 2012; Davies and Glasser, 2012; Rivera et al., 2012).

Uncertainty Assessment

Manual Delineation of the LIA Extent

The LIA glacier outlines were delineated manually and are subject to uncertainties caused by a subjective interpretation and generalization (Paul et al., 2003). Following the guidelines for quality assessment of a glacier area determination (Paul et al., 2017), we estimated the analysts precision by multiple digitization of 360 representative glaciers ranging from 0.04 to 1,100 km2 with different challenges, e.g., debris cover, floating termini, and cast shadowed regions. The relative digitization inaccuracy commonly increases with decreasing glacier area (Paul et al., 2013; Fischer et al., 2014; Pfeffer et al., 2014). To account for the glacier area distribution of the glaciers in our inventory, we selected the glaciers for the triple digitization in a manner that 85% of them belong to an area-class smaller than 5 km2. The resulting area-class specific relative mean deviation is much larger for smaller glaciers, resulting in an area uncertainty of ± 8.4% for glaciers smaller than 0.01 km2, dropping below ± 5% when glacier area exceeds 2 km2 (Figure 3). In comparison, glaciers larger than 5 km2 only exhibit a mean uncertainty of ± 2.1%.
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FIGURE 3. Mean area deviation of 335 multiple digitized glaciers of the LIA extent. Solid line indicates the area class specific uncertainty resulted from fitting a power law by least squares.



A second uncertainty factor results from the mapping approach of the LIA maximum extent itself. The moraines and vegetation trimlines that were used for the glacial delineation probably represent the maximum extent of the LIA that does not imperatively reflect the end of the LIA (~1870 AD). In their review papers Aniya (2013) and Masiokas et al. (2009b) emphasized that the LIA Maximum extent and the end of the LIA occurred contemporaneously for the NPI and nearby glaciers but differ highly for the SPI. For the latter the last LIA maximum was reached until 1800 AD but with a high variability within the 28 studied glaciers to more than 200 years (Masiokas et al., 2009b). For the Magallanes-Tierra del Fuego region the LIA maximum was also reached approximately in 1780 AD but the glaciers stayed still close to the LIA extent until the end of the nineteenth century (Strelin and Iturraspe, 2007; Strelin et al., 2008). A numeric uncertainty estimation of this error is not possible. We tried to keep the error as low as possible by mapping those morphological features closest to the glacier margins (see Figure 2d).

Semi-automatic Mapping

Since no appropriate high-resolution reference data is available for the complete dataset and the whole time-span of the investigation period, we determined the precision of our manually improved, semi-automatically derived inventory by applying a positive and negative buffer to the glacier outlines (Granshaw and Fountain, 2006; Bolch et al., 2010a,b). The buffer method accounts for the length of the glacier perimeter, resulting in a higher relative error toward smaller glaciers since those have relatively more edge pixels than larger glaciers (Bolch et al., 2010a; Guo et al., 2015)

The buffer size is dependent on an uncertainly value and is applied to the ice bodies before the intersection with the drainage basins. Consequently, this method will not provide any uncertainty estimations where glaciers adjoin (Paul et al., 2017). Nevertheless, for the ice divides and drainage basins there is probably a small uncertainty, as the former was partly derived from ice flow measurements (Mouginot and Rignot, 2015) and the latter relies on the quality of the DEM, which is susceptible to small errors (Smith and Sandwell, 2003). Omitting these errors at interior ice divides is legitimated since we used the same divides for all investigated time periods. Thus, the total derived area and change rates are not influenced (Pfeffer et al., 2014; Guo et al., 2015; Paul et al., 2017).

The frequently used buffer sizes are ± 0.5 to ± 1 pixel, e.g., ± 15 to ± 30 m (Rivera et al., 2007; Bolch et al., 2010b; Wang et al., 2011). Guo et al. (2015) compared automatically derived and manually improved glacier outlines based on Landsat data to DGPS measurements and revealed an accuracy of ± 18 and ± 11 m, respectively. Following Paul et al. (2013) we compared 15 of our Landsat derived and manually improved glacier outlines to manually delineated glacier outlines from Google Maps™, both from 2016. Every 15 m we calculated the offset between the Landsat and manually derived glacier outlines and obtained a mean offset of 14 m for clean ice bodies. Furthermore, following the same routine as for clean ice bodies, we compared the manually improved glacier outlines for 15 debris covered glaciers, revealing a mean offset of 32 m. Consequently, the use of ± 15 m as buffer size for clean ice and ± 30 m for debris—and ash-covered glaciers is reasonable for our study.

Moreover, the outline accuracy is influenced by the geolocation (i) and the scene quality (ii) of the used satellite data (Paul et al., 2017; Rabatel et al., 2018). To reduce the positional error (i) we align the used Landsat scenes with distinct landforms like moraine ridges, prominent mountain peaks or shorelines revealing an almost perfect matching. Insufficient scene quality (ii) i.e., cloud cover, cast shadow due to low solar angle, and seasonal snow can hamper the automatic measurements and have a huge variability. We minimized those errors by carefully selecting the used Landsat scenes, representing the annual snow minima. Cast shadows and perturbation due to cloud cover were manually edited by the use of different satellite scenes from the same year and the comparison to different sensors like the Sentinel-2 data (Figure 2c). In the maritime south western region in rare cases seasonal snow hamper the automated delineation but still allow manual digitization. For those cases, following Bolch et al. (2010a), we applied an additional error of ± 3% to each scene with seasonal snow.

The areal uncertainty for all compiled glaciers of 2016 was ± 4.0%, corresponding to ± 905 km2, with clean ice bodies having a smaller mean uncertainty than debris covered glaciers with ± 3.6% and ± 5.8%, respectively. Those values are in good agreement with other previous published inventories (Andreassen et al., 2008; Paul and Mölg, 2014). Uncertainty increases toward the smallest and elongated glaciers reaching values up to ± 70% of the glacier's area. Consequently, the obtained results of the multi-temporal comparison of the Landsat derived glacier outlines must be treated with caution especially for very small glaciers (Paul et al., 2003), fostering our chosen threshold for glacier area larger than 0.025 km2.

