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Chapter 4
Current State and Recent Changes 
of Glaciers in the Patagonian Andes 
(~37 °S to 55 °S)

Lucas Ruiz, Pierre Pitte, Andrés Rivera, Marius Schaefer, 
and Mariano H. Masiokas

1  Introduction

The Patagonian Andes (also known as the Wet Andes) contain the largest glaciated 
area in the Southern Andes (Fig.  4.1) and the Southern Hemisphere outside 
Antarctica (Barcaza et al. 2017; Zalazar et al. 2020). As in other mountain regions 
of the world, the shrinkage of Patagonian glaciers is driven by climate change (Hock 
et  al. 2019). Patagonian glaciers’ retreat and thinning dominate the glacier mass 
change of the Southern Andes, which is among the most significant contributors to 
sea-level rise in recent decades (Hock et al. 2019).

The relative importance of the glacier melt contribution to surface runoff varies 
across the region but generally increases upstream. Glaciers store water in the form 
of snow and ice and release this water gradually but more actively during the warmer 
months. Thus, they can be considered autoregulated natural reservoirs, which 
become especially important water sources in drier seasons and years. The increased 
melt and retreat will probably trigger glacier hazards, such as glacier lake outburst 
floods (GLOFs), and a decrease in the stability of mountain slopes nearby retreating 
glaciers (Deline et al. 2015).
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Fig. 4.1 The Patagonian Andes. Inset shows the location of the Patagonian Andes or Wet Andes in 
the context of Southern and Tropical Andes. As a reference, the extent of the map is shown (A). 
Principal glaciers or glacier locations (in blue) discussed in this chapter are highlighted

L. Ruiz et al.
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Although included as one of the ice masses to be considered here, rock glaciers 
are not indeed glaciers in the sense of being a mass of ice originated by the recrys-
tallization of snow. Rock glaciers are the morphological expression of creeping per-
mafrost (soil or rock remaining below 0 °C for more than two consecutive years) 
(e.g., Barsch 1996; Berthling 2011). These features are much less frequent and 
cover a marginal surface compared to clean ice and debris-covered glaciers along 
the Patagonian Andes. Nevertheless, they have an important ice content and act as 
water reservoirs, which may play a role in the hydrological regime of specific 
basins, especially in the driest sectors of the study region. Rock glaciers can also 
affect water transit time, water chemistry, and discharge timing in these sectors 
(Giardino et al. 2011).

This chapter addresses the current distribution and characteristics of the 
Patagonian glaciers as well as their recent changes and hydrological implications. 
We summarize the recent findings in mass balance and ice dynamics along the 
Patagonian Andes, highlighting the processes behind glaciers’ mass change and dif-
ferential response to climate change. This chapter finally discusses recent findings 
about how glacier retreats will impact runoff and other glacier-related hazards.

2  The Patagonian Andes

The Patagonian Andes, also known as the Wet Andes (Lliboutry 1956), are located 
south of ca. 37 °S and contains several peaks with elevations between 3000 and 
4000 m.a.s.l. (San Valentín 4058 m.a.s.l., the highest peak in Patagonia, is located 
in the Northern Patagonian Icefield) (Fig. 4.1). In this review, the Patagonian Andes 
are further divided in Northern, Southern and Fuegian Andes. The mean annual 
0 °C isotherm decreases in elevation from about 3000 m in the Northern Patagonian 
Andes (at 37 °S) to less than 1000 m in the Fuegian Andes (at 55 °C) (Condom et al. 
2007; Carrasco et al. 2008). The prevailing westerlies from the Pacific Ocean and 
their associated frontal precipitation constitute the main source of precipitation in 
this region. The north–south orientation of the Andean range creates a strong pre-
cipitation gradient, with markedly higher precipitation over the western slopes and 
drier conditions over the eastern ones (Garreaud et al. 2013; Viale et al. 2019). Some 
high peaks in the north Patagonian Andes can receive 3–5 m of precipitation per 
year (Schaefer et al. 2017), and further south, these values increase to 4–7 m on the 
Patagonian icefields (Lenaerts et al. 2014; Schaefer et al. 2015; Sauter 2020). In this 
region, precipitation seasonality is gradually reduced southward, with higher 
amounts concentrated during the winter months in the north, but a more regular 
precipitation regime throughout the year in Tierra del Fuego (Sagredo and Lowell 
2012). The presence of numerous rivers, lakes, and extensive forest cover is also 
characteristic of the Patagonian Andes and reflects the overall humid conditions in 
this mountainous region (See Chaps. 1, 3, and 9). These topographic and climato-
logical conditions also represent key factors controlling the size and distribution of 
glaciers along the Patagonian Andes, explaining, for example, the substantially 

4 Current State and Recent Changes of Glaciers in the Patagonian Andes...
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larger glaciated surface in Patagonia compared with other Andean regions further 
north. The dominant westerly circulation of moisture also results in a much larger 
glacier surface area on the western slopes of the Patagonian Andes, which decreases 
drastically a few kilometers east of the main divides (Masiokas et al. 2015).

3  Glacier Distribution in the Patagonian Andes

A regular repetition of glacier inventories is crucial to describe their distribution, 
determine the importance of ice masses in the hydrologic cycle, and assess the 
ongoing ice mass changes at local and regional scales. Updating and improving the 
spatial resolution of glacier inventories is critical to outline environmental policies 
for glacier protection and monitoring programs and to develop mitigation and adap-
tation strategies in response to climate changes (Johansen et al. 2018).

A comprehensive understanding of the glacier distribution along the Southern 
Andes and their main characteristics was obtained through the pioneering work of 
Lliboutry (1956) and regional and local inventories (Aniya et al. 1996; Rivera et al. 
2007; Paul and Mölg 2014; Masiokas et al. 2015). However, for many years, the 
lack of completed and quality-controlled glacier inventories for the Southern Andes 
impeded a detailed analysis of glacier distribution along the region and the inclusion 
of glacier data in local and regional studies. Recently, thanks to advances in remote 
sensing techniques, which have proven to be useful for glacier inventories world-
wide (Raup et  al. 2007; The Randolph Consortium et  al. 2014), have initially 
allowed the development of national glacier inventories in Chile and Argentina 
(Barcaza et al. 2017; Zalazar et al. 2020). These national glacier inventories contain 
complete, updated, highly detailed and standardized information about ice masses 
in Southern Andes which are freely accessible online through dedicated web pages.

The glacier inventory of Chile (Barcaza et al. 2017) was based on 35 Landsat 
Thematic Mapper (TM) and Enhanced Thematic Mapper (ETM+) of medium spa-
tial resolution (30  m) images between 2000 and 2003. The Argentinean glacier 
inventory (Zalazar et  al. 2020) was based on 178 optical multispectral satellite 
images (Landsat and Aster) of medium spatial resolution (15–30 m) and 224 high 
spatial resolution (2–5 m) acquired between 2004 and 2016. Both inventories use a 
combination of multispectral semi-automatic classification methods to extract clean 
ice and perennial snowfields and manual digitalization to delineate debris-covered 
and rock glaciers, wherein the case of Argentina, it was achieved using a combina-
tion of medium to very-high spatial resolution images. In both cases (Chile and 
Argentina), different ice masses were morphologically characterized following the 
classification scheme of the World Glacier Monitoring Service (WGMS) and the 
Global Land Ice Measurements from Space (GLIMS) (Raup et al. 2007; Paul et al. 
2010). Each ice mass was characterized according to different information, includ-
ing general data (IDs, geographic location), morphometric details (area, elevation, 
slope, aspect, length) and information about the satellite imagery (sensor, date) used 
in the mapping process.

