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Glaciers and Ice Caps

Summary

Glaciers and ice caps are among the most fascinating
elements of nature, an important freshwater resource
but also a potential cause of serious natural hazards.
Because they are close to the melting point and react
strongly to climate change, glaciers are important indi-
cators of global climate.

Glaciers reached their Holocene (the past 10 000 years)
maximum extent towards the end of the Little Ice Age (the
Little Ice Age extended from the early 14th to mid-19th
century.) Since then, glaciers around the globe have been
shrinking dramatically, with increasing rates of ice loss
since the mid-1980s. On a time-scale of decades, glaciers
in various mountain ranges have shown intermittent re-
advances. However, under the present climate scenarios,
the ongoing trend of worldwide and fast, if not accelerat-
ing, glacier shrinkage on the century time-scale is not a
periodic change and may lead to the deglaciation of many
mountain regions by the end of the 21st century.

Glacial retreat and melting of permafrost will shift cry-
ospheric hazard zones. This, in combination with the
increasing socio-economic development in mountain
regions, will most probably lead to hazard conditions
beyond historical precedence. Changes in glaciers may
strongly affect the seasonal availability of freshwater, es-
pecially when the reduction of glacier runoff occurs in
combination with reduced snow cover in winter and ear-
lier snowmelt, less summer precipitation, and enhanced
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Glacier: a mass of surface-ice on land which flows downhill
under gravity and is constrained by internal stress and fric-
tion at the base and sides. In general, a glacier is formed and
maintained by accumulation of snow at high altitudes, bal-
anced by melting at low altitudes or discharge into the sea.
Ice cap: dome-shaped glacier with radial flow, usually cover-
ing a highland area. Much smaller than an ice sheet.

Glaciers and ice caps (lowest and [highest] estimates):

Area Covered (million square km) 0.51 [0.54]
Ice Volume (million cubic km) 0.05 [0.13]
Potential Sea Level Rise (cm) 15 [37]

Source: IPCC 2007

evaporation due to warmer temperatures. The most criti-
cal regions will be those where large populations depend
mainly on water resources from glaciers during the dry
season and glaciated mountain ranges that are densely
populated and highly developed.

This chapter on glaciers and ice caps is divided into two
parts: 1) Global Overview and Outlook, and 2) Glacier
Changes around the World.



Part One: Global Overview and Outlook

Introduction to glaciers and ice caps

Glaciers and ice caps form around the world where snow
deposited during the cold/humid season does not en-
tirely melt during warm/dry times. This seasonal snow
gradually becomes denser and transforms into peren-
nial firn (rounded, well-bonded snow that is older than
one year) and finally, after the air passages connecting
the grains are closed off, into ice’. The ice from such
accumulation areas then flows under the influence of
its own weight and the local slopes down to lower alti-
tudes, where it melts again (ablation areas). Accumula-
tion and ablation areas are separated by an equilibrium
line, where the balance between gain and loss in the ice
mass is exactly zero. Where glaciers form thus depends
not only on air temperature and precipitation (see Fig-
ure 6B.1), but also on the terrain, which determines how
much solar radiation the glacier will receive and where
ice and snow will accumulate.

In humid-maritime climates the equilibrium line is at a
relatively low altitude because, for ablation to take place,
warm temperatures and long melting seasons are need-
ed to melt the thick layers of snow that accumulate each
year*. These landscapes are thus dominated by ‘temper-
ate’ glaciers with firn and ice at melting temperatures.
Temperate glaciers have a relatively rapid flow, exhibit
a high mass turnover and react strongly to atmospheric
warming by enhanced melt and runoff. The ice caps
and valley glaciers of Patagonia and Iceland, the west-
ern Cordillera of North America, and the mountains of

New Zealand and Norway are examples of this type of
glacier (Figure 6B.2). The lower parts of such temperate
glaciers may extend into forested valleys, where summer
warmth and winter snow accumulation prevent develop-
ment of permafrost.
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Figure 6B.1: Schematic diagram of glacier, permafrost and for-
est limits as a function of mean annual air temperature and
average annual precipitation. Forests verge on glaciers in hu-
mid-maritime climates and grow above permafrost in dry-con-
tinental areas.

Source: Based on Shumsky 1964’ and Haeberli and Burn 2002*
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In dry continental areas, on the other hand, such as
northern Alaska, Arctic Canada, subarctic Russia, parts
of the Andes near the Atacama Desert, and many cen-
tral-Asian mountain chains (Figure 6B.3), the equilib-
rium line is at a relatively high elevation with cold tem-
peratures and short melting seasons. In such regions,
glaciers far above the tree line can contain — or even
consist entirely of — cold firn and ice well below melting
temperature. These glaciers have a low mass turnover
and are often surrounded by permafrost’.

Glacier responses to climatic changes

The response of a glacier to climatic change involves a
complex chain of processes®®. Changes in atmospheric
conditions (such as solar radiation, air temperature, pre-

cipitation, wind and cloudiness) influence the mass and
energy balance at the glacier surface”®. Air temperature
plays a predominant role, as it is related to the radiation
balance and turbulent heat exchange, and it determines
whether precipitation falls as snow or rain. Over time
periods of years and decades, changes in energy and
mass balance cause changes in volume and thickness,
which in turn affect the flow of ice through internal de-
formation and basal sliding.

This dynamic reaction eventually leads to changes in the
length of the glacier — the advance or retreat of glacier
tongues. In short, the glacier mass balance (the change
in vertical thickness) is the direct signal of annual atmos-
pheric conditions — with no delay — whereas the advance
or retreat of glacier tongues (the change in horizontal
length) is an indirect, delayed and filtered signal of climat-

Figure 6B.2: Franz Josef Glacier, New
Zealand. This temperate glacier receives
several metres of precipitation a year and
its tongue extends from almost 3 000 m
above sea level down to 400 m above sea
level, ending in the rainforest.

Photo: Michael Hambrey, SwissEduc (www.swisseduc.ch) and Glaciers

online (www.glaciers-online.net); data from the World Glacier Monitoring
Service, Zurich, Switzerland
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Figure 6B.3: Tsentralniy Tuyuksuyskiy
Glacier, Kazhak Tien Shan in August
2006. This cold to partly temperate glacier
extends from 4200 m above sea level to
about 3400 m above sea level and is sur-
rounded by continuous permafrost.

Photo: V.N. Vinokhodov; data from the World Glacier Monitoring Service,
Zurich, Switzerland
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ic change’. The advance or retreat of a glacier is, though,
an easily-observed and strong signal of climatic change,
as long as it is observed over a long enough period. If the
time interval of the analysis is longer than the time it takes
a glacier to adjust to a change in climate, the complica-
tions involved with the dynamic response disappear'®'.

Over time periods of decades, cumulative length and
mass change can be directly compared. Special problems
are encountered with heavily debris-covered glaciers with
reduced melting and strongly limited ‘retreat’, glaciers
that end in deep-water bodies causing enhanced melting
and calving, and glaciers undergoing periodic mechanical
instability and rapid advance (‘surges’) after extended pe-
riods of stagnation and recovery. But glaciers that are not
influenced by these special problems are recognized to be
among the best indicators of global climate change'**.

1968

Figure 6B.4: Shrinking of Vernagtferner, Austria. This glacier in the European Alps lost almost 30% in area and
more than 50% in mass between 1912 and 2003.

