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Highlights 
Glaciers, snow, permafrost, lakes and wetlands are natural reservoirs of water. They support 

communities across the Andes. 

Andean glaciers are shrinking, and the rate of ice loss is accelerating. Andean glaciers are 

thinning by an average of 0.7 m per year, ~35% faster than the global average.   

Climate change is raising air temperatures, decreasing snowfall and increasing droughts 

across the Andes.  

Extreme weather events are likely to become more frequent and severe, with heat stress, 

forest fires, floods and landslides threatening local communities. 

Under the highest emissions scenarios, projections show an almost total glacier loss in the 

Tropical Andes. Glaciers across the rest of the Andes will experience significant losses under 

an optimistic climate scenario, and up to 58% of the present ice volume will be lost under a 

higher emissions scenario.  

Warming affects precipitation, snow and glaciers, which together control ecologically, 

socially and economically important high-altitude wetlands. These wetlands also have the 

potential to form an alternative water store as glacier snow and ice stores are depleted.  

Glacier shrinkage and eventual disappearance will decrease downstream water availability, 

and could contribute to extreme droughts in the arid and semi-arid Andes, impacting food 

and water security to populations along the length of the Andes.  

Adaptation strategies should be implemented by working together with affected 

communities, considering regional variations, and assessing the impact of glacier loss, 

alongside water demand and human vulnerabilities. 

San Quintin Glacier, Northern Patagonian Icefield. A large outlet glacier, terminating in a proglacial 
lake, draining the western sector of the icefield. Location shown in Figure 4. Credit: NASA image, June 
2nd, 2014. https://earthobservatory.nasa.gov/images/83901/glaciar-san-quintin-chile  
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The water and food security of 90 million people 

depends on the Andean water tower 

Mountain ranges force air upwards, resulting in cooling, condensation and precipitation. 

This precipitation is captured and stored in snow, glacier and permafrost ice, lakes and 

wetlands, and released slowly in the dry season in meltwater rivers (e.g. Figure 1), which is 

particularly significant in drought years [1]. The meltwater is used across the Andes for 

domestic consumption, hydroelectric power, industry, irrigation of arable crops and 

supporting livestock farming. Therefore, the viability of this water resource has ramifications 

for geopolitics, economics and biodiversity [2].  

The warming climate is depleting these stores of snow and glacier ice. Warming air 

temperatures means that snow increasingly falls as rain, with shorter seasons of snowfall 

accumulation. Snowfall is also increasingly delivered in fewer, but more extreme, weather 

events [3].  

As a result, the water stored in these reserves is depleting, threatening the ability of the 

mountain cryosphere to release water during the dry season. Changes in snow and glacier 

melt have high impacts on Andean rural populations, who have fewest resources and 

therefore have limited capacity to adapt to climate change. Land-use change and population 

growth is projected to increase demands for water over the coming decades [2].  

Figure 1. Lupins growing along the Baker River, Chile, Patagonia. The Baker River drains the eastern sector of the 
Northern Patagonian Icefield.  Photo credit: Bethan Davies, 2015.  
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The climate of the Andes 

The Andean climate varies considerably due to its latitudinal span, dramatic elevational 

range, and the interplay between several large-scale climate systems and their interactions 

with local terrain (Figure 2).  

Tropical Andes 

In the tropical Andes (Figure 3), there is little variation in annual temperatures. Precipitation 

(rain and snow) varies seasonally and is heaviest on the eastern slopes around January 

(Figure 2). Rain and snow in the tropical and subtropical Andes are delivered by the South 

American monsoon system. This is heavily influenced by the seasonal movement of the 

Intertropical Convergence Zone (ITCZ), which migrates southward during the Southern 

Hemisphere summer. Climate variability in the tropical and subtropical Andes on annual and 

decadal timescales is therefore strongly influenced by changes in the ITCZ near the Equator.  

El Niño Southern Oscillation 

The El Niño Southern Oscillation (ENSO) causes large interannual variations in precipitation 

patterns [4, 5]. El Niño years bring high temperatures across most of the Andes, but variable 

precipitation patterns with drier wet seasons in the Peruvian Andes and wetter and colder 

springs in the mid-latitudes [6]. El Niño years can lead to increased glacier melt, with 

warmer temperatures driving higher snowlines [7].  

Southern Andes  

The Southern Andes have a seasonal 

temperature cycle with colder winters. 

Westerly winds bring storms and peak 

precipitation around June [4].  