L. Ruiz et al.
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The Randolph Glacier Inventory version 6.0 (RGI 6.0; RGI Consortium 2017) is 
another glacier inventory used to assess the glacier mass change and glacier volume 
for the complete Southern Andes (Braun et al. 2019; Farinotti et al. 2019; Dussaillant 
et al. 2019). The RGI is a short-period (1–2 years) global inventory of glacier out-
lines released in 2012, with limited resources by a group of international glaciolo-
gists to serve the needs of the Fifth Assessment Report of the Intergovernmental 
Panel on Climate Change (The Randolph Consortium et al. 2014). They aimed to 
achieve complete coverage rather than extensive documentary details and different 
sources of information, dates, and qualities were merged in one glacier inventory. 
Since its release, the RGI has been constantly improved by ingesting local to 
regional glacier inventories and has become a worldwide reference for glaciological 
studies (e.g., Farinotti et al. 2019; Zemp et al. 2019; Marzeion et al. 2020). The main 
advantage of RGI is its worldwide glacier coverage obtained with a systematic 
approach. However, for studies requiring more details at local scales, the RGI lacks 
enough resolution, includes many temporal snow areas, excludes debris-covered 
areas and, due to the automatic delineation of glacier areas, the glacier polygons 
outlines are highly fractal and, in many cases, are unrealistic. These kinds of dis-
crepancies will be analyzed later in this chapter regarding Patagonian glaciers.

Considering the glacier inventories of Argentina and Chile, the Patagonian Andes 
contain about 24,074 ice masses covering a total area of 26,100 km2, representing 
60% of all the ice bodies and 88% of the ice-covered area of the Southern Andes 
(Barcaza et  al. 2017; Zalazar et  al. 2020). The mean elevation of ice masses in 
Patagonia is much lower than in the Central Andes further north. In the Patagonian 
Andes, the most numerous types of ice masses are perennial snow patches and gla-
ciarets (n  =  14,215) (Fig.  4.2a), followed by mountain glaciers (n  =  8720) 
(Figs. 4.2c–f), rock glaciers (n = 437) (Fig. 4.2b), outlet glaciers (n = 368) (Fig. 4.3), 
and valley glaciers (n = 334) (Fig. 4.4). Nevertheless, snow patches and glaciarets 
are substantially smaller and cover less than 511 km2 in total, with rock glaciers 
covering an even smaller area (less than 26 km2 for the whole study region). Outlet 
glaciers, which drain the inner areas of the Patagonian icefields, cover the most 
extensive area (15,400 km2). Finally, small-to-medium-sized mountain glaciers and 
medium-to-large valley glaciers distributed all along the Patagonian Andes covered 
more than 7030 km2 and 3125 km2, respectively.

The ice masses in Patagonia are unevenly distributed (Fig. 4.5). Fewer, smaller 
ice masses exist in the Northern Patagonian Andes (37 °S to 45 °S) compared to 
those much larger and abundant that can be found further south. In the north, moun-
tain and valley glaciers represent the most extensive ice masses and are usually 
found on isolated volcanoes and high peaks (Reinthaler et al. 2019). The elevated 
precipitation levels of the region, the relatively mild temperatures, and the steep 
average slopes of most glaciers in the region result in high ice mass turnover rates 
and ice velocities between tens to a few hundred meters per year in the steep areas 
(Ruiz et al. 2015). Following the strong west–east precipitation gradient, the largest 
glacierized area and number of glaciers and snow patches are in the west margin. 
The higher and smaller snow patches and rock glaciers are usually found on the 
eastern margin of the North Patagonian Andes. According to Condom et al. (2007), 
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Fig. 4.2 Examples of small ice mass in the Patagonian Andes. (a) Perennial snow patches or gla-
ciarets in the Northern Patagonian Andes of Argentina. (Photo by Lucas Ruiz). (b) Small rock 
glacier in the Northern Patagonian Andes of Argentina. (Photo by Lucas Ruiz). (c) Small mountain 
glacier in the Southern Patagonian Andes of Argentina. (Photo by Pierre Pitte). (d) Villarica vol-
cano in the Northern Patagonian Andes of Chile, which is covered by glacier ice cap. (Photo by 
Andrés Rivera). (e) Mountain cirque glacier in the Aysen region of Chile. (Photo by Andres Rivera)

the regional climatic Equilibrium Line Altitude (ELA) for glaciers is lower in the 
western margin and higher in the eastern one of the Patagonian Andes, where the 
development of mountain permafrost is favored (Ruiz and Trombotto 2012) 
(Fig. 4.6a).

The Southern Patagonian Andes (45° to 53 °S) contains the largest concentration 
of snow patches, mountain glaciers, outlet glaciers, and icefields, including the 
Northern Patagonian Icefield (NPI) and the Southern Patagonian Icefield (SPI) 
(Fig. 4.5). The SPI alone is formed by 139 glaciers larger than 5 km2. This extensive 
icefield currently covers ca 12,200 km2 (De Angelis 2014; Meier et al. 2018) and the 

L. Ruiz et al.
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Fig. 4.3 Examples of outlet glaciers in the Southern Patagonian Andes. (a) Viedma glacier, the 
largest glacier in Argentina flowing from the inner plateaus of the SPI to the Viedma lake. (Photo 
by Marius Schaefer). (b) Conjunction of Upsala and Codo glaciers of the SPI at Argentino lake. 
Upsala glacier has dramatically thinned and retreated in the last years. (Photo by Marius Schaefer). 
(c) Grey glacier in the SPI. (Photo by Marius Schaefer). (d) Front of Perito Moreno glacier as it 
approaches the Magallanes peninsula closing the channel between the lake Rico and lake Argentino. 
(Photo by Lucas Ruiz). (e) Front of Chico glacier in the northern margin of the SPI. (Photo by 
Andrés Rivera). (f) Front of O’Higgins glacier, one of the largest glaciers in the SPI as it calves into 
its homonymous lake. (Photo by Andrés Rivera)

NPI is ca 3700 km2 (Dussaillant et al. 2018). Other important ice caps can be found 
at Mount San Lorenzo (ca 140 km2; Falaschi et al. 2013) and Gran Campo Nevado 
(ca 200 km2; Schneider et al. 2007b). The most significant amount and extent of ice 
masses is in the west margins of the Southern Patagonian Andes. The mean eleva-
tion of ice masses is lower than further north, and there is also an increase of ice 
masses elevation from west to east. Similar to the Northern Patagonian Andes, rock 
glaciers are mostly distributed over the eastern margins (Masiokas et  al. 2015; 
Falaschi et  al. 2015) below the regional climatic ELA (Condom et  al. 2007) 
(Fig. 4.6b, c).