Source: Data and photos, taken by O. Gruber (1912), H. Schatz (1938), H. Rentsch (1968) and M. Siebers (2003), provided by
the Commission for Glaciology of the Bavarian Academy of Sciences and Humanities (www.glaziologie.de)

They essentially convert a small change in climate, such
as a temperature change of 0.1°C per decade over a longer
time period, into a pronounced length change of several
hundred metres or even kilometres (Figure 6B.4) — a sig-
nal that is visible and easily understood.

Past glacier fluctuations and current

trends

The Late Glacial and Holocene (the period
since about 21 000 years ago)

At the time of the peak of the last ice age about 21 000
years ago, glaciers covered up to 30 per cent of the land”.
Glacier fluctuations can be reconstructed back to that
time using a variety of scientific methods. Understand-




ing how glaciers have varied in the past has become cen-
tral to understanding the causes and possible future of
contemporary glacier change. Historical reconstruction
of glaciers in the Alps, Scandinavia, Alaska, the Cana-
dian Rockies, Patagonia, the Tropics of South America,
Tibet, the Arctic and Antarctica shows that the fluctua-
tions in the state of the glaciers are largely consistent
with the reconstruction of climatic and environmental
changes provided by other indicators, such as ice-cores,
tree-line shifts, pollen records and lake sediments'.

General warming during the transition from the Late
Glacial period (between the Last Glacial Maximum and
about 10 000 years ago) to the early Holocene (about 10
000 to 6000 years ago) led to a drastic general glacier
retreat with intermittent periods of re-advances. About
11 000 to 10 000 years ago, this pronounced warming re-
duced the glaciers in most mountain areas to sizes com-
parable with conditions at the end of the 20th century®.
In northern Europe and western North America, which
were still influenced by the remnants of the great ice
sheets, this process was delayed until about 6000 to 4000
years ago. Several early-Holocene re-advances, especially
those in the North Atlantic and North Pacific as well as
possibly in the Alps, cluster around an event about 8000
years ago, and were likely triggered by changes in the
ocean thermohaline circulation and subsequent cooling
resulting from the outbursts of Lake Agassiz'.

On a timescale of hundreds of years there were periods
of synchronous glacier advance around the world — peak-
ing in the late Holocene in the Northern Hemisphere,
and in the early Holocene in the Southern Hemisphere'.
The difference in the amount of sunlight that reaches
the Earth’s surface in the two hemispheres', accounts
for these differences in long-term glacier evolution'.
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Glaciers in the tropics were rather small or even absent
in the early- to mid-Holocene, gradually re-advancing
from about 4 000 years ago, probably as a result of in-
creasing humidity'®. The moraines (accumulations of
unsorted, unstratified mixtures of clay, silt, sand, gravel,
and boulders deposited by the glaciers) that were formed
during the so-called Little Ice Age (from the early 14th
to the mid 19th centuries) mark a Holocene maximum
extent of glaciers in many regions of the world, although
the time period for this maximum varies among the dif-
ferent regions.

There is evidence that mountain glaciers had retreated
during various periods of the Holocene in many regions
of both hemispheres at least as much as they had in the
1980s—1990s'*. However, caution must be exercised when
using glacier extent as an indicator of climate; the glacier
surfaces of the European Alps today, for example, are still
far larger than expected given the climatic conditions of
the past decade, and are thus not in equilibrium".

Since the end of the Little Ice Age

There has been a general retreat of glaciers worldwide
since their Holocene maximum extent towards the end
of the Little Ice Age, between the 17th and the second
half of the 19th century, with intermittent periods of gla-
cier re-advance in certain regions. Direct measurements
of glacier fluctuations started in the late 19th century
(see box on worldwide glacier monitoring) with annual
observations of glacier front variations™. These observa-
tions and the positions of the Little Ice Age moraines are
used to measure the extent of glacier retreat. Total retreat
over this time period of glacier termini (the ends of the
glaciers) is commonly measured in kilometres for larger
glaciers and in hundreds of metres for smaller ones®.



Worldwide glacier monitoring

Worldwide collection of information about ongoing glacier chang-
es was initiated in 1894 with the foundation of the International
Glacier Commission at the 6th International Geological Congress
in Zurich, Switzerland. Today, the World Glacier Monitoring Serv-
ice continues to collect and publish standardized information on
ongoing glacier changes. WGMS is a service of the Commission
for the Cryospheric Sciences of the International Union of Geode-
sy and Geophysics (CCS/IUGG) and maintains a network of local
investigators and national correspondents in all the countries in-
volved in glacier monitoring. In addition, the WGMS is in charge
of the Global Terrestrial Network for Glaciers (GTN-G) within the
Global Climate/Terrestrial Observing System. GTN-G aims at
combining (a) in-situ observations with remotely sensed data, (b)
process understanding with global coverage and (c) traditional
measurements with new technologies by using an integrated and
multi-level strategy®. Recently, a scientific working group has
been established to coordinate the monitoring and assessment
of glacier and permafrost hazards in mountains®.

To keep track of the fast changes in nature and to assess corre-
sponding impacts on landscape evolution, fresh water supply and
natural hazards, monitoring strategies will have to make use of the
rapidly developing new technologies (remote sensing and geo-in-
formatics) and relate them to the more traditional methods.
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Figure 6B.5: Worldwide glacier monitoring. The locations of gla-
ciers with available front variation and mass balance measure-
ments are shown.

Source: Locations of glacier observations provided by the World Glacier Moni-
toring Service, Zurich, Switzerland; background glacier cover based on the

glacier layer of the Digital Chart of the World, provided by the National Snow
and Ice Data Center, Boulder, USA.

Characteristic average rates of glacier thinning (mass
loss), calculated from data on changes in length over
long time periods, are a few decimetres water equiva-
lent per year for temperate glaciers in humid-mari-
time climates, and between a few centimetres and
one decimetre water equivalent per year for glaciers
in dry-continental regions with firn areas below melt-
ing temperature”'”’. These calculated values of glacier
mass loss can be compared to glacier mass balance
values from direct glaciological measurements, which
are available for the second half of the 20th century.

Thirty reference glaciers with almost continuous
mass balance measurements since 1975 (Figure 6B.6)
show an average annual mass loss of 0.58 m water
equivalent for the past decade (1996-2005), which is
more than twice the loss rate of the period 1986-1995
(0.25 m), and more than four times the rate of the
period 1976-1985 (0.14 m). The results from these
30 continuous mass balance series correspond well to
estimates based on a larger sample of more than 300
glaciers, including short and discontinuous series*.

The mass loss of glaciers and ice caps (excluding
peripheral ice bodies around the two ice sheets in
Greenland and Antarctica) between 1961 and 1990
contributed 0.33 mm per year to the rising sea level,
with about a doubling of this rate in the period from
1991 to 2004*. A step-change in climatic conditions
would cause an initial mass balance change followed
by a return towards zero values, due to the glacier’s
adaptation of its size (surface area) to the new cli-
mate. The observed trend of increasingly negative
mass balances over reducing glacier surface areas
thus leaves no doubt about the ongoing change in
climatic conditions.
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Figure 6B.6: Mass balance reference glaciers in nine mountain
ranges. The 30 glaciers lost on average more than 9.5 m water
equivalent in thickness over the period 1976-2005.