Climate is influenced by the Southern 

Annular Mode (SAM) [6] (Figure 2), which 

influences the strength and positioning of 

the moisture-bearing Southern Westerly 

Winds. This controls the delivery of snow to 

mid-latitude and southerly Andean glaciers.   

Figure 2. Major climate features influencing Andean climate shown on a global dataset of topography (GMT6.5), 
glacier outline [10] highlighted in red. The trade and westerly winds are active over a region represented by the 
white arrows and dotted line. The trade winds are affected by ENSO and the westerly winds by SAM (See Figure 4). 
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A warming climate 

Global climate models project temperatures will increase between 1.1 °C and 4.5 °C by the 

end of the century across the Andes. Changes to precipitation are more spatially varied, with 

increases in precipitation over the Peruvian Andes of 1.8 % to 3.3 % compared with a 

decrease in the Chilean and Argentinian Andes of 1.9 % to 12.4 % [8].  

Patterns of warming temperatures and precipitation change will lead to a decrease in 

snowfall, in line with other mountain regions across the world [9], but the magnitude and 

spatial variability is broadly unknown. Uncertainty is especially large in the Andes, where the 

precipitation amounts and type (snow, rain or hail) are strongly modulated by the 

interactions between changing large-scale atmospheric circulation (Figure 2) and local 

orographic processes. This is further complicated by a lack of detailed modelling studies and 

observational data. 

Due to climatic, geographical and societal differences, climate risks and hazards caused by 

extreme events vary along the Andes. In the tropical Andes heat stress, droughts, floods, 

landslides, and forest fires are the most prominent threats. The southern Andes face 

challenges such as prolonged droughts, extreme precipitation and floods from atmospheric 

rivers, and cold surges [3].  

Many of these hazards are likely to increase in frequency and intensity in the future due to 

the projected changes in temperature and precipitation and resultant glacier shrinkage.  

Figure 3. Snowfall occurs frequently in the Cordillera Vilcanota, Peru. High solar radiation here rapidly 
melts this snow, except on glacier surfaces. Photo credit: Bethan Davies, 2023. 
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The Andean glaciers 

The largest glacierised area in the Southern Hemisphere 

There are ~25,000 glaciers in the Andes, covering an area of ~30,000 km2 [10], with an 

estimated volume of 1,006 km3 [11]. This is the largest glacierised area in the Southern 

Hemisphere outside the Antarctic ice sheet [12]. These Andean glaciers supply water for a 

large proportion of the population in Andean countries [13]. Glaciers extend from 11°N to 55°

S, across multiple climate zones [14] (Figure 4; Figure 5; Figure 6). These glaciers form an 

important water resource for local populations all along the Andes.  

Tropical Andes 

In the Tropical Andes between 11°N and 17°S, glaciers are restricted to very high altitudes, 

and are characterised by year-long melt, associated with warm air temperatures and 

extremely high radiation levels. High solar radiation here means that any snow falling away 

from the glacier melts very quickly (Figure 3), emphasising the importance glaciers play in 

providing water in the dry season [15]. Besides glaciers, water is also stored as frozen ice in 

the permafrost table, an increasingly important water resource as aridity rises.   

Dry Andes 

In the Dry Andes between 17°S and 31°S (Figure 4), glaciers form in desert conditions. 

Precipitation originates from the Atlantic, mostly driven by easterlies associated with the 

South American monsoon system [16]. From ~27°S, winter westerlies from the Pacific bring 

some snowcover. Low precipitation results in small numbers and extents of glaciers, despite 

the high elevation (Figure 5). Here, ice-rich permafrost is the most extensive ice reserve.  

Further south, in the Central Chilean and Argentinian Andes (31°S to 35°S), precipitation is 

derived from the Pacific, with winter precipitation sustaining a larger glacier concentration 

and ice volume, with greater seasonally snow-covered areas, providing a more substantial 

and important water reserve for local communities.  