RESULTS

Overview of the Glacier Inventory 2016

In total, our inventory comprises for the year 2016 an amount of 11,209 glaciers (compared to the RGI 6.0: 9,429 individual glaciers) covering a total area of 22,636 ± 905 km2. The glacierized area is dominated by the major outlet glaciers of the SPI and NPI. In doing so, glaciers larger than 5 km2 are responsible for 80.7 ± 2.2% of the area, while representing only 3.2% of the total glacier number (Table 1, Figure 4A). The 30 largest outlet glaciers constitute ~50% of the total glacierized surface. Here, the largest glacier Pío XI (WGI ID: SPI-137) covers 1,255 ± 5 km2 (5.5% of the total area). A classification of the inventory by area (Table 1) demonstrates, that almost 63% of all obtained glaciers are associated to area classes smaller than 0.25 km2, representing merely 3 ± 1% of the total glacier area. A further 34% of the glacier number (implies an area of 16.5 ± 2.5%) belongs to the three classes ranging from 0.25 to 5 km2. The relationship between the number of glaciers per area class and the respective glacierized area is almost perfectly inverted (Figure 4A), which additionally supports the significance of the large glaciers for the South American cryosphere. The overall majority of the glaciers and the glacierized area range between 500 and 1,500 m a.s.l., while the average maximum altitude increases with glacier area (Figures 4B,C). The average glacier elevation for glaciers north of the Strait of Magallanes is 1,350 m a.s.l.


Table 1. Area classification of the glaciers used in the inventory and the associated summed areas.
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FIGURE 4. Total glacier number and area with regards to the glacial area class (A) and glacier mean elevation class (B). Glacier maximum altitude against glacier area (C).



Four hundred fifty-one glaciers are currently calving, of which 93 are of marine (~20%) and 358 (~80%) of lacustrine type. We detected 32 dead ice bodies formed due to the disintegration of former glaciers and 17 regenerated glaciers, the latter commonly in steep terrain, with a mean elevation of 545 m a.s.l. far below the average of 1,275 m a.s.l.

Along the longitudinal facing Andean main ridge, over 9,000 glaciers (~80%) were located within a distance of 1,200 km from north to south (RGI 6.0: 7,447 individual glaciers). The other 20% are situated southeast of the Strait of Magellan within the Cordillera Darwin (CD) and the small icefield of Isla Hostle (IH). On the west side of the Andean crest, the number of glaciers is considerably lower (~3,200) than in the east (~5,860). The mean elevation, both for the western and eastern glaciers is decreasing from north to south from a maximum of 1,530 m a.s.l. (Cerro Hudson and Cerro Erasmo) to a minimum with 765 m a.s.l. (Isla Santa Inés). Glaciers toward the west showed a continuous linear descent in their mean elevation (r2 = 0.67) whereas glaciers on the eastern side showed more vertical variability (Figure 5A). Conspicuously in the lee of the icefields, the mean elevation displays the highest values whereas, in the fjord-rich area between the NPI and SPI, the mean elevation is decreasing. In the southern part of the SPI (~51°S) the width of the Andean orogen narrows rapidly from more than 60 to <10 km. At this latitude, a significant decline in the mean elevation for the eastern glaciers is noticeable (Figure 5A). In the transitional zone to the Cordillera Sarmiento south of the SPI, the extension of the Andean ridge remains comparatively narrow until 54°S and the mean elevation for western and eastern glaciers only differs slightly.
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FIGURE 5. (A) Glacier mean elevation along the north-south running Andean main ridge between 45.5 and 54°S. Glaciers lying west of the main ridge are shown in black, those on the eastern side in red. The dashed/dotted horizontal lines indicate the north-south extent of the main icefields. The regression function explains 67% of the variance distribution for glaciers at the western side of the ice divide. (B) Mean elevation of the glaciers along the west east-running mountains of the Cordillera Darwin south of the Magellan Strait (Red and black dots are located north and south of the cordillera, respectively). Dead ice bodies and regenerated glaciers are not included. There is a weak relationship between decreasing longitude and rising glacier mean elevation (r2 = 0.37) for glaciers north of the main ridge.



Two thousand one hundred thirty-five glaciers are located in the Magallanes-Tierra del Fuego (CD, IH) region (RGI 6.0: 1,982 glaciers). The mountain range is predominantly west-east running. As humid air masses originate predominantly from the west and from the south (Holmlund and Fuenzalida, 1995) we divided the study region in a northern part and a southern part of the main mountain ridge. Glaciers north of the main crest have a mean elevation of 900 m a.s.l., 100 m higher than southern glaciers (Figure 5B). They also exhibit a weak relationship (r2 = 0.37) of increasing mean elevation with increasing longitude. On the other hand, glaciers that are located south of the range do not show any relationship toward an increasing mean elevation (r2 = 0.05). Nevertheless, the overall elevation for glaciers in the western and eastern parts (n = 513 and n = 300) reveal an increase from 745 m a.s.l. to 965 m a.s.l. within 250 km.

Glaciers of Southernmost South America

Cerro Hudson and Cerro Erasmo

North of the NPI, larger glaciers are attached to the orographic zones of Cerro Hudson (CH) and Cerro Erasmo (CE). This sub-region is delimited toward the south by a mountain range located north of Rio Exploradores and toward the east by the Lago Buenos Aires. CH is an active volcano characterized by a pronounced caldera with a range of 15 km at 1,900 m a.s.l. The mountain range of Cerro Erasmo is located around 15 km south west of CH with an elevation comparable to CH. A total area of 615 ± 80 km2 is covered by 1,375 individual glaciers (RGI 6.0: 1,132 glaciers) resulting in a very small mean glacier area of 0.45 km2. On the one hand the relative high area uncertainty is caused by the overall small glacier area, on the other hand it is the result of volcanic eruption of Cerro Hudson 1991 (Tilling, 2009). Many glaciers toward the southeast are covered with a thick dark layer of tephra (compare Figure 1). We could manually identify 150 glaciers which were not or just merely detected by the automated delineation, and mapped them manually and applied afterwards a buffer of ± 30 m. One large outlet glaciers each are descending from the Hudson caldera and from CE toward north western direction. As shown in Figure 6 (CH, CE) those outlets of CH and CE account for almost 20% of the total glacierized area in this sub-region. Besides those larger glaciers, north-, northwest, and west facing glaciers are lowest in number and area. The majority of all glaciers in terms of total number and area have an aspect between east and south, reaching the local maximum at southeastern exposition (Figure 6 CH, CE). The glacier mean elevation is 1,570 m a.s.l. reaching the highest values at northeastern and the lowest at southeastern slopes (Figure 7). Compared to the NPI and SPI calving glaciers have no major significance in this region, only 30 glaciers were terminating in small lakes.
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FIGURE 6. Percentage of glacier number (black) and area (red) for the respective regions in dependence of glacier aspect-class. Number of inventoried glaciers (n) and the total area (a) is given in the respective headline for the different sub-regions. All percentages are based on the particular values of the studied regions (for the used abbreviation refer to Figure 1).
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FIGURE 7. Glacier mean elevation with respect to the glacial aspect for the different sub-regions.