4 Current State and Recent Changes of Glaciers in the Patagonian Andes...
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Fig. 4.4 Examples of valley glaciers in the Patagonian Andes. (a) Manso glacier, also known as 
Ventisquero Negro, is the most voluminous glacier in the Monte Tronador, north Patagonian Andes 
of Argentina. (Photo by Lucas Ruiz). (b) Planchón Nevado valley glacier in the Northern 
Patagonian Andes of Argentina. (Photo by Lucas Ruiz). (c) Esperanza Norte valley glacier in the 
Northern Patagonian Andes of Argentina, it has one of the longest records of length fluctuation 
time series of the region. (Photo by Lucas Ruiz). (d) Turbio III valley glacier in the Northern 
Patagonian Andes of Argentina. (Photo by Lucas Ruiz). (e) Torre valley glacier in the Southern 
Patagonian Andes of Argentina. (Photo by Pierre Pitte). (f) Seco glacier, in the Southern Patagonian 
Andes of Argentina. (Photo by Lucas Ruiz)

Further south, in the Fuegian Andes (53 °S to 55 °S), the trend of decreasing ice 
masses mean elevation continues. The largest ice-covered is Cordillera Darwin ice-
field (CDI) (ca 2300 km2; Bown et al. 2014), although other smaller icefields with 
outlet glaciers larger than 100 km2 and many mountain glaciers also exist at Isla 
Santa Inés, Cordón Navarro, and Isla Hoste in the archipelagos of the western mar-
gin of Tierra del Fuego (Fig. 4.5). In the eastern margin of the Andes, small moun-
tain glaciers, glaciarets and rock glaciers are developed. In the same way as further 

L. Ruiz et al.
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Fig. 4.5 Distribution of glaciers in the Patagonian Andes. Both number (a) and extent (b) by 
glacier type and by 1° of latitude are shown to highlight the uneven distribution of ice masses. (c) 
Map of distribution of glaciers in Patagonia. (Data from Barcaza et al. 2017 and Zalazar et al. 2020)

4 Current State and Recent Changes of Glaciers in the Patagonian Andes...



Fig. 4.6 Across Patagonian Andes transect at selected representative latitudes. Each transect rep-
resents the size and mean elevation of ice masses at 2° latitude bands. (a) Northern Patagonian 
Andes at the latitude of Monte Tronador. (b) Southern Patagonian Andes at the latitude of the 
Northern Patagonian Icefield (NPI). (c) Southern Patagonian Andes at the latitude of the Southern 
Patagonian Icefield (SPI). (d) Fuegian Andes at the latitude of the Cordillera Darwin icefield 
(CDI). At each transect, the Regional Climate Equilibrium Line Altitude (ELA) from Condom 
et al. (2007) is shown
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north, rock glaciers are located below the Regional Climate ELA (Condom et al. 
2007; Fig. 4.6d).

Although glaciers along this region are mainly clean ice or debris-free (98% of 
the glaciated area), debris-covered glaciers can still be found due to local conditions 
such as rock-fall and stagnation. This is the case of valley glaciers at Monte Tronador 
(41 °S) or at Monte San Lorenzo (47 °S), where rock-falls and avalanches below 
massive bedrock cliffs or headwalls allow the concentration of debris over the gla-
cier tongues (Falaschi et al. 2013; Ruiz et al. 2017).

When the RGI 6.0 (RGI Consortium 2017) is examined against the glacier inven-
tories of Argentina and Chile, differences can be noted, which need to be considered 
to put in perspective other studies that use it as input data (Zalazar et al. 2020). The 
most significant discrepancy occurs in the number and extent of small ice masses 
(<0.5 km2). Although the RGI 6.0 shows similar latitudinal patterns regarding the 
number and extent of ice masses, substantial local discrepancies can also be 
observed between these datasets. The largest differences are found in the Northern 
Patagonian Andes, where the RGI overestimates the number (>150%) and extent 
(>100%) of glaciers by more than double of the glacier inventories of Argentina and 
Chile. However, the difference is much lower in the Southern Patagonian Andes and 
Tierra del Fuego (<10% in the number of glaciers and <7% in their extent). The dif-
ference in the number of glaciers could be attributed to the automatic method used 
to delimit glaciers and the quality of digital elevation models used as input. Also, the 
overestimation in the extent of glaciers could be due to inventory misclassified sea-
sonal snow patches as, or part of, perennial ice bodies. As we show below, caution 
must be taken when considering the results of ice mass distribution or glacier mass 
change from studies based on the RGI 6.0 or previous versions in the Northern 
Patagonian Andes.

4  Ice Volume in the Patagonian Andes

Glacier ice volume is key to quantifying water resources in mountain regions and 
their possible contribution to sea-level rise (Farinotti et al. 2017). There are several 
methods for inferring the total volume of glaciers: volume–area scaling approaches 
(Bahr et  al. 1997), parameterization schemes (Haeberli and Hoelzle 1995) and 
physical models based on ice-flow dynamics and mass conservation (Farinotti et al. 
2009; Morlighem et al. 2011; Gantayat et al. 2014). Recently, there has been an 
increase in the number of studies using various numerical inversion approaches to 
recover ice thickness distribution from surface measurements and glacier character-
istics (Farinotti et al. 2017). In volume-area scaling approaches, where ice volume 
is calculated based on an empirical relationship to the glacier area, larger glaciers 
tend to be thicker (Bahr et al. 2015). Although volume-area scaling approaches are 
easy to apply, they are potentially misleading if they are not calibrated with repre-
sentative data. Also, distributed approaches tend to have significant uncertainties 
and are calibrated to the limited number of existing thickness measurements. Ice 

4 Current State and Recent Changes of Glaciers in the Patagonian Andes...
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thickness measurements along the Southern Andes are scarce, and data are available 
only for a limited number of glaciers along the Patagonian Andes (GlaThiDa 
Consortium 2019). First, ice thickness measurements during the 1980s and 1990s 
were retrieved using gravity or seismic methods in the Northern and Southern 
Patagonian Icefields by Casassa (1987) and Rott et al. (1998). Rivera et al. (2001) 
present the first radio-echo sounding ice thickness measurements over the Casa 
Pangue glacier in Monte Tronador.

Meanwhile, Rivera and Casassa (2002) obtained the first ice thickness measure-
ments in the accumulation area of the Southern Patagonia Icefield using a radio- 
echo sounding system. The Chilean Water Cadaster (Dirección General de Aguas) 
conducted a series of radar surveys onboard helicopters on the Patagonian Andes’ 
Chilean side with more comprehensive coverage of the ice thickness for Monte 
Tronador and the Northern and Southern Patagonian Icefields (Dirección General 
de Aguas 2014). Zamora et al. (2017) present an airborne low-frequency radar sys-
tem used to survey the ice thickness of the northern part of the Southern Patagonian 
Icefield. More recently, Gourlet et al. (2016) and Millan et al. (2019) present the 
most extending mapping of ice thickness and bed elevation measurements over NPI 
and SPI by combining airborne gravity data, airborne radar sounder, and lake and 
fjord bathymetry.

Glacier ice volume or ice thickness distribution has been estimated for the 
Patagonian Andes by different modeling approaches. Carrivick et al. (2016) derive 
a first-order estimate of ice thickness and volume for 617 glaciers between 41 °S 
and 55 °S, inventoried by Davies and Glasser (2012). Farinotti et al. (2019) used 
different inversion models to recover the ice thickness distribution of all the glaciers 
in the Randolph Glacier Inventory (RGI) 6.0 (RGI Consortium 2017). Carrivick 
et al. (2016) estimate that glaciers in the Patagonian Andes, south of 41 °S (n = 627; 
area = 23,475 km2), is 5955 km3 ± 1191 km3 of ice. The consensus estimate for 
glacier volume for Patagonian Andes (n = 12,712; area = 27,219 km2) obtained by 
Farinotti et al. (2019) is 5217 ± 1300 km3 of ice. The amount of water storage in the 
Patagonian glaciers is so large that it is equivalent to a rise of 15 ± 5 mm in the 
global mean sea level or three times the volume of all the proglacial lakes in the 
Central and Patagonian Andes.