Wet Andes 

The Wet Andes extend from 35°S to 55°S and contain glaciers sustained by the Westerlies 

(Figure 2; Figure 4). The behaviour of these glaciers is subject to changes in the Southern 

Annular Mode. In the Northern Patagonian Andes, glaciers occur on higher mountains and 

volcanoes, but from 45°S to 55°S, the larger snowfall volume supports large icefields, the 

largest of which are the Northern and Southern Patagonian icefields.   
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Figure 4. The glaci-
ers and climatic 
regions of the An-
des. Glaciers shown 
in blue. Influence of 
the Southern Annu-
lar Mode (SAM) and 
El Niño Southern 
Oscillation  (ENSO) 
shown in the left-
hand gradient bar. 
Glacier extent from 
the Randolph Glaci-
er Inventory v.7.0 
[10]. 
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Figure 5. Glacier area and altitude 
across the Andean latitudinal 
range. Uses data from the Ran-
dolph Glacier Inventory v.7.0 [10]. 
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Figure 6. A. The Cordillera Vilcanota mountains, Peru. B. Qori Kalis Glacier (5000 m asl), draining Quelccaya Ice 
Cap, Cordillera Vilcanota, Peru. C. Laguna Glacier (5200 m asl), and D. Zongo Glacier (4900 m asl), both Cordille-
ra Oriental, Bolivia. E. Glacier Universidad (2530 m asl), Cordillera Frontal, Central Chilean Andes. F. Calluqueo 
Glacier (670 m asl), Monte San Lorenzo massif, Patagonia. G. The marine terminus of San Rafael Glacier, North-
ern Patagonian Icefield, at sea level. Photo credits: Bethan Davies, Jeremy Ely, Tom Matthews. Locations in Fig. 4. 
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Glacier Retreat   

Around ~350 years ago, during the period known as the ‘Little Ice Age’, Andean glaciers were 

much larger than at present. Since the end of the Little Ice Age, and with the advent of 

industrialisation, glaciers in the Andes have lost around 25 % of their overall area [17].  

Between the 1970s and the present day, the terminus of many glaciers has receded by 

hundreds of metres to kilometres, with 10 km retreat observed at Upsala Glacier in the 

Southern Patagonian Icefield, and 1.2 km of retreat observed at the tropical Qori Kalis 

Glacier in Peru (Figure 7, overleaf).  

The rate of change has accelerated in recent decades with unprecedented rates of ice loss 

post-2000. An up-to ten-fold increase in the rate of ice loss  after the year 2000 has coincided 

with increased greenhouse gas emissions. 

Today, Andean glaciers are ubiquitously receding, thinning more quickly (-0.69 m yr-1) than 

the global average (-0.46 m yr-1) [18]. Tropical glaciers in the low latitudes are especially 

threatened and are losing a substantial portion of their remaining ice, to the point that some 

have become extinct.  

Projections of future glacier change 

Even under optimistic climate scenarios of drastic reductions in greenhouse gases (low 

emissions scenarios, such as RCP2.6), projections show that tropical glaciers are likely to 

lose between 30-98% of their ice by 2100, with glaciers across the rest of the southern Andes 

also experiencing significant losses (~8-35%; [19]).  

If emissions continue to rise under a less optimistic climate scenario (RCP8.5), glacier ice 

loss will increase, projected to be between ~70-100% and ~30-58% for the low latitude and 

southern Andes, respectively.  

Preservation of many low latitude glaciers is likely an insurmountable challenge: recent 

projections of a +2°C warming scenario show that the Tropical Andes will be entirely, or 

almost entirely, ice free by 2100 [20].  

Such loss of ice across the Andes will increase the stress on freshwater resources relied 

upon by communities and major cities downstream, especially during periods of drought. 

Figure 7 (overleaf). Examples of glacier retreat from Quelccaya Ice Cap, Cordillera Vilcanota, Peru. Left side: Hex-
agon KH-9 satellite imagery. Right side: Sentinel 2A satellite imagery, with glacier outlines for the Little Ice Age 
[17], 1977, 2003 [10] and 2022. Glacier recession in metres, 1977-2022, is shown with the white bars. Glacier 
names and locations shown in Figure 4 . 
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High Andean wetlands 

High Andean wetlands, locally known as bofedales, occonales or vegas (Figure 8), are vital to 

the local environment, acting as water and carbon reservoirs, biodiversity hotspots, and as 

cultural and economic landmarks for indigenous and local pastoralist communities. In the 

tropical Andes, these wetlands are an essential component of local pastoralist production 

systems, and therefore are highly managed by local high Andean pastoralist communities.  

Vulnerable Andean wetlands 

As glaciers retreat, two critical questions emerge: Does the reducing glacial meltwater as 

glaciers shrink threaten wetland survival? And can wetlands serve as alternative water 

sources, ensuring water security in a glacier-free future? 