Northern Patagonian Icefield and Nearby Glaciers

The NPI is the second largest icefield in the Patagonian Andeans covering an area of 3,675 ± 80 km2. Since the mountain range is north-south striking, most of the glaciers can be assigned to a western or eastern exposition. Glaciers descend from the highest mountain peaks exceeding 4,000 m a.s.l (Monte San Valentin) in the north-eastern part within a short flow length of <50 km to sea level elevation (glacier San Rafael). At the pronounced mountain peak of Cerro Co Arenales (>3,400 m a.s.l) glacier Acodado and glacier Steffen descend toward the southwest. These two glaciers form a large coherent ice body denying an automated watershed delineation and can only be separated by analyzing the ice flow direction (e.g., Rivera et al., 2007; Mouginot and Rignot, 2015). The NPI consists of 171 adjoined (directly connected) glaciers, whereas the 27 major outlet glaciers (>10 km2) cover 97 ± 1% of the entire icefield. The NPI is surrounded by several 100 of smaller glaciers that are close-by to the icefield but not directly connected. Hence, all adjoined glaciers of the NPI and also nearby located glaciers that are not connected directly to the icefield, were divided in a western and eastern part for further analysis along the Andean crest (Figure 6, NPI-W, NPI-E). On the western side, more than 820 glaciers (RGI 6.0: 548 individual glaciers) are nearly equally distributed according their aspect, having a small tendency toward the southeast, but the glacierized area is dominated by the large western outlets (60% of the glacierized area). Across the ice divide, the ~1,300 glaciers (RGI 6.0: 895 individual glaciers) are prominently facing southeast, but their area is equally distributed with 35% each between the eastern and southeastern aspect. In total 43 glaciers are calving into lakes, the only marine terminating glacier is Glacier San Rafael which is with 758 ± 8 km2 also the largest of the concerning glaciers. Also 55 debris covered glaciers are predominantly located on the leeward side of the orogen. Glacier mean elevation is lowest for the large outlets toward the western side. On average the mean elevation of glaciers on the windward side is with 1,240 m a.s.l. much lower than the mean elevation for the leeside glaciers with 1,640 m a.s.l. (Figure 5A). For both, the western and eastern part, the mean glacier elevation reaches its minimum at east and southeastern exposition with 1,180 and 1,555 m a.s.l, respectively (Figure 7).

Southern Patagonian Icefield and Nearby Glaciers

The SPI is the largest of all coherent ice bodies in Patagonia (12,232 ± 201 km2) with a distance of 350 km north to south, and some summits reaching more than 3,000 m a.s.l. The contiguous ice body of the SPI is composed of 652 individual glaciers that are directly connected. Including also small glaciers that are not directly connected to the SPI but are within the inner perimeter of the icefield as performed by Casassa et al. (2014) reveals a total glacier number of 722 (RGI 6.0: 336 glaciers). Due to the analogous geographical setting of the north-south running Andean mountains, the SPI bears a resemblance of distribution patterns of glacial aspect to area to the NPI and was therefore also divided in a western and eastern part, also including not directly connected mountain glaciers (Figure 6, SPI-W; SPI-E). The 150 major outlet glaciers of the SPI and attached valley glaciers have a mainly western or eastern exposition. Around 1,300 glaciers on the western (RGI 6.0: 975 individual glaciers) side are nearly equally distributed according their aspect but the glacierized area is dominated again by the large western outlets (60% of the glacierized area). Across the ice divide, the ~1,700 glaciers (RGI 6.0: 1,338 individual glaciers) are in number prominently facing southeast and also their area distribution has a similar pattern with 60% of the glacierized area having a southeastern aspect. Those glaciers that have eastern, south-eastern and southern aspects indicate the lowest mean elevation (1,440 m a.s.l.) whereas glacier mean elevation increases for western, north-western and northern aspects to 1,625 m a.s.l. A similar distribution for glacier mean elevation is found on the western side of the ice field, though the mean elevation is ~250 m lower than on the eastern side (Figure 7). A small number of debris-covered glaciers could also be identified (n = 65), commonly located on the eastern side.

Monte San Lorenzo and Sierra de Sangra

Between the NPI and SPI the landscape is characterized by large fjord systems and a moderate mean elevation mostly below 1,500 m a.s.l. Toward the Argentinian border, the elevation of the terrain increases, promoting the formation of glaciers. The glacierized area centers around Monte San Lorenzo (MSL) in the north reaching 3,700 m a.s.l. and Sierre de Sangra (SL) in the south with summits up to 2,000 m a.s.l. Both mountain ranges are directly located at the international border between Argentina and Chile. The largest glaciers are found within the two mountain ranges, between them the average glacial area is with 0.5 km2 comparable small. In total the region between the two major icefields contains 1,654 glaciers (RGI 6.0: 1,393 individual glaciers), covering merely 924 ± 95 km2 with a preponderantly south-eastern aspect (Figure 6, MSL, SD). Glacier mean elevation (Figure 7) is lowest (1,450 m a.s.l.) for this aspect class and highest for NW-aspect (1,690 m a.s.l.). Accordingly, the total glacier number is lowest for glaciers with a northwestern aspect (Figure 6). 41 of all glaciers are debris-covered, and a further 41 lacustrine-calving.

