VARIABLES AND FACTORS TO BE TAKEN INTO
ACCOUNT IN THE ANALYSIS OF FUTURE CLIMATE
AND ITS IMPACTS ON GLACIERS IN PERU1
Glaciers play a crucial role in the water cycle, storing solid precipitation (snow or ice) during the rainy season and
releasing melt water during the dry season. In its mountain ranges, Peru holds 71% of all tropical glaciers2 worldwide
(ANA, 2012). Recent decades have seen significant shrinkage of these freshwater reservoirs. Since the first National
Glacier Inventory of Peru, established in 1970, the Cordillera Vilcanota has experienced a 33% reduction in glacier area
(until 2009), while glaciers in the Cordillera Blanca lost 27% of their area over the period 1970-2003 (ANA, 2012). In
the Cordillera Central, there was a 56% reduction between 1970 and 2007 (ANA, 2012). Although there are currently no
definite answers about the future of Peruvian glaciers, it is possible to define climate and environmental factors and
indicators that are relevant for taking suitable adaptation measures according to local and/or regional characteristics.

THE FUTURE OF THE CLIMATE
Any reduction or increase in glacier volume is directly
related to changes in climatic variables. In order to study
the future climate, complex interactions between the
atmosphere, the earth surface over land and oceans
are simulated with different general circulation models
(GCMs). As inputs, the models use scenarios that estimate
changes in the flow of radiative energy (heat) towards
the Earth’s surface, whether as a result of changes in the
atmosphere (e.g. increase in the concentration of carbon
dioxide), use of soils, external factors (e.g. changes in
solar activity) or others. Representative Concentration
Pathways (RCPs) are scenarios of future greenhouse
gas concentrations in the atmosphere, used by the
Intergovernmental Panel on Climate Change (IPCC) in
its Fifth Assessment Report (AR5) from 2013 and 2014.
The IPCC drew up four radiative forcing trajectories (+2.6,
+4.5, +6 and +8.5 W/m2) projected to the end of the 21st
century. While the most pessimistic scenario (RCP8.5)
considers that the concentration of greenhouse gases
will continue to increase at high rates throughout the

century, the most optimistic scenario (RCP2.6) assumes
that emissions will peak between 2010 and 2020, and
decrease thereafter.
Based on the different trajectories (RCPs), the results of
the models enable estimates of future changes in climate
variables and indicators:
Regarding temperature, the most pessimistic scenario
(RCP8.5) will lead to an increase of about 4°C for Peru
by the end of the 21st century (IPCC, 2014). The warming
will probably be more intense in high altitude regions
such as the tropical Andes in comparison to average
global warming. The estimated increase in temperature,
however, strongly depends on the emissions scenario,
since some of the scenarios double the warming rate of
others (Boulanger et al., 2006).
The freezing level is the lowest level in the free
atmosphere, where the temperature is 0°C (figure 1). This
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Glaciers are masses of perennial ice and snow. A number of these freshwater reserves are located in the tropical zone (between the
tropics of Cancer and Capricorn), at high altitudes where precipitation is abundant and temperatures are low enough for snowfall.

climate variable is directly related to air temperature;
thus, an increase in air temperature will be reflected in
a higher altitude of the isotherm (approximately 150 m
per 1°C).
Climate models have a low capacity to simulate changes
in precipitation in the Andes due to the complex
topography and large elevation differences. These
limitations are evident in projections that spread over
a large range and have a high degree of uncertainty. In

view of these facts, precipitation is estimated based on
zonal winds, since most of the precipitation in the Andes
of Peru comes from humidity transported by eastern
winds from the Amazon Basin. Global circulation models
show a change in high troposphere wind during the 21st
century. In the pessimist scenario (RCP8.5) there is a
decrease in the easterly winds that would lead to a 1933% decrease in precipitation during the wet season
(December, January and February) in comparison to
current levels (Neukom et al., 2015).