Due to the relationship between glacier size and volume, most of the glacier ice 
location is highly skewed to the western margin of Southern Patagonian Andes, 
where the largest glaciers are found (Fig. 4.7). Indeed, maximum ice thickness was 
found in some of the larger glaciers of the SPI, but there is still no agreement on the 
exact location and magnitude of the highest values in the icefield. For example, 
Millan et  al. (2019) reported maximum ice thickness measurement values of 
1650 ± 60 m in the accumulation area of Bernardo glacier (SPI), whereas maximum 
ice thicknesses modeled by Carrivick et al. (2016) reach 1631 m ± 179 m in the 
ablation area of Viedma glacier (SPI). In contrast, for Farinotti et al. (2019), mod-
eled maximum ice thickness for this area did not exceed 900 m, with the highest 
values of 890 ± 230 m in the accumulation area of Upsala glacier (SPI). Millan et al. 
(2019) calculated a total ice volume of 1124  ±  260  km3 for the NPI and 
3632 ± 675 km3 for the SPI, with a combined total of 4756 ± 935 km3. The total 
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Fig. 4.7 Glacier ice volume distribution along the Patagonian Andes. (a) Ice volume by 1° of lati-
tude from Carrivick et al. (2016) and Farinotti et al. (2019). Due to the uneven distribution and 
thickness of glaciers, the scale of the plot is logarithmic. Although Carrivick et al. (2016) only 
considered 617 ice masses due to their size, it captures the general distribution pattern south of the 
45 °S, where the largest ice mass is located. Meanwhile in the Northern Patagonian Andes, they 
underestimate the ice volume. (b) Ice thickness map of Patagonian glaciers from Farinotti 
et al. (2019)
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modeled ice volume by Carrivick et al. (2016) was 1234 ± 246 km3 for the NPI and 
4326 ± 865 km3 for the SPI.  In contrast, Farinotti et al. (2019) estimated a total 
volume of 4607 ± 1200 km3 for the NPI and SPI together. Although all values agree 
within their error bars, there are significant differences in the ice thickness distribu-
tions. For example, Farinotti et al. (2019) tend to miss some significant topographic 
features and underestimate some of the deepest glacial valleys and along the pla-
teaus of the icefields.

Further north, Zorzut et  al. (2020) performed an independent evaluation of 
Carrivick et al. (2016) and Farinotti et al. (2019) results for Monte Tronador glaciers 
against radio-echo sounding measurements and an ice surface velocity inversion 
model. Monte Tronador’s glaciers ice volume best estimates was 4.8  ±  2  km3. 
However, both Farinotti et al. (2019) and Carrivick et al. (2016) suggested thinner 
ice (4.3 ± 2 km3 and 2.6 ± 3 km3, respectively). Although the difference in ice thick-
ness estimation between models’ results could be attributed to the lack of ice thick-
ness measurements to calibrate Farinotti et al. (2019) and Carrivick et al. (2016) 
models’ outputs, a detailed analysis of their ice thickness distribution maps reveals 
that glacier inventory used as input data was a significant source of discrepancies.

Differences in mapping and identifying individual glacier basins impact the dis-
tribution of ice thickness, especially at ice divides within the central plateaus of the 
icefields. On the other hand, ice thickness is overestimated where internal outcrops 
are not well depicted. Discrepancies in the ice thickness distribution have important 
implications for future projections of ice volume change. Particularly, if thinner and 
smaller glaciers are depicted for a region (as suggested, e.g., in the analyses of 
Farinotti et al. (2019)), this will amplify the implications of possible future impacts 
of climate changes on these glaciers.

5  Glacier Changes in the Patagonian Andes

There are different ways to quantify glacier changes, which nowadays mostly rely 
on remote-sensing techniques. Changes in length or extent (area) of glaciers could 
be observed on the satellite images or through the simple comparison of historical 
records (Zemp et al. 2011). However, these changes cannot directly be related to 
climatic forcing. The response of glaciers is also affected by topographic features 
(e.g., glacier size, glacier surface slope, glacier bedrock slope), surroundings char-
acteristics (e.g., proglacial lake, type of bedrock sediment), supraglacial features 
(debris-cover, ponds, or ice cliffs), subglacial hydrology and calving dynamics (in 
the case tidewater- or lake-terminating glaciers) can play an important role. As a 
result, changes in glacier size through advance or retreat are an indirect, delayed, 
and filtered signal to changes in climate (Cuffey and Paterson 2010).

In contrast, the glacier mass changes or mass balance (i.e., the annual change in 
volume or mass) is a direct and undelayed response to the annual changes in atmo-
spheric conditions (Haeberli and Hoelzle 1995; Cogley et al. 2011). Glacier mass 
changes can be measured in the field and by remote sensing. In situ measurements 
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consist of ablation measurements with ablation stakes and accumulation measure-
ments using, most commonly, snow pits (Cogley et al. 2011). These in situ measure-
ments are then extrapolated to the entire glacier and provide detailed information 
but are laborious, and thus only be obtained for relatively few glaciers. Some pro-
cess such as the loss of mass at the calving front of a lake- or marine-terminating 
glaciers, which consists of the mechanical breaking off of, sometimes large, chunks 
of ice (but also includes subaerial melting and subaerial sublimation, and very 
importantly subaqueous frontal melting), cannot be captured by the traditional gla-
ciological mass balance methods of “stakes and pits.” Thus, it is expected that for 
those glaciers with high active calving fronts, mass changes are different from the 
surface mass balance. Another widely used approach to estimate glacier mass 
changes is the geodetic method, where the difference in surface elevation measured 
at two or more points in time is associated with glacier mass change (Cogley et al. 
2011). Significant advantages of this include the possibility that large regions can be 
investigated simultaneously and that part of the frontal ablation in a calving glacier 
(the ablation that occurs above the surface of the water body) is also captured. This 
method is constrained by the availability of suitable elevation data or imagery 
(Bamber and Rivera 2007; Cogley 2009), but nowadays, many different sources of 
elevation data are available. Modeling provides another avenue for examining gla-
cier mass change. There are different ways to parameterize the interactions between 
climate and glacier, which determine the glacier’s mass balance ranging from purely 
empirical parametrizations (such as the degree-day method) to parametrizations 
that try to quantify the physical processes that take place at the glacier–atmosphere 
interface. The general performance of these parametrizations crucially depends on 
the quality and availability of meteorological data (Hock 2003). An important point 
to note is that adequate parametrizations of glacier–climate interactions are neces-
sary to project the future of glaciers under different climate change scenarios 
(Marzeion et al. 2020).