Minor Icefields (GCN, ISI)

Between the Cordillera Darwin and the southern part of the Cordillera Sarmiento, the average elevation decreases below 2,000 m a.s.l. The whole region is characterized by a high density of fjords and lakes. Toward the south the elevation of the Andean mountain range decreases continuously resulting in mean elevations lower than 1,000 m a.s.l. In contrast to the observed averaged maximum elevation of 1,750 m a.s.l at the SPI, the averaged maximum glacier elevation of 950 m a.s.l is much lower. Despite the comparable low elevation of the Andes there is still a pronounced glacial coverage north and south of the Strait of Magellan. The largest continuous ice body is the Gran Campo Nevado (189 ± 5 km2) with some outlets calving into the sea, or proglacial lakes. The comparably small ice cap of GCN is surrounded by a large amount of small mountain glaciers. South of the Magellan Strait on Isla Santa Inés (ISI) the second major ice cap (168 ± 5 km2) of this sub-area is located. In total 981 glaciers were identified for the whole region (RGI 6.0: 1,161 glaciers), which cover a total area of 740 ± 53 km2. Remarkably, only 25 glaciers account for almost 50% of the total area. 46 glaciers have calving termini (7 marine and 39 lacustrine). Most of the glaciers are classified as clean ice, only 10 glaciers located within the GCN are debris—covered, and five debris-covered glaciers descend from the northern located volcano Monte Burney (S 52.3°, W 73.4°). Within the GCN and ISI, eastern—and southwestern facing glaciers are most frequent (over 50%) and also cover the largest area (Figure 6, GCN, ISI). Westerly-exposed glaciers are smallest in terms of number and area. Conversely, they exhibit the highest mean elevation, which drops from 900 m a.s.l. for west—and northwest exposed glaciers to <780 m a.s.l. for the east—and southeast orientated glaciers (Figure 7).

Cordillera Darwin and Isla Hostle

The Cordillera Darwin (CD) is the highest glacierized mountain range in the Tierra del Fuego with several summits reaching more than 2,000 m a.s.l. The CD is frequently seamed by north south running fjords that separate the mountain range in different small parts with steep terrain (see elevation profile in Figure 1). The ~250 km long mountain range is west-east running, hence many of the glaciers have a northern or southern orientation. In total an area of 2,931 ± 155 km2 is covered by glaciers of which 875 are located at the northern side of main mountain divide and 1,262 south of it (RGI 6.0: 852 and 1,130 individual glaciers, respectively). The largest continuous ice body is located in the center of the mountain range, covering an area of 1,760 ± 51 km2. Some smaller ice bodies (179 ± 5 km2), separated by the fjord channels, are located to the west within a short distance to the main ice field. A small icefield (203 ± 6 km2) is located in the southernmost area of Tierra del Fuego at Isla Hostle (55.1°S). The outlet glaciers of all ice fields frequently descent to sea elevation, and nearly 100 glaciers calve into the numerous fjords. In total, 24 dead ice bodies and regenerated glaciers were identified wherein the largest dead ice body (0.6 km2) is formed by the disintegration of Glacier Marinelli, the fastest retreating glacier in the CD (Koppes et al., 2009). In total, glaciers facing southeast are most common, but they occupy only a minor area (Figure 6. CD, IH). The large outlet glaciers of the longitudinal mountain range typically have a northern or southern aspect; hence they also dominate the area distribution. For glaciers south of the main ridge, the glacial mean elevation is lowest for south and southeastern aspects but reaching a maximum for western expositions.

Glacier Recession Since the Little Ice Age (1870–2016)

The maximum extent of more than 2,600 glaciers during the Little Ice Age was digitized between 45.5 and 55°S. Since many of the former glaciers consist of compound basins and there is no possibility to evaluate the exact date of separation, their initial basins were used for the change detection analysis. The 2,600 LIA maxima contain more than 4,000 of the recent glacier boundaries, which accounts for 35% of the total inventory. This corresponds to 90% of the total glacierized area in 1986. Accordingly, for only 10% of the glacierized area in 1986, no LIA maximum could be detected. In order to provide a minimum estimation of the total LIA extent for all glaciers, we added the glacial extents derived in 1986 for the missing 10% of the glacierized area. From 1986 to 2016, we provide change rates for all glaciers south of 45.5°. Only for few glaciers at the most western locations a multi-temporal comparison was not possible since suitable satellite images were not available. Consequently, the respective 186 glaciers (45 km2) were excluded from the change analysis.

Nearly 2,200 out of the 2,600 digitized LIA extents are located in the Patagonian Andes, of which 200 completely vanished by 1986 (Figure 8A). Out of the sum of 420 recorded LIA maxima within the Cordillera Darwin, only 18 glaciers disappeared. Those were all land-terminating small glaciers in the eastern part of the Cordillera. The 182 glaciers that disappeared north of the Strait of Magellan are all located on the eastern side of the Andean main crest. The total number of glaciers that completely vanished since the LIA increases toward the north, with the majority (141) located north of 48°S. The most frequent glacier aspect for those glaciers is southeast, east and south. Only 41 glaciers had different expositions. Figure 8A shows the relative area change for the 2,600 LIA glaciers between 1870 and 2016. Nearly all glaciers (90%) that disappeared had an area smaller 0.5 km2 and in general larger glaciers exhibit a smaller relative area decrease than smaller ones.
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FIGURE 8. relative area change for the moraine-derived LIA glaciers (n = 2616) between 1870 and 2016 depended on the initial glacier area (A) and relative area change between 1986 and 2016 in dependence of the initial glacier area in 1986 (B).



Overall Change Rates

Since the Little Ice Age, the glacier area decreased from 28,091 ± 890 km2 to 22,636 ± 905 km2 in 2016. These results display an absolute area loss of 5,455 ± 1,269 km2 (19.4 ± 4.5%). Following the suggestions by Bolch et al. (2010a) we summarized area changes for the periods 1870–2016, 1870–1986, 1986–2005, and 2005–2016, and 1986–2016 (Table 2). The strongest annual area decrease appeared between 1986 and 2005 with an average area loss of 0.33 ± 0.28% a−1. Between 2005 and 2016 glacier recession was comparable high at 0.25 ± 0.50% a−1. Due to the high uncertainty values these two change rates do not differ significantly. Between 1986 and 2016 the glaciers loss in average an area of 0.29 ± 0.17% a−1, whereas between 1870 and 1986 the decrease rate of 0.10 ± 0.04% a−1 is slightly smaller.