Source: Data from the World Glacier Monitoring Service, Zurich, Switzerland

Outlook for glaciers

The total increase of global mean air temperature of
about 0.75 °C since 1850 is clearly manifested in the
shrinking of glaciers and ice caps worldwide'. The sensi-
tivity of glaciers in humid-maritime areas to this warm-
ing trend has been found to be much higher than that of
glaciers in dry-continental areas””".
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According to climate scenarios for the end of the 21st
century, changes in global temperature and precipitation
range between +1.1 to +6.4 °C and —30 to +30 per cent, re-
spectively'. Such an increase in mean air temperature will
continue the already dramatic glacier changes. Cold con-
tinental-type glaciers will react in the first instance with
a warming of the ice and firn temperatures, whereas gla-
ciers with ice temperatures at the melting point will have
to convert the additional energy directly into melting’*.

Low-latitude mountain chains like the European Alps or
the Southern Alps of New Zealand, where glaciers are
typically medium-sized and found in quite steep moun-
tains, will experience rapid glacier changes in adaptation
to the modified climate. A modelling study shows that
the European Alps would lose about 80 per cent of their
glacier cover should summer air temperatures rise by
3°C, and that a precipitation increase of 25 per cent for
each 1°C would be needed to offset the glacial loss".

In heavily glacier-covered regions like Patagonia (Argenti-
na, Chile) or the St. Elias Mountains (Alaska), the landscape
is dominated by relatively few large and rather flat valley
glaciers. Because long, flat valley glaciers have dynamic
response times beyond the century scale’®", rapid climate
change primarily causes (vertical) thinning of ice rather
than (horizontal) retreat and area reduction. For such cases,
conditions far beyond equilibrium stages, perhaps even
run-away effects from positive feedbacks (mass balance/al-
titude), must be envisaged”*”. Downwasting or even col-
lapse of large ice bodies could become the most likely future
scenarios related to accelerating atmospheric temperature
rise in these areas, and have already been documented”®?”.

Under the present climate scenarios’, the ongoing trend
of worldwide and fast, if not accelerating, glacier shrink-
age on the century time scale is of a non-periodical na-
ture and may lead to the deglaciation of large parts of
many mountain regions in the coming decades.
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Glaciers and natural hazards

Changes in glaciers may well lead to hazardous condi-
tions, particularly in the form of avalanches and floods,
and thus have dramatic impacts on human populations
and activities located in glacierized mountain regions.
The majority of glacier hazards affect only a limited area
— often only a few square kilometres — and mostly pose
a danger to densely populated mountain regions such
as the European Alps. In some cases, however, glacier
hazards have far-reaching effects over tens or even hun-
dreds of kilometres and thus also affect less densely pop-
ulated and developed mountain regions. The long-term
average annual economic loss from glacier disasters or
related mitigations costs are estimated to be in the order
of several hundred million US dollars®. The largest dis-
asters have killed more than 20 000 people, for instance
the Huascaran rock-ice avalanches in Peru in 1970 (see
box on deadly ice avalanches of Glaciar 511 in the Cor-
dillera Blanca in Part 2 of this chapter), or the Nevado
del Ruiz lahars (rapidly flowing volcanic debris flows) in
Colombia in 1985.

A systematic assessment of hazards can only be achieved
by identifying the physical processes involved. Generally
speaking, the most important types of hazards are as
follows: glacier floods, hazardous processes associated
with glacier advance or retreat, ice and rock avalanches,
periglacial debris flows, and ice-volcano interactions®*.
Particularly severe disasters have often resulted from a
combination of these processes or chain reactions?*".

Glacier lake outburst floods represent the largest and
most extensive glacial hazard, that is, the hazard with the
highest potential for disaster and damage (up to 100 mil-
lion m’ break-out volume and up to 10 000 m’ per second
runoff). The Himalayas, Tien Shan and the Pamirs (see
box on glacier lake outburst floods and glacier surges in
Central Asia), the Andes, but also the European Alps are
among those regions most severely affected by this type
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of hazard. Glacier floods are of particular concern in view
of the rapidly retreating glaciers and the corresponding
formation and growth of numerous glacier lakes™***.

In terms of hazard, ice and rock avalanches may be
roughly grouped by volume. Avalanches with volumes
smaller than 1 million m® are mostly of concern to dense-
ly populated and developed mountain regions such as the
European Alps* ™. Avalanches with a volume of 1 to 100
million m’® or even more have usually more far reaching
effects and the potential to completely devastate mountain
valleys. The most recent such disaster occurred in 2002
in the Caucasus with a 100 million m’ ice-rock avalanche
that extended more than 30 km downstream and killed
more than 100 people (see box on the 2002 Caucasus ice-
rock avalanche and its implications). These types of mass
movements and the relationship between their magnitude
and their frequency have recently have become more and
more important in research because of concerns that they
may become more frequent with continuing atmospheric
warming, permafrost degradation and related destabiliza-
tion of steep glaciers and rock walls*.

Debris flows from periglacial areas have frequently caused
damage to life and property in mountain areas*. Uncon-
solidated sediments, uncovered by glacier retreat during
the recent decades, and degradation of stabilizing perma-
frost in debris slopes are the main sources of the largest
debris flows observed in the European Alps®"***°,

Ice-capped volcanoes pose particularly severe hazards
because large mass movements (avalanches, lahars)
may result from the interactions between material that
erupts from the volcanoes with ice and snow’"*, Alaska,
the Cascades and the Andes are among the regions most
affected by hazards posed by the interaction between
volcanoes and glaciers®™**.

Chain reactions and interactions between the aforemen-
tioned processes play a crucial role in determining the



Glacier lake outburst floods and glacier surges in Central Asia

Almaty (population 1.2 million) is subject to the risk of floods
from torrential rainfalls and glacial lake outbursts. A glacier-in-
duced debris flow in July 1973 in the mountains south of Almaty
deposited over 4 million m® of debris into the safety dam, which
had been specially constructed to prevent the catastrophic im-
pacts of such floods. Before this dam was built in 1967, debris
flows caused many casualties and severe destruction in 1921
and 1956%%.

In July 1998, a glacier lake outburst flood in the Shahimardan
Valley of Kyrgyzstan and Uzbekistan killed over 100 people®’.
In August 2002, another such event in the Shakhdara Valley of
the Tajik Pamir Mountains claimed 23 lives®. In both cases the
local communities did not receive early warnings and were not
prepared. These tragic lessons have prompted better coopera-

tion between meteorological services in glacier flood hazard
detection.

The increasing number of glacial and moraine lakes in Central
Asian mountains is a matter of great concern®**. One of the
surging glaciers that poses a potential threat is the 15 km long
Medvezhi (Bear) Glacier in the Pamirs mountains of Tajikistan
(Figure 6B.7). Its surges have repeatedly caused lake forma-
tion, outburst and subsequent floodings. In 1963 and 1973, the
surge of the glacier was so significant (1 to 2 km increase in
length) that the ice dam exceeded 100 m in height and dammed
a lake of over 20 million m* of water and debris®. The outburst
of that lake generated a series of large flood waves. Due to early
warning and monitoring, there were no victims, although infra-
structural damage was significant.
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on Hydrometerology
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The 2002 Caucasus ice-rock avalanche and its implications

One of the largest historical glacier disasters occurred in 2002 in
the Russian Republic of North Ossetia in the Caucasus. An ice-
rock avalanche resulting from a slope failure in the Kazbek region
and a connected instability of the Kolka glacier devastated tens
of kilometres along the length of the Genaldon valley"*™. The
Kolka ice-rock avalanche (Figure 6B.8) is remarkable for several
reasons. The steep, high mountain wall of the initial slope failure
was covered by firn and ice masses, a composition that is inher-
ently unstable. The underlying bedrock in relatively cold perma-

A glacier

Genaldon
river

The town of
Karmadon

‘Before aval
July'22, 2001

frost conditions was influenced by deep-seated thermal anoma-
lies induced by the overlying ice and firn through processes such
as latent heat production from percolating and refreezing melt-
water'®. Increasing air temperatures can cause disturbances in
such complex system, which eventually can lead to slope failure.
Similar conditions as in the Caucasus exist in many glacierized
mountain regions of the world. In more populated areas such
as the European Alps, similarly large slope failures would cause
catastrophes of even much larger dimensions.

remains
of Kolka
glacier

—— Debris

Karmadongburied &Y
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. debris

Afteravalanche B
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Figure 6B.8: Caucasus ice-rock avalanche in Russian Republlc of North Ossetia. An ice-rock avalanche in the Kazbek region sheared
off almost the entire Kolka Glacier and devastated the Genaldon valley. The satellite images show the region before (July 22, 2001)
and after (October 6, 2002) the ice-rock avalanche of September 20, 2002.