5.1  Glacier Area Changes

Our knowledge of glacier changes in the Patagonian Andes has increased substan-
tially in recent years, and there is overwhelming evidence for the ongoing, general-
ized ice mass loss throughout this region. Glacier fluctuation data from the late 
seventeenth century to the present show that despite several readvances over the 
past 100–110 years, most of them have been shrinking since the European period 
called Little Ice Age (LIA) when Patagonian glaciers reached their latest Late 
Holocene maximum position (García et al. 2020). The date assigned to this maxi-
mum advance varies among Andean regions, but it is assumed for the Patagonian 
Andes that it took place between AD 1650 and 1870 (Masiokas et al. 2009; Glasser 
et al. 2011), when glaciers advance generated of conspicuous moraines and trim-
lines through this mountain range. Davies and Glasser (2012) assessed glacier area 
changes since 1870 for 640 glaciers from 40 °S to 56 °S, finding that between 1870 
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and 2011, 90% of the glaciers shrank, 0.3% advanced, and 9.5% showed no change. 
The total area of these studied glaciers covered an area of 26,848.8 km2 in 1870, 
which was reduced by 15.5% to 2011, when they only had 22,717.5 km2. The over-
all rate of area loss was twice as rapid for the 2001–2011 period (51.2 km2 yr−1) than 
for the 1870–1986 interval (26.8 km2 yr−1), particularly for the NPI and SPI (Davies 
and Glasser 2012). More recently, Meier et al. (2018) assessed the glacier change 
between 1870 and 2016 for the Southern Patagonian and Fuegian Andes, consider-
ing more than 11,200 glaciers covering an area of 28,091 ± 890 km2 during the 
LIA. They found a total reduction of 5455 ± 1269 km2 (19 ± 5%), which represents 
a rate of area reduction of 37 ± 9 km2 yr−1 between 1870 and 2016 increasing to 
73 ± 42 km2 yr−1 between 1986 and 2016. In the Fuegian Andes, the highest rate of 
change occurred during 1986–2005 and decreased afterward. Both of the studies 
cited above agree that small glaciers (<5  km2) have the highest relative rate of 
shrinkage, with large lake or maritime-terminating glaciers contributing most to the 
total area loss.

There are few exceptions to this general glacier mass loss in the Patagonian 
region. The most remarkable is the almost continuous advance of Pio XI or Brüggen 
in the western side of the SPI, which destroyed more than 400 years old trees (Rivera 
et  al. 1997) and formed a prominent frontal moraine thanks to a net advance of 
11 km since 1945 (Wilson et al. 2016; Hata and Sugiyama 2021). Perito Moreno 
glacier in the eastern margin of the SPI also shows an unusual behavior, with only 
minor fluctuations of the glacier front for about 80  years (Minowa et  al. 2015). 
Nevertheless, most of the SPI glaciers have been retreating (Stuefer et  al. 2007; 
Davies and Glasser 2012). Another glacier that has advanced recently is the 
Garibaldi glacier in CDI of the Fuegian Andes, which shows an oscillating, quasi- 
stable front since at least 1945 (Melkonian et al. 2013).

In this context, it is essential to note that the advance or retreat of maritime and 
lake-terminating glaciers depends, among other factors, on the underlying topogra-
phy (Benn et al. 2007). Although surge-like behavior has been suggested to explain 
the advance of Pio XI (Wilson et al. 2016), recently, it has also been stated that sedi-
ment deposition in front of the glaciers and the concomitant decrease in water depth 
may be controlling the glacier dynamics, with a possible influence of recently 
increasing precipitation (Hata and Sugiyama 2021). The presence of a submarine 
terminal moraine or a shallower fjord was also proposed to explain the behavior of 
the Garibaldi glacier (Melkonian et al. 2013). Stuefer et al. (2007) indicate that the 
shallowing due to the presence of the Magallanes peninsula at the front of the Perito 
Moreno glacier, together with the hypsometry of its basin (a large accumulation 
area and a high slope where ELA is located), may explain the oscillatory behavior 
(small advances and retreats) of this glacier.

Although supraglacial debris cover is not widespread in the Patagonian glaciers, 
mapping the spatial and temporal changes in debris cover shows that it has increased 
over time. In the NPI, Glasser et al. (2016) found that debris cover had increased 
from 4% in 1987 to 8% in 2015. Similarly, in Monte San Lorenzo, Falaschi et al. 
(2021) found debris-covered increases from 40% to 50% between 1958 and 2020. 
Although not widely assessed for the rest of the Patagonian Andes, when present, 
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the debris-covered area is increasing in the Patagonian Andes, like in other regions 
of the Andes (Malmros et al. 2016; Ferri et al. 2020).

5.2  Glacier Mass Changes

Direct glaciological mass balance observations are limited to a handful of short data 
series in the Patagonian Andes. Martial Este glacier (0.1 km2) in Tierra del Fuego, 
with continuous glaciological measurements since 2000, has the longest record of 
annual and seasonal mass balance in Patagonia, followed by Mocho Choshuenco 
glacier (5.1 km2) with discontinuous measurements since 2003 (Rivera et al. 2005; 
Schaefer et al. 2017). Other glaciers in the Patagonian Andes where glaciological 
monitoring programs started or restarted in 2013 or were sporadically or locally 
without retrieving the glacier-wide mass balance have been conducted as an insight 
of the amount of accumulation and ablation (Stuefer et al. 2007; Bravo et al. 2019a, 
b). Thus, besides their shorter or sporadic records, they help assess the quality of 
geodetic mass balance measurements or calibrate and validate mass balance model-
ing approaches (Schaefer et al. 2015).

Different regional to local geodetic mass balance surveys exist for the Patagonian 
Andes. Two Andes-wide geodetic mass balance studies have comprehensively esti-
mated glacier change for the last two decades along the Patagonian Andes (Braun 
et  al. 2019; Dussaillant et  al. 2019). Dussaillant et  al. (2019) assessed the mass 
change of Andean glaciers in two sub-periods, finding that in the Northern 
Patagonian Andes, ice mass loss rate increased from 0.08  ±  0.25  m w.e. a−1 to 
0.98 ± 0.25 m w.e. a−1 between 2001–2008 and 2010–2017, respectively. Further 
south, in the Southern Patagonian Andes, the ice mass loss remained high but rela-
tively stable between the two time periods: It changed from 0.85 ± 0.3 m w.e. a−1 to 
0.76 ± 0.3 m w.e.a−1 between 2000–2008 and 2010–2017, respectively. In contrast, 
the ice mass loss at the Fuegian Andes was 0.76 ± 0.3 m w.e. a−1 during 2000–2006 
but decreased to 0.35 ± 0.4 m w.e. a−1 between 2012 and 2016 (Dussaillant et al. 
2019) (Fig. 4.8).

5.3  Causes of Glacier Mass Change

Mass changes of glaciers, which do not terminate in deep water, such as the major-
ity of ice mass in north Patagonian Andes, depend on the balance between the snow 
accumulation and glacier surface ablation (Cogley et al. 2011). Glacier surface abla-
tion is driven by the energy fluxes between the glacier surface and the atmosphere. 
Due to the mild temperature conditions and the rather high wind speeds in the 
Patagonian Andes, the turbulent flux of sensible heat was highlighted as the most 
important energy provider to the glacier surface, followed by the net solar radiation 
(Schneider et al. 2007a, Schaefer et al. 2020). The importance of the turbulent flux 
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Fig. 4.8 Glacier mass change in the Patagonian Andes. (a) Glacier mass change for the different 
regions of the Patagonian Andes for two sub-periods (2000–2009 and 2010–2017), from Dussaillant 
et al. (2019). (b) Elevation changes map of the Patagonian glaciers from Dussaillant et al. (2019)
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of sensible heat to the glacier surface explains the dependency of the modeled melt 
rates on the air temperature in the Patagonian Andes as opposed to the Central 
Andes where the melt rates are rather determined by radiative fluxes (Schaefer et al. 
2020). On the contrary, the turbulent flux of latent heat was found to be either posi-
tive or negative, depending on the humidity conditions, and the net longwave radia-
tive energy flux which is normally slightly negative. Interestingly, it was found that 
the days with the highest melt rates in the Patagonian Andes are associated with 
overcast conditions, where the turbulent flux of latent heat is positive, the turbulent 
flux of sensible heat is high and the net longwave radiative energy flux is close to 
zero (Schaefer et al. 2020).