Table 2. Decrease in glacier area for the inventoried glaciers between LIA and 2016 for different time periods to derive annual change rates for the studied region.
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On average, calving glaciers show the lowest percentage of area reduction in the period between the LIA and 2016. For the 2,600 known LIA extents, land-terminating glaciers had an area reduction of 0.41 ± 0.10% a−1, whereas marine and lacustrine calving glaciers at the same time merely decreased by 0.15 ± 0.08% a−1. However, the calving glaciers are commonly the largest in the study region, consequently the total average area reduction for calving glaciers is with 0.07 ± 0.02 km2 a−1 ten times higher than for the smaller terrestrial ending glaciers. A total of 1,159 newly formed lakes and the enlargement of prior existing LIA lakes was mapped resulting in an increase of the total lake surface area of 889 km2. There is a strong relationship between glacial shrinkage and the resulting lake area (r2 = 0.78). Over 650 LIA glaciers of area class smaller than 0.5 km2 had a relative area reduction of more than 75% within the last 150 years. Larger glaciers up to 5 km2 still suffer of an enormous decrease of more than 50% (Figure 8A). With increasing glacier area the relative surface degradation decreases, simultaneously the absolute values for area loss reaches their maximum. A surface loss of more than 1,000 km2 for only 9 glaciers equals nearly one fifth of the total area degradation of the studied region.

Within the last 30 years, the total glacierized area decreased by 8.8 ± 5.1% from 24,818 ± 912 km2 to 22,636 ± 905 km2 (Table 2) and a total number of 192 glaciers completely disappeared. Figure 8B indicates a higher percentage area loss for smaller glaciers. Most glaciers that have melted down entirely are smaller than 0.1 km2 and even glaciers up to 0.8 km2 completely disappeared. On the other hand, plenty of glaciers of area class 0.25–1 km2 did not show a noticeable decline over the same period.

Only 13 glaciers showed an advance during the last decades, the rest is either constant or retreating (Figure 8B). The majority of the advancing glaciers (10 out of 13) are located in the Cordillera Darwin and all belong to the marine-calving type. Glacier Pío XI and a small tributary south of it account for significant advances at the west side of the SPI. The latter glacier is the only terrestrial terminating glacier that shows a recent advance. Glacier Pío XI is the only known glacier that exceeds its glacier's Neoglacial maximum extent and is under scientific focus since 1830 (Warren et al., 1997 and literature within). Finally, on the eastern side of the SPI, the Perito Moreno glacier shows an advance but solely of small dimension. Across the whole study area, it is apparent that smaller glaciers indicate a greater percentage of loss between 1986 and 2016. Glaciers ranging from 0.1 to 1 km2 (n = 5,168) lost on average 20% of their initially glacierized area. Conversely, glaciers larger than 50 km2 (n = 66) decreased by 1,197 ± 164 km2 in total, corresponding to 8.2% of their original area. Glacier shrinkage is not only restricted to the lower ablation zones but also occurs in high elevation zones due to dry calving of steep hanging glaciers and ice aprons. Also, the expansion of internal rock outcrops over the observation period is frequently seen in the accumulation areas of larger glaciers, indicating a glacial thinning. Small glaciers show the highest variability in relative surface reduction ranging between equilibrium and total decay.

Table 3 and Figure 9 give an overview of glacier shrinkage since the LIA for the respective studied regions. Glacial recession was highest in the area north of the NPI for the Cerro Hudson und Cerro Erasmo region. The relative area reduction was highest for the sub-regions of CH, CE and MSL, SD, revealing an area reduction of 48 ± 11% and 42 ± 10% since the LIA. For the period between 1870 and 1986 those inventoried regions showed the highest relative change rates of the whole inventory, according to 0.27 ± 0.10% a−1 and 0.24 ± 0.09% a−1. In both cases the annual change rate increases from from 3.26 ± 1.24 km2 a−1 and 3.96 ± 1.49 km2 a−1 for 1870–1986 to 6.35 ± 3.38 km2 a−1 and 6.91 ± 4.25 for 1985–2016. Due to the high uncertainty value those accelerated shrink rates are statistically not significant and a more or less constant area reduction since the LIA is also probable. In total the CH, CE and MSL, SD sub-regions lost 1,236 ± 298 km2 since the end of the LIA (Table 3). Especially glacier area classes ranging from 0.1 to 1 km2 exhibit the largest area loss (30%) within the last 30 years. Glaciers with an eastern—and southeastern exposition suffered the greatest loss in terms of total area and relative area (Figure 9: CH, CE; MSL, SD). The LIA extents for the majority of all glaciers of those sub-regions were manually digitized, only a few ones had to be interpolated by using the outlines from 1986. But at the volcano Cerro Hudson the LIA outline of the major outlet glacier could not be determined hence the induced lahars due to the eruption in 1991 devastated the moraine systems (Figure 9, CH, CE, NW-aspect).


Table 3. Area changes for the respective studied regions for different time periods (1870, 1986, 2005, 2016).
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FIGURE 9. Absolute (bars) and relative (lines) area loss since the LIA, dependent on glacial aspect. Anytime no LIA extent could be digitized, the glacial area of the 1986 derived inventory was used.