The impact of glacier loss on Andean wetlands remains debated. Wetlands farther from 

glaciers are primarily sustained by precipitation and glacier-independent groundwater, 

showing little response to glacier retreat [21]. In contrast, wetlands near glaciers rely heavily 

on glacier melt for their sustenance (e.g. Figure 8c), making them highly vulnerable to glacial 

recession [22, 23]. 

The role of wetlands in downstream water availability is complex due to spatial and temporal 

variations in their water sources. Studies report that wetland contributions to runoff can 

range from less than 10% [24] to over 75% [25] of total streamflow, depending on the region.  

Despite these discrepancies, there is strong consensus that wetlands buffer low flows 

during dry seasons, enhancing water availability when other sources become scarcer [24, 

25]. These wetlands can therefore be an important component of climate change adaptation 

in the seasonally dry high tropical Andes. 

Potential for climate change adaptation and mitigation 

As glaciers, permafrost and snowfields lose their ability to store and release water, wetlands 

become increasingly critical as alternative water reserves. Beyond glacier retreat, however, 

human activities such as road construction, overgrazing, and water extraction for mining and 

domestic use threaten these ecosystems and their hydrological functions [26].  Alternatively, 

effective management and irrigation by local pastoralist communities can support wetlands.  

Protecting Andean wetlands and understanding their connection to glacier loss and 

streamflow regulation is essential for quantifying and securing future water resources in the 

region. 
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Figure 8.  Photographs of wetlands, locally known as “bofedales”,   grazed by alpaca, in the Quisoquipina catch-
ment, Cordillera Vilcanota, Peru. Photo credits: Tom Gribbin and Bethan Davies 
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Water resources in a changing water tower 
Glacier shrinkage and ‘Peak water’ 

The reduction and potential disappearance of glaciers will significantly impact downstream 

water availability. ‘Peak water’, the point of maximum glacier melt, is a turning point where 

hydrological processes shift, affecting water security. While some Andean regions will still 

see rising glacier melt before freshwater supply declines, others have already passed ‘peak 

water’ and are experiencing reduced meltwater resources due to glacier shrinkage [27]. 

Glacier meltwater and droughts 

The consequences of this reduction in glacial meltwater for water availability vary over time 

and space, and depend on the interaction between stores of water in glaciers, snow, 

wetlands and groundwater (Figure 9). For example, in the Tropical and Dry Andes, glacier and 

snowmelt provide crucial water sources, especially during droughts, contributing up to 90% 

of streamflow in dry seasons.  

In the wetter southern Andes, glacier melt plays a minor role compared to rainfall, making 

these regions less vulnerable to glacier recession and meltwater reduction. However, severe 

drought periods can change this picture, and glaciers currently offer a secure water resource.  

Drought periods also influence the importance of glacier melt contributions along the length 

of the rivers. The impact of glacier retreat typically diminishes downstream, where human 

water use is often less affected, except during droughts, when glacier snow and ice 

reservoirs become essential as alternative water suppliers [1]. This crucial role of glacier melt 

is threatened as glaciers retreat and pass peak water. 

Adaptation and mitigation 

While stopping individual glacier shrinkage locally is unrealistic, measures can mitigate 

reduced meltwater impacts. Effective strategies must consider regional variations, from the 

northern to southern Andes and upstream to downstream, and should consider the various 

natural flows and stores of water through the system (Figure 9). In addition, the magnitude of 

effects also depends on affected communities and their means to implement mitigation and 

adaptation strategies [28].  

Risks to future water security across the Andes are a consequence of both human and 

natural systems and of changing supply and demand. As glaciers shrink, supply diminishes. 

Concurrently, demand from humans is increasing and water use patterns are changing.  
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Figure 9. Overview of natural hydrological key components, pathways and buffers in non-glacierised and 

glacierised catchments in the high-altitude Andes. Overland flow from surface stores (glaciers, snowpack, lakes, 

wetlands and rivers) interacts with pathways that involve subsurface stores, which include proglacial aquifers 

(for example, glacial moraines), wetlands, overburden materials (for example, talus piles) and surficial and 

bedrock aquifers.  

Stars indicate the buffer function of these stores for streamflow contribution at the short-term (hours to a few 

days), seasonal (months) or interannual (several years) level.  

With downstream distance, the mixing of cryospheric and non-cryospheric surface and subsurface stores 

increases and the relative contribution of cryospheric streamflow decreases. Adapted from Drenkhan et al., 

2023 [28]. 
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