The almost balanced mass budget of Monte Tronador glaciers between 2000 and 
2012 suggests that they were probably approaching a dynamic equilibrium (Ruiz 
et al. 2017) after a hasty glacier retreat between the 1980s and 2000s in the Northern 
Patagonian Andes (Paul and Mölg 2014). Drastic glacier area changes before the 
2000s have been linked (Ruiz et al. 2017) to the notable increase in warm season 
temperatures in the Northern Patagonian Andes in the late 1970s (Giese et al. 2002). 
The increase in glacier mass loss between 2010 and 2018 coincides with the mega-
drought of the Central Andes (Garreaud et al. 2020) and conspicuous volcanic erup-
tions and large wildfires that decrease the albedo, increasing the melt of snow and 
ice (Gelman Constantin et al. 2020).

Due to the larger glaciated area, glacier mass loss in the Patagonian Andes is 
concentrated in Southern Patagonian Andes, with the highest mass loss rates in the 
NPI and the SPI. Indeed, approximately 80% of recent mass loss from all Andean 
glaciers originates in these icefields alone (Braun et  al. 2019; Dussaillant et  al. 
2019). Although ice mass loss and glacier front retreat in the Southern Patagonian 
Andes have been related to tropospheric warming (Rasmussen et al. 2007), climate 
and ice-melt models applied to the area have shown positive mass balances with an 
increasing trend between 1975 and 2011 (Schaefer et al. 2013; Lenaerts et al. 2014; 
Schaefer et al. 2015; Mernild et al. 2017). The causes behind this discrepancy seems 
to be the overestimation of precipitation rate by climate models used to force the 
surface mass balance models (Lenaerts et al. 2014; Bravo et al. 2021).

Most of the NPI and SPI glaciers’ large glaciers are calving into fjords or lakes 
(Warren and Sugden 1993; Aniya et al. 1996) and have shown a more complex reac-
tion to climate change than land terminating glaciers (Meier and Post 1987). In 
these calving glaciers, the initial retreat is often associated with warming air or 
water temperatures. However, subsequent retreat and acceleration are attributed to 
the dynamic response of the glacier to changes in the force balance near the front, 
which initiates positive feedback between thinning and acceleration, increasing the 
iceberg calving rate (Benn et al. 2007; Sakakibara et al. 2013), making the processes 
behind the rapid change of frontal ablation and glacier changes quite complex (Benn 
et al. 2007; Truffer and Motyka 2016). Until very recently, only a few studies were 
available for individual glaciers in Patagonia to quantify the frontal ablation (Stuefer 
et  al. 2007; Koppes et  al. 2011; Collao-Barrios et  al. 2018; Bown et  al. 2019). 
Recently, Minowa et al. (2021) quantified the role of frontal ablation in ice mass 
change for the 38 major calving glaciers in the NPI and the SPI. They found that 
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frontal ablation from 2000 to 2019 represents 34 ± 6% of the total ablation of the 
icefields, with frontal ablation representing one-fifth of the total ablation in the NPI 
and close to half of the total ablation in the SPI. They conclude that a substantial 
increase in frontal ablation at several glaciers drives the observed ice mass loss in 
the SPI, whereas increasingly negative surface mass balance drives the recent ice 
mass loss in the NPI. The same pattern is observed in other areas of the Patagonian 
Andes, such as Monte Tronador or Monte San Lorenzo, where glacier mass loss 
increased due to calving into recently formed proglacial lakes (Ruiz et al. 2017; 
Falaschi et al. 2019).

6  Hydrological Significance of Glaciers 
in the Patagonian Andes

The Patagonian Andes represent the source of freshwater for more than 2.4 million 
people. Thus, the climatic changes in the headquarters of the most important river 
basins in Patagonia may potentially have a significant societal impact (Johansen 
et al. 2018). Nonetheless, despite their relevance, many key hydrological processes 
in the upper river basins are only marginally known due to an overall lack of infor-
mation and the logistic constraints associated with studying these remote and gener-
ally inaccessible areas (See Chap. 9). Due to high precipitation levels in the 
Patagonian Andes, the hydrological significance of glaciers in this region is gener-
ally low, with the glacier ice melt serving as a flow buffer during dry intervals rather 
than a major source of river flow. Further north, in the Dry Andes region, the contri-
bution of glaciers and other ice masses becomes more hydrologically relevant 
(Ayala et al. 2020).

Masiokas et al. (2019) found that many river basins along the Patagonian Andes 
show higher streamflow values in winter, associated mainly with elevated rainfall 
levels during the colder months. Some rivers also show a second streamflow peak in 
spring due to the melting of the winter snowpack accumulated in their upper basin 
areas. The Santa Cruz river, in contrast, shows a distinctive hydrological regime that 
is strongly influenced by the extensive glaciers located in its upper basin. This river 
drains ca. 3000 km2 of glacier ice along the southeastern portion of the SPI and 
shows a single peak in the late summer—early fall largely dominated by glacier 
melt, with minimum discharges at the end of the winter before the onset of the melt-
ing season. This particular seasonal pattern can also be found in other river basins 
that contain a considerable proportion of their area covered by glaciers. However, as 
most glaciated basins in Patagonia also receive high amounts of solid and liquid 
precipitation, their hydrology is more likely dependent on winter precipitation and 
spring/early summer snowmelt, with a variable influence of glacier ice melt bolster-
ing inputs later in the summer. The hydrological significance of other cryospheric 
reservoirs such as rock glaciers has not been estimated but may represent a 
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substantial contribution for some small upper basins along the driest, eastern sectors 
of the Patagonian Andes (For hydrological details, see Chap. 9).

Dussaillant et al. (2019) found that there has been a slight increase in the decadal 
glacier contribution to streamflow between the first and the second decades of the 
twenty-first century in the region. For the Baker River Basin draining the southern 
portion of the NPI, the glacier contribution at a decadal scale increased from 3 to 
5%, whereas for the Santa Cruz river draining the eastern sector of the SPI, the 
decadal contribution increased from 14 to 16%.