THE FUTURE OF THE GLACIERS
There is a limited number of studies on the future of
glaciers in Peru. Due to the complex interaction between
glaciers and climate, it is not simple to predict changes
in area and volume of glaciers. Understanding this
interaction requires complex models whose simulations
require detailed measurements as input; the lack of data
and measurements at high altitudes implies that this is
not feasible for glaciers in the Peruvian Andes.
However, the freezing level during the wet season can be
used as an indicator for the extent of tropical glaciers.
Below the freezing level, most of the precipitation falls
as rain, which does not contribute to the growth of
glaciers. Also, the surface of the glacier tongue3 below the
freezing level is mostly ice rather than snow. Thus, a large
percentage of the solar radiation is absorbed and used to
melt the ice and consequently only a small portion of the
glacier area lies below the freezing level. If the level rises,
it is assumed that the glacier area below that level will

shrink rapidly. Projections of the freezing level therefore
provide an approximate estimate of the future extent of
glaciers in areas where there is insufficient data to run
model simulations (Schauwecker et al., 2017)
Based on these postulates, the future extent of the
glaciers can be estimated using future freezing levels
as a result of climate models. According to these
projections, the freezing level will rise by 230 m (±190m)
under the most optimistic scenario RCP2.6. Figure 1b
shows in light grey where the ice will melt based on a
rise in the isotherm (simulated for RCP2.6 with a green
line). Under the most pessimistic scenario, RCP8.5,
the increase would be faster and approximately three
times stronger (850 m/±390 m), in comparison to the
increase of recent decades (similar to RCP2.6). Based
on this scenario, glaciers may only remain at the highest
summits above approximately 5800 m asl. (shown by a
red line in figure 1b).
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Figure 1. a) The freezing level under current conditions (red line). b) The current freezing level (grey line) and up to the end of
the 21st century under the optimistic scenario RCP2.6 (green line) and the pessimistic scenario RCP8.5 (red line). The grey area
represents elevations that are currently above the freezing level; the green and red areas represent elevations that will be above the
freezing level at the end of the century under scenarios RCP2.6 and RCP8.5, respectively.
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The glacier tongue is the part of the glacier located downslope due to the pull of gravity, extending into the valley.

Figure 2 shows the current and projected location of the
0°C isotherm in the Cordillera Blanca, Cordillera Vilcanota
and Cordillera Central, according to different scenarios.
Approximately 15% of the total glacier area of the Vilcanota
and Blanca Cordilleras is below the current freezing level.
The rise in the isotherm corresponding to RCP2.6 implies
that approximately 50% of the glacier area would lie below
the freezing level by the year 2100. Thus, even in the most

optimistic scenario, a significant portion of glacier area
would be lost in the coming century. Under the RCP8.5
scenario, the freezing level will be just below the highest
peaks, leaving only small areas of glacier or perennial
snow. In other cordilleras, where the highest peaks are
lower than the projected freezing level (for example, the
Cordillera Central), in the pessimistic scenario all glaciers
will disappear completely.
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Figure 2. The zero degree isotherm in the Cordillera Blanca (upper left), Central (upper right) and Vilcanota (lower center). Light blue
represents the elevations that are currently above the freezing level. Green and red represent the elevations that will be above the
isotherm by the end of the 21st century for scenarios RCP2.6 and RCP8.5 respectively. The black lines indicate limits of the glaciers
(Schauwecker et al., 2017).

Another possible indicator to take into account in glacier
preservation relates to environmental pollution. Recent
studies (2016) carried out in the Cordillera Blanca by
the Unidad de Glaciología y Recursos Hídricos (UGRH,
Glaciology and Water Resources Unit) of the Autoridad
Nacional del Agua (ANA, National Water Authority)
analyzed samples of aerosols4 (sediments) deposited
in the ablation area of the Artesonraju, Yanamarey and
Pastoruri glaciers. Physical-chemical analyses of these
depositions revealed high concentrations of heavy
metals (such as iron, aluminum, lead, zinc and arsenic)
and nutrients (phosphates and nitrates) in the sample.
The analysis was supplemented with experimental research
on the Artesonraju glacier which consisted of cleaning a