Since the LIA, the western NPI and SPI lost the bulk of their area through western-exposed glaciers, whereas these were the ones with low relative change rates (Figure 9: NPI-W, SPI-W). In total, the western parts of the NPI and SPI and adjoined glaciers reveal an area reduction of 1,361 ± 290 km2 since the LIA, whereas the glacierized area in the eastern parts was reduced by 2,145 ± 487 km2 (Table 3). Until 1986 the area loss since 1870 was moderate for the NPI-W and SPI-W with 2.60 ± 1.06 km2 a−1 and 2.79 ± 1.53 km2 a−1, respectively. In both cases the annual area change increased between 1986 and 2016, reaching a maximum of 15.59 ± 5.87 km2 a−1 at the SPI. The eastern part of the NPI and adjoined mountain glaciers reveal an area loss of 715 ± 173 km2 since the LIA. Including all uncertainties the annual change rates are more or less constant ranging between 4.70 ± 1.56 km2 a−1 and 7.02 ± 12.43 km2 a−1. Annual change rates of the eastern part of the Andean main crest at the SPI are nearly twice as high as for the NPI-E according to 7.97 ± 1.6 km2 a−1 between 1870 and 1986 and 16.85 ± 9.33 km2 a−1 for the period of 1986–2016.The total area loss for the eastern part of the SPI accounts for 1,430 km2 since the LIA and is the largest of the whole investigated region. For both regions the total area loss was highest for southeast and eastern facing glaciers (Figure 9, NPI-E and SPI-E). For the entire inventory, the glaciers of the GCN, ISI sub-region shows the lowest total area reduction since the LIA (143 ± 59 km2). Simultaneously, the area loss rate between the LIA and 1986 was the lowest (0.06 ± 0.06% a−1) of all measured sub-regions (Table 3). Yet as shown in Figure 9 digitizing the LIA extents was frequently not possible due to the glaciers calving into fjords and the lack of moraines. Therefore, many glacial extents of 1986 fill this gap, leading to possible bias. Nevertheless, during the last 30 years the glacial area is also subject to high loss rates reaching values up to 0.40 ± 0.58% a−1. For the northern CD, glaciers with northern aspect are responsible for the highest amount of area loss, while south-/southeast-exposed glaciers have the highest relative loss rates (Figure 9, CD-N). On the southern declivity, southeast to southwest expositions dominate the area change, whereas the relative are change reaches its maximum for southeast facing glaciers. The northern as well as the southern part of the CD reveal a low area reduction of 0.08 ± 0.04 and 0.06 ± 0.04% a−1 between the LIA and 1986, respectively. Glacier shrinkage accelerates slightly since 1986 to 0.34 ± 0.14 and 0.26 ± 0.13% a−1, respectively.

It is additionally apparent that for smaller glaciers (<10 km2) the reported relative change is higher than for larger glaciers. In absolute values, however, the large glaciers make a huge contribution to the reduction in surface area. For example, the area loss of 791 ± 171 km2 for the SPI-W between LIA and 2016 is dominated by only 15 of the 1,300 glaciers that account for over 65% of the area change.

DISCUSSION

Our semi-automated acquisition of all South American glaciers south of 45.5° offers the possibility to compare and verify numerous previous studies that focused on single or multiple glacial settings, or aimed at inferring complete inventories. In total our glacier inventory contains 11,209 individual glaciers in 2016, whereas the RGI 6.0 provides a total of 9,429 glaciers for the same region (Pfeffer et al., 2014; Randolph Glacier Inventory Consortium, 2017). On the one hand we inventoried 867 additional glaciers (~75 km2), on the other hand, 2,729 RGI glaciers (corresponding to 308 km2) are not incorporated in our new inventory. This large difference cannot be explained by the different glacier area thresholds that were used in the both inventories. Only 640 of the 2,729 glaciers (RGI 6.0) are smaller than 0.025 km2 and are therefore not included in our inventory. The remaining 2,089 glaciers are either misclassified seasonal snowfields which have been rejected by our temporal consistency test, in rare cases wrongly classified water bodies, or glaciers which already disappeared since the turn of the millennium. The glaciers that are included in both inventories also differ in total number due to the small-scaled drainage basin analysis that was performed in our updated inventory. The RGI 6.0 inventoried a total of 6,700 glaciers, whereas we subdivided those glaciers into 10,344 individual entities. The resulting differences in the individual glacier catchment areas and different investigation periods aggravate a direct comparison of the particular glaciers. For our studied region the total area estimation provided by the RGI 6.0 is with 25,452 km2 even larger than our estimated glacierized area of 24,818 ± 912 km2 in 1986 (23,277 ± 907 and 22,636 ± 905 km2 in 2005 and 2016, respectively). Even considering the glacierized area of 308 km2 that we did not record in our inventory and an additionally mapped area of 168 km2 of rock outcrops (refers to 1986) than comprised in the RGI 6.0 the difference in the two datasets still can exceed 1,000 km2 (refers to the glacierized area of 2005). Those differences can only be attributed to our manually improvement of the automatic derived outlines, whereas many glaciers in the RGI were not adequately enhanced. A glacier inventory in 2001 was performed by Rivera et al. (2007) and De Angelis (2014) for the NPI and SPI, respectively. For the NPI 70 glaciers larger than 0.5 km2 were detected, covering an area of 3,953 km2 in 2001 (Rivera et al., 2007, Table 4). In our study the NPI is assembled of 171 individual glaciers (>0.025 km2) covering an area of 3,806 ± 80 km2 in 2005. The number of large outlet glaciers is not modified between the two datsets rather the glacierized area at the outer perimeter of the icefield was subdivided particularly. De Angelis (2014) considered for the SPI 139 glaciers larger than 5 km2 covering an area of 12,363 km2 in 2001. In our inventory (2016) the SPI is assembled of 128 glaciers larger than 5 km2 and over 500 smaller glaciers that were excluded by De Angelis (2014) covering an area of 12,232 ± 201 km2 (Table 4).