Huss and Hock (2018) investigated the future changes in glacial runoff due to 
future glacier change in several larger river basins of the world, including the Baker 
and Santa Cruz river basins. Their study focused on the occurrence of the “peak 
water” during the twenty-first century and the change in the glacier contribution to 
river runoff for three different Representative Concentration Pathways (RCP’s 2.6, 
4.5, and 8.5) emission scenarios. For the Baker river, they found that independent of 
the emission scenario, the glacier peak water has already happened or will occur in 
the coming years (2015 ± 18 yrs for RCP 2.6, and 2020 ± 16 yrs for RCP 8.5). The 
late summer glacier contribution at the end of the century in late summer will 
decrease between 28 ± 10% for a low emission scenario (RCP 2.6) and 40 ± 10% 
for a high emission scenario (RCP 8.5) due to shrinkage of glaciers in this river 
basin. For the Santa Cruz river basin, it was projected that the peak water will occur 
between 2050 ± 18 yrs (RCP 2.6) and 2096 ± 9 yrs (RCP 8.5). Due to the large 
glacier cover and the projected mass loss, the glacier contribution during the sum-
mer months in this basin will continue to increase by 3 ± 5% (RCP 2.6) or 31 ± 11% 
(RCP 8.5) at the end of the century.

7  Glacier as Risk Sources in the Patagonian Andes

Glacial lakes are lakes that are fed by glacier meltwater, including lakes on top of 
glaciers (supra-glacial), lakes in front of glaciers (proglacial), and glacier-fed lakes 
that are disconnected from glaciers but close to glacier termini (See Chap. 3). Supra- 
glacial lakes are often ephemeral and drain when they connect to the englacial 
drainage system. However, when the lakes reach the glacier bed, supra-glacial lakes 
can grow and coalesce. When these water bodies collect behind the terminal 
moraine, they form proglacial lakes and often grow concomitant with glacier reces-
sion. Also, ice-dammed lakes can form when a surging glacier blocks a river valley. 
Proglacial lakes pose a severe risk when the moraine (or glacier) dam fails, and the 
water drains catastrophically as a glacial lake outburst flood (GLOF), with signifi-
cant and long-lasting human and physical impacts. Two of the largest river basins in 
Southern Patagonia (the Santa Cruz and Baker river basins, see above) are affected 
by the sporadic, rapid drainage of ice-dammed lakes that produce drastic increases 
in water levels downstream (Dussaillant et al. 2009; Iribarren Anacona et al. 2015). 
With degrading high-mountain permafrost, there is also an increased probability of 
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rock ice/avalanches from steep slopes reaching glacial lakes and triggering GLOF 
events (Deline et al. 2015).

Recent glacial lake inventories in the Patagonian Andes (Wilson et  al. 2018) 
show that glacial lakes have increased in number (54% and 44% in the Northern and 
Southern Patagonian Andes, respectively) and areal extent (50% and 21%, respec-
tively) between 1986 and 2016. Although most of the new lakes have emerged 
between 1986 and 2000, there was still a considerable increase in the area of glacial 
lakes between 2000 and 2016 (Fig. 4.9). The distribution of glacial lakes is heavily 
skewed toward the more glacierized western margin of the Southern Patagonian 
Andes. The sizes of the individual glacial lakes vary from relatively small in the 
Northern Patagonian Andes to generally large in the Southern Patagonian Andes. In 
terms of glacial lake type, most (51% in both regions) lakes present in 2016 were 
impounded by a moraine dam, followed by rock-bar (48% and 41% in Northern and 
Southern Patagonian Andes, respectively) and ice dam (0.4% and 7% in Northern 
and Southern Patagonian Andes, respectively). Those lakes still in contact with gla-
ciers have the most significant potential for future change, with 15% of glacial lakes 
in the Northern and 26% in the Southern Andes.

The increase in the number and size of glacial lakes in the Patagonian Andes is 
associated with the widespread thinning and retreat of glacier tongues that initiated 
after the latest Holocene maximum (the end of the LIA). Although Northern 
Patagonia has experienced the most significant changes in glacial lakes, the rate of 
arial growth of these lakes has reduced considerably between 2000 and 2016 
(Fig. 4.9). The number of newly emerging glacial lakes in Northern Patagonia dur-
ing this latter period has declined, too. These changes are likely related to differ-
ences in topography, rate of glacier changes, climate change, and the availability of 
low gradient ice areas. These factors will influence the rate of lake growth and the 
likelihood of outburst events in each sub-region in the future (Wilson et al. 2018).

Iribarren Anacona et al. (2015) document dozens of GLOFs since the eighteenth 
century, which have increased in frequency in the last three decades. The frequency 
increase has been attributed to glacier shrinkage and lake growth and was often trig-
gered by intense or prolonged rainfall and high temperature that increased meltwa-
ter production. In addition to observing several non-catastrophic glacial lake 
reductions and disappearances between 1986 and 2016, Wilson et al. (2018) identi-
fied 21 previously unreported GLOFs, including at least eight events since 2000. 
These authors highlight that the likelihood of future outburst events is highest in 
Southern Patagonia, which contains the most significant number of moraine- and 
ice-dammed lakes. Also, GLOFs are expected to increase in the future as the glacier 
retreats continue along the Andes (Harrison et al. 2018). Although satellite-based 
inventory and monitoring of glacial lakes allow a better understanding of lake devel-
opment, future GLOF risk assessments should incorporate projected changes in 
lake volume, glacier extent, extreme climatic events, and stability-related hazards. 
Assessing the overall GLOF risk in the Patagonian Andes is crucial for better plan-
ning and implementing disaster risk reduction measures and climate change adapta-
tion in the region.
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Fig. 4.9 Glacial lakes change between 1986 and 2015 in the Patagonian Andes. (a) Number of 
glacial lakes between 1986, 2000 and 2016. (b) Extent of glacial lakes between 1986, 2000 and 
2016. Bars show the relative changes in terms of number (a) and area (b) since 1986. For each bar 
the amount and total area in km2 are also shown. (c) Map of Patagonian glacial lakes changes. 
(Data from Wilson et al. (2018)). Each dot represents the location of one glacial lake. Note that no 
glacial lakes were mapped by Wilson et al. (2018) in the Fuegian Andes
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8  Regulation Measures and Protection 
of Patagonian Glaciers

Glaciers and other ice masses are critical components of the hydrological cycle of 
the Andes. Recognizing glaciers’ environmental, socioeconomic, and cultural sig-
nificance and the threat of potentially damaging activities has motivated govern-
ments from Chile and Argentina to discuss or enact laws to protect them (Iribarren 
Anacona et al. 2018). In 2010, social concerns about the impact of mining activities 
along the Andes and the perception of weak or absent control by governmental 
agencies promoted the discussion and approval of unique legislation to protect gla-
ciers and the periglacial environment in Argentina (Rojas and Wegener 2020).

At least three revised versions of laws to protect the country’s ice masses have 
been proposed in Chile since 2006. Environmental non-governmental organizations 
claim that the law must be strict enough to protect glaciers and the ecosystem con-
tributions they provide, whereas mining companies declare that proposed protective 
measures could undermine the main economic activity of Chile (Iribarren Anacona 
et al. 2018).

Along the Patagonian Andes, there are no mining activities that could impact 
glaciers directly. Indeed, most of the glacier-covered area in this region is already 
located in different natural protected areas (e.g., national, province, or private 
lands). For example, of the more than 3715 km2 covered by ice in the Patagonian 
Andes of Argentina, 94% is in a protected natural area. The same in Chile, where 
more than 90% of the glacier covered area (23,427 km2), is in a protected natu-
ral area.

The approval of the “glacier law” in Argentina, but also the discussion of the dif-
ferent projects in Chile, has created new paradigms and opportunities for interac-
tions between science and policy. The definition of common goals and objectives 
between science and policy has also resulted in different products and activities, 
such as the glacier inventories of Argentina and Chile, and the implementation of 
glacier monitoring programs at national scales or for specific mining projects. With 
no doubt, these recent developments have substantially increased the knowledge 
and information about Patagonian glaciers in the last decade (IANIGLA and 
MAyDS 2018).