Source: The ASTER scenes were provided within the framework of the Global Land Ice Measurements from Space project (GLIMS) through the EROS data
center, and are courtesy of NASA/GSFC/METI/ERSDAC/JAROS and the US/Japan ASTER science team



magnitude and frequency of glacier-related hazards. As
one example, outbursts of naturally or artificially dammed
mountain lakes were caused by impact waves from rock
and ice avalanches and this led to failure of the dams™.
Such potential process interactions have to be assessed
carefully in order to predict related consequences.

Two present global developments and their regional ex-
pressions will strongly affect the potential impact of cur-
rent and possible future glacier hazards: climate change
and socio-economic development. First, atmospheric
warming has an increasingly dramatic effect on moun-
tain glaciers', and strongly influences the development
of related hazards. For example, potentially unstable
glacial lakes often form in glacier forefields dammed by
frontal moraines which were left behind by retreating
glaciers. Steep slopes of unconsolidated debris are a po-
tential source for debris flows when they are no longer
covered by glacier ice or cemented by ground ice. Fresh
ice break-off zones may evolve in new places from glacier
retreat, while existing danger zones may cease to be ac-
tive. Atmospheric warming also affects permafrost thick-
ness and distribution. The thickness of the active layer
(that is, the layer above the permanently frozen ground
that thaws during the summer) may increase, and the
magnitude and frequency of rockfalls may increase or
evolve at locations where such events were historically
unknown. Lateral rockwalls can be destabilized by gla-
cier retreat as a result of the stress changes induced. In
general, climate change is expected to bring about a shift
of the cryospheric hazard zones. It is difficult, however,
to ascertain whether the frequency and/or magnitude of
events have actually increased already as a consequence
of recent warming trends. Nevertheless, events with no
historical precedence do already occur and must also be
faced in the future®*.

The second important change in glacier-related risks
concerns the increasing economic development in
most mountain regions. Human activity is increasing-
ly encroaching upon areas prone to natural hazards.
Related problems affect both developed and develop-
ing countries. The latter (such as in Central Asia, the
Himalayas or the Andes), however, often lack resources
for adequate hazard mitigation policies and measures.
Cost-efficient, sound and robust methods are there-
fore needed to regularly monitor the rapid environ-
ment and land-use changes in high mountains and to
identify the most vulnerable areas. This is equally im-
portant for developed countries in the European Alps.
Expensive protective structures had to be built in the
past to reduce the risk. Public funds increasingly strug-
gle to keep pace with — and to ensure sufficient protec-
tion from — the rapid environmental changes and their
consequences in mountain areas. Integrating climate
change effects and robust process models into risk
studies will help ensure that politics and planning can
adapt to environmental conditions that change with in-
creasingly high rates.

Glaciers, landscapes and the water cycle

Landscapes around many high-mountain regions
but also in vast lowlands were moulded and sculpt-
ed by large ice bodies during the most recent part of
Earth’s history — the Ice Ages — over the last few mil-
lion years®”?®. The detection, in the first half of the
19th century, of corresponding traces from glacier ero-
sion and of erratic boulders far from mountain chains
led to the formulation of the Ice Age theory by Louis
Agassiz and colleagues™. It was soon understood that
large ice sheets had formed over North America and
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even entirely covered Scandinavia, lowering global sea
level by more than 100 m, greatly modifying coastlines
of all continents and dramatically affecting the cours-
es of large rivers and the global ocean circulation®®".
This new knowledge constituted a fundamental break-
through in our understanding of the climate system as
an essential part of living conditions on Earth. Ice Age
landforms have become a unique heritage, reminding
us of the consequences of global temperature changes
of just a few degrees.

Curiosity and romantic enthusiasm characterize many
historical reports and paintings of glaciers and high
mountain landscapes. Very often, glaciers are portrayed
as an expression of ‘wild, non-destroyable’ nature,
sharply contrasting with the cultivated landscape of hu-
man habitats. Glacierized mountain areas therefore be-
came — and still are — major tourist attractions in many
parts of the world. In fact, the ‘clean white of the eternal
snow’ on high mountain peaks is often seen as a beauti-
ful treasure and used as a precious symbol of intact en-
vironments®. This is why the current shrinking, decay
and even complete vanishing of glaciers evokes such an
emotional response.

Apart from their symbolic value, glaciers are also among
the best natural indicators of climate change'**. Their
development can be observed by everybody — and the
physical process, the melting of ice under the influence
of warmer temperatures, can intuitively be understood.
The impacts of accelerated atmospheric warming are
thus changing the public perception of glaciers: they are
increasingly recognized as a warning signal for the state
of the climate system®.

Continued atmospheric warming will inevitably lead
to the deglaciation of many currently glacierized land-
scapes, especially in low-latitude mountain chains. In
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many places, lakes have already started to form. Such
lakes may replace some of the lost landscape attrac-
tiveness, but their beauty may come at a dangerous
price (as explained above in the section on natural
hazards). On slopes, vegetation and soils take dec-
ades and even centuries or sometimes millennia to
follow the retreating ice and cover the newly exposed
terrain®. As a consequence, the zones of bare rock
and loose debris will expand. Vegetation (especial-
ly forests) and ice both have a stabilizing effect on
steeply inclined surfaces. During the expected long
transitional period between glacier vanishing and
forest immigration, erosion (including large debris
flows) and instability (including large rockfalls and
landslides) on slopes unprotected by ice or forest will
increase substantially®.

The perennial ice of glaciers is an important part
of the water cycle in cold regions. It represents a
storage component with strong effects on river
discharge and fresh water supply®*®. Such effects
indeed make high mountain chains ‘water towers’
for many large areas and human habitats. Climat-
ic change will lead to pronounced changes in this
system'. At time scales of tens and hundreds of
millennia, the growth and decay of continental ice
sheets, large ice caps and glaciers during periodical
ice ages profoundly affect the global water cycle®®.
Within annual cycles of temperature and precipi-
tation, glacial meltwater feeds rivers during the
warm/dry season. In the Andes of Peru, the Argen-
tinean Pampas or the Ganzhou Corridor of China,
this contribution to river flow is the predominant
source of freshwater for large regions surround-
ing the corresponding mountain areas®. Meltwa-
ter from glacierized mountain chains with rugged
topography is also intensively used for hydropower
generation (Figure 6B.9).