Table 4. Comparison of the inventoried glacierized areas and change rates for the NPI, SPI and sub-regions of the MSL (Monte San Lorenzo) and LSM (Lakes San Martín).
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Most studies which provide not only an inventoried dataset but also include a change assessment of the glacierized area focus predominantly on the NPI and SPI. Table 4 lists the results from our study for the NPI, SPI, and two smaller catchments in comparison to previous published results. The small catchments are located at the eastern side of the Andean main crest at MSL and Lakes San Martín (LSM). Dussaillant et al. (2018) calculated the glacierized area of the NPI for 2000 and 2012 with 3,856 ± 211 km2 and 3,740 ± 200 km2, respectively. Their calculated area loss of 116 ± 290 km2 (3 ± 7.5%) is in good agreement with our derived glacier outlines between 2005 (3,806 ± 80 km2) and 2016 (3,675 ± 80 km2), indicating an area loss of 3.5 ± 3.0%. Between 1979 and 2001 Rivera et al. (2007) estimated an area decrease of 3.4 ± 1.5% for the NPI whereas we estimate an area decrease by 5.0 ± 2.9% between 1986 and 2005. The least area reduction was calculated for the periods of 1986–2001 and 2001–2011 by Davies and Glasser (2012) according to 1.7 ± 2.9% and 2.3 ± 2.9%, respectively. As stated, a direct comparison of our study with the previous studies is problematic, since the area of the NPI was measured at different times, the applied methods are diverse, and the uncertainty values differ highly. For 2000/2001 three area estimations of the NPI (Table 4) were performed, revealing a mean deviation of ± 107 km2. This comparable high mean deviation is an important issue concerning the reliability of the calculated area change and change rates that vary in the same magnitude (Table 4). Our nearest area estimation of the NPI in terms of time (2005) is with 3,806 ± 80 km2 around 150 km2 smaller than the estimated areas of 2000/2001. But also for the same investigation time of 1986 our estimated area is ~140 km2 smaller than the derived outlines by Davies and Glasser (2012). We attribute those regional differences that apply to the whole inventory to four factors: first the definition of the respective ice fields or study regions differ. Davies and Glasser (2012) as well as Schneider et al. (2007) for the GCN, include glaciers at the perimeter of the ice fields that were, according to our LIA maxima moraine mapping, not connected to the ice field itself even during this cooler period. In addition, Casassa et al. (2014) also include single glaciers within the inner perimeter of the SPI to the icefield even when they are not directly connected to itself. Our inventory assigns only those glaciers to the respective ice field which were directly connected with it at least during the LIA. Secondly, the newly available, multi-season remote sensing data that were used in our study enable the recognition of small catchments and moraine settings, as well as the differentiation of temporal snow fields, firn basins and small glaciers. We assume, that existing studies might thus have overestimated the truly glacierized area. Thirdly, other regional inventories, e.g., Masiokas et al. (2015) and Barcaza et al. (2017) include in their inventory ice bodies larger 0.01 km2 whereas our study provides only ice bodies larger 0.025 km2. Finally, the amount of rock outcrops included in the previous inventories and that were excluded from the glacierized area in our study contributes a substantial spatial difference, as already described by Rivera et al. (2007) for the inventory of Aniya (1988). The rock outcrops could be one of the major error sources between the different inventories. For 2001 rock outcrops for the NPI were estimated as 120 and 175 km2, respectively (Rivera et al., 2007; Davies and Glasser, 2012). Our inventory contains for the interior rocks in 1986 and 2005 an area of 205 km2 and 231 km2, respectively.

For the SPI our results are in good accordance to the area estimation of Casassa et al. (2014) with nearly the same area in 1986 (Table 4). Also, the calculated change rates, although not for the same periods are nearly the same, whereas Davies and Glasser (2012) calculated only one half of our estimated area loss within the last 30 years (Table 4). Our obtained glacierized area in 1986 and 2005 of the sub-region LSM and MSL, respectively, lie within the uncertainty value provided by the previous inventories (Table 4, LSM, MSL). Taking every uncertainty into account, the discrepancies in the glacierized area estimation between the outlines derived by Davies and Glasser (2012) and our study are very high, exceeding a relative difference of 50% for the LSM sub-region (Table 4, LSM). In 2005 our estimated area of the LSM sub-region (178 ± 8 km2) is in good agreement with the previously calculated area of 187 ± 7 km2 for the same investigation period (Masiokas et al., 2015), whereas Davies and Glasser (2012) measured an area of 364 ± 7 km2 in 2001 (Table 4). Our estimated area loss of 26 ± 11 km2 between 1986 and 2005 for the MSL sub-region is equivalent to the area reduction of 24 ± 13 km2 between 1986 and 2001 (Falaschi et al., 2013) and is twice as high as measured by Davies and Glasser (2012) for 1986–2001 (Table 4).

Table 4 corroborates also the differences in the LIA extents between the inventories that exceed several hundred km2. For the same studied region, Davies and Glasser (2012) obtain by the sample-based calculation of the LIA extent a total area of 25,939 ± 518 km2. In contrast, our detected extent of 28,091 ± 890 km2 is by 8.3% significantly larger. The LIA extents from the prior study were adapted to our drainage basins to ensure a comparability of the two data sets. The glacial extents represented in both studies differ largely with an area difference exceeding 4000 km2 for the same glacierized regions. On the one hand we digitized a larger area of 1,280 km2, on the other hand Davies and Glasser (2012) included 2,750 km2 that are not contained in our inventory. Those area differences arise from various factors: first, some LIA glacial extents are subject of controversial scientific debate, e.g., LIA extents in the fjords of Bahia Pía, Cordillera (Kuylenstierna et al., 1996; Koch, 2015). As we want to provide a reliable minimum estimation of the LIA extent we used the estimated area provided by Kuylenstierna et al. (1996) for the glaciers in the Bahia Pía which are significant smaller than the outlines by Davies and Glasser (2012). Secondly, we preserved larger rock outcrops (as included in the inventory from 1986) to avoid an overestimation of the glacierized area, leading to an area exceeding 1,300 km2, whereas Davies and Glasser (2012) estimated 310 km2 of interior rock outcrops. At last, in some cases we could not find sufficient morphological evidence for the prior derived outlines and did not include them. Alternately existing outlines could be improved by higher resolution data (see Figure 2d). For the glaciers larger than 100 km2 the relative difference between the two studies is with ± 3.8% comparably small but those values rapidly increase with decreasing glacier area leading to a mean relative difference of ± 30% for glaciers ranging between 5 and 10 km2 and even exceeding up to more than 100% for small glaciers. Our study provides 1760 LIA glacial extents that were not included in previous inventories, covering an area of 2,249 ± 110 km2. Those newly derived outlines could probably not be mapped by Davies and Glasser (2012) due to the lack of high resolution data, since these glaciers are fairly small: 61% of those new generated LIA extents belong to the glacier area class smaller than 1 km2 covering an area of 506 ± 30 km2. For 3,976 glaciers inventoried in the RGI 6.0 study region (corresponds to 42% of the glaciers) we could therefore identify the LIA glacial extent, whereas the study by Davies and Glasser (2012) determined the LIA extent for 1881 (20%) of the RGI 6.0 glaciers.