1 m2 area (removing the surface layer with sediments) to
analyze the effects of the aerosols on the glacier surface in
comparison to untouched areas. The results showed that
there was an increase in the albedo (reflection of shortwave
radiation) over the cleared area (without aerosols), resulting
in the conservation of 58% of the glacier height (mass) (2.1
m less surface lowering) compared to untouched areas
at the end of the study period (June to October 2016). The
materials brought by the wind are in many cases pollutants,
which absorb solar energy due to their characteristics and
dark color. On glacier surfaces this leads to increased
melt. Thus, the effects of climate change on glaciers are
accentuated by pollution, with aerosols being an important
variable for the surface albedo and therefore the glacial
energy balance and melting.
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Figure 3. Using stakes to measure surface lowering in the area cleaned for the experiment and untouched areas. The photos show
the value of the albedo in the area surrounding the area of the experiment, as well as the height of the ice mass preserved in the latter
on each date of measurement (UGRH-ANA, 2016).

CONCLUSIONS
•

The future of the climate is analyzed and studied
based on simulations with global circulation
models. Based on these models, changes in climate
variables can be estimated according to different
emission scenarios (optimistic or pessimistic).

•

The freezing level may serve as an indicator for
future extents of Peruvian glaciers, which are
located in high mountain regions where climate
data and measurements are sparse. Based on
freezing levels as a result of climate models and
different emission scenarios, the glacier extent by
the end of the 21st century can be estimated.

•

A high percentage of glacier area and volume (about
50%) will be lost until the year 2100, even under the
most optimistic scenario (RCP2.6). In the case of the
pessimistic scenario RCP8.5, only between 1% and
5% of the glacier area may remain on the highest
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peaks of the Peruvian Andes.
•

Aerosols deposited on the glacier surface, both from
atmospheric processes and those of anthropicnatural origin, should be considered as variables
that affect glacier melt, intensifying the effects
of climate change. The experimental work on the
Artesonraju glacier (Cordillera Blanca) showed the
effect through the removal of a surface layer with
sediments over an area of 1 m2. Cleaning this area
led to conserving 58% of the height (mass) of the
glacier, in contrast to the surrounding area (with
aerosols).

•

The imminent glacier changes in Peru will affect
water availability in many areas at local or regional
level. It is necessary that the relevant authorities
take immediate actions to prevent future economic
and investment losses.

An aerosol consists of solid (dust or smoke) or liquid particles suspended in air. The particles range in size from 0.002mm to over
100 mm (Hinds, 1999).

RECOMMENDATIONS
•

•

•

A strong reduction in the emission of greenhouse
gases worldwide, with successful mitigation, could
make it possible to maintain a climate corresponding
to the optimistic scenario, conserving approximately
50% of the glacier area. A failed mitigation policy
(RCP8.5), on the other hand, would imply a nearly
total loss of the glaciers of Peru by the end of this
century.
The relevant technical-scientific entities should
promote research in order to reach more accurate
estimates at different spatial and temporal scales.
In the context of a possible reduction in water
availability and the potential for related conflicts,
integrated water resources management becomes
essential. It is a primary component of adapting to
climate change in the affected areas. It is vital that
this is organized in a participatory manner and that
it includes all the stakeholders and users of water in
a catchment or region.

•

It is of fundamental importance that all the
stakeholders have access to the information and
hydro-meteorological data generated. This could
improve their knowledge about climate change and
lead to a dialogue on an equal footing.

•

It is essential to establish budgetary priorities that lead
to sustainable use of water resources, risk management
and long term adaptation to climate change.

•

In terms of government (local, regional and national),
this requires incorporating climate scenarios in land
use planning, which will allow to estimate the effects
of glacier shrinking and, on that basis, anticipating
the demand for public goods and services to be
met through investment projects. Projects such as
irrigation, water storage, hydraulic infrastructure, and
others should take these scenarios into account in
order to develop a correct estimate of future water
supply; this information is indispensable when
presenting projects financed by public funds.
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