The shrinking and even vanishing of mountain gla-
ciers in scenarios of atmospheric temperature rise
is likely to cause both small and large meltwater
streams to dry out during hot and dry summers. This
drying out may become more frequent at mid-lati-
tudes, where human populations are often dense and
the need for fresh water is growing. Earlier snowmelt
and perhaps also reduced snow cover from winter-
time could result in severe consequences for both ec-
osystems and related human needs: decreasing river
flow, warmer water temperatures, critical conditions
for fish and other aquatic forms of life, lower ground-
water levels, less soil humidity, drier vegetation, more
frequent forest fires, stronger needs for irrigation wa-
ter, and rising demands for energy (such as air condi-
tioning) coupled with reduced hydropower generation
and less river cooling for nuclear power plants. These
consequences are all likely to be interconnected and
related to growing conflicts of interest.

Perhaps the most critical regions will be those where
large populations depend on water from glaciers dur-
ing the dry season, such as in China and other parts
of Asia, including India, together forming the Hima-
laya-Hindu Kush region (see box on the water towers
of Asia), or in the South American Andes” (see box on
glaciers and water availability in the Andes, in Part 2
of this chapter). But it will also affect mountain rang-
es which are densely populated and highly developed,
such as the European Alps and the regions in the vi-
cinity of its rivers’"”%. Glacier changes, as important
and pronounced parts of climate-induced changes in

2 mountain landscapes, are not only the clearest indica-
Figure i Glaciers as source for hydropower tion of climate change — they also have the potential
production. AcEEESRNEREIEIE, Th Switzer- of having a strong impact on the seasonal availability

land has been constructed to receive meltwater in .
. s of fresh water for large, densely populated regions
summer for use in power generation in winter.

Photo: Jiirg Alean, SwissEduc (www.swisseduc.ch) /Glaciers and, hence, on the fundamental basis of ecosystem
online (www.glaciers-online.net) stability and economic development®®”>.
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The water towers of Asia

The Himalayas—Hindu Kush, Kunlun Shan, Pamir and Tien Shan
mountain ranges (Figure 6B.10) function as water towers, provid-
ing water to people through much of Asia. The glacier-fed rivers
originating from the mountain ranges surrounding the Tibetan
Plateau comprise the largest river run-off from any single location
in the world’*”. While the mountains are homes to some 170
million people, the rivers that drain these mountains influence
the lives of about 40 per cent of the world’s population™. The riv-
ers provide household water, food, fisheries, power, jobs and are
at the heart of cultural traditions. The rivers shape the landscape
and ecosystems and are important in terms of biodiversity.

India

Figure 6B.10: The Himalayas-Hindu Kush-Tien Shan-Tibet region.

TIBETAN =
PLATEAU
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While mountains traditionally have been considered the major
water sources of the region, there is great diversity in the hydro-
logical significance of mountains and glaciers for downstream
water supply, particularly between the dry north-western region
and the monsoon-influenced south-eastern regions’. In spite of
the vast water supply, seasonal water scarcity is a major issue’’.

Projections of glacier retreat in the region (based on IPCC sce-
narios) suggest that increases in the mean annual temperature
for High Asia in the range of 1.0°C to 6.0°C (low to high estimate)
by 2100 are likely to result in a decline in the current coverage of
glaciers by 43 to 81 per cent’®. The Tien Shan and Qinling Shan
are likely to become entirely devoid of glaciers, and glacial cover-
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age would be greatly diminished in the Himalayas—Hindu Kush’.
The extent and amount of snow will also decrease as tempera-
tures increase and the snow line moves to higher elevations.
Given that some of the rivers, such as the Amu Darya and the
Indus, receive nearly 90 per cent of their total water discharge
from upper mountain catchments including glaciers and snow’,
the water flow in the rivers could decline perhaps by as much
as 70 per cent if the glaciers disappear. In some cases, like in
the Tien Shan, the rivers could become seasonal. Reduced water
flow in the dry seasons will lead to more and longer periods with
critical shortages of water for transportation, drinking water and
irrigation, with consequences for trade, small and large-scale ag-
riculture™ and with increased potential for disputes over sectoral
and regional allocations of this diminishing resource.

The impacts are not evenly distributed geographically or social-
ly. High proportions of impoverished populations in the region
are mountain and foothill dwellers’*’”*®. Impoverished popula-
tions have also largely settled in areas with high flood risk, such
as low-lying urban areas and deltas — because there is often
no alternative’. The impacts are aggravated by the methods of
meeting energy demands — traditional fuel sources such as fuel
wood and animal dung account for 94 per cent of energy supply
in some mountain areas in Nepal and Tibet”. Because of this
dependence on fuel wood and livestock, most watersheds have
experienced deforestation and overgrazing, making the hill-
sides much more vulnerable to land slides, either during peak
snowmelt or in relation to tectonic activity”. Only 3 per cent of
watersheds in the region are protected. High in the mountains,

a rise in elevation of the snowline will lead to drying out of vil-
lage grazing areas, eroding the basis of villagers’ livelihoods
by reducing the carrying capacity of their surrounding lands.
Even slight increases in severity and frequency of land slides
and flash floods may significantly reduce the ability of herders
to move and transport their livestock between grazing areas
and to towns for sale.

The hydrological role of mountains, glaciers and snow is par-
ticularly significant for the Tarim, Syr Darya, Amu Darya, Indus,
Ganges, Brahmaputra, Yangtze and Huang He (Yellow) riv-
ers’*’#! (Table 1). With increases in seasonal floods and sig-
nificantly reduced overall water flow, especially during critical
times of low rainfall, about 1.3 billion people could be exposed
to risk of increased water shortages:

m in China up to 516 million people;

= in India and Bangladesh approximately 526 million people;

= in central Asia, including the Xinjiang province of China,

about 49 million people;
= in Northern India and Pakistan as many as 178 million people.

This only includes the populations living in the watersheds, not
those affected by reduced crop production from failure to se-
cure water for irrigation, or those affected more generally from
impacts on regional and national economies®. The result of
glacier loss is therefore not only direct threats to lives, but also
great risks of increased poverty, reduced trade and economic
decline. This poses major political, environmental and social
challenge in the coming decades.

Basin Total % % % basin Hydrological significance of )

River km? population cropland forest protected glaciers and snow for rivers

Tarim 1152 000 8 067 000 2 <1 21 Very high

Syr Darya 763 000 20591 000 22 2.4 1.0 Very high

Amu Darya 535 000 20 855 000 22 0.1 0.7 Very high

Indus 1082 000 178 483 000 30 0.4 4.4 Very high

Ganges 1016 000 407 466 000 72 4.2 5.6 High

Brahmaputra 651 000 118 543 000 29 19 3.7 High

Yangtze 1722 000 368 549 000 48 6.3 1.7 High

Huang He (Yellow river) 945 000 147 415 000 30 1.5 13 High

Salween 272 000 5982 000 6 43 2.2 Moderate
kMekong 806 000 57 198 000 38 42 5.4 Moderate )

Table 1: An overview of the major rivers in the Himalayas-Hindu Kush-Tien Shan-Tibet region.

Source: Viviroli and others 200375 IUCN/WRI 2003%"; UNEP 20047



Part Two: Glacier Changes around the World

Overview

Glaciers and ice caps reached their Holocene (the past
10 000 years) maximum extent in most mountain ranges
throughout the world towards the end of the Little Ice
Age, between the 17th and mid-19th century. Over the
past hundred years a trend of dramatic shrinking is ap-
parent over the entire globe, especially at lower elevations
and latitudes. Within this general trend, strong glacier re-
treat is observed in the 1930s and 1940s, followed by stat-
ic conditions around the 1970s and by increasing rates of
glacier wasting after the mid 1980s (Figure 6B.11). There
are short-term regional deviations from this general
trend and intermittent re-advances of glaciers in various
mountain ranges occurred at different times.