Nevertheless, a necessary joint problem framing and a more effective interaction 
between social and physical climate and impact sciences are still required for 
grounding policy in science. This can certainly help to effectively allocate resources 
to address the environmental challenges caused by climate change in the Andes and 
the associated threat to lives and livelihood (Johansen et al. 2018).
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9  Concluding Remarks

The Patagonian Andes contain the most significant area covered by glaciers in the 
Andes and the entire Southern Hemisphere outside Antarctica. This alone puts this 
region in a central position for the development of glaciological studies in South 
America. However, Patagonian glaciers are also highly relevant from other scien-
tific, environmental, socioeconomic activities, and cultural perspectives, including, 
for example, studies of climate change impacts on natural resources, sea-level rise 
assessments, hydrological analyses, the positive impact on tourism, and a great 
diversity of cultural considerations.

This chapter provides a brief overview of several critical aspects regarding the 
current state and the recent changes of Patagonia’s glaciers (key numbers in 
Table 4.1). The issues discussed above include descriptions of recently published 
national glacier inventories representing historical milestones in glaciological stud-
ies for Chile and Argentina. As in many other mountainous areas of the world, the 
increasing accessibility and spatial resolution of remote-sensing (satellite) informa-
tion have represented a crucial point for developing glacier inventories and many 
other related analyses with an unprecedented amount of detail.

The ongoing retraction of the ice masses in Patagonia has been documented by 
numerous studies and is a source of concern not only for glaciologists but for the 
broader public, who see in this generalized ice mass loss a clear sign of the ongoing 
climate change that affects Patagonia and the planet.

Table 4.1 Summary of the current state and recent changes of glaciers in the Patagonian Andes

Region Fuegian 
Andes

Southern 
Patagonian Andes

Northern 
Patagonian Andes

Patagonian 
Andes

Number of glaciera 2920 14,546 6608 24,074
Glacier area km2a 3476 20,863 1761 26,100
Glacier volume (km3) 262b / 364c 5735b / 4764c 32b / 94c 6029b / 5222c

Area change 
(1870–2011)d

km2 yr−1

−3.0 −24.2 −2.1 −29.3

Mass change 
(2000–2018)e

m w.e. yr−1

−0.48 ± 0.27 −0.86 ± 0.27 −0.57 ± 0.22 −0.78 ± 0.22

Changes in glacial 
lakes (1986–2016)f

km2 yr−1

0.7 10.1 7.9 18.8

aNumber and area of glaciers from Barcaza et al. (2017) and Zalazar et al. (2020)
bGlacier volume from Carrivick et al. (2016)
cGlacier volume from Farinotti et al. (2019)
eGlacier mass change from Dussaillant et al. (2019)
fChanges in glacial lakes from Wilson et al. (2018)
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The Patagonian Andes have lost nearly 1 meter of ice thickness per year over the 
entire glacier area (26,100 km2) between 2000 and 2018. Given the exceptionally 
large area covered by glacier ice in Patagonia, this high and steady ice mass loss of 
the past two decades has produced an immense amount of meltwater with an already 
discernible impact on sea-level rise. In fact, Patagonia alone accounts for 16 ± 4% 
of the sea-level rise estimated from the melting of glaciers in mountain areas (Hock 
and Rasul 2019).

The meltwater produced by glaciers in most river basins along the Patagonian 
Andes is, however, usually only a secondary hydrological input for surface flow 
draining the main river basins. The humid conditions that characterize this 
region make rainfall and snowmelt the most important contributors to rivers, 
and thus the seasonal changes in streamflow follow the seasonal patterns of 
those two major water inputs. Only in catchments where the glacier area reaches 
a considerable proportion of the total area (usually in the upper basins nearby 
the glaciers), the glacier melt inputs can reach a discernible hydrological signal 
and affect the seasonality of the surface flow. In these cases, the peak flow usu-
ally occurs toward the end of the summer, when the seasonal snow has already 
disappeared, but the temperatures are high enough to continue promoting the 
further melting of glacier ice. The Santa Cruz River in Southern Patagonia is an 
exciting case study that drains a vast basin with a large part located outside the 
Andean range, but also ca. 3000 km2 of glacier ice along the eastern portion of 
the SPI. This extensive glacier cover produces a detectable hydrological signal 
with a single streamflow peak at the end of the summer and minimum flows in 
spring at the end of the cold season.

The ongoing, and in some cases dramatic, thinning and recession of the lower 
reach of glaciers has brought about other issues associated with the risk of destabi-
lization of slopes that were formerly supported by the glacier tongues. This process 
can trigger a variety of situations that may directly or indirectly impact human lives 
and infrastructure on-site or further downstream. The retraction of the glaciers has 
also resulted in the formation of numerous proglacial lakes, with their number and 
surface area continuing to increase. One of the consequences of this increase in the 
number and volume of proglacial lakes is the increased risk of sudden floods caused 
by failure of the moraines or the ice walls that dam these newly formed lakes. 
Several such events have been reported across the Patagonian Andes, and some of 
them had severe impacts on the riverbed and nearby infrastructure.

Some pressing issues regarding future studies of glaciers in Patagonia include a 
better understanding of the ice dynamics of the different glaciers of the Patagonian 
icefields. As mentioned above, these icefields constitute the largest ice masses of the 
Southern Hemisphere but are formed by numerous outlet tongues with quite con-
trasting behaviors. Within the regional and well-documented thinning trend, some 
outlet glacier fronts have retreated dramatically (in the order of several km in a few 
decades). Others have remained relatively stable, and some isolated cases have even 
shown advances overriding deposits from the LIA chronozone. These contrasts in 
glacier dynamics are certainly challenging from a glaciological perspective but 
highlight the need to assess the potential impacts of future climate change in the 
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region with caution, considering the particularities of each ice mass within the gen-
eral picture.

The possible scenarios for glacier changes in the coming decades will depend on 
the trajectories taken by the main climate variables across Patagonia. These sce-
narios will also necessarily involve several inherent and complex ice dynamics pro-
cesses that depend on the size, location, presence of a proglacial lake or debris 
cover, among others, at each site. A better understanding of the glacier–climate 
relationships and the ice dynamics in different sectors of the Patagonian Andes can 
thus help improve our current understanding of these issues but will also prove 
essential for the development of reliable projections of future glacier changes in this 
extensive mountain range.

Many aspects of future climate change and glacier response in Patagonia still 
remain highly uncertain. Social concern about the impacts of human activities in 
mountain areas of Chile and Argentina has located glaciers and the periglacial envi-
ronment at the spotlight scene of policy, social, and science debate in Argentina and 
Chile. Although recent, science ground-based policy measures and initiatives have 
advanced the knowledge of glaciers and their hydrological role along the region, 
they must be continued in the future to become truly effective. The regular repeti-
tion of glacier inventories and monitoring programs are crucial both to assess the 
ongoing ice mass changes at local and regional scales. These results and initiatives 
are also essential to outline solid environmental policies for glacier protection and 
to develop efficient mitigation and adaptation strategies in response to the ongoing 
climate changes affecting the Patagonian Andes.
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