The sub-regions of CH, CE, and MSL, SD show the highest relative area loss since the LIA according to a relative area reduction of 48 ± 11 and 42 ± 10%, respectively. At the same time those sub-regions possess the smallest glacial mean area. This is in good agreement with other findings, indicating larger relative area decrease for small glaciers within the last decades (Masiokas et al., 2015). At the same time Masiokas et al. (2015) emphasize the high variability of shrinkage rates (0–100%) for smaller glacier units. We observed this high variation also in our complete studied region, especially for glaciers smaller than 1 km2 (Figure 8B). Frequently those glaciers that reveal a small relative shrinkage are situated in couloirs, at exposed slopes combined with dry calving or in shadowed cirques, favoring their preservation (Falaschi et al., 2013). For the MSL sub-region Falaschi et al. (2013) report an increase in area loss between 1985 and 2000 and 2000 and 2008 according to 1.6 and 2.6 km2 a−1, respectively. In this study, no absolute area uncertainties are provided, but the authors used the same error estimation as in our inventory, consequently the margin of uncertainty are nearly the same (Table 4). In absolute values we confirm those results but given the large error term and the short time period of change assessment the values are not statistically significant. Davies and Glasser (2012) state the increasing shrinkage for the NPI and SPI twice as high in the recent years than between 1870 and 1986 reaching a maximum between 2001 and 2011. It could be problematic to assume a real acceleration within the recent decades since the uncertainty values of ± 2% by Davies and Glasser (2012) or the area loss calculation by Casassa et al. (2014) for the SPI with 489 ± 377 km2 between 1986 and 2000 reveal that the area reduction rates are within the uncertainty range (Table 4). On the other hand, we can support the acceleration in the recent area loss rates compared to the period between the LIA and 1986. However, the derived annual shrinkage rates have to be regarded with caution, as the assumption of a constant shrinkage rate between the LIA maximum and 1986 is fairly unlikely. It is also possible that within the period between LIA and 1986 there were many sub-periods where glacier shrinkage was faster or even much slower. Additionally many calving glaciers are variable due to non-climatic factors and do not show a constant behavior, e.g., several of the glaciers of the Cordillera Darwin reveal an advance since 1986 whereas the surrounding land-terminating glaciers al retreated. Considering all uncertainty values it could be also possible for the whole studied region as one, that the glacier recession is more or less constant since the end of the LIA. On the other hand some morphological features that were used for the LIA mapping could be far older than 1870 as expressed in the uncertainty assessment. Then it is possible that the shrinkage rates are even smaller than our calculated values.

For the other major ice fields like CD, IH, and ISI Bown et al. (2015) derived from ASTER and Landsat ETM+ data between 2001 and 2011 an area of 2,331, 274, and 273 km2, respectively. In total 1,681 glaciers were identified covering an area of 3,289 km2. Our study estimates for the same region with 3,169 km2 in 2005 identifying over 2,400 individual glaciers. Although the differences of both independent derived inventories seem to be small (~120 km2), they are very important concerning the change analysis. For example within the last 30 years we measured an area reduction of 287 ± 130 km2 for the Cordillera Darwin and adjoined glaciers, including IH and ISI, which is only twice as high as the uncertainties between two derived inventories.

With respect to local factors, our data supports the findings of Davies and Glasser (2012) that calving glaciers show the smallest rates of shrinking, and smaller glaciers shrink faster on average. Considering aspect, for the whole inventory, southeast-oriented glaciers showed the highest annual retreat, whereas we could not find a significant west-east gradient in this manner. The latter is in accordance with findings of Davies and Glasser (2012), just as the absolute rate of area loss being highest with glaciers with western aspect. This is especially remarkable, since this not only includes the mainly west-east-oriented, large glaciers of the NPI and SPI, but the whole inventory.

The total area change reflects mainly the differences in the two largest glacier area classes (>100 km2; 42 glaciers account for 40.2% of the total area change, and in the glaciers between 1 and 5 km2 in area (20.4%). The former is in accordance with Rivera et al. (2007), who report for the the NPI that e.g., Glaciar San Quintín alone accounted with 33 km2 for a large part of the total area change of 140 km2 between 1979 and 2001.

CONCLUSION/ SUMMARY

A large scaled glacier inventory was derived for the whole Patagonian Andes south of 45.5°S and Tierra del Fuego. In 2016 a total 11,209 glaciers, covering an area of 22,636 ± 905 km2 were inventoried. Compared to other inventories that contain our whole study region, we identified due to our detailed basin analysis a surplus of nearly 2000 glaciers (compared to the RGI 6.0). The SPI and the NPI are the largest temperate ice bodies in South America, covering an area of 12,232 ± 201 and 3,674 ± 80 km2, respectively. Most of the glaciers have a south-eastern aspect, but larger outlet glaciers depend on the large scale orientation of the mountain ranges. The outlet glaciers are frequently perpendicular orientated to the longside mountain range, resulting in western and eastern aspect for the NPI and SPI and a north and south aspect for the CD. Change analysis for the whole glacierized area was done for 1986, 2005, and 2016 indicating an area loss of 8.6% (2,182 ± 1,276 km2) within the last 30 years. Additionally, the glacial extent for over 2600 glaciers during the Little Ice Age was derived resulting in a glacial cover of 28,091 ± 890 km2. Overall glacier shrinkage increased for the periods 1870–1986, 1986–2005, 2005–2016 from 0.10 ± 0.04 to 0.33 ± 0.28% a−1 ending at 0.25 ± 0.50% a−1, respectively. The relative area loss was highest for smaller glaciers. In total over 600 glaciers completely disappeared since the Little Ice Age and over 650 glaciers reveal an area reduction of over 70%. Beside the glacier area, glacial retreat is influenced by latitude and terminating environment. Glacier shrinkage was highest in the northern parts of our study region. Also, between the two largest icefields and east of them, relative decrease in area was highest for small glaciers. Glaciers of the Cordillera Darwin were retreating fastest between 1986 and 2005; afterwards the rate of glacial shrinkage decreased. Land-terminating glaciers showed the highest and most continuous retreat, whereas calving glaciers are more variable due to non-climatic factors, e.g., calving process and bedrock topography.
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