The trend of worldwide glacier shrinking since the end of
the Little Ice Age is consistent with the increase in global
mean air temperature. The decline in solar radiation at
the Earth’s surface (global dimming) in the second half of
the 20th century and the transition from decreasing to in-
creasing solar radiation in the late 1980s may be due to the
industrial pollution of the atmosphere and the more effec-
tive clean-air regulations together with the decline in the
economy in Eastern European countries, respectively®’.
This might explain some of the glacier mass gains around
the 1970s and the subsequent strong mass losses®. Sig-
nificantly increased precipitation has been linked to the
advance of glaciers on the west coast of New Zealand and
Norway in the 1990s** and can give valuable insight into
regional climate oscillations such as the El Nifio/Southern
Oscillation or the North Atlantic Oscillation®*".
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Glaciers act as vital water reservoirs maintaining river
flows in many dry parts of the world. Increased melting
of glaciers is providing increased flows in some areas
but as glaciers continue to shrink and disappear the res-
ervoirs will run dry, resulting in drought and hardship
for many millions of people in and around regions such
as the Andes, China, Central and Southern Asia, Iran
and Afghanistan”. Increased glacial melting also results
in heightened risk of flooding due to the failure and cat-
astrophic discharge of unstable ice and detritus dams
formed at the toe of receding glaciers.

Glaciers form where snow deposited during the cold/
humid season does not entirely melt during warm/dry
times. These conditions are widespread in the world, so
glaciers are found from the poles to the tropics. This sec-
tion looks at representative mountain ranges, ordered by
Northern and Southern Hemisphere from west to east.
The ice sheets in Antarctica and Greenland are discussed
in the previous chapter (6A). See inside front cover for a
map of worldwide glacier distribution.

O Figure 6B.11: Overview of world glaciers and ice caps.

(a) Glaciers and ice caps around the world. The total area of
glaciers and ice caps, without the ice sheets and surrounding
glaciers and ice caps in Greenland and Antarctica, sums up to
540 000 km’.

Source: Data from Dyurgerov and Meier 2005'*
(b) Overview on glacier changes since the end of the Little Ice

Age, summarizing the regional glacier fluctuations based on
the data presented in this section.
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Selected regions

North America

Arctic islands and
mountain ranges

By far the largest area of glaciers and ice fields are found in
Canada (about 201 000 km?**, followed by Alaska (about
75 000 km*)* with about 700 km” in the rest of the USA™.
Glaciers and ice fields are concentrated in the High Arctic
(Figure 6B.12) and western cordillera.

Glaciers reached their Little Ice Age maximum extent
between the early 18th and late 19th century in Alaska”
and in the mid to late 19th century in Canada and the
continental USA”. Subsequently, a general retreat of
glaciers developed, particularly at lower elevations and
southern latitudes’’. There are exceptions to this trend:
southern cordilleran and Alaskan coastal glaciers slowed
their retreat or advanced in response to cooler summers
and heavier snowfall in the 1950s to 1970s”*. Since that
time the glaciers have continued to retreat and the re-
treat has accelerated since the 1970s. In the western cor-
dillera they have now lost about 25 per cent of their area
since the Little Ice Age”®. In the northwest continental
USA and southwest Canada, accelerated retreat coincid-
ed with a shift in atmospheric circulation patterns that
occurred during 1976-1977%%.

Airborne laser altimetry studies on 67 glaciers (repre-
senting about 20 per cent of the glacierized area in Alaska
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and neighbouring parts of Canada) show a mean annual
thickness change of —0.5 m water equivalent from the
mid 1950s to the mid 1990s, and more than three times
as much (-1.8 m water equivalent) from the mid 1990s
to 2000-2001 based on a sub-sample of 28 glaciers®.

Glacier
extent

. LIA
[] 1975
[] 2000

Figure 6B.12: Glacier shrinking on Cum-
berland Peninsula, Baffin Island, Cana-
dian Arctic. A new glacier inventory based
on satellite data shows that the glacier
cover reduced by about 22 per cent be-
tween the Little Ice Age (LIA) maximum
extent and 2000.

Source: Data and figure from F. Svoboda, University of Zurich, Switzerland




Mainland Norway’s glacier cover is about 2600 square
km”®. The maximum recent extent culminated around
1750. At that time many farms and much farmland
were buried by ice. Since then there has been a general
retreat but with large regional variations; some areas

CHAPTER 6B

kept the maximum extent until the late 19th century.
Since 1900 glaciers have retreated but with short ad-
vances around 1910, around 1930 and in the 1990s.
In contrast to glaciers in most of the world, glaciers
along the western coast advanced from the 1970s to
the end of the 1990s as a result of high winter snow-

fall. Since 2000, all glaciers have been retreating con-
siderably'*'".

The ice masses of the Svalbard archipelago, north of
mainland Norway, cover 36 600 square km'”. Long-
term mass balance measurements from Austre Broeg-
gerbreen and Midre Lovénbreen show a strong trend in
ice loss over the past 40 years'”.

2N

z s B
A glacier on Svalbard.
Photo: Sebastian Gerland,
Norwegian Polar Institute
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European Alps

Glaciers in the European Alps reached their recent max-
imum extent around 1850'%'%. The overall area loss
since then is estimated to be about 35 per cent until the
1970s, when the glaciers covered a total area of 2 909
km?, and almost 50 per cent by 2000". Total ice volumes
in 1850, the 1970s and 2000 are estimated to be about
200 km?, 100 km* and 75 km’, respectively'’. Observa-
tions show intermittent glacier re-advances in the 1890s,
1920s and 1970-1980s'”"'* (Figure 6B.13). After 1985
an acceleration in glacial retreat has been observed, cul-
minating in an annual ice loss of 5-10 per cent of the
remaining ice volume in the extraordinarily warm year
of 2003'"°. The strong warming has made disintegration
and downwasting increasingly predominant processes

of glacier decline during the most recent past'".

Figure 6B.13: Glacier front variations in the European Alps.
Large Alpine glaciers have retreated continuously since the mid-
19th century, whereas steep mid-sized glaciers reacted with re-
advances in the 1890s, 1920s and between the 1970s and1980s
due to the somewhat cooler and wetter periods. Small glaciers
feature a high annual variability with a clear shrinking trend.

Source: Data from the World Glacier Monitoring Service, Zurich, Switzerland
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Arctic islands and
mountain ranges

The following details on the glacier distribution and
changes in Russia are based on a monograph edited by
112

Kotlyakov and others''*.

Russia’s glaciers and ice fields are concentrated in its Arc-
tic islands where their extent is about 56 000 km”. Glaciers
are widely dispersed on mountain ranges from the Urals to
Kamchatka, with an extent of about 3600 km’ reported in
the period 1950-1970 (USSR Glacier Inventory). There is a
pattern of general retreat that is mainly at lower elevations
and southern latitudes that in some places is dramatic. For
example, in the Arctic islands over the last 50 years there
has been a reduction of only 1.3 per cent of glacierized area
whereas glaciers in the North Caucasus retreated by about

b

=

Figure 6B.14: Mass balance of Maliy Aktru Glacier, Russian
Altai. Measurements on this valley-type glacier in the North
Chuyskiy Range show a slightly negative annual mass balance
trend culminating in an ice loss of about 4 m water equivalent
over the period 1964-2005.

Photo: Y.K. Narozhniy (taken in July 1992); data from the World Glacier
Monitoring Service, Zurich, Switzerland

50 per cent in the last century with extreme melting and
abrupt decrease in area occurring in the period 1998-2001.

There has been considerable variability in the retreat of
mountain glaciers, as would be expected in so large a geo-
graphic area. In the North Caucasus glacier advances were
reported in the 20th century and in Kamchatka both advanc-
esand retreats have occurred on glaciers of the Avachinskaya
and Klyuchevskaya groups of volcanoes, possibly connected
with volcanic activity. In other parts of Kamchatka there is a
general retreat with glaciers in the coastal Kronotsky penin-
sula being most sensitive to climate change.

Since the mid-19™ century glaciers in the Altay have continu-
ously degraded but the rate has slowed in recent years. Direct
mass balance measurements at Maliy Aktru Glacier show a
slightly negative mean annual mass balance (about —0.09 m
water equivalent) over the period 1962-2005 (Figure 6B.14).

In some mountain ranges topographic changes have been
dramatic. In the Urals some glaciers have disappeared

completely and in the North Caucasus large glaciers have
been reduced to separated remnants.

Annual mass
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Overall glacier area of Tien Shan (Central Asian repub-
lics and China) and Pamirs was estimated by Dyurgerov
and Meier'” at 15 417 km” and 12 260 km?’, respectively,
with their maximum recent extent being between the
17th and mid 19th centuries®'"*".

Central Asian Tien
Shan and Pamirs

Fedchenko
glacier

pirection of

g\ac\al flow

Figure 6B.15: Shrinking of Fedchenko Glacier in the Pamirs of Tajikistan. The debris-covered glacier tongue retreated by more than
1 km since 1933 and lowered by about 50 m since 1980.
Photo: V. Novikov (taken in summer 2006); data from the Tajik Agency on Hydrometeorology
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Significant loss of glaciers in Central Asia began around
the 1930s, and become more dramatic in the second half
of the 20th century and continue into the 21st century.
Glacier area was reduced by 25-30 per cent in the Tien
Shan, by 30-35 per cent in the Pamirs, including its larg-
est Fedchenko Glacier (Figure 6B.15), and by more than
50 per cent in northern Afghanistan® """,

Glaciers in higher altitudes (above 4 000 m above sea level)
experienced less pronounced ice losses™ """, Total retreat
has reached several kilometres for many larger glaciers,
some hundred metres for smaller ones, and many hun-
dreds of small glaciers have vanished™'”. Glacier degra-
dation is accompanied by increasing debris cover on many
glacier termini and the formation of glacier lakes™'”. See
also the box on glaciers and water supply in Central Asia.

Glaciers and water supply in Central Asia

On average, glacier melt contributes 10-20 per cent of the
total river runoff in Central Asia®®'?. During dry and hot
years, the input of glacier water into summer river flow
could be as high as 70-80 per cent, compared to 20-40 per
cent in normal years. This proportion is critical for agricul-
ture — the economic sector that consumes about 90 per
cent of water resources and is highly dependent on water
availability. During the severe droughts of 2000-2001 in the
southern districts of Central Asia, glacier water played a vi-
tal role in sustaining agricultural production. Irrigated crops
such as cotton have survived, while most rain-fed crops, es-
pecially cereals, failed. This has strongly affecting the food
security of millions of people in Tajikistan, Afghanistan and
Iran. It is expected that glacier recession in the long term
could reduce water supply, affecting the agricultural sector
and energy security, thereby destabilizing the political situa-
tion since many of the rivers are transboundary™'. In Central
Asia, the Amu Darya river basin, where input of glacier water
is significant, and the densely populated Ferghana Valley, are
among most vulnerable to the impacts of droughts, climate
change and glacier degradation.

Himalayas

The ice extent in the Himalayas is estimated to be about
33 050 square km'?. Observations of individual glaciers in-
dicate annual retreat rates varying from basin to basin — in
some instances showing a doubling in recent years com-
pared to the early 1970s. An 8 per cent area loss was ob-
served for glaciers in Bhutan between 1963 and 1993'*. The
Imja Glacier in the Dudh-Koshi basin of the Everest region
retreated almost 1600 m between 1962 and 2001 and anoth-
er 370 m by 2006 (Figure 6B.16). The Gangotri Glacier in
Uttaranchal, India, retreated about 2 km between 1780 and
2001"*. The glacier shrinking is accompanied by the forma-
tion of unstable glacial lakes that threaten downstream ar-
eas with outburst floods. For a discussion of the impacts of
glacier shrinking on water resources, please see the box on
the water towers of Asia, at the end of Part 1 of this chapter.

Figure 6B.16: Growth of Imja Tsho Lake, Himalayas. The lake start-
ed to form in 1962 at the debris-covered tongue of Imja Glacier
and grew to an area of about 1 km’ by 2006. The growing moraine-
dammed lake is potentially hazardous in case of a dam failure.
Photo: Michael Hambrey, SwissEduc (www.swisseduc.ch) /Glaciers online
(www.glaciers-online.net); data from the International Centre for Integrat-
ed Mountain Development, Nepal
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Tibetan Plateau

The Tibetan Plateau and surrounding regions in China
have a total glacier area and volume of 59 400 km” and
5600 km®, respectively. Glaciers in China have been re-
treating with an area loss of about 20 per cent since the
Little Ice Age maximum extent in the 17th century'*'*°.
Retreat increased during the last century, especially dur-
ing the past ten years'”'?, Several monitored glaciers
show strong retreat. About 90 per cent of glaciers are
retreating, and glacier retreat increases from the con-
tinental interior to the coastal margins'”'*. With the
impact of global warming on the region'”'*"*, glacier
shrinkage will be faster and pose a serious threat to wa-
ter resources in this region (see box on the water towers
of Asia, at the end of Part 1 of this chapter).

GLOBAL OUTLOOK FOR ICE AND SNOW

South America

Glaciers in South America cover an area of about 25 700
square km"", mainly in the Patagonian Icefields, which
represent 66 per cent of South America’s total ice area'*.
Chile has by far most of the glaciers; Argentina has an
important number of ice bodies all along the Andes;
Venezuela has less than 2 km” of ice at Pico Bolivar'®.
Less than 10 per cent of the glacier area is located in the

tropical Andes'* (see box on tropical glaciers).

In southern Patagonia, the glacial advance appears to
have peaked between the late 17th and early 19th centu-
ries'’. Medium and small glaciers in central Chile and
Argentina have shrunk considerably. This will affect the
future availability of water resources, as these glaciers
can contribute up to 68 per cent of meltwater during dry
seasons. (See box on glacier changes and water availabil-
ity in the tropical Andes). Most of the calving glaciers in
Patagonia have also experienced drastic retreat"*, con-
tributing significantly to sea level rise””'”. Ice avalanch-
es in the cordillera have resulted in many thousands of
deaths (see box on the deadly avalanches of Glaciar 511
in the Cordillera Blanca).



Glacier changes and water availability in the
tropical Andes

There is growing evidence that glacier retreat in the tropical Andes
has accelerated in recent decades due to atmospheric warming'™.
Ongoing rapid glacier recession was found to have enhanced dis-
charge at the expense of catchments storage'**'*’. The recent in-
crease in runoff is not likely to last very long'®. In the long run,
changes in runoff may occur which could severely affect the avail-
ability of water resources for future generations, particularly during
dry periods. Short-term increases in stream discharge with critical
long-term loss of storage are likely to be widespread over the Cor-
dillera Blanca region. Since glacier melt currently provides a very
significant proportion of discharge of the Rio Santa River, the latter
is also likely to diminish with continued glacier loss.

The melting of glaciers may lead to water shortages for millions of
people. Among the Andean countries at risk are Bolivia, Ecuador
and Peru, where glaciers feed rivers all year round. On the Pacific
side of Peru, 80 per cent of the water resources originate from
snow and ice melt. During the dry seasons, glacier-fed surface wa-
ters often constitute the sole water resource for domestic, agricul-
tural (Figure 6B.17) and industrial uses, not only for rural areas
but also for major cities. A reduced glacier runoff will aggravate
the problems associated with the water availability, especially if a
potential warming leads to earlier snow melt, regional reductions
in precipitation and an increase in evaporation™'*.

Figure 6B.17: Glaciers and irrigation. Irrigation ditches on the slopes
of Huascaran, Cordillera Blanca, Peru, support extensive agriculture
during the dry season. Most water comes from nearby glaciers.

Photo: Michael Hambrey, SwissEduc (www.swisseduc.ch)/Glaciers online
(www.glaciers-online.net)
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Deadly ice avalanches of Glaciar 511 in the
Cordillera Blanca, Peru

Many disasters have been recorded from the glaciers in the Cordillera
Blanca. The 1962 and 1970 events originating from Glaciar 511 on
the Nevados Huascaran' (Figure 6B.18), the highest peak of which
is at 6768 m above sea level in the Peruvian Andes, were particularly
severe. On 10 January 1962, an ice avalanche took place with an esti-
mated starting volume of 10 million m?; the avalanche travelled down
16 km and destroyed the city of Ranrahirca, where 4000 people died.
On 31 May 1970, the most catastrophic rock-ice avalanche known in
history was triggered at 3:23 p.m. by a strong earthquake with a mag-
nitude of 7.7. The avalanche originated from a partially overhanging
cliff at 5400 to 6500 m above sea level, where the fractured granite
rock of the peak was covered by a 30 metre thick glacier. The ava-
lanche, which had an estimated volume of 50 to 100 million m?, trav-
elled 16 km to Rio Santa down a vertical drop of 4 km. Along its path,
the avalanche overrode a hill in the downstream area and completely
destroyed the city of Yungay, claiming about 18 000 lives.

ot TR ey

[] 1962 avalanche

D 1970 avalanche

Figure 6B.18: Ice avalanches of the Nevados Huascarén in Peru.
The severe events in 1962 and 1970 originated from Glaciar 511
and claimed many thousands of lives.

Source: Data from the World Glacier Monitoring Service, Zurich, Switzerland
and figure by UNEP’s DEWA/GRID-Europe, Geneva, Switzerland
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Tropical glaciers

Tropical glaciers are found in the high moun-
tains of the Andes in Colombia (Figure 6B.19),
Venezuela, Equador, Peru and Bolivia, as well
as in the high mountains of East Africa (Figure
6B.20) and lIrian Jaya, Indonesia. Around the
period 1950-1990 they covered about 2760 km?
with about one quarter in the Peruvian Cordill-
era Blanca'®; this area had shrunk to about 2500
km? for the period 2000-2005'*. The maximum
extents of tropical glaciers occurred between the
second half of the 17th century in Bolivia'*® and
the late 19th century in East Africa'*. From then,
glacier shrinkage was more or less synchronous
with the global one. Shrinkage rates were strong-
est in the 1940s, followed by a pause around the
1970s with several front advances. Since then,
glaciers have again begun to retreat".

Since the publication of IPCC 2001, evidence
has increased that changes in the mass balance
of tropical glaciers are mainly driven by coupled
changes in energy and mass fluxes related to
interannual variations of regional-scale wet and
dry seasons. Variations in atmospheric moisture
content affect incoming solar radiation, precipi-
tation and albedo, atmospheric longwave emis-
sion, and sublimation. At a large scale, the mass
balance of tropical glaciers strongly correlates
with tropical sea surface temperature anomalies
and related atmospheric circulation modes'.

Lewis Glacier,
mid 1990s.
Photo: S. Ardito
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Figure 6B.19: Glacier changes on Nevado de Santa Isabel, Colombia. This inactive volcano lost about 87 per cent of its ice cover
between 1850 and 2002.

Source: Data from the World Glacier Monitoring Service, Zurich, Switzerland
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Kl O Figure 6B.20: Shrinking Lewis Glacier, Mount Kenya. This : { ) :
tropical glacier retreated by more than 800 m between 1893 and S by i ﬁ g"’
2004 and lost almost 16 m water equivalent of its thickness Kersten glacier on Mt. Kilimanjaro.

between 1979 and 1996.

,’" Photo: Georg Kaser, Tropical Glacier Group, &'
* University of Innsbruck i
Source: Data from the World Glacier Monitoring Service, Zurich, Switzerland L8 ]
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African Mountains

Glaciers are found on three mountains in Africa: Rwen-
zori Mountains (5109 m above sea level), Mount Kenya
(5199 m above sea level) and Kilimanjaro (5895 m above
sea level) (Figure 6B.21), all located near the equator in . G
East Africa. Recent retreat of these glaciers began around | >

the 1880s as a result of a decrease in precipitation and an

increase in solar radiation from reduced cloudiness. Later
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Figure 6B.21: Melting ice on Mount Kilimanjaro, East Africa.
The graph shows the drastic reduction of the ice cover since the
first observations in 1880, based on historical maps, aerial pho-
tographs and satellite images. The oblique photos illustrate the
shrinking of the ice cover between the early 1950s and 1999.

Photos: (early 1950s) John West, (1999) Javed Jafferji. Data from Cullen
and others 2006™°
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in the 20th century, increased temperature became an
additional driver, although its relative importance is still
debated'*. Over the last century (1906-2006), these gla-
ciers have lost an estimated 82 per cent of their area — from
approximately 21 to 3.8 km?. Close to 50 per cent of the
glaciers on the Rwenzori Mountains, Mount Kenya and
Kilimanjaro have disappeared, while larger glaciers — par-
ticularly on Kilimanjaro — have been fragmented'*'**"*',

The most pronounced impact of these receding glaciers
is on the scenery. Unlike mountain glaciers in higher lati-
tudes, the shrinking of the East African glaciers will have
no significant impact on water resources. The hydrology
on these mountains is dominated by extensive forest belts
(hundreds to thousands times larger than the glaciated
area) with a much higher annual rainfall. If all the glaciers
on Kilimanjaro — which has the highest glacier to forest
area ratio — were to melt in just one year, the resulting loss
in water resources would be equivalent to only four per

cent of the total annual rainfall over the forest belt'*.

New Zealand

Apart from a few glaciers on Mt. Ruapehu volcano in
the North Island, the bulk of New Zealand’s glaciers are
located in the Southern Alps. They reached their maxi-
mum recent extent towards the end of the 18th century,
with only minor retreat until the end of the 19th cen-
tury". Total glacier area was 1158 km” in 1978, with an
estimated total ice volume of about 53 cubic km"*™.
The overall estimated area and volume changes since
the mid of the 19" century are —49 and —61 per cent,
respectively”. Since the mid-1970s, the glaciers overall
have experienced positive mass balances with those hav-
ing short response times advancing noticeably from the
mid-1980s. This period of advances appeared to be com-
ing to an end at the beginning of the new century'”’. A
recent study” estimates a net ice volume loss over the
period 1977-2005 of 17 per cent, mainly due to calving
into lakes and associated wasting at glacier tongues.
Mass loss due to changes in glacier thickness, excluding
that related to lake growth, has contributed only 7 per
cent to the overall ice loss since 1